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Abstract  

The calcitonin gene-related peptide (CGRP)-receptor is a heterodimer of calcitonin receptor-

like receptor (CLR) and receptor activity modifying protein 1 (RAMP1).  Despite the 

importance of CGRP in regulating gastrointestinal functions, nothing is known about the 

distribution and function of CLR/RAMP1 in the esophagus, where up to 90% of spinal 

afferent neurons contain CGRP. We detected CLR/RAMP1 in the mouse esophagus using 

immunofluorescence and confocal laser scanning microscopy and examined their relationship 

with neuronal elements of the myenteric plexus. Immunoreactivity for CLR and RAMP1 

colocalized with VGLUT2-positive IGLEs, which were contacted by CGRP-positive varicose 

axons presumably of spinal afferent origin, typically at sites of CRL/ RAMP1 

immunoreactivity. This provides an anatomical basis for interaction between spinal afferent 

fibres and IGLEs. Immunoreactive CLR and RAMP1 also colocalized in myenteric neurons.  

Thus, CGRP-containing spinal afferents may interact with both vagal IGLEs and myenteric 

neurons in the mouse esophagus, possibly modulating motility reflexes and inflammatory 

hypersensitivity. 
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Introduction 

Intraganglionic laminar endings (IGLEs) derive from nodose ganglion neurons and enwrap 

myenteric ganglia (Rodrigo et al. 1975; Rodrigo et al. 1982; Berthoud and Powley 1992; 

Neuhuber 1987). IGLEs are the most prominent terminal structures of vagal afferent neurons 

in the gastrointestinal tract (Berthoud et al. 1997a; Phillips and Powley 2000; Wang and 

Powley 2000). On morphological grounds, IGLEs have been proposed to function as 

mechanosensors (Neuhuber 1987; Neuhuber and Clerc 1990; Phillips and Powley 2000), and 

subsequently were shown to represent low-threshold tension sensors (Zagorodnyuk and 

Brookes 2000; Zagorodnyuk et al. 2001). In addition, IGLEs establish synaptic contacts of yet 

undetermined function onto myenteric neurons, as revealed by electron microscopy 

(Neuhuber 1987; Neuhuber et al. 2006; Phillips and Powley 2007; Neuhuber and Clerc 1990). 

Several neurotransmitters and their respective transporters and receptors have been found on 

IGLEs and associated structures, including VGLUT1 (Ewald et al. 2006; Kraus et al. 2007; 

Zagorodnyuk et al. 2003), VGLUT2 (Raab and Neuhuber 2005, 2004, 2003; Zagorodnyuk et 

al. 2003), substance P (Kressel and Radespiel-Tröger 1999; Raab and Neuhuber 2004), P2X2, 

P2X3 and P2X2/3
 
receptors (Kestler et al. 2009; Raab and Neuhuber 2005; Wang and 

Neuhuber 2003). VGLUT2-immunoreactivity is considered a specific marker for IGLEs of 

the mouse and rat esophagus (Raab and Neuhuber 2003, 2004, 2005). 

The first report of heterogeneity among calcitonin gene-related peptide (CGRP) receptors 

described two receptor subtypes, CGRP1 and CGRP2 receptor (Dennis et al. 1989). The 

CGRP1-receptor, now referred to as the “CGRP-receptor” (Hay et al. 2008), is comprised of 

two proteins: calcitonin receptor-like receptor (CLR), a seven transmembrane G protein-

coupled protein, and the accessory receptor activity modifying protein 1 (RAMP1), one of 

three single transmembrane-spanning proteins of the RAMP-family (Hay et al. 2008; 

McLatchie et al. 1998). Additionally, a receptor component protein (RCP) couples 

CLR/RAMP1 to the cellular signal transduction pathways (Evans et al. 2000). RAMPs 
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chaperone intracellular CLR to the cell surface where both proteins heterodimerize to form a 

functional CGRP receptor (McLatchie et al. 1998). Depending on the various RAMP isoforms 

(RAMP1-3), the preference of the heterodimeric receptor with CLR changes (McLatchie et al. 

1998; Mallee et al. 2002). Thus, dimerization of CLR and RAMP1 forms a receptor which 

preferentially, but not exclusively binds CGRP (Bomberger et al. 2005; Cottrell et al. 2012; 

McLatchie et al. 1998), whereas adrenomedullin-1 binds preferentially receptors that are 

comprised of RAMP2 or RAMP3 coupled to CLR (Bomberger et al. 2005). Adrenomedullin-

2/ intermedin can act through CRL coupled to all three RAMPs with its highest affinity to the 

CRL/RAMP3 (Adrenomedullin-2) -receptor (Hong et al. 2012). Besides the CLR all three 

RAMPs additionally interact with the vasoactive intestinal peptide (VIP)/pituitary adenylate 

cyclase-activating polypeptide (PACAP) 1 (VPAC1) and VPAC2-receptors (Kuwasako 2013). 

CGRP is a widely distributed peptide of the calcitonin family of regulatory peptides with 

different functions depending on its area of release (Wimalawansa 1997; Rosenfeld et al. 

1983).  Its two isoforms, α-CGRP (mainly localized in spinal afferents) and β-CGRP (main 

isoform in the enteric nervous system), regulate numerous physiological pathways including 

nociception, vasodilatation, motility, secretion, feeding, olfaction and audition (Cottrell et al. 

2012; Brain et al. 1985). Within the mouse and rat gastrointestinal tract, CGRP has a major 

role as a neurotransmitter that regulates motility and secretion (Cottrell et al. 2012; Sternini 

1992; Esfandyari et al. 2000; Cox et al. 1989).  

CGRP and substance P are expressed by visceral afferent fibres originating from dorsal root 

ganglia (DRG; Rodrigo et al. 1985; Sternini 1992). Up to 90% of spinal afferents innervating 

the esophagus contain CGRP (Dütsch et al. 1998) and are evenly distributed throughout the 

whole organ (Neuhuber et al. 2006). However, in the rat cervical esophagus CGRP is not only 

contained in spinal afferents but is also found in vagal afferents innervating the mucosa and 

submucosa (Wank and Neuhuber 2001). Therefore, CGRP should be considered as a specific 

marker for spinal afferents only in the thoracic and abdominal esophagus. In the esophagus 
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CGRP-positive spinal afferent fibres are known to supply the mucosa and form close contacts 

to myenteric neurons (Furness 2006; Mazzia and Clerc 1997), suggesting a role in local 

effector functions (Clerc and Mazzia 1994; Mazzia and Clerc 1997). In rat and mouse 

esophagus, intimate contacts between CGRP-immunoreactive varicosities and IGLEs have 

been observed (Dütsch et al. 1998; Raab and Neuhuber 2003). This close relationship 

suggested possible peripheral interactions between IGLEs and spinal afferents. Interactions 

between vagal and spinal afferents have been identified within the spinal cord (Chandler et al. 

1991; Randich and Gebhart 1992), prompting the question, if such interaction also existed in 

the periphery.  

In contrast to previous studies of the localization of CLR, RAMP1 and CGRP in the 

gastrointestinal tract of rat and human (Cottrell et al. 2012; Cottrell et al. 2005), the 

distribution of these proteins has not been described in the esophagus. This dearth of data 

prompted us to focus on the two components of the CGRP-receptor, CLR and RAMP1, and 

their relationship to IGLEs, myenteric neurons and CGRP-containing varicosities in 

myenteric ganglia of the mouse esophagus. 
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Materials and methods 

Animals 

Adult mice (n=29; C57Bl/6, stock number 000664, inbred; The Jackson Laboratory, Bar 

Harbor, USA) were used. The federal animal welfare legislation implemented by the local 

government was followed for all procedures performed on the animals. 

 

Tissue preparation and fixation 

Animals were killed with carbon dioxide and thiopental (Trapanal, Byk Gulden, Konstanz 

Germany; 250 mg/kg i.p.). When they were unresponsive to nociceptive stimuli, the 

abdominal and thoracic cavities were opened and 20 ml Ringer solution containing 1,000 IE/ 

100 ml heparin was perfused through the left ventricle, followed by 80 ml 3% 

paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) and 10 ml 15% sucrose phosphate 

buffer (pH 7.4). For tyramid signal amplification (TSA) tissue was post-fixed for 5 h. 

Spinal cord with spinal ganglia, brainstem and esophagi from the cricoid cartilage to the 

gastroesophageal junction were removed and transferred to 15% sucrose phosphate buffer (pH 

7.4) at 4°C. The following day esophagi were divided into three segments of similar length, 

the cervical (= upper third), thoracic (= middle third) and abdominal (= lower third) parts, 

together with spinal cord and spinal ganglia mounted in Tissue-Tek (GSV; Slee Technik, 

Mainz, Germany), frozen in methylbutane at -70°C and stored at -20°C. For 

immunohistochemistry, 12-µm thick sections were cut in a cryostat and mounted on poly-L-

lysine-coated slides.   

 

Antibodies, detection systems and reagents 

A rabbit antibody to CLR has been described (Cottrell et al. 2005). Rabbit antibody to 

RAMP1 was from Santa Cruz Biotechnology (Heidelberg, Germany). Due to the same host 

origin of CLR and RAMP1, in some cases a goat CLR antibody was used (Santa Cruz). The 
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rabbit RAMP1 polyclonal antibody was raised against amino acids 1-148 representing the full 

length peptide of human origin. The polyclonal CLR antibody raised in goat was directed 

against a peptide mapping near the C-terminus of human CLR, whereas the rabbit antibody 

was raised against a peptide corresponding to the penultimate 18 residues of rat CLR (Cottrell 

et al. 2005).  

All other primary antibodies used in this study were either raised in guinea pig, goat or rabbit, 

detected by different kinds of secondary antibodies. All antibodies and detections systems 

used are listed in Tables 1 and 2.  

 

Specificity of Primary Antibodies 

To test the specificity of all three primary antibodies, we performed preadsorption and normal 

serum controls: 

rCLR 

The specificity of rabbit anti-CLR has previously been tested in rat by preadsorption and 

normal serum controls (Lennerz et al. 2008). Additionally, own preadsorption protocols in 

mouse esophagus were performed with the corresponding CLR-peptide. The rCLR antibody 

was blocked with 1- and 10-fold antigen excess overnight at 4°C. The mixtures were spun for 

15 minutes at 14,000 rpm to sediment precipitating antigen-antibody complexes to avoid high 

background staining. Instead of a primary antibody, the supernatant diluted in TRIS-buffered 

saline (TBS) containing 1% bovine serum albumin (BSA; Roth, Germany) and 0.5% Triton 

X-100 (Merck, Darmstadt, Germany) was used. Double immunohistochemistry with 

antibodies against vesicular glutamate transporter 2 raised in guinea pig (gpVGLUT2; 

Chemicon, Temecula, CA) followed as described below.  

gCLR 

The specificity of the goat-CLR antibody was verified by preadsorbing the antibody with the 

corresponding peptide (V20, sc-18007p, Santa Cruz, Biotechnology, Heidelberg, Germany). 
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Preadsorption of the respective antibody with 1-, 2-, 5-, 10-, and 20-fold antigen excess was 

incubated overnight at 4°C and processed as described above. For counterstaining of IGLEs 

additional immunohistochemistry for gpVGLUT2 antibody was performed as described 

below. 

rRAMP1 

The specificity of rabbit-RAMP1 antibody could not be verified by preadsorption protocols 

due to the unavailability of the corresponding peptide. Western blots for testing specific 

recognition of the respective antigen were done by the supplier. Additionally, the specificity 

was tested performing dilution series: This antibody was diluted 1:200, 1:500, 1:1,000, 

1:1,500, 1:2,000 and 1:5,000 in TBS. The resulting signal intensities were compared and 

decrease of staining intensity was taken as further indicator of specificity. As recommended 

by the supplier we also performed controls using 2% normal rabbit serum (Dako, Glostrup, 

Denmark; X0902) instead of the primary antibody. Furthermore, positive controls from mouse 

spinal cord and spinal ganglia were performed and compared with already published results 

(Cottrell et al. 2005). 

 

Negative Controls 

Specificity of primary and secondary antibody was tested by replacing the primary antibody 

with TBS. These controls were run with each immunohistochemical protocol.  

Additionally, normal serum controls were performed. Tissues were first incubated with 5% 

normal donkey serum (Dianova, Hamburg, Germany) containing 0.5% Triton X-100 and 1% 

BSA in TBS for 1h. Then the primary antibody was replaced by normal serum from the host 

of the primary antibody in the same concentration as the replaced antibody. 

 

Double-label and triple-label immunohistochemistry  
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Twelve μm thick longitudinal cryostat sections were processed after mounting on poly-L-

lysine-coated slides and drying for 1h at room temperature. Sections were then preincubated 

with 5% normal donkey serum (Dianova) containing 0.5% Triton X-100 and 1% BSA in TBS 

for 1 h. After being rinsed in TBS the sections were incubated for double or triple 

immunolabeling with primary antibodies against VGLUT2, CLR, RAMP1, CGRP, choline 

acetyltransferase (ChAT) and neuronal nitric oxide synthase (nNOS). Due to the same species 

origin (rabbit) of RAMP1 and CLR antibodies, rabbit anti-CLR was replaced by goat anti-

CLR for triple immunohistochemistry. All antibodies were diluted in TBS, containing 1% 

BSA and 0.5% Triton X-100 and incubated at room temperature overnight.  

Followed by another rinse with TBS the next day, sections were incubated for 1 h with two or 

three of the following secondary antibodies: donkey anti-rabbit secondary antibodies coupled 

to Alexa Fluor
®
 488/ Alexa Fluor

®
 555, donkey anti-goat secondary antibodies coupled to 

Alexa Fluor
®
 488/ Alexa Fluor

®
 555/ Alexa Fluor

®
 647 or Cy

™
3/Cy

™
5-conjugated donkey 

anti-guinea pig secondary antibodies, all diluted in TBS containing 0.5% Triton X-100 and 

1% BSA for 1h at room temperature. Sections were finally rinsed with TBS, coverslipped in 

TBS-glycerol (pH 8.6) and viewed under a Nikon fluorescence microscope (Nikon Eclipse 

E1000M, Tokyo, Japan). Controls with replacing the primary antibodies by normal serum 

were run with each staining protocol. 

 

Triple immunohistochemistry of RAMP1, CLR and CGRP 

A triple label protocol using RAMP1, CLR and CGRP to determine the close proximity of 

CGRP to the receptor could not be performed since all antibodies were derived either from 

goat or rabbit.  

 

Tyramide signal amplification (TSA) followed by subsequent conventional 

immunostaining 
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In order to sidestep the problem of two antibodies raised in the same species (here rabbit) we 

followed the principle of TSA first published by Shindler and Roth (1996). In this commonly 

applied immunostaining protocol a detection system of different sensitivities was used in two 

steps. In the first step the primary antibody was diluted up to 200-fold (Adams 1992) and 

detected by the TSA method. The high dilution is necessary to prevent the secondary antibody 

of subsequent conventional immunostaining from detecting and binding the primary antibody. 

Our previous studies showed unwanted staining due to endogenous biotin which could be 

reduced significantly by using 5 h post-fixed tissue and a streptavidin-biotin blocking system 

(Horling et al. 2012). Therefore we used only 5 h post-fixed esophagi for TSA protocols. 

TSA-protocol was performed as described before (Horling et al. 2012). In brief, endogenous 

peroxidase activity of cryostat sections was blocked by H2O2 (0.3% in 40% methanol in TBS, 

30 min). After rinsing, a preincubation step with 5% normal donkey serum (diluted with 0.5% 

Triton X-100 and 1% BSA in TBS) followed for 1h at room temperature. Endogenous biotin 

was blocked by a streptavidin-biotin blocking system (Linaris GmbH; 4 drops of streptavidin 

solution per 1 ml of 5 % normal donkey serum; diluted in TBS containing 0.5 % Triton X-100 

and 1% BSA for 1h at room temperature). Sections including the negative control were then 

immersed in biotin solution for 15 minutes before adding the primary antibodies. In order to 

determine the suitable concentration of the rRAMP1antibody a titration series with dilutions 

1:200, 1:500, 1:1,000, 1:1,500, 1:2,000 and 1:5,000 was performed .  

For TSA the rRAMP1 antibody has to be diluted 1:5,000 in TBS (containing 1% BSA and 

0.5% TritonX-100) and was exposed at room temperature overnight. The rabbit anti-RAMP1 

was detected by donkey anti-rabbit antibody conjugated to biotin (1:500, for 1 h, room 

temperature; Dianova; Hamburg, Germany) followed by adding streptavidin coupled to 

horseradish peroxidase (HRP, 1:500; Dianova) for another 1 h at room temperature. 

Subsequently, biotin-conjugated tyramide diluted 1:250 in “amplification solution” was 

incubated for 20 minutes. Finally, streptavidin-Cy
™

3 (1:1,000 in TBS, 1 h at room 
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temperature; Dianova) was added to visualize incorporated biotin-tyramide. The last step 

contained the conventional incubation with the second primary antibodies rCLR and 

gpVGLUT2 or gCGRP, respectively, as described above. Finally, the slides were 

coverslipped in TBS-glycerol (pH 8.6) and viewed under a Nikon fluorescence microscope 

(Nikon Eclipse E1000M). 

 

Confocal microscopy and image analysis 

Confocal images were collected using a Nikon C1 laser scanning confocal unit (Nikon D-

Eclipse C1, Nikon, Düsseldorf, Germany) attached to a fluorescence microscope (Nikon 

Eclipse E1000M) and a laser system composed of three different lasers (488 nm argon laser, 

543 nm helium neon laser (both Melles Griot, Carlsbad, California, USA) and red diode laser 

emitting light at 635 nm (Coherent, Santa Clara, California, USA). To acquire images, the 

following objectives were used: A 20x dry lens (numerical aperture: 0.75), a 40x dry lens 

(numerical aperture: 0.95) or a 60x oil immersion lens (numerical aperture: 1.40) combined 

with electronic zoom factors between 1.0 and 3.0. Images were captured with Nikon EZ-C1 

scan software (gold version 3.70). The absence of bleed-through between two fluorescence 

channels was confirmed. Z-series of up to 18 optical sections of 512x512 and 1024 x1024 

pixels at z-increments of 0.5 μm were created. 

For investigating colocalization, single sections were taken from the z-staples and the two 

different channels were merged. Further processing of images was done with EZ-C1 

Freeviewer software (version 3.60, Nikon). In addition, Photoshop (Adobe Photoshop CS4; 

Adobe Systems, Unterschleißheim, Germany) and Coreldraw software (Coreldraw, version 

X6; Corel Corporation, Dublin, Ireland) were used to add text and scale bars, to adjust 

brightness and contrast and to organize the final layout.  
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Results 

Controls 

Staining in rCLR preadsorption protocols could completely be abolished with a 10-fold 

excess of antigen (Fig. 1a). Preadsorption controls for the gCLR showed a clear staining 

reduction with the 20-fold antigen excess, although staining was not completely abolished 

(Fig. 1c). Dilution series of rRAMP1 antibody showed progressive staining reduction from 

the 1:200 to the 1:5,000 concentrations. Additionally, normal serum controls (using rabbit and 

donkey normal serum) did not yield any positive staining (not shown). No 

immunofluorescence was observed in any of the negative controls. Spinal ganglia and spinal 

cord were immunostained as positive controls. RAMP1-IR was found in perikarya of mostly 

large diameter spinal ganglion neurons and in fibers of the superficial dorsal horn (not 

shown). 

 

CLR- and RAMP1-immunoreactivity (IR) 

Both, rCLR- and RAMP1-antibodies, showed similar but not identical staining throughout the 

whole esophagus. rCLR-IR was observed as intense and punctate staining around, and diffuse 

homogeneous staining of lower intensity within neuronal cell bodies (Fig. 1b). The staining 

pattern and distribution of RAMP1 antibody was similar to rCLR staining results although 

both intensity and abundance of RAMP1 staining were lower.  

 

CLR-IR using two different antibodies 

Due to the same host species rabbit, CLR- and RAMP1 antibodies could not be used 

simultaneously. In order to avoid this antibody problem two possibilities were considered: 

replacing the antibody host of CLR or RAMP1 by goat. gRAMP1 did not show any staining 

in mouse esophagus, whereas gCLR did show a similar although less intense staining pattern 

compared to rCLR (Fig. 1d). Therefore TSA was tested as an alternative staining method. 
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However, spuriously positive stained negative controls in TSA protocols occurred as already 

described (Horling et al. 2012) and despite using blocking reagents, results were suboptimal: 

In TSA protocols the rCLR-IR, observed as intense and clear staining quality in non-TSA 

immunohistochemistry protocols, resulted in hardly visible homogeneous staining. Therefore 

TSA was not considered a possible staining alternative. gCLR antibody was double stained 

with rCLR to verify identic staining results. The two antibodies showed a high degree of 

colocalization (Fig. 2) and gCLR was chosen to be a suitable alternative. Thus, we used the 

polyclonal gCLR in combination with rabbit RAMP1 for triple label immunohistochemistry, 

although gCLR was not as brilliant as rCLR-staining. Both CLR antibodies derived from 

rabbit and goat, respectively, were chosen depending on the host of the other primary 

antibodies used.  

 

VGLUT2 and rCLR  

Analysis of 214 myenteric ganglia of all parts of the mouse esophagus (66 in cervical, 78 in 

thoracic and 70 in abdominal parts) in merged two-channel single confocal sections showed 

CLR-IR and VGLUT2-IR to be highly colocalized within the same profile, resulting in yellow 

mixed color in numerous spots (Fig. 3c, f). VGLUT2, a specific marker for IGLEs in mouse 

esophagus, showed the previously described “fine contiguous immunopositive dots in 

profusely arborizing laminar structures enveloping myenteric ganglia” (Raab and Neuhuber 

2003, 2004, 2005). The unspecific gpVGLUT2 staining of myenteric cell bodies in mouse 

esophagus was found as described before (Raab and Neuhuber 2004). Immunostaining for 

rCLR antibody in myenteric neuronal cell bodies showed a homogeneous staining of lower 

intensity (Fig. 3e). No differences in intensity or distribution of CLR-IR in the upper, middle 

or lower parts of mouse esophagus were observed.  

 

VGLUT2 and rRAMP1 
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Altogether, a sample of 136 myenteric ganglia of all parts of mouse esophagus (42 in the 

cervical, 37 in the thoracic and 57 in the abdominal part) was investigated. VGLUT2 staining, 

specifically labeling IGLEs, was similar as described above. RAMP1-IR and VGLUT2-IR 

also showed several spots of colocalization (arrows in Fig. 4c), although less frequently than 

CLR- and VGLUT2- colocalization.  

 

Triple immunohistochemistry of VGLUT2, CLR and CGRP 

Triple immunohistochemistry was performed on 44 myenteric ganglia of all parts of the 

esophagus using antibodies against VGLUT2, CLR and CGRP. This experiment as well as the 

following one was performed to investigate the relationship of the agonist CGRP and the 

receptor proteins. VGLUT2-IR (red) and CLR-IR (green) showed the yet described numerous 

yellow colored spots throughout the whole myenteric ganglion, indicating significant 

localization of the CGRP receptor on IGLEs. CGRP-IR was found as intense staining of 

numerous varicose passing fibres. Areas of close apposition of both CLR- (green) and CGRP- 

(blue) immunoreactivities resulting in the mixed color turquoise at the site of contact were 

frequently seen (Fig. 5a-d). However, these areas of close proximity were considerably fewer 

than those of colocalization of VGLUT2-IR and CLR-IR, shown as yellow mixed color in the 

merged image (Fig. 5d). VGLUT2-IR and CGRP-IR formed consistently some close 

relationships indicated by a few purple spots mixed from red (VGLUT2-IR) and blue (CGRP-

IR). However, we found no colocalization of VGLUT2-IR and CGRP-IR within the same 

profiles (Raab and Neuhuber 2003). Combined detection of VGLUT2, CLR and CGRP 

demonstrated 1-2 CGRP-positive varicosities per section in close apposition to VGLUT2- 

/CLR-positive IGLEs-profiles appearing in the triple mixed color white (white arrow in Fig. 

5a-d). We never found triple colocalization within the same profile. In conclusion, we 

observed close proximity of CGRP-positive varicosities to CLR positive sites on VGLUT2-

positive IGLEs.  
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Triple immunohistochemistry of VGLUT2, RAMP1 and CGRP 

Triple labeling for VGLUT2 (red), RAMP1 (green) and CGRP (blue) did not show as many 

spots of triple close proximity as seen in the VGLUT2, CLR and CGRP protocols. The 

staining pattern of VGLUT2-IR and RAMP1-IR was seen as described above with few spots 

of colocalization. Triple labeling of VGLUT2, RAMP1 and CGRP again showed close 

relationships of blue CGRP-IR and red VGLUT2-immunopositive IGLE-profiles resulting in 

the mixed color purple and blue CGRP-IR and green RAMP1-IR, resulting in the mixed color 

turquoise, respectively, in some spots, both indicating areas of close proximity beyond the 

resolution of the confocal technique. A triple colocalization in the same profile was not 

observed. However, colocalization of RAMP1-IR and VGLUT2-immunopositive IGLE-

profiles and additional close proximity of CGRP-immunopositive varicosities resulting in the 

mixed color white were found in few sections (white arrow in Fig. 6 and zoom-ins). 

 

Triple immunohistochemistry of VGLUT2, RAMP1 and gCLR 

RAMP1 and gCLR were triple labeled together with the IGLE-marker VGLUT2. 

Investigating the staining results in detailed confocal analysis of 40 representative randomly 

selected myenteric ganglia of all parts of the esophagus, we observed different types of 

colocalization.  

In both, IGLEs and myenteric neurons spots of colocalization of RAMP1- (red) and gCLR 

(green) -IR resulted in the mixed color yellow, indicating expression of the functional CGRP-

receptor parts (Fig. 7)Turquoise colored spots indicated spots of colocalization of VGLUT2- 

(blue)-immunopositive IGLE-profiles and CLR-(green)-IR which could be detected more 

frequently than spots of colocalization of VGLUT2- (blue)- and RAMP1-(red) -IR, resulting 

in purple mixed color. Spots of triple colocalization of VGLUT2, RAMP1- and CLR-IR 

resulted in the mixed color white, which could only be detected in some instances per section 
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studied (see white arrows in Fig. 7), indicating expression of both functional CGRP-receptor 

components CLR and RAMP1on IGLE-profiles. 

 

CLR and RAMP1 on different myenteric neurons 

CLR and nNOS or ChAT 

Nitrergic (nNOS) and cholinergic (ChAT) markers were used to examine the relationship of 

the CLR and RAMP1 with myenteric neurons in the mouse esophagus. nNOS 

immunolabeling appeared as intense, homogenous cytoplasmic staining of cell bodies and 

proximal dendrites sparing the nuclei. CLR-IR resulted in intense staining in nitrergic 

neuronal perikarya (Fig. 8b). Analysis of 26 myenteric ganglia in merged two-channel single 

confocal sections revealed high colocalization of nNOS-IR and CLR-IR in the cytoplasm of 

over 90% of the nNOS-positive neurons, resulting in brilliant yellow mixed colors (Fig. 8c). 

nNOS immunopositive fibres of the neuropil were unstained by CLR-IR. ChAT-IR appeared 

as diffuse homogeneous cytoplasmic and dendritic staining of myenteric neurons and as 

intense punctiforme staining of varicose fibres. Analysis of 19 myenteric ganglia and fibres in 

merged double-channel single optical sections showed colocalization of ChAT- and CLR-IR 

in 66% of myenteric perikarya (Fig. 9). Colocalization of CLR-IR and ChAT-IR was found in 

about 50% of ChAT-positive varicosities and ChAT-positive neurons, (Fig. 9). In conclusion, 

CLR-IR was found highly colocalized in both nitrergic and cholinergic myenteric neuronal 

perikarya as well as in ChAT-positive varicosities. 

 

rRAMP1 and nNOS or ChAT 

RAMP1-staining was additionally found weakly distributed in the myenteric neuropil around 

nitrergic cell bodies. Double labeling of 6 representative myenteric ganglia of all parts of the 

mouse esophagus resulted in a bright yellow mixed color indicating spots of high 

colocalization in nNOS immunopositive myenteric neurons. Analysis of 8 representative 



17 

 

myenteric ganglia of all parts of the esophagus revealed colocalization of RAMP1-IR and 

ChAT-IR within 40% of investigated myenteric neuronal perikarya, resulting in yellow mixed 

color (data not shown). Colocalization was similar compared to that of CLR and ChAT but 

not as numerous. Additionally, we saw spots of colocalization in numerous varicose fibres 

within the myenteric neuropil. In summary, RAMP1-IR was found in both nitrergic and 

cholinergic cell bodies in myenteric ganglia.   
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Discussion 

This study describes location and distribution of the CGRP-receptor (CLR/RAMP1) in the 

mouse esophagus using immunohistochemistry. We found both receptor components located 

in myenteric ganglia throughout the esophagus. Counterstaining with markers for IGLEs and 

myenteric neurons revealed colocalization, indicating receptor occurrence on IGLEs as well 

as on myenteric neurons. CGRP-IR spinal afferents were found closely related to IGLEs, in 

particular to their CLR/RAMP1 bearing areas, but no colocalization of CGRP-IR and 

VGLUT2-IR, or with either receptor components was observed.  

 

Methodological considerations  

Due to the same host origin of CLR and RAMP1, we were unable to perform triple label 

immunohistochemistry using CLR, RAMP1 and CGRP. Some authors avoided this problem 

by using TSA (Marvizón et al. 2007). However, since our previous investigations revealed 

false negative controls in mouse gastrointestinal tract (Horling et al. 2012), we did not pursue 

this approach. 

Throughout all staining procedures a noticeable difference in the staining intensity between 

RAMP1-IR and CLR-IR was obvious. This difference was described before (Cottrell et al. 

2005; Lennerz et al. 2008; Marvizón et al. 2007) and might be due to the greater abundance of 

CLR which dimerizes not only with RAMP1 but also with other members of the RAMP 

family (Hay et al. 2008; Husmann et al. 2003; McLatchie et al. 1998). Thus, RAMP1 is 

suggested to be expressed at a lower level and more widely than CRL (Cottrell et al., 2005).  

Basically, it has to be considered, that CLR forms the ligand binding site for CGRP but also 

for adrenomedullin 1 (Conner et al. 2007). RAMP1 converts the CLR into a rather specific 

receptor for CGRP with little affinity for adrenomedullin 1 (Poyner et al. 2002). Intermedin or 

adrenomedullin 2 showed selectivity for the CLR/RAMP3 receptor, but also binds to 

CRL/RAMP1 and CLR/RAMP2 (Hong et al. 2012). Thus, CLR/RAMP1, the considered 
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CGRP-receptor, may also bind to a lower extend to adrenomedullin1 and intermedin, which 

was not examined in this study.  

Another aspect has to be considered concerning the CGRP-receptor subunits: recently 

published data showed that also RAMP1 is able to combine with other G-protein coupled 

receptors than CLR, e.g. with the calcitonin and VIP-Receptors VPAC1 and VPAC2 

(Kuwasako et al. 2013).As we also found close contacts of VGLUT2 immunopositive IGLEs 

and VIP-immunopositive varicosities within myenteric ganglia (Raab and Neuhuber 2004) the 

occurrence of RAMP1-IR on IGLEs might also be part of the VIP-receptor. This aspect 

underlines the intricate relationships of IGLEs within the myenteric ganglion, but was not 

focused in this study. 

 

Contacts of spinal afferents to IGLEs   

Spinal afferents are known to supply collateral branches on their way to the spinal cord (Fig. 

10 for summary; Mazzia and Clerc 1997; Neuhuber et al. 2006; Furness 2006). Previously, 

our group described close relationship of CGRP-immunopositive spinal afferents to IGLEs, as 

identified by VGLUT2 and calretinin, specific markers for IGLEs in the mouse (Raab and 

Neuhuber 2003, 2004, 2005) and rat (Dütsch et al. 1998) esophagus, respectively. CGRP has 

been shown to be contained in more than 90% of DRG-neurons innervating the esophagus 

(Dütsch et al. 1998) and can be considered a marker for spinal primary afferent fibres, at least 

in the thoracic and abdominal esophagus of rat, mouse and guinea pig. In the cervical 

esophagus, CGRP has been additionally found  in numerous fine vagal afferent fibers (Wank 

and Neuhuber 2001). In this study, we found the functional CGRP-receptor, CLR and 

RAMP1, on VGLUT2 positive IGLEs that are contacted by CGRP-positive varicosities 

within the esophageal wall. This occurrence on IGLEs is in line with results of the dorsal 

horn, where the CLR was described to colocalize with synaptophysin and VGLUT2 in axon 

terminals (Marvizón et al. 2007). Describing close contacts between spinal afferents and 
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myenteric neurons, a local effector function of spinal afferents has been hypothesized (Mazzia 

and Clerc 1997; Holzer 1988). This hypothesis might now be extended to the interaction 

between spinal afferents and IGLEs suggesting a peripheral interaction between vagal and 

spinal afferents in the thoracic and abdominal esophagus, and of both spinal and vagal CGRP 

afferents and vagal IGLEs in the cervical esophagus, due to their intimate relationship 

(Neuhuber et al. 2006). As central vagal-spinal afferent modulation is well-known at various 

levels of the neuraxis (Chandler et al. 1991; Randich and Gebhart 1992), this idea is not so 

far-fetched.  

 

Functional considerations 

Reflex circuits 

Having in mind our new findings concerning the possible interaction between spinal afferents 

and IGLEs, we suppose an extension of the generally accepted vago-vagal reflex circuit (see 

Fig. 10 for summary; Jansson 1969; Miolan and Roman 1984; Travagli et al. 2003; Altschuler 

et al. 1989; Hermann et al. 2006). Originating in the wall of the esophagus, CGRP-releasing 

spinal primary afferents travelling through the myenteric ganglion may forward information 

to CLR/RAMP1 positive myenteric neurons but also to CLR/RAMP1 positive IGLEs. If and 

how IGLEs were affected by CGRP-release still remains unclear. Previous studies in other 

systems described receptor internalization, elevated cAMP and increased intracellular calcium 

levels as known CGRP effects (Bomberger et al. 2005; Husmann et al. 2003; Kuwasako et al. 

2000; McLatchie et al. 1998; Parsons and Seybold 1997; Ryu et al. 1988; Segond von 

Banchet et al. 2002; Wimalawansa 1996). As proposed by Lennerz et al., elevated cAMP 

could lead to phosphorylation of ion channels that subsequently supports the conduction of 

action potentials (Lennerz et al. 2008). Transferred to IGLEs serving as low-threshold tension 

sensors (Zagorodnyuk and Brookes 2000; Zagorodnyuk et al. 2001), their excitability might 

be influenced through CGRP release and this in turn might affect vago-vagal reflex circuits 
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relayed through the nucleus of the solitary tract (Altschuler et al. 1989; Barrett et al. 1994; 

Shapiro and Miselis 1985) to esophageal  motor neurons of the nucleus ambiguus terminating 

in the tunica muscularis of the esophagus (Barrett et al. 1994; Bieger and Hopkins 1987; 

Cunningham and Sawchenko 1989). This vago-vagal reflex circuit could be modulated 

peripherally by information picked up from the mucosa and connected via spinal afferent 

collaterals to IGLEs. Clearly, this has further to be determined. 

Furthermore, involvement in a local reflex circuit is conceivable. As contacts between spinal 

afferents and myenteric neurons were already described (Mazzia and Clerc 1997; Furness 

2006), a short circuit could be considered modulating myenteric neurons and probably also 

IGLEs. Synapse-like contacts between IGLEs and myenteric neurons have been described 

(Neuhuber 1987; Neuhuber and Clerc 1990; Phillips and Powley 2007). Thus, information 

coming from mucosa via spinal afferents might also be forwarded to IGLEs and, via the 

presumed transmitter release, may be passed onto myenteric neurons. Nevertheless, functional 

proof for this is still pending. From myenteric neurons information could be transmitted to 

motor endplates co-innervated by nitrergic enteric neurons. Functional studies corroborated 

this hypothesis: mucosal (spinal) primary afferents were found to play a key role in mediating 

the inhibitory effect of capsaicin on vagally induced striated muscle contractions in an in vitro 

vagus nerve - esophagus preparation (Boudaka et al. 2007; Izumi et al. 2003).  

A third potential circuit concerning the pain pathway could be hypothesized as follows: 

CGRP-containing primary afferent fibers establish synaptic contacts with neurons of the 

spinothalamic tract (STT), the major ascending nociceptive tract (Carlton et al. 1990). 

Information from esophageal mucosa might be transmitted via spinal afferent collaterals to 

IGLEs. If we assume that an action potential is triggered by this influence, it might be 

forwarded along the vagus nerve to the central subnucleus of the NTS (Altschuler et al. 1989; 

Barrett et al. 1994; Shapiro and Miselis 1985) and probably beyond. The NTS functions as a 

relay between peripheral vagal afferent input and centrally located pain control mechanism 
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(Ren et al. 1990). Vagal afferents terminating in the NTS synapse, among others, on neurons 

projecting to the spinal cord (McNeill et al. 1991) which in turn could elicit an inhibitory 

effect on STT neuron activity (Ammons et al. 1983; Chandler et al. 1991) thus determining 

the intensity of painful sensations from the esophagus (Neuhuber et al. 2006). 

 

CGRP, CGRP-receptor, IGLEs and myenteric neurons in inflammation  

Previous studies have suggested a role for CGRP and SP co-released from spinal afferent 

nerve fibers in inflammation of the gastrointestinal tract (Holzer 2002; Foreman 1987; 

Sternini 1992). Furthermore, a bidirectional communication between immune cells, e.g. mast 

cells and CGRP/SP releasing spinal afferents has been shown to be involved in regulation of 

the inflammatory response (De Jonge et al. 2004). Myenteric neurons were found to be 

influenced through both SP and CGRP, since both NK1 receptors (Kuramoto et al. 2004) and 

CRL/RAMP1 (this study) were detected on myenteric neuronswhile IGLEs were equipped 

only with CRL /RAMP1.  

In different species, including human, studies have documented that acute acid infusion into 

the esophagus leads to both a decrease in threshold for sensations to mechanical distension of 

the esophagus (Peghini et al. 1996) and an increase in the firing of vagal motorneurons, 

sensitive to esophageal distension (Partosoedarso and Blackshaw 1997). Medda et al. 

demonstrated that vagal afferent fibers, but not spinal neurons, exhibited an increase in action 

potential firing upon esophageal distension or acid-pepsin infusion (Medda et al. 2005) which 

has been shown to be inhibited by TRPV1 antagonists (Peles et al. 2009). Most IGLEs in the 

esophagus and stomach are resistant to capsaicin (Berthoud et al. 1997b), which corresponds 

to a lack of immunohistochemically detectable vanilloid receptor VR1/TRPV1 (Patterson et 

al. 2003). Recent functional data from TRPV1 knockout mice provided further substantial 

evidence that in addition to the spinal afferent pathway a subtype of vagal esophageal afferent 

fiber displays nociceptive characteristics, including responsiveness to low pH and 
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inflammatory mediators (Harrington et al. 2013). Thus, the hypothesized CGRP positive 

spinal afferent collaterals to IGLEs and their equipment with the CGRP receptor might 

probably be the anatomical correlation for this acid-induced enhanced mechano-

hypersensitivity (Demir et al. 2013; Harrington et al. 2013).  

 

In summary, we demonstrated the occurrence of CGRP receptors on IGLEs throughout the 

esophagus. CGRP-containing spinal afferents are found in close vicinity to IGLEs, in 

particular at their GCRP receptor bearing sites, and therefore raise the suspicion of possible 

interaction between primary spinal afferents and vagal IGLEs. This connection leads to some 

new speculations concerning reflex pathways and inflammatory processes, but further 

functional investigation is required.  
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Figure legends 

Fig. 1 Specificity controls 

a Single optical section of an esophageal myenteric ganglion after a 1:10 block of rCLR with the 

corresponding control peptide. Specific staining is no longer detectable. The area of myenteric 

ganglion is outlined.  

b All-in-focus projections of 5 single optical sections through an esophageal myenteric ganglion. 

The Image shows a positive control of rCLR-staining compared to the preadsorption (Fig. 1a). 

c All-in-focus projections of 5 single optical sections of a myenteric ganglion in the mouse 

esophagus. Very low staining is retained after a 20-fold excessive block of gCLR with the blocking 

peptide. The area of myenteric ganglion is outlined.  

 d All-in-focus projections of 7 single images of an esophageal myenteric ganglion. Positive 

control of gCLR-staining.  

Scale bars 20 µm 

 

Fig. 2 Double immunostaining of rCLR and gCLR 

a, b  All-in-focus projection of 7 single optical sections through an esophageal myenteric ganglion 

immunostained with rCLR (red; a) and gCLR (green; b). gCLR immunoreactivity was found in the 

same location as rCLR-IR.  Arrows exemplarily point to spots of colocalization within IGLEs, 

displayed in yellow spots in the merge (c).  

Scale bar 20 µm 

 

Fig. 3 Double immunostaining of gpVGLUT2 and rCLR  

a-c Merged overview of an esophageal myenteric ganglion immunostained with gpVGLUT2 (red; 

a) and rCLR (green; b). Spots of colocalization appear as yellow spots in the merged image (arrows; 

c). However, rCLR was also localized in areas immunonegative for VGLUT2 as a spotted or fibre-like 

staining (white lined arrows; b-c). Scale bar 20 µm 

d-f All-in-focus projection of fifteen single optical sections of an esophageal myenteric ganglion 

double-labeled for gpVGLUT2 (red; d) and rCLR (green; e). Arrows point to spots of colocalization 
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within one profile resulting in yellow mixed color (merge; f). In contrast to the unspecific staining of 

neuronal cell bodies of VGLUT2-IR, rCLR shows fine homogeneous staining of neuronal perikarya 

indicated by asterisks. Scale bar 20 µm 

 

 

Fig. 4 Double immunostaining of gpVGLUT2 and rRAMP1 

a, b Merged z-series of thirteen single images through an esophageal myenteric ganglion 

immunostained with gpVGLUT2 (red; a) and rRAMP1 (green; b). Spots of colocalization within one 

profile result in the mixed color yellow in the merge (c) and are indicated by arrows. Similar to rCLR 

staining, rRAMP-IR shows fine homogeneous staining of neuronal cell bodies, indicated by asterisks 

(b, c). Scale bar 20 µm 

 

Fig. 5 Triple labeling of VGLUT2, rCLR and CGRP 

a-c Single optical section through an esophageal ganglion immunostained for VGLUT2 (red; a), 

rCLR (green; b) and CGRP (blue; c).  

d In the merged image different spots of colocalization (yellow arrow) or close proximity (white, 

turquoise arrows), respectively, can be found. Areas of close apposition of all three antibodies result 

in the mixed color white (white arrows), colocalization of VGLUT2 and rCLR only is shown in 

yellow spots indicated by the yellow arrow. Close proximity of CLR and CGRP appears turquoise in 

the merge (turquoise arrow) indicating close proximity beyond the resolution of the confocal 

technique. Scale bar 20 µm 

 

Fig. 6 IGLEs triple labeled for VGLUT2, rRAMP1 and CGRP 

a-c  Single optical section through a myenteric esophageal ganglion incubated with VGLUT2 (red; 

a), rRAMP1 (green; b) and CGRP (blue; c). Arrows point to the spot of close apposition and overlay 

of all three antibodies (merge; d). 

Zoom-ins Higher magnification of the white dotted boxes are seen below every image. Arrows 

indicate the mentioned spot of close proximity in the merged image.  
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Scale bars 20 µm for a-d and 5 µm for zoom-ins 

 

Fig. 7 esophageal myenteric ganglion triple labeled for gpVGLUT2, rRAMP1 and gCLR 

a-c Single optical section immunostained for rRAMP1 (red; a), gCLR (green; b) and VGLUT2 (blue; 

c). Arrows show areas of close proximity and overlay in the merge (d). Scale bar 15 µm. 

e-f All-in-focus projection of six single optical sections of a myenteric esophageal ganglion. Asterisks 

indicate the nuclei of a myenteric neuron immunopositive for CLR (green; f) and RAMP1 (red; e). 

Note, that gpVGLUT2 causes an unspecific labeling of myenteric neuronal perikarya. Arrows point to 

spots of colocalization of both, CLR and RAMP1, appearing yellow in the merge (h).Scale bar 20µm. 

 

Fig. 8 Double immunostaining of rCLR and nNOS 

a, b All-in-focus projection of five single optical sections of a myenteric esophageal ganglion.  

Rings indicate a neuronal cell body immunopositive for nNOS (red; a) and CLR (green; b), 

respectively, with omission of the nuclei (asterisks). In the merge (c) the overlay resulted in yellow 

mixed color within the myenteric perikaryon (rings). Scale bar 15 µm 

 

 

Fig. 9 Double immunostaining of rCLR and ChAT 

a, b Projected image of fourteen single optical sections through an esophageal myenteric ganglion 

immunostained with ChAT (red; a) and rCLR (green; b), respectively. Asterisks indicate ChAT 

immunopositive neuronal cell bodies, rCLR positive neuronal cell bodies are marked with rings.  

c The merged image shows CLR-IR within cholinergic neuronal cell bodies indicated by 

asterisks and rings simultaneously. However, rCLR was also found in neuronal cell bodies 

immunonegative for ChAT (single ring in merge). Arrows point to spots of colocalization resulting in 

the mixed color yellow.  

Scale bar 20 µm 
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Fig. 10  Simplifying diagram of esophageal innervation 

Spinal afferents originating in the mucosa (M) supply collateral branches to myenteric neurons (black 

shaded white ellipse illustrated an exemplary myenteric ganglion), IGLEs (attached green semi-

ellipse) and sympathetic ganglia (SYMP). Spinal afferents have their neuron in the dorsal root 

ganglion (DRG) and terminate mainly in the superficial dorsal horn of the spinal cord (SC). In the 

spinal cord they synapse with the classic pain pathway, the spinothalamic tract (STT). Information 

from IGLEs is send via the nodose ganglion (NOD) to the central subnucleus of the solitary complex 

(NTSce) and relayed to motor neurons in the nucleus ambiguus (AMB). From there, innervation of 

striated muscle via motor endplates (MEP) originates. Neurons from the dorsal motor nucleus (DMX) 

innervate excitatory cholinergic myenteric neurons (DMXro) as well as inhibitory nitrergic myenteric 

neurons (DMXcd). Furthermore, inhibitory (nNOS; black circle) and excitatory (ChAT; white circle) 

myenteric neurons are illustrated as an exemplary single neuron.  Vagal afferents terminating in the 

nucleus of the solitary tract (NTS) additionally synapse on neurons projecting to the spinal 

cord leading to a general non-specific inhibitory effect on STT cells activity. 

Reciprocal communication between myenteric neurons and IGLEs is suggested by double arrows. 

LMM, Lamina muscularis mucosae; TM, tunica muscularis; THAL, Thalamus.  

 

Diagram adapted from Neuhuber (Innervation of the mammalian esophagus) and modified 
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Table 1 List of primary antibodies and antisera used for immunohistochemistry 

 

 

 

Antigen  Host Source Working 

dilution 

Calcitonin gene-

related peptide 

(CGRP)  

Goat Biotrend, Cologne, Germany;  Code 

1720-9007 

1:250 

Calcitonin receptor-

like receptor (CLR) 

Rabbit (Cottrell et al. 2005), Code RK11 1:2,000 

Calcitonin receptor-

like receptor (CLR) 

Goat Santa Cruz, Biotechnology, Heidelberg, 

Germany; Code Sc-18007 

1:50 

Choline 

acetyltransferase 

(ChAT) 

Goat Chemicon, Temecula, CA; USA; Code 

AB 144P 

1:40 

Neuronal nitric oxide 

synthase (nNOS) 

Guinea 

pig 

Progen, Biotechnology, Heidelberg, 

Germany; Code 16059 

1:1,000 

Receptor activity 

modifying protein 1 

(RAMP1) 

Rabbit Santa Cruz, Biotechnology, Heidelberg, 

Germany; FL-148, Code Sc-11379 

1:50, 

1:5,000 

Vesicular glutamate 

transporter 2 

(VGLUT2) 

Guinea 

pig 

Chemicon, Temecula, CA; Code 

AB5907 

1:1,500 
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Table 2 List of secondary antibodies, antisera and detection systems used for 

immunohistochemistry 

 

Secondary 

antibodies and 

antisera 
 

Conjugated 

to 
Source Working 

dilution 

Donkey anti-guinea 

pig 
 

Cy™3 Dianova, Hamburg, 

Germany; Code 706-165-

148 

1:1,000 

Donkey anti-guinea 

pig 
 

Cy™5 Jackson ImmunoResearch; 

West Grove, PA (purchased 

by Dianova; Code 706-176-

148) 

1:1,000 

Donkey anti-goat 
 

Alexa Fluor
®
 

488 
Molecular Probes, Eugene, 

OR; Code A-11055 
1:1,000 

Donkey anti-goat 
 

Alexa Fluor
® 

555 
Molecular Probes; Code A-

21432 
1:1,000 

Donkey anti-goat 
 

Alexa Fluor
®
 

647 
Molecular Probes; Code A-

21447 
1:1,000 

Donkey anti-rabbit 
 

Alexa Fluor
®
 

488 
Molecular Probes; Code A-

21206 
1:1,000 

Donkey anti-rabbit 
 

Alexa Fluor
®
 

555 
Molecular Probes; Code A-

31572 
1:1,000 

Donkey anti-rabbit Biotin Dianova, Hamburg, 

Germany; Code 711-065-

152 

1:500 

Horseradish 

peroxidase (HRP) 
Streptavidin Dianova; Code 016-030-084 1:500 

Streptavidin/Biotin 

blocking kit 
- Linaris GmbH, Sp-2002 4 drops per 1 ml of 

preincubation/antibody 

solution 
Streptavidin Cy™3 Dianova; Code 016-160-084 1:1,000 
Tyramid Biotin Perkin-Elmer, 

Massachusetts, USA; NEL 

700A001KT 

In stock solution 1:250 

 

 

 

 

 

  



31 

 

References  

Adams J (1992) Biotin amplification of biotin and horseradish peroxidase signals in 

histochemical stains. J Histochem Cytochem 40 (10):1457-1463 

Altschuler SM, Bao XM, Bieger D, Hopkins DA, Miselis RR (1989) Viscerotopic 

representation of the upper alimentary tract in the rat: sensory ganglia and nuclei of 

the solitary and spinal trigeminal tracts. J Comp Neurol 283 (2):248-268. 

doi:10.1002/cne.902830207 

Ammons WS, Blair RW, Foreman RD (1983) Vagal afferent inhibition of primate thoracic 

spinothalamic neurons. J Neurophysiol 50 (4):926-940 

Barrett RT, Bao X, Miselis RR, Altschuler SM (1994) Brain stem localization of rodent 

esophageal premotor neurons revealed by transneuronal passage of pseudorabies virus. 

Gastroenterology 107 (3):728-737 

Berthoud HR, Patterson LM, Neumann F, Neuhuber WL (1997a) Distribution and structure of 

vagal afferent intraganglionic laminar endings (IGLEs) in the rat gastrointestinal tract. 

Anat Embryol (Berl) 195 (2):183-191 

Berthoud HR, Patterson LM, Willing AE, Mueller K, Neuhuber WL (1997b) Capsaicin-

resistant vagal afferent fibers in the rat gastrointestinal tract: anatomical identification 

and functional integrity. Brain Res 746 (1-2):195-206 

Berthoud HR, Powley TL (1992) Vagal afferent innervation of the rat fundic stomach: 

morphological characterization of the gastric tension receptor. J Comp Neurol 319 

(2):261-276 

Bieger D, Hopkins DA (1987) Viscerotopic representation of the upper alimentary tract in the 

medulla oblongata in the rat: the nucleus ambiguus. J Comp Neurol 262 (4):546-562. 

doi:10.1002/cne.902620408 



32 

 

Bomberger JM, Parameswaran N, Hall CS, Aiyar N, Spielman WS (2005) Novel function for 

receptor activity-modifying proteins (RAMPs) in post-endocytic receptor trafficking. J 

Biol Chem 280 (10):9297-9307. doi:10.1074/jbc.M413786200 

Boudaka A, Worl J, Shiina T, Saito S, Atoji Y, Kobayashi H, Shimizu Y, Takewaki T (2007) 

Key role of mucosal primary afferents in mediating the inhibitory influence of 

capsaicin on vagally mediated contractions in the mouse esophagus. J Vet Med Sci 69 

(4):365-372 

Brain SD, Williams TJ, Tippins JR, Morris HR, MacIntyre I (1985) Calcitonin gene-related 

peptide is a potent vasodilator. Nature 313 (5997):54-56 

Carlton SM, Westlund KN, Zhang DX, Sorkin LS, Willis WD (1990) Calcitonin gene-related 

peptide containing primary afferent fibers synapse on primate spinothalamic tract 

cells. Neurosci Lett 109 (1-2):76-81 

Chandler MJ, Hobbs SF, Bolser DC, Foreman RD (1991) Effects of vagal afferent stimulation 

on cervical spinothalamic tract neurons in monkeys. Pain 44 (1):81-87 

Clerc N, Mazzia C (1994) Morphological relationships of choleragenoid horseradish 

peroxidase-labeled spinal primary afferents with myenteric ganglia and mucosal 

associated lymphoid tissue in the cat esophagogastric junction. J Comp Neurol 347 

(2):171-186. doi:10.1002/cne.903470203 

Conner AC, Simms J, Barwell J, Wheatley M, Poyner DR (2007) Ligand binding and 

activation of the CGRP receptor. Biochem Soc Trans 35 (Pt 4):729-732. 

doi:10.1042/BST0350729 

Cottrell GS, Alemi F, Kirkland JG, Grady EF, Corvera CU, Bhargava A (2012) Localization 

of calcitonin receptor-like receptor (CLR) and receptor activity-modifying protein 1 

(RAMP1) in human gastrointestinal tract. Peptides 35 (2):202-211. 

doi:10.1016/j.peptides.2012.03.020 



33 

 

Cottrell GS, Roosterman D, Marvizon JC, Song B, Wick E, Pikios S, Wong H, Berthelier C, 

Tang Y, Sternini C, Bunnett NW, Grady EF (2005) Localization of calcitonin 

receptor-like receptor and receptor activity modifying protein 1 in enteric neurons, 

dorsal root ganglia, and the spinal cord of the rat. J Comp Neurol 490 (3):239-255. 

doi:10.1002/cne.20669 

Cox HM, Ferrar JA, Cuthbert AW (1989) Effects of alpha- and beta-calcitonin gene-related 

peptides upon ion transport in rat descending colon. British journal of pharmacology 

97 (4):996-998 

Cunningham ET, Jr., Sawchenko PE (1989) A circumscribed projection from the nucleus of 

the solitary tract to the nucleus ambiguus in the rat: anatomical evidence for 

somatostatin-28-immunoreactive interneurons subserving reflex control of esophageal 

motility. J Neurosci 9 (5):1668-1682 

De Jonge F, De Laet A, Van Nassauw L, Brown JK, Miller HRP, van Bogaert P-P, 

Timmermans J-P, Kroese ABA (2004) In vitro activation of murine DRG neurons by 

CGRP-mediated mucosal mast cell degranulation. American Journal of Physiology - 

Gastrointestinal and Liver Physiology 287 (1):G178-G191. 

doi:10.1152/ajpgi.00528.2003 

Demir I, Schäfer K-H, Tieftrunk E, Friess H, Ceyhan G (2013) Neural plasticity in the 

gastrointestinal tract: chronic inflammation, neurotrophic signals, and hypersensitivity. 

Acta neuropathologica 125 (4):491-509. doi:10.1007/s00401-013-1099-4 

Dennis T, Fournier A, Stpierre S, Quirion R (1989) Structure-Activity Profile of Calcitonin 

Gene-Related Peptide in Peripheral and Brain-Tissues - Evidence for Receptor 

Multiplicity. Journal of Pharmacology and Experimental Therapeutics 251 (2):718-

725 

Dütsch M, Eichhorn U, Wörl J, Wank M, Berthoud HR, Neuhuber WL (1998) Vagal and 

spinal afferent innervation of the rat esophagus: a combined retrograde tracing and 



34 

 

immunocytochemical study with special emphasis on calcium-binding proteins. J 

Comp Neurol 398 (2):289-307 

Esfandyari T, Macnaughton WK, Quirion R, St Pierre S, Junien JL, Sharkey KA (2000) A 

novel receptor for calcitonin gene-related peptide (CGRP) mediates secretion in the rat 

colon: implications for secretory function in colitis. FASEB journal : official 

publication of the Federation of American Societies for Experimental Biology 14 

(10):1439-1446 

Evans BN, Rosenblatt MI, Mnayer LO, Oliver KR, Dickerson IM (2000) CGRP-RCP, a novel 

protein required for signal transduction at calcitonin gene-related peptide and 

adrenomedullin receptors. J Biol Chem 275 (40):31438-31443. 

doi:10.1074/jbc.M005604200 

Ewald P, Neuhuber WL, Raab M (2006) Vesicular glutamate transporter 1 immunoreactivity 

in extrinsic and intrinsic innervation of the rat esophagus. Histochem Cell Biol 125 

(4):377-395 

Foreman JC (1987) Peptides and neurogenic inflammation. British medical bulletin 43 

(2):386-400 

Furness JB (2006) The Enteric Nervous System. Blackwell, Carlton 

Harrington AM, Brierley SM, Isaacs NJ, Young RL, Ashley Blackshaw L (2013) Identifying 

spinal sensory pathways activated by noxious esophageal acid. Neurogastroenterology 

and motility : the official journal of the European Gastrointestinal Motility Society. 

doi:10.1111/nmo.12180 

Hay DL, Poyner DR, Quirion R (2008) International Union of Pharmacology. LXIX. Status of 

the calcitonin gene-related peptide subtype 2 receptor. Pharmacol Rev 60 (2):143-145. 

doi:10.1124/pr.108.00372 

Hermann GE, Travagli RA, Rogers RC (2006) Esophageal-gastric relaxation reflex in rat: 

dual control of peripheral nitrergic and cholinergic transmission. American journal of 



35 

 

physiology Regulatory, integrative and comparative physiology 290 (6):R1570-1576. 

doi:10.1152/ajpregu.00717.2005 

Holzer P (1988) Local effector functions of capsaicin-sensitive sensory nerve endings: 

involvement of tachykinins, calcitonin gene-related peptide and other neuropeptides. 

Neuroscience 24 (3):739-768 

Holzer P (2002) Sensory neurone responses to mucosal noxae in the upper gut: relevance to 

mucosal integrity and gastrointestinal pain. Neurogastroenterology and motility : the 

official journal of the European Gastrointestinal Motility Society 14 (5):459-475 

Hong Y, Hay DL, Quirion R, Poyner DR (2012) The pharmacology of adrenomedullin 

2/intermedin. British journal of pharmacology 166 (1):110-120. doi:10.1111/j.1476-

5381.2011.01530.x 

Horling L, Neuhuber WL, Raab M (2012) Pitfalls using tyramide signal amplification (TSA) 

in the mouse gastrointestinal tract: endogenous streptavidin-binding sites lead to false 

positive staining. J Neurosci Methods 204 (1):124-132. 

doi:10.1016/j.jneumeth.2011.11.009 

Husmann K, Born W, Fischer JA, Muff R (2003) Three receptor-activity-modifying proteins 

define calcitonin gene-related peptide or adrenomedullin selectivity of the mouse 

calcitonin-like receptor in COS-7 cells. Biochem Pharmacol 66 (11):2107-2115 

Izumi N, Matsuyama H, Ko M, Shimizu Y, Takewaki T (2003) Role of intrinsic nitrergic 

neurones on vagally mediated striated muscle contractions in the hamster oesophagus. 

J Physiol 551 (Pt 1):287-294. doi:10.1113/jphysiol.2003.044669 

Jansson G (1969) Vago-vagal reflex relaxation of the stomach in the cat. Acta Physiol Scand 

75 (1):245-252 

Kestler C, Neuhuber WL, Raab M (2009) Distribution of P2X(3) receptor immunoreactivity 

in myenteric ganglia of the mouse esophagus. Histochem Cell Biol 131 (1):13-27. 

doi:10.1007/s00418-008-0498-4 



36 

 

Kraus T, Neuhuber WL, Raab M (2007) Distribution of vesicular glutamate transporter 1 

(VGLUT1) in the mouse esophagus. Cell Tissue Res 329 (2):205-219 

Kressel M, Radespiel-Tröger M (1999) Anterograde tracing and immunohistochemical 

characterization of potentially mechanosensitive vagal afferents in the esophagus. J 

Comp Neurol 412 (1):161-172 

Kuramoto H, Oomori Y, Murabayashi H, Kadowaki M, Karaki S, Kuwahara A (2004) 

Localization of neurokinin 1 receptor (NK1R) immunoreactivity in rat esophagus. J 

Comp Neurol 478 (1):11-21 

Kuwasako K (2013) The RAMP-interacting Family B G protein-coupled receptors and their 

specific bioactive peptides. Current protein & peptide science 14 (4):243-245 

Kuwasako K, Hay DL, Nagata S, Murakami M, Kitamura K, Kato J (2013) Functions of 

Third Extracellular Loop and Helix 8 of Family B GPCRs Complexed with RAMPs 

and Characteristics of their Receptor Trafficking. Current protein & peptide science 14 

(5):416-428 

Kuwasako K, Shimekake Y, Masuda M, Nakahara K, Yoshida T, Kitaura M, Kitamura K, Eto 

T, Sakata T (2000) Visualization of the calcitonin receptor-like receptor and its 

receptor activity-modifying proteins during internalization and recycling. J Biol Chem 

275 (38):29602-29609. doi:10.1074/jbc.M004534200 

Lennerz JK, Ruhle V, Ceppa EP, Neuhuber WL, Bunnett NW, Grady EF, Messlinger K 

(2008) Calcitonin receptor-like receptor (CLR), receptor activity-modifying protein 1 

(RAMP1), and calcitonin gene-related peptide (CGRP) immunoreactivity in the rat 

trigeminovascular system: differences between peripheral and central CGRP receptor 

distribution. J Comp Neurol 507 (3):1277-1299. doi:10.1002/cne.21607 

Mallee JJ, Salvatore CA, LeBourdelles B, Oliver KR, Longmore J, Koblan KS, Kane SA 

(2002) Receptor activity-modifying protein 1 determines the species selectivity of 



37 

 

non-peptide CGRP receptor antagonists. J Biol Chem 277 (16):14294-14298. 

doi:10.1074/jbc.M109661200 

Marvizón JCG, Pérez OA, Song B, Chen W, Bunnett NW, Grady EF, Todd AJ (2007) 

Calcitonin receptor-like receptor and receptor activity modifying protein 1 in the rat 

dorsal horn: Localization in glutamatergic presynaptic terminals containing opioids 

and adrenergic α2C receptors. Neuroscience 148 (1):250-265. 

doi:10.1016/j.neuroscience.2007.05.036 

Mazzia C, Clerc N (1997) Ultrastructural relationships of spinal primary afferent fibres with 

neuronal and non-neuronal cells in the myenteric plexus of the cat oesophago-gastric 

junction. Neuroscience 80 (3):925-937. doi:10.1016/s0306-4522(97)00058-4 

McLatchie LM, Fraser NJ, Main MJ, Wise A, Brown J, Thompson N, Solari R, Lee MG, 

Foord SM (1998) RAMPs regulate the transport and ligand specificity of the 

calcitonin-receptor-like receptor. Nature 393 (6683):333-339. doi:10.1038/30666 

McNeill DL, Chandler MJ, Fu QG, Foreman RD (1991) Projection of nodose ganglion cells 

to the upper cervical spinal cord in the rat. Brain Res Bull 27 (2):151-155 

Medda BK, Sengupta JN, Lang IM, Shaker R (2005) Response properties of the brainstem 

neurons of the cat following intra-esophageal acid–pepsin infusion. Neuroscience 135 

(4):1285-1294. doi:http://dx.doi.org/10.1016/j.neuroscience.2005.07.016 

Miolan JP, Roman C (1984) The role of oesophageal and intestinal receptors in the control of 

gastric motility. J Auton Nerv Syst 10 (3-4):235-241 

Neuhuber WL (1987) Sensory vagal innervation of the rat esophagus and cardia: a light and 

electron microscopic anterograde tracing study. Journal of the autonomic nervous 

system 20 (3):243-255 

Neuhuber WL, Clerc N (1990) Afferent innervation of the esophagus in cat and rat. In: 

Zenker W, Neuhuber, W. L. (ed) The primary afferent neuron. Plenum Press, New 

York, pp 93-107 

http://dx.doi.org/10.1016/j.neuroscience.2005.07.016


38 

 

Neuhuber WL, Raab M, Berthoud HR, Wörl J (2006) Innervation of the Mammalian 

Esophagus. Advances in Anatomy, Embryology and Cell Biology 185:1-84 

Parsons AM, Seybold VS (1997) Calcitonin gene-related peptide induces the formation of 

second messengers in primary cultures of neonatal rat spinal cord. Synapse 26 (3):235-

242. doi:10.1002/(SICI)1098-2396(199707)26:3<235::AID-SYN5>3.0.CO;2-8 

Partosoedarso ER, Blackshaw LA (1997) Vagal efferent fibre responses to gastric and 

oesophageal mechanical and chemical stimuli in the ferret. Journal of the autonomic 

nervous system 66 (3):169-178 

Patterson LM, Zheng H, Ward SM, Berthoud HR (2003) Vanilloid receptor (VR1) expression 

in vagal afferent neurons innervating the gastrointestinal tract. Cell Tissue Res 311 

(3):277-287 

Peghini PL, Johnston BT, Leite LP, Castell DO (1996) Mucosal acid exposure sensitizes a 

subset of normal subjects to intra-oesophageal balloon distension. European journal of 

gastroenterology & hepatology 8 (10):979-983 

Peles S, Medda BK, Zhang Z, Banerjee B, Lehmann A, Shaker R, Sengupta JN (2009) 

Differential effects of transient receptor vanilloid one (TRPV1) antagonists in acid-

induced excitation of esophageal vagal afferent fibers of rats. Neuroscience 161 

(2):515-525. doi:10.1016/j.neuroscience.2009.03.040 

Phillips RJ, Powley TL (2000) Tension and stretch receptors in gastrointestinal smooth 

muscle: re- evaluating vagal mechanoreceptor electrophysiology. Brain Res Brain Res 

Rev 34 (1-2):1-26 

Phillips RJ, Powley TL (2007) Innervation of the gastrointestinal tract: patterns of aging. 

Autonomic neuroscience : basic & clinical 136 (1-2):1-19 

Poyner DR, Sexton PM, Marshall I, Smith DM, Quirion R, Born W, Muff R, Fischer JA, 

Foord SM (2002) International Union of Pharmacology. XXXII. The mammalian 



39 

 

calcitonin gene-related peptides, adrenomedullin, amylin, and calcitonin receptors. 

Pharmacol Rev 54 (2):233-246 

Raab M, Neuhuber WL (2003) Vesicular glutamate transporter 2 immunoreactivity in 

putative vagal mechanosensor terminals of mouse and rat esophagus: indication of a 

local effector function? Cell Tissue Res 312 (2):141-148 

Raab M, Neuhuber WL (2004) Intraganglionic laminar endings and their relationships with 

neuronal and glial structures of myenteric ganglia in the esophagus of rat and mouse. 

Histochem Cell Biol 122 (5):445-459 

Raab M, Neuhuber WL (2005) Number and distribution of intraganglionic laminar endings in 

the mouse esophagus as demonstrated with two different immunohistochemical 

markers. J Histochem Cytochem 53 (8):1023-1031 

Randich A, Gebhart GF (1992) Vagal afferent modulation of nociception. Brain Res Brain 

Res Rev 17 (2):77-99 

Ren K, Randich A, Gebhart GF (1990) Electrical stimulation of cervical vagal afferents. I. 

Central relays for modulation of spinal nociceptive transmission. J Neurophysiol 64 

(4):1098-1114 

Rodrigo J, de Felipe J, Robles-Chillida EM, Perez Anton JA, Mayo I, Gomez A (1982) 

Sensory vagal nature and anatomical access paths to esophagus laminar nerve endings 

in myenteric ganglia. Determination by surgical degeneration methods. Acta Anat 

(Basel) 112 (1):47-57 

Rodrigo J, Hernandez J, Vidal MA, Pedrosa JA (1975) Vegetative innervation of the 

esophagus. II. Intraganglionic laminar endings. Acta Anat (Basel) 92 (1):79-100 

Rodrigo J, Polak JM, Fernandez L, Ghatei MA, Mulderry P, Bloom SR (1985) Calcitonin 

gene-related peptide immunoreactive sensory and motor nerves of the rat, cat, and 

monkey esophagus. Gastroenterology 88 (2):444-451 



40 

 

Rosenfeld MG, Mermod JJ, Amara SG, Swanson LW, Sawchenko PE, Rivier J, Vale WW, 

Evans RM (1983) Production of a novel neuropeptide encoded by the calcitonin gene 

via tissue-specific RNA processing. Nature 304 (5922):129-135 

Ryu PD, Gerber G, Murase K, Randic M (1988) Calcitonin gene-related peptide enhances 

calcium current of rat dorsal root ganglion neurons and spinal excitatory synaptic 

transmission. Neurosci Lett 89 (3):305-312 

Segond von Banchet G, Pastor A, Biskup C, Schlegel C, Benndorf K, Schaible HG (2002) 

Localization of functional calcitonin gene-related peptide binding sites in a 

subpopulation of cultured dorsal root ganglion neurons. Neuroscience 110 (1):131-145 

Shapiro RE, Miselis RR (1985) The central organization of the vagus nerve innervating the 

stomach of the rat. J Comp Neurol 238 (4):473-488. doi:10.1002/cne.902380411 

Shindler K, Roth K (1996) Double immunofluorescent staining using two unconjugated 

primary antisera raised in the same species. J Histochem Cytochem 44 (11):1331-1335 

Sternini C (1992) Enteric and visceral afferent CGRP neurons. Targets of innervation and 

differential expression patterns. Ann N Y Acad Sci 657:170-186 

Travagli RA, Hermann GE, Browning KN, Rogers RC (2003) Musings on the wanderer: 

what's new in our understanding of vago-vagal reflexes? III. Activity-dependent 

plasticity in vago-vagal reflexes controlling the stomach. Am J Physiol Gastrointest 

Liver Physiol 284 (2):G180-187. doi:10.1152/ajpgi.00413.2002 

Wang FB, Powley TL (2000) Topographic inventories of vagal afferents in gastrointestinal 

muscle. J Comp Neurol 421 (3):302-324 

Wang ZJ, Neuhuber WL (2003) Intraganglionic laminar endings in the rat esophagus contain 

purinergic P2X2 and P2X3 receptor immunoreactivity. Anat Embryol (Berl) 207 (4-

5):363-371. doi:10.1007/s00429-003-0351-4 



41 

 

Wank M, Neuhuber WL (2001) Local differences in vagal afferent innervation of the rat 

esophagus are reflected by neurochemical differences at the level of the sensory 

ganglia and by different brainstem projections. J Comp Neurol 435 (1):41-59 

Wimalawansa SJ (1996) Calcitonin gene-related peptide and its receptors: molecular genetics, 

physiology, pathophysiology, and therapeutic potentials. Endocr Rev 17 (5):533-585 

Wimalawansa SJ (1997) Amylin, calcitonin gene-related peptide, calcitonin, and 

adrenomedullin: a peptide superfamily. Crit Rev Neurobiol 11 (2-3):167-239 

Zagorodnyuk VP, Brookes SJ (2000) Transduction sites of vagal mechanoreceptors in the 

guinea pig esophagus. J Neurosci 20 (16):6249-6255 

Zagorodnyuk VP, Chen BN, Brookes SJ (2001) Intraganglionic laminar endings are mechano-

transduction sites of vagal tension receptors in the guinea-pig stomach. J Physiol 534 

(Pt 1):255-268 

Zagorodnyuk VP, Chen BN, Costa M, Brookes SJ (2003) Mechanotransduction by 

intraganglionic laminar endings of vagal tension receptors in the guinea-pig 

oesophagus. J Physiol 553 (Pt 2):575-587 

  

 

 

 

 

 

 

 



42 

 

 

 

 

 

 



43 

 

 

 

 

Figure. 10 

 



 

Minerva Access is the Institutional Repository of The University of Melbourne

 

 

Author/s: 

Horling, L; Bunnett, NW; Messlinger, K; Neuhuber, WL; Raab, M

 

Title: 

Localization of receptors for calcitonin-gene-related peptide to intraganglionic laminar

endings of the mouse esophagus: peripheral interaction between vagal and spinal afferents?

 

Date: 

2014-03-01

 

Citation: 

Horling, L., Bunnett, N. W., Messlinger, K., Neuhuber, W. L.  &  Raab, M. (2014). Localization

of receptors for calcitonin-gene-related peptide to intraganglionic laminar endings of the

mouse esophagus: peripheral interaction between vagal and spinal afferents?.

HISTOCHEMISTRY AND CELL BIOLOGY, 141 (3), pp.321-335.

https://doi.org/10.1007/s00418-013-1162-1.

 

Persistent Link: 

http://hdl.handle.net/11343/219302

 

File Description:

Accepted version


