
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Neuromodulation of intestinal inflammation

Costes, L.M.M.

Publication date
2015
Document Version
Final published version

Link to publication

Citation for published version (APA):
Costes, L. M. M. (2015). Neuromodulation of intestinal inflammation. [Thesis, fully internal,
Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/neuromodulation-of-intestinal-inflammation(b3ed7713-0647-412b-8ae1-7a78f283ea3f).html


Chapter 2

Neuroanatomical evidence indicating indirect 
modulation of macrophages by vagal efferents in 

the intestine but not in the spleen

Cathy Cailotto*, Pedro J. Gomez-Pinilla*, Léa M.M. Costes, Jan van der Vliet, Martina Di 
Giovangiulio, Andrea Némethova, GIanluca Matteoli, Guy E.E. Boeckxstaens

Published in PLoS One, 2014

* authors contributed equally to the work



Chapter 2

40

Abstract

Background: Electrical stimulation of the vagus nerve suppresses intestinal inflammation 
and normalizes gut motility in a mouse model of postoperative ileus. The exact anatomical 
interaction between the vagus nerve and the intestinal immune system remains 
however a matter of debate. In the present study, we provide additional evidence on 
the direct and indirect vagal innervation of the spleen and analyzed the anatomical 
evidence for neuro-immune modulation of macrophages by vagal preganglionic and 
enteric postganglionic nerve fibers within the intestine. Methods: Dextran conjugates 
were used to label vagal preganglionic (motor) fibers projecting to the small intestine and 
spleen. Moreover, identification of the neurochemical phenotype of the vagal efferent 
fibers and enteric neurons was performed by immunofluorescent labeling. F4/80 
antibody was used to label resident macrophages. Results: Our anterograde tracing 
experiments did not reveal dextran-labeled vagal fibers or terminals in the mesenteric 
ganglion or spleen. Vagal efferent fibers were confined within the myenteric plexus 
region of the small intestine and mainly endings around nNOS, VIP and ChAT positive 
enteric neurons. nNOS, VIP and ChAT positive fibers were found in close proximity of 
intestinal resident macrophages carrying α7 nicotinic receptors. Of note, VIP receptors 
were found on resident macrophages located in close proximity of VIP positive nerve 
fibers. Conclusion: In the present study, we show that the vagus nerve does not directly 
interact with resident macrophages in the gut or spleen. Instead, the vagus nerve 
preferentially interacts with nNOS, VIP and ChAT enteric neurons located within the gut 
muscularis with nerve endings in close proximity of the resident macrophages. 
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Introduction

In the last decade it has become clear that the vagus nerve fulfills an important role 
in modulating the immune system [1,2]. Vagus nerve activation indeed has anti-
inflammatory properties in a wide variety of disorders including systemic and local 
inflammation [3–8]. The first experiments leading to the introduction of this concept 
were performed in a rat model of sepsis [1], illustrating increased survival after 
vagus nerve stimulation. This effect is now believed to result from vagal activation of 
sympathetic neurons located in the mesenteric ganglion [9] rather than a direct effect 
of the vagus nerve in the spleen. These adrenergic nerve fibers release noradrenaline 
activating splenic T cells. These T cells subsequently release acetylcholine (ACh) that 
inhibits the release of pro-inflammatory cytokines from splenic macrophages through 
interaction with α7 (alpha7) nicotinic receptors [10,11]. 

Also in the gastrointestinal tract, vagus nerve stimulation dampens the inflammatory 
response in several immune-mediated disorders, including postoperative ileus (POI). 
In the latter, intestinal manipulation initiates an inflammatory cascade through the 
activation of muscularis resident macrophages that results in delayed gastrointestinal 
motility. Electrical stimulation of the vagus nerve (VNS) and systemic administration of 
selective nicotinic receptor agonists dampened pro-inflammatory cytokine production 
by macrophages resulting in reduced intestinal inflammation and shortened POI [12]. 
Recently, we showed that this subtle inflammatory response evoked by manipulation 
of the small intestine elicits neuronal activation in the nucleus tractus solitarius (NTS) 
and the dorsal motor nucleus of the vagus [13]. This vagal output targeted mainly the 
inflamed zone (intestine) but also other organs such as the spleen. 

Although the innervation of the intestinal myenteric plexus by vagal efferents is well 
described [14], its interaction with the immune cells residing in the intestine is poorly 
characterized. Similarly, the innervation of the spleen is still a matter of controversy with 
some studies providing evidence of cholinergic innervation whereas others propose 
that the spleen is only innervated by sympathetic neurons located in the mesenteric 
ganglion [9,13,15–17]. Hence, we aim to provide neuro-anatomical evidence on the 
interaction between vagal efferents and resident macrophages in the intestine and to 
bring more clarity on the vagal innervation of the spleen in mouse. To this end we 
labeled the vagal motor efferent fibers arising from the dorsal motor nucleus of the 
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vagus (DMV) by using the dextran amines anterograde tracer, recently reported to 
provide high-definition labeling of vagal motor fibers [18]. 

Material and Methods
Ethics Statement

All procedures were conducted in accordance with the Institutional guidelines and 
approved by the Animal Ethical Committee of the AMC/University of Amsterdam 
(reference protocol number 100096) and by the Ethical committee of the Catholic 
University of Leuven (Permit Number: 112/2011). All surgery was performed under 
anaesthesia (Hypnorm/Dormicum) and all effort was made to minimize suffering.

Animals

Mice (female BALB/c; Harlan Nederland, Horst, The Netherlands) were kept in 12h 
light/12h dark cycle (lights on at 8:00 AM to 8:00 PM) under constant conditions of 
temperature (20± 2°C) and humidity (55% humidity) with water and food ad libitum. Mice 
underwent surgical procedure at 11-13 weeks of age. Mice were anesthetized by FFM 
intraperitoneal injection, a mixture of fentanylcitrate/fluanisone (Hypnorm; Janssen, 
Beerse, Belgium) and midazolam (Dormicum; Roche, Mijdrecht, The Netherlands) in a 
ratio 1:1:2 ( Hypnorm: Dormicum: H20). 

Tracer injection

Mice were anesthetized and mounted on the stereotaxic frame. Bilateral injections 
of the biotin or Texas red dextran amines (5% solution, D-B, D-1956 or D-TRD1863, 
Invitrogen) were performed at different rostro-caudal levels of the DMV: AP -7.8 mm, 
-7.9 mm and -8.0 mm. The stereotaxic coordinates used for lateral ventricle injection 
were AP -0.5mm, L -1.0mm and V -2.0/-1.50/-1.0mm.  Injections (4 ms duration) were 
performed using a glass micropipette (25 μm). At the end of the injection procedure, 
the wound was closed by a suture with Mersilene, 6-0 silk.

Tissue preparation

Nineteen days after injection of the tracer, anesthetized mice were sacrificed 
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by transcardiac perfusion with phosphate buffered saline (PBS) followed by 4% 
paraformaldehyde (PFA) (pH 7.4, 4ºC). The spleen was removed prior the perfusion 
with fixative, quickly snap frozen and stored at −80°C. Then, brain, nodose and 
mesenteric ganglia and deep cervical lymph node were collected, post-fixed for 4h 
(4°C) and immersed in 30% sucrose/0.2M PBS (pH 7.4) overnight at 4°C. For the whole 
mount intestinal tissue preparation, samples were cut along the mesentery border, 
washed in cold saline and transferred to PFA for 4h and to 30% sucrose. Prior to the 
immunohistochemical procedures, the muscle layers were gently stripped out from 
the mucosa and sub-mucosa with fine-tip forceps. For intestinal coronal sections, 
tissue were frozen in OCT embedding compound (Neg 50, Thermo Scientific, Walldrof, 
Germany) and stored at −80°C.
In some cases, colchicine was used to enhance VIP immunoreactivity of cell bodies. 
Intestinal tissues were washed with PBS containing gentamicine (1:100 diluted) and 
incubated in Dulbecco’s modified Eagle medium (Gibco, Life Technology) containing 
colchicine (0.01g/100ml) at 37ºC. Following incubation, the tissue was stretched and 
fixed with Zamboni fixative. 

Immunohistochemical staining
Brainstem, nodose and mesenteric ganglia and deep cervical lymph node

Coronal sections of 30μm for brainstem, 16μm for nodose/mesenteric ganglia and deep 
cervical lymph nodes were collected. To reveal the biotin dextran amines, sections 
were pretreated first with a solution of Methanol (10%) and hydrogen peroxide H2O2 
(0.1%) for 10min and were subsequently incubated for 1h with avidin-biotin complex 
(ABC, Vector Labs PK-4000). The reaction product was visualized by incubation with 1% 
diaminobenzidine (DAB), 0.05% nickel ammonium sulfate and 0.01% H2O2 for 5min. 
To reveal the Texas red dextran amines, section was incubated overnight with the anti-
Texas red antibody (1/50; Invitrogen A6399) followed by an incubation overnight at 
4ºC with Goat anti-rabbitPoly AP (1:50; BrightVision Immunologic B.V, DPVR55AP).  The 
reaction product was visualized by incubation with Alkaline Phosphatase Substrate Kit 
III (Vector Laboratories, Inc. SK-5300) for 20 minutes. 

Intestinal whole mount preparation

ABC/DAB staining and the pan-neuronal marker cuprolinic blue were used to label 
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dextran-labeled vagal fibers and enteric neurons, respectively. Briefly, the whole 
mount preparation was pretreated (30 min) with a solution Methanol- H2O2 (4:1). The 
tissue was incubated for 4h at 37ºC with a solution of 0.5% cuprolinic blue (17052; 
Polyscience, Inc.) followed by incubation in buffer (0.05M NaAC, 1M MgCl2, pH 4.9) for 
30s. After thorough rinsing with distilled water and TBS, sections were incubated with 
ABC (1h) and with 1% DAB 0.05% nickel ammonium sulfate and 0.01% H2O2 for 8min. 
To visualize resident macrophages,  preparations were exposed to the primary F4/80 
antibody (1:500; Biolegend, biotinylated rat antibody; 1:200; Dako E0468) and were 
revealed by ABC/Nova Red (vector Labs, SK-4800).

Immunofluorescent labeling
Coronal section of intestinal tissue

Sections underwent a treatment with Biotin-Blocking System from DAKO (protocol 
provided by the manufacturer). An additional blocking step was performed by 2h 
incubation with 1% bovine serum albumin (BSA, Sigma-Aldrich, St. Louis, MO) at room 
temperature (RT). Then, sections were treated with streptavidin conjugated with CY3 
(1:400; Jackson ImmunoResearch, diluted in 1% BSA + 0.3% Triton X-100) for 1hr at 
RT. A counterstaining with DAPI to label nuclei was used to delineate the anatomical 
structure of the intestine wall.

Intestinal whole mount preparation

The preparations were subjected to Biotin-blocking system (DAKO) and 2h incubation 
with 1% bovine serum albumin (BSA, Sigma-Aldrich, St. Louis, MO) at room temperature 
(RT). After blocking, the preparations were incubated with the primary antibodies 
(overnight, 4ºC) rabbit anti-PGP 9.5 (1:600,Chemicon), goat anti-ChAT (1:5000, 
Chemicon) and rat anti-F4/80 (1:200, Biolegend), rabbit anti-VIP (1:2000, kindly 
provided by Prof. Dries Kalsbeek from the Netherlands Institute for Neuroscience, 
Amsterdam), rabbit anti-nNOS (1:500, Santa Cruz), anti-PGP 9.5 (1:500, Chemicon) and 
goat anti-VPAC1 (1:500, Santa Cruz) diluted in PBS containing 1% BSA and 0.3% Triton 
X-100. Specificity of the primary antibodies used was confirmed by preincubation with 
the respective blocking peptide.
The next day, the tissues were incubated for 1h at room temperature with the 
following secondary antibodies at a concentration of 1:1000; goat anti-rabbit CY3 
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conjugated (Jackson ImmunoResearch), donkey anti-goat FITC conjugated (Jackson 
ImmunoResearch), donkey anti-rat CY5 conjugated (Jackson ImmunoResearch), donkey 
anti-rabbit Alexa 555 (Molecular probe) or goat anti-rabbit Alexa 555 (Molecular probe) 
and streptavidin conjugated with CY3 or CY5 (Jackson ImmunoResearch). The specificity 
of the secondary antibodies used or fluorescent streptovidin was confirmed by the lack 
of staining in the absence of preincubation with the primary antibody. 
In case of nNOS/VIP, immunolabeling was performed sequentially including a step with 
citrate buffer prior to VIP labeling to avoid cross reactivity. In brief, the preparations 
were rinsed in citrate buffer (pH = 6) followed by 3 heating sessions (microwave 6min at 
600W) and incubated in refresh citrate buffer for 20min.
For α7 nicotinic receptor labeling [19] and macrophage staining (F4/80), jejunum tissue 
was incubated with FITC-labelled α-bungarotoxin (Invitrogen) at 0.1µg/ml in RPMI 1640 
medium (Lonza) at 4°C for 15 min. After thorough washes with PBS and post fixation 
with 4% of cold Paraformaldehyde (10 min), the mucosa and submucosa were gently 
removed from the muscle layers. The latter were subsequently processed for intestinal 
resident macrophages (F4/80) labeling. 

Coronal section of spleen tissue

Eight µm sections were labeled with Tyrosine hydroxylase (1:100, T8700, Sigma) and 
anti-B220 (1:200; Clone 6B2 kindly provided by Dr Martijn Nolte, Sanquin, Amsterdam) 
antibodies. Before primary antibody incubation, sections were post-fixed with cold 
acetone (2min) and followed by pretreatment with Na Azide (0.1%) and H2O2 (0.3%) for 
15 min. A 30 min blocking step with BSA 1% was performed prior the incubation with 
the primary antibodies (1hr).  Anti-rat AF488 (1/400) and anti-rabbit AF546 (1/400) 
were incubated for 1 and 2h, respectively at room temperature.  

Image acquisition

Preparations were examined by use of an Olympus BX4 epifluorescence microscope 
(Olympus America, Center Valley, PA). Immunohistochemical labelled tissues were 
visualized using a Zeiss LSM510 Meta confocal microscope (Cell Imaging Core, KU 
Leuven). The following lasers and emission filters were used to visualize the labeled 
structures and collect images: multiline Ar laser at 488 nm (used for the excitation of 
FITC); emission filter 535 ± 15 nm; 543 nm HeNe laser (used for Cy3); emission filter 



Chapter 2

46

575 ± 630 nm; and 633 nm HeNe laser (used for Cy5); emission filter 650 ± 700 nm. The 
confocal images were collected using the optimal pinhole size for the 63X oil objective 
or for the 20X air objective and confocal stacks were taken with z-axis step of 0.5 μm 
(63X objective) or 1 μm (20X objective). 

Results
Tracer application

Injection of the tracer in the DMV (Fig. 1A) was achieved in 4 out 9 mice for the biotin-
dextran and in 2 out 6 mice for the Texas red-dextran. Two extra mice were injected in 
the lateral ventricle (LV) to evaluate possible unspecific staining in the peripheral tissue 
(Fig. 1B). Leakage of the tracer to the cerebrospinal fluid is drained by the deep cervical 
lymph node (DCLN) and then released in the bloodstream [20]. In line we observed 
some trace of the dextran amine in the deep cervical lymph node in lateral ventricle 
injected mice and to a limited extent in some of the DMV injected mice, nineteen days 
after injection (Fig. 1 C and D). 

Vagal innervation of the spleen 

The spleen has been proposed to play a central role in the anti-inflammatory effect 
of the VNS in sepsis [9,21,22]. Although previous studies showed neuronal synapses 
between the vagal efferent fibers and sympathetic cells bodies of the mesenteric 
ganglia [15,23], our anterograde tracing experiments did not reveal any dextran positive 
vagal fibers or terminals in the mesenteric ganglion (Fig. 2A). Similarly, no labeled vagal 
efferent fibers or terminals were found in the spleen using Biotin-Dextran or Texas-red 
conjugated dextran (Fig. 2B). Only TH positive fibers were found throughout the spleen 
tissue along the blood vessel ending in the white pulp in close proximity to T cells (Fig. 
3A). Occasionally, Texas-red dextran was found in the follicular dendritic cells in the 
B cell area (Fig. 3B) in both DMV and LV injected mice. This non-specific staining was 
most likely caused by the release of the tracer into the circulation as confirmed by the 
presence of the dextran in the deep cervical lymph node in both types of injection (Fig. 
1 C and D).
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Figure 1. Injection sites of the neuronal tracer and deep cervical lymph nodes. Panel A shows 
the site of dextran amine injection at the level of the DMV, 19 days after injection. The tracer was 
revealed by DAB staining. B. Epifluorescent picture shows the distribution of Texas-red dextran 
amines after lateral ventricle injection. In the panels C and D, arrow heads show the presence 
of dextran amines (revealed by phosphatase alkaline staining to amplify the Texas red signal of 
the tracer) in the deep cervical lymph node. Of note, the presence of the tracer was found in 
all LV injected mice (D) and occasionally in DMV-injected mice (C). 3V: third ventricle. LV: lateral 
ventricle. DMV: dorsal motor nucleus of the vagus. Scale bar represents 0.1mm.

Vagal motor efferent fiber distribution in the intestine

Only DMV-injected mice exhibited dense dextran-labeled vagal fibers in the gut 
muscularis of the small intestine (Fig. 4). No dextran-labeled fibers were observed in 
LV injected mice. As previously reported by others [18], we did not find labeled cells 
bodies in the nodose ganglia 19 days post-injection, confirming the specificity of the 
labeled fibers to motor neurons arising from the DMV. Dextran amines injection in the 
DMV of mice provided a similar vagal distribution pattern in the gastrointestinal tract 
as previously reported in rats using the tracer DiI [14] and with a similar sensitivity and 
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specificity as reported by Walter et al. [18]. 

The distribution of the pre-ganglionic vagal efferent fibers (Fig. 4) was exclusively 
confined within the myenteric plexus located between the circular and longitudinal 
muscle layers of the intestine. No labeled fibers or terminal were observed within 
the submucosal plexus or lamina propria (Fig. 4A.1 and A.2). We did however notice 
a bright signal in the cells of the submucosal crypts (Fig. 4A.3). Based on the location 
(inside submucosal crypts) and the shape (round cells), the bright signal is most likely 
indicative of the presence of endogenous biotin expression in those cell types. In whole 
mount preparations, biotin dextran amine with nickel enhancement provided a clear 
distribution of the efferent vagal fibers/terminals connecting to enteric ganglia within 
the myenteric plexus region. The permanent staining with ABC and cuprolinic blue 
revealed the morphology of the terminals that synapse with neurons located in the 
myenteric ganglia (Fig. 4B). Labeling with a secondary fluorescent antibody combined 
with PGP 9.5 confirmed that vagal fibers and terminals in the small intestine were 
confined to the myenteric ganglia located at the level of the myenteric plexus (Fig. 4C 

and D).

Chemical coding of vagal efferent fibers in the small intestine

Immunoreactivity for various neurotransmitters and peptides confirmed that the vagal 
pre-ganglionic fibers were mainly positive for choline acetyltransferase (ChAT) (Fig. 
5A). Dextran-labeled axons/terminals were negative for neuronal Nitric Oxide Synthase 
(nNOS), Tyrosine Hydroxylase (TH), Substance P (SP), Vasoactive Intestinal Peptide (VIP) 
and Calcitonin Gene-Related Peptide (CGRP) (Fig. 5B-F). 

In rare occasions, we found that efferent vagus nerve terminals in the small intestine 
show VIP and CGRP immunoreactivity (at occasional points) at the level of the myenteric 
plexus region (Fig. 5 E and F, arrow head). However with the methodology used here, it 
is impossible to discriminate between VIP and CGRP stored in vagal nerve terminals or 
overlap of enteric nerve fibers with vagal efferents (Fig. 5E and F).
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Figure 2. Distribution of dextran-labeled vagal fibers in the mesenteric ganglion and spleen 
coronal section. No biotin dextran-labeled fibers or terminals were found on coronal section of 
mesenteric ganglion (A) or spleen (B). Of note, similar observations were obtained with Texas-
red dextran amine tracer. The brown spots on the spleen section were found in injected and 
non-injected mice, indicating of a strong endogenous biotin expression. WP: white pulp, RP: red 
pulp, T: trabeculae.

Figure 3. Sympathetic fibers and no vagal innervation of the spleen. A. Tyrosine hydroxylase 
(TH) staining was used to reveal the sympathetic innervation of the spleen. The central arteriole 
showed high TH positive fibers (blue) that are in close proximity of the T cells (green). B. Texas-
red amine signal (red) was found occasionally in the B cells area (green). This dextran amine 
signal was found in mice that exhibit also dextran amine in deep cervical lymph node, indicating 
that the spleen signal is the result of tracer leakage into the cerebrospinal fluid. The scale bar 
represents 20μm.
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Figure 4. Vagus nerve efferent fibers and terminals 
reach myenteric plexus region in the intestine. A.1 
Vagal motor efferent fibers (red; arrow head) were 
labeled using fluorescence conjugated streptavidin 
on 5μm thin coronal section of small bowel. 
Labeled vagus fibers were found between circular 
and longitudinal muscle layers at the level of the 
myenteric plexus. A.2. High power magnification field 
showing localization of vagal motor efferent fibers 
(red, arrow head) between nuclei (blue) of circular 
(CM) and longitudinal (LM) smooth muscle. A.3. The 
presence of intrinsic biotin was found in cells of the 
submucosal crypts. B. Labeled-fibers of the vagus 
nerve were revealed with ABC/DAB staining protocol 
while cuprolinic blue was used as panneuronal 

marker to visualize enteric neurons (blue). Labeled vagal efferent fibers and terminals 
with a basket-like shape terminals were found within myenteric ganglia (arrow head). C. 
Confocal image showing the presence of the dextran amine in the inter-ganglionic fibers 
(arrow). D. Epifluorescence image corresponding to vagal efferent fibers (green) densely 
found at the level of myenteric ganglion (PGP 9.5, red). The scale bar represents 50μm.
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Figure 5. Vagus nerve efferent is fully cholinergic in nature. Epifluorescence images collected for 
the identification of the neurotransmitters (red) and dextran-labeled vagus efferent fibers and 
terminals (Green). Choline acetyltransferase (ChAT, A), neuronal nitric oxide synthase (nNOS, 
B), Tyrosine hydroxylase (TH, C), substance P (SP, D), vasoactive intestinal peptide (VIP, E) and 
Calcitonin gene related peptide (CGRP, F). Arrow heads point discrete co-localization between 
Vagus nerve and VIP or CGRP positive structures. Vagus nerve efferent fibers and terminals are 
only positive for ChAT and located in close proximity to  ChAT and nNOS enteric neuronal bodies. 
Scale bars represent 20μm.
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Contact between enteric neurons and macrophages

Intestinal handling is known to activate the resident macrophage network (F4/80+CD11b+) 
that resides in the gut muscularis. VNS applied before surgery implies that ACh released 
from the vagus nerve suppresses the activation of these resident macrophages 
(F4/80+CD11b+). Using immunohistochemistry and immunofluorescence techniques we 
observed a regular distribution of the resident macrophages (F4/80+CD11b+) located 
between the longitudinal and circular muscle layers of the small intestine (Fig. 6) with 
some of the macrophages located closely to the myenteric ganglia (Fig. 6A and D). 
The cholinergic dextran amine labeled terminals did not make contact with resident 
macrophages. We observed only `basket-like’ endings around the cell bodies of the 
myenteric neurons (Fig. 6A). Fig. 6B.2 and C show the location of intestinal resident 
macrophages in relation to PGP 9.5 positive enteric neurons while figure 6.D shows a 
higher magnification of two intestinal resident macrophages in the proximity of one 
ChAT positive enteric ganglion.

Chemical coding of the myenteric neurons targeted by the vagus nerve 

The vagal efferent terminals were found mainly close to nNOS and ChAT positive 
myenteric neurons (Fig. 7A and B). nNOS immunoreactive cells bodies showed an 
extensive co-localization with VIP (Fig. 7C) while only a few ChAT positive neurons 
exhibited VIP immunoreactivity (Fig. 7D). Double labeling procedures were performed 
to identify the neurochemical phenotype of the enteric fibers running close to 
the macrophages at point far from the myenteric ganglia. So VIP, ChAT and nNOS 
immunoreactive fibers were all found in close proximity to F4/80 positive macrophages 
(Fig. 8A-C). Although two commercial antibodies for α7nAChR have been successfully 
used to label immune cells in the rat gut or murine airway epithelium [24,25], we failed 
to observe specific labeling in whole mount preparations of the small intestine. The 
antibodies used provided the same signal in non primary controls specimens and also 
in tissue from α7nAChR-/- mice (data not shown). In contrast, the fluorescent conjugate 
of the nicotinic receptor antagonist bungarotoxin specifically stained the resident 
macrophages present in the gut muscularis (Fig. 8 D). No specific staining was detected 
on muscle layers collected from α7nAChR-/- mice (data not shown). Interestingly, these 
resident macrophages also showed immunoreactivity for the VIP receptor VPAC1 (Fig. 
8E), suggesting that VIP could participate in the anti-inflammatory effect of vagus nerve 
stimulation.
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Figure 6. Intestinal resident macrophages are located in proximity to enteric neurons. A. 
Staining of F4/80 positive intestinal resident macrophages (brown) surrounding a myenteric 
ganglion (blue). Efferent vagus nerve fibers are shown in black. B.1 Regular distribution of 
resident macrophages (F4/80) in the muscularis of the murine small bowel. B.2 and  C. Confocal 
image showing the distribution of the resident macrophage (F4/80, blue) close to enteric 
neurons (PGP9.5, red) in the muscle layers of the small intestine. D. Epifluorescence image 
showing the presence of resident macrophages (F4/80, blue) in close proximity to ChAT positive 
enteric ganglion (red). Scale bar represents 25μm, except for B.1 it represents 0.1mm.
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Figure 7. Vagus nerve efferent fibers and terminals are close to cholinergic and nitrergic 
enteric neurons. A. Epifluorescence image shows dextran-labeled vagal efferents (green) that 
co-localize with ChAT (yellow), and are in close contact with ChAT positive enteric neurons (red). 
B. Epifluorescence image shows labeled vagal efferent fibers (green) making contact with nNOS 
positive neurons (red). Of note, cholinergic neurons, and to lesser extent nitrergic neurons, are 
the main population targeted by the vagal efferent fibers. C. Confocal image of VIP (red) and 
nNOS (green) myenteric neurons. Most of the cells bodies exhibit co-localization of these two 
neurotransmitters (arrow head). D. Confocal image of VIP (red) and ChAT (green) myenteric 
neurons. Occasionally myenteric neurons showed immunoreactivity for both neurotransmitters 
(arrow head). C1 and C2 show the distribution for the nNOS and VIP positive cells bodies, 
respectively. D1 and D2 show the distribution for ChAT and VIP positive cells bodies. Scale bar 
represents 20μm.
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Figure 8. Neuronal fibers and intestinal resident macrophages: neurotransmitter and receptor 
expression. Epifluorescence images show F4/80 positive intestinal resident macrophages (blue) 
located in close proximity to inter-ganglionic enteric fibers positive for ChAT (A), nNOS (B) and 
VIP (C). D. Intestinal resident macrophages (F4/80, red, D.1) expressing α7 nicotinic receptor 
(green, arrow heads, D.2). E. Resident macrophages of the gut muscularis (F4/80, red) express 
VPAC1 receptors (green). Asterisk corresponds to intestinal resident macrophages located at 
the level of the myenteric plexus region. The other macrophage is located at the level of the 
submucosal plexus. Scale bar represents 10 μm from A-C and 20μm from D-E.
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Discussion

In the present study, we show that the vagus nerve does not directly interact with 
resident macrophages in the intestine or spleen. In the intestine, vagal efferent fibers 
interact with nNOS and ChAT positive myenteric neurons, with nerve endings in close 
proximity to resident macrophages carrying α7nAChR. Of note, nNOS and some ChAT 
positive neurons co-expressed VIP, while VIP positive nerve fibers were identified in 
the vicinity of VPAC1 positive macrophages, suggesting that VIP could also be involved 
in the immuno-modulatory effect of VNS. In contrast, no evidence indicating vagal 
innervation, either direct or via the mesenteric ganglion was obtained for the spleen. 
Based on these data, we conclude that vagal modulation of the intestinal resident 
macrophages is indirect, most likely through cholinergic and nitrergic/VIPergic enteric 
neurons.

Electrical stimulation of the vagus nerve, before and after intestinal manipulation, 
prevents the inflammatory response triggered by intestinal handling and consequently 
reducing postoperative ileus [12]. This effect results from the inhibition of the resident 
macrophages through acetylcholine-mediated activation of nicotinic receptors. To what 
extent the vagus nerve directly interacts with these resident macrophages however has 
not been studied. Using anterograde tracing, we aimed to detect the efferent nerve 
fibers innervating the intestine and spleen in a mouse model. Dextran amine was the 
most suitable tracer due to its low toxicity (water solubility) allowing multiple injections 
with minimal impact on the general condition of the mice. The duration of the transport 
of the tracer from the source (cell body) to the terminals relies on the type of neuron 
and its activity. In our case, the time period of 19 days was required for the motor axonal 
fibers to efficiently transport the tracer to the terminals. Following this time period, 
dextran amine selectively labeled the motor neurons axons. Indeed, no dextran-labeled 
cells bodies were found in the nodose ganglia while no labeled fibers were found in the 
gastrointestinal tract when the injections were outside the DMV (data not shown). 

Using this technique, dextran-labeled vagal efferent fibers were densely found in the 
small intestine at the level of the myenteric plexus located between the longitudinal 
and circular smooth muscle layers, but not in the submucosal compartment. In the 
myenteric plexus region, the vagal efferents endings were predominantly found 
around ChAT immunoreactive cells bodies, but could not be detected in the vicinity of 
resident macrophages. Instead, resident macrophages were found in close proximity to 



Vagal  interactions with intestinal macrophages

2

57

cholinergic fibers, i.e., mainly inter-ganglionic nerve fibers. Especially as we found no 
cholinergic vagal efferents in the vicinity of the macrophages, our data strongly suggest 
that mainly cholinergic enteric neurons rather than vagal nerve fibers directly interact 
with the resident macrophages. In addition to cholinergic neurons, we also observed 
close contacts between vagal efferents and nNOS positive enteric neurons. Similar to 
cholinergic nerve fibers, nNOS positive nerve fibers were found in close proximity to 
resident macrophages, suggesting a potential role modulating macrophage function. 
Taken together, our data indicate that the vagus nerve does not directly interact with 
the resident macrophages, but most likely modulates these immune cells through 
cholinergic and to a lesser extent nitrergic enteric neurons.

Vagus nerve stimulation potently suppresses the inflammatory response in sepsis and 
improves survival. This effect has been proposed to be mediated by vagal activation of 
sympathetic neurons in the coeliac ganglion innervating the spleen [9,21]. Although 
dextran amine is a sensitive anterograde tracer to label complex brain circuits [26,27], 
we were unable to detect this anterograde tracer in the mesenteric ganglion or in the 
spleen, indicating that no vagal fibers arising from the DMV are projecting to the spleen. 
The lack of anterograde tracer in the spleen coincides with data recently published 
[28]. Using transgenic GFP-ChAT mice to visualize pre and postganglionic cholinergic 
neurons, only a sparse ChaT positive innervation was shown in the spleen consisting 
of neuronal fibers of spinal origin (sympathetic) around arterioles and in lymphocyte-
containing areas of the white pulp. The absence of labeled fibers in the celiac-superior 
mesenteric ganglia found in our current study did not correlate with previous studies 
using DiI anterograde tracer [15,16]. The labeling period (19 days) for dextran amines 
may not be sufficient to reveal the moderate density of the vagal fibers in the ganglia 
previously reported [18] even though it successfully labeled the vagal efferent fiber 
throughout the entire gastrointestinal tract.  

In the intestine, the neurons contacted by the vagus nerve are predominantly 
cholinergic. In the spleen, acetylcholine released by T cells is proposed to suppress 
splenic macrophages [10,28], most likely through the activation of the α7 nicotinic 
acetylcholine (α7nAChR) receptors [1]. In the intestine, we collected evidence that 
this receptor is located on resident macrophages and mediates the anti-inflammatory 
effect of vagus nerve stimulation in a model of postoperative ileus ([29] in press). 
In the present study, we confirm these data by immunohistochemistry. The use of 
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the two commercially available antibodies for α7nAChR provides a similar staining 
pattern of α7nAChR on muscle layers as previously reported [30,31]. However, these 
antibodies exhibit similar results in α7 knock out mice, indicating that these antibodies 
lack specificity for α7nAChR.  In contrast, using bungarotoxin staining, we indeed 
revealed the presence of α7nAChR (only) on resident macrophages. Interestingly, we 
also demonstrated close interaction between vagal efferents and nitrergic neurons co-
expressing VIP. These NO/VIP positive neuronal fibers were found in close proximity to 
resident macrophages that express VPAC1 receptors suggesting that not only ACh, but 
also VIP and NO may modulate the function of resident intestinal macrophages [32,33]. 

In summary, no evidence supporting vagal or cholinergic innervation of the spleen 
could be provided. However, we collected neuro-anatomical evidence that the 
vagal modulation of intestinal resident macrophages is indirect and mainly involves 
cholinergic enteric neurons. Based on these data, we speculate that the cholinergic 
anti-inflammatory input to the intestine is mediated and thereby amplified by the 
enteric nervous system. 



Vagal  interactions with intestinal macrophages

2

59

References
1. Borovikova LV, IvanovaS, Zhang M, Yang H, Botchkina GI, Watkins LR, Wang H, Abumrad N, 
 Eaton JW, Tracey KJ (2000) Vague nerve stimulation attenuates the systemic inflamma- 
 tory response to endotoxin. Nature 405: 458-462. 10.1038/35013070 [doi].

2. Tracey KJ (2002) The inflammatory reflex. Nature 420: 853-859. 10.1038/nature01321 [doi]; 
 nature01321 [pii].

3.  Bernik TR, Friedman SG, Ochani M, DiRaimo R, Susarla S, Czura CJ, Tracey KJ (2002) 
Cholinergic antiinflammatory pathway inhibition of tumor necrosis factor during 
ischemia reperfusion. J Vasc Surg 36: 1231-1236. 10.1067/mva.2002.129643 
[doi];S0741521402003208 [pii].

4.  Bernik TR, Friedman SG, Ochani M, DiRaimo R, Ulloa L, Yang H, Sudan S, Czura CJ, Ivanova 
SM, Tracey KJ (2002) Pharmacological stimulation of the cholinergic antiinflammatory 
pathway. J Exp Med 195: 781-788.

5.  Guarini S, Altavilla D, Cainazzo MM, Giuliani D, Bigiani A, Marini H, Squadrito G, Minutoli 
L, Bertolini A, Marini R, Adamo EB, Venuti FS, Squadrito F (2003) Efferent vagal fibre 
stimulation blunts nuclear factor-kappaB activation and protects against hypovolemic 
hemorrhagic shock. Circulation 107: 1189-1194.

6.  Ghia JE, Blennerhassett P, Collins SM (2007) Vagus nerve integrity and experimental colitis. 
Am J Physiol Gastrointest Liver Physiol 293: G560-G567. 00098.2007 [pii];10.1152/
ajpgi.00098.2007 [doi].

7.  van Westerloo DJ, Giebelen IA, Florquin S, Bruno MJ, Larosa GJ, Ulloa L, Tracey KJ, van der Poll 
T (2006) The vagus nerve and nicotinic receptors modulate experimental pancreatitis 
severity in mice. Gastroenterology 130: 1822-1830. S0016-5085(06)00285-X 
[pii];10.1053/j.gastro.2006.02.022 [doi].

8.  van Westerloo DJ, Giebelen IA, Florquin S, Daalhuisen J, Bruno MJ, de Vos AF, Tracey KJ, van der 
Poll T (2005) The cholinergic anti-inflammatory pathway regulates the host response 
during septic peritonitis. J Infect Dis 191: 2138-2148. JID33743 [pii];10.1086/430323 
[doi].

9.  Rosas-Ballina M, Ochani M, Parrish WR, Ochani K, Harris YT, Huston JM, Chavan S, Tracey 
KJ (2008) Splenic nerve is required for cholinergic antiinflammatory pathway control 
of TNF in endotoxemia. Proc Natl Acad Sci U S A 105: 11008-11013. 0803237105 
[pii];10.1073/pnas.0803237105 [doi].

10.  Rosas-Ballina M, Olofsson PS, Ochani M, Valdes-Ferrer SI, Levine YA, Reardon C, Tusche MW, 
Pavlov VA, Andersson U, Chavan S, Mak TW, Tracey KJ (2011) Acetylcholine-synthesizing 
T cells relay neural signals in a vagus nerve circuit. Science 334: 98-101. science.1209985 
[pii];10.1126/science.1209985 [doi].

11.  Pena G, Cai B, Ramos L, Vida G, Deitch EA, Ulloa L (2011) Cholinergic regulatory lymphocytes 
re-establish neuromodulation of innate immune responses in sepsis. J Immunol 187: 
718-725. jimmunol.1100013 [pii];10.4049/jimmunol.1100013 [doi].

12.  de Jonge WJ, van der Zanden EP, The FO, Bijlsma MF, van Westerloo DJ, Bennink RJ, Berthoud 
HR, Uematsu S, Akira S, van Den Wijngaard RM, Boeckxstaens GE (2005) Stimulation 
of the vagus nerve attenuates macrophage activation by activating the Jak2-STAT3 



Chapter 2

60

signaling pathway. Nat Immunol 6: 844-851. ni1229 [pii];10.1038/ni1229 [doi].

13.  Cailotto C, Costes LM, van d, V, van Bree SH, Van Heerikhuize JJ, Buijs RM, Boeckxstaens 
GE (2012) Neuroanatomical evidence demonstrating the existence of the vagal 
anti-inflammatory reflex in the intestine. Neurogastroenterol Motil 24: 191-e93. 
10.1111/j.1365-2982.2011.01824.x [doi].

14.  Berthoud HR, Carlson NR, Powley TL (1991) Topography of efferent vagal innervation of the 
rat gastrointestinal tract. Am J Physiol 260: R200-R207.

15.  Berthoud HR, Powley TL (1993) Characterization of vagal innervation to the rat celiac, 
suprarenal and mesenteric ganglia. J Auton Nerv Syst 42: 153-169.

16.  Bratton BO, Martelli D, McKinley MJ, Trevaks D, Anderson CR, McAllen RM (2012) Neural 
regulation of inflammation: no neural connection from the vagus to splenic sympathetic 
neurons. Exp Physiol 97: 1180-1185. expphysiol.2011.061531 [pii];10.1113/
expphysiol.2011.061531 [doi].

17.  Buijs RM, van d, V, Garidou ML, Huitinga I, Escobar C (2008) Spleen vagal denervation inhibits 
the production of antibodies to circulating antigens. PLoS One 3: e3152. 10.1371/
journal.pone.0003152 [doi].

18.  Walter GC, Phillips RJ, Baronowsky EA, Powley TL (2009) Versatile, high-resolution anterograde 
labeling of vagal efferent projections with dextran amines. J Neurosci Methods 178: 
1-9. S0165-0270(08)00653-5 [pii];10.1016/j.jneumeth.2008.11.003 [doi].

19.  Wang H, Yu M, Ochani M, Amella CA, Tanovic M, Susarla S, Li JH, Wang H, Yang H, Ulloa L, 
Al-Abed Y, Czura CJ, Tracey KJ (2003) Nicotinic acetylcholine receptor alpha7 subunit 
is an essential regulator of inflammation. Nature 421: 384-388. 10.1038/nature01339 
[doi];nature01339 [pii].

20.  Widner H, Moller G, Johansson BB (1988) Immune response in deep cervical lymph nodes 
and spleen in the mouse after antigen deposition in different intracerebral sites. Scand 
J Immunol 28: 563-571.

21.  Vida G, Pena G, Deitch EA, Ulloa L (2011) alpha7-cholinergic receptor mediates vagal 
induction of splenic norepinephrine. J Immunol 186: 4340-4346. jimmunol.1003722 
[pii];10.4049/jimmunol.1003722 [doi].

22.  Huston JM, Ochani M, Rosas-Ballina M, Liao H, Ochani K, Pavlov VA, Gallowitsch-Puerta M, 
Ashok M, Czura CJ, Foxwell B, Tracey KJ, Ulloa L (2006) Splenectomy inactivates the 
cholinergic antiinflammatory pathway during lethal endotoxemia and polymicrobial 
sepsis. J Exp Med 203: 1623-1628. jem.20052362 [pii];10.1084/jem.20052362 [doi].

23.  Berthoud HR, Powley TL (1996) Interaction between parasympathetic and sympathetic 
nerves in prevertebral ganglia: morphological evidence for vagal efferent innervation 
of ganglion cells in the rat. Microsc Res Tech 35: 80-86. [pii];10.1002/(SICI)1097-
0029(19960901)35:1<80::AID-JEMT7>3.0.CO;2-W [doi].

24.  Maouche K, Medjber K, Zahm JM, Delavoie F, Terryn C, Coraux C, Pons S, Cloez-Tayarani I, 
Maskos U, Birembaut P, Tournier JM (2013) Contribution of alpha7 nicotinic receptor to 
airway epithelium dysfunction under nicotine exposure. Proc Natl Acad Sci U S A 110: 
4099-4104. 1216939110 [pii];10.1073/pnas.1216939110 [doi].



Vagal  interactions with intestinal macrophages

2

61

25.  Tsuchida Y, Hatao F, Fujisawa M, Murata T, Kaminishi M, Seto Y, Hori M, Ozaki H (2011) Neuronal 
stimulation with 5-hydroxytryptamine 4 receptor induces anti-inflammatory actions via 
alpha7nACh receptors on muscularis macrophages associated with postoperative ileus. 
Gut 60: 638-647. gut.2010.227546 [pii];10.1136/gut.2010.227546 [doi].

26.  Lanciego JL, Wouterlood FG, Erro E, Arribas J, Gonzalo N, Urra X, Cervantes S, Gimenez-Amaya 
JM (2000) Complex brain circuits studied via simultaneous and permanent detection of 
three transported neuroanatomical tracers in the same histological section. J Neurosci 
Methods 103: 127-135. S0165-0270(00)00302-2 [pii].

27.  Rajakumar N, Hrycyshyn AW, Flumerfelt BA (1992) Afferent organization of the lateral 
reticular nucleus in the rat: an anterograde tracing study. Anat Embryol (Berl) 185: 25-
37.

28.  Gautron L, Rutkowski JM, Burton MD, Wei W, Wan Y, Elmquist JK (2013) Neuronal and 
nonneuronal cholinergic structures in the mouse gastrointestinal tract and spleen. J 
Comp Neurol . 10.1002/cne.23376 [doi].

29.  Matteoli G, Gomez-Pinilla PJ, Nemethova A, Di Giovangiulo M, Cailotto C, van Bree SH, 
Klaus M, Tracey K, Schemann M, Boesman W, vanden Berghe P, Boeckxstaens GE 
(2013) A distinct vagal anti-inflammatory pathway modulates intestinal macrophages 
independent of the spleen. 

30.  Tsetlin V, Shelukhina I, Kryukova E, Burbaeva G, Starodubtseva L, Skok M, Volpina O, 
Utkin Y (2007) Detection of alpha7 nicotinic acetylcholine receptors with the aid of 
antibodies and toxins. Life Sci 80: 2202-2205. S0024-3205(07)00035-5 [pii];10.1016/j.
lfs.2007.01.007 [doi].

31.  Herber DL, Severance EG, Cuevas J, Morgan D, Gordon MN (2004) Biochemical and 
histochemical evidence of nonspecific binding of alpha7nAChR antibodies to mouse 
brain tissue. J Histochem Cytochem 52: 1367-1376. 10.1369/jhc.4A6319.2004 
[doi];52/10/1367 [pii].

32.  Delgado M, Munoz-Elias EJ, Gomariz RP, Ganea D (1999) Vasoactive intestinal peptide 
and pituitary adenylate cyclase-activating polypeptide prevent inducible nitric oxide 
synthase transcription in macrophages by inhibiting NF-kappa B and IFN regulatory 
factor 1 activation. J Immunol 162: 4685-4696.

33. Delgado M, Munoz-Elias EJ, Gomariz RP, Ganea D (1999) Vasoactive intestinal peptide and 
pituitary adenylate cyclase-activating polypeptide enhance IL-10 production by murine 
macrophages: in vitro and in vivo studies. J Immunol 162: 1707-1716.


