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1  | INTRODUCTION

Mast cells are versatile cells with diverse functions in both homeosta-
sis and pathological conditions. Their roles in type I allergic reactions 
are well established,1 and their crucial involvement in host-pathogen 
interactions is increasingly appreciated.2,3 While mast cells are present 
in most tissues, they are predominantly localized at sites contacting 
the environment such as the skin, mucous membranes, airways and 
intestine; therefore, mast cells are considered sentinel cells for envi-
ronmental insults.1,4 Anatomically, mast cells localize in close proximity 
to blood vessels, lymphatics as well as nerve fibres,3 which correlates 
with their functions, including the immediate release of preformed 
pro-inflammatory mediators upon encounter of stimulating agents and 
effector immune cell recruitment (Figures 1 and 2).

Developmentally, mast cells are hematopoietic cells and their 
numbers within a tissue are maintained by a combination of re-
cruitment and maturation of committed precursors from the bone 

marrow1-3 as well as self-renewal of tissue-resident mature mast 
cells under certain settings.5 While many features such as ontogeny, 
tissue residence and similar morphology with prominent cytoplas-
mic granules are common mast cell characteristics, they are in fact a 
heterogeneous cell population. Based on their differential protease 
content and staining properties, mast cells have been categorized 
into mucosal and connective tissue mast cells. Mucosal mast cells 
found in the airway or intestinal mucosae are potent producers of 
leukotrienes LTC4 post IgE-mediated activation6 and do not respond 
to the stabilizing activities of disodium cromoglycate.7 In terms of 
the protease content, mucosal mast cell granules contain chymases 
(mMCP-1 and mMCP-2) coupled to chondroitin sulfate chains of 
serglycin proteoglycans.8 Connective tissue mast cells found in the 
skin and peritoneal cavity, primarily produce prostaglandin D2 and 
are stabilized effectively by disodium cromoglycate. Their granules 
contain chymases (mMCP-4), tryptases (mMCP-5 and mMCP-6), 
and carboxypeptidase A (mCPA) that are coupled to heparin chains 
of serglycin proteoglycans.8 Analogous to this classification in the 
mouse, human mast cells can be divided into subsets known as 
MCT and MCTC.9 MCT is the mucosal site prevalent mast cell subset, 
which derives its name based on its protease content (tryptase). The 
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MCTC subset, on the other hand, has granules comprised of tryptase 
and chymase.9 Nevertheless, this classification may be an oversim-
plification as there might be a spectrum of mast cell types under-
pinned by tissue heterogeneity and adaptation to a diverse range of 
potential challenges encountered.

Mast cells produce a myriad of cytokines, chemokines, lipid medi-
ators and other factors (reviewed elsewhere10-12). Activation of mast 
cells by pathogens or allergen-IgE complexes is followed by the release 
of these mediators, which occurs in two waves, namely immediate 
degranulation followed by de novo synthesis and release (Figure 1). 
Mast cell products, for example, TNF,13 histamine,14 VEGF,15 and pro-
teases,16 act on the endothelium resulting in increased vascular per-
meability and edema3 and aid in the recruitment of other immune cells, 
for example, NK cells,17 dendritic cells (DCs)18 and T cells.19 Mast cell 
products also modulate the activation and antigen presentation sta-
tus of DCs,20 thereby supporting the initiation of adaptive immunity 
against invading pathogens.

While mast cells have been mainly studied as drivers of allergic 
reactions, it is increasingly clear that they exert important functions 
on their local microenvironment and regulate inflammatory responses 
particularly during infections (Figure 1). It is therefore essential to un-
derstand their behavior directly within the context of intact tissues. To 
this end, a variety of technologies have been developed over the years 
that facilitate the visualization of mast cells both at the light micro-
scopic and ultrastructural level. In the first part of this review, we sum-
marize recent developments in mast cell imaging. In the second part, 
we focus on a specific organ, that is, the intestinal tract, and highlight 

how imaging has helped to obtain an in-depth understanding of mast 
cell functions in health and disease.

2  | MAST CELL IMAGING

2.1 | Histological staining of mast cells

Since the early years of pathologic investigation, mast cells have been 
assessed by the use of staining dyes that allow for the identification 
within tissues as well as the assessment of their morphology and in-
tracellular structures. Mast cells can be identified on tissue sections 
using simple histochemical stains including hematoxylin & eosin 
(H&E), May-Grünwald Giemsa, Leder or toluidine blue or using more 
specific reagents such as antibodies against enzymes (tryptase or chy-
mase) or the stem cell factor receptor c-kit (CD117) and FcεR1. On 
H&E stained sections, mast cells display round to oval blue nuclei with 
almost absent nucleoli, pink cytoplasm and very faint pink granules 
within the cytoplasm. Nonetheless, H&E is not a very reliable stain 
for studying mast cells.21 Romanowsky stain uses a combination of 
oxidized methylene blue (azure) dyes and Eosin Y (tetra-bromo fluo-
rescein), which highlight purplish black to red-purple granules within 
the mast cell cytoplasm. On the other hand, May-Grünwald Giemsa 
stain comprises a mix of two neutral stains. The May-Grünwald stain is 
comprised of eosin and methylene blue, whereas Giemsa is composed 
of eosin and a basic metachromatic stain like azure of methylene. 
Mast cell highlighted with this stain exhibits dark blue cytoplasmic 
background with red granules.

F IGURE  1 Mast cells within the skin. Schematic representation highlighting the localization of mast cells within the cutaneous tissue under 
homeostasis or during inflammation. Post-activation, mast cells play a crucial role in cutaneous inflammation, alter immune cell recruitment and 
dermal dendritic cell migration to draining lymph nodes. s, seconds; min, minutes; d, days [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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For histochemical staining of mast cells, toluidine blue, a meta-
chromatic stain is the method of choice. The biologically active me-
diators present within the mast cell granules are acidic in nature and 
bind basic dyes like toluidine blue. As a result, the metachromatic 
granules stain red-purple and the orthotropic background stains blue. 
Connective tissue mast cells and mucosal mast cells exhibit differing 
staining characteristics when stained with toluidine blue, in that the 
former stain readily in fixed tissues whereas the latter are sensitive to 
fixation. Connective tissue mast cells can be stained after fixation with 
10% neutral buffer formalin, whereas mucosal mast cells can be fixed 
employing non-aldehyde fixatives such as Carnoy’s (6 parts absolute 
ethanol + 3 parts chloroform + 1 part glacial acetic acid).21

For a more selective mast cell stain, Alcian Blue can be utilized 
which stains mast cells and cartilage matrix. The mast cells are easily 
detectable however the resolution of mast cell granules is not as sharp 
as with toluidine blue. Alcian blue is usually used with a counterstain 
like Safranin Orange or Mayer’s brazalum, which stains the nuclei red.

Alternative histochemical methods rely on staining mast cells by 
exploiting cell-specific catalytic enzymes. The Leder stain utilizes mast 
cell esterase known as chloroacetate esterase to hydrolyze ester link-
ages in naphthol AS-D chloroacetate in the presence of diazonium 
salt leading to the generation of free naphthol compounds. The free 
naphthol then combines with diazonium salts at the site of enzymatic 
activity thus giving rise to strong positive red cytoplasmic staining.22

F IGURE  2  Identification of mast cells in the skin and intestines of c-kit-eGFP mice. A, Confocal images of dermal whole mounts of c-kit-
eGFP mouse ear skin highlight the localization of GFP+ mast cells in context of various structural components. Higher magnification images 
(middle and right panel) highlight the intimate association of perivascular mast cells (purple arrowheads) with blood vessels (white arrowheads). 
Hair follicles are marked by white dotted lines (HF) and lymphatic vessels are marked by yellow arrows. B, Confocal images of small intestines 
highlighting the localization of GFP+ cells within the small intestines (purple arrowheads). C, Confocal images of large intestines highlighting the 
localization of GFP+ cells within the large intestines (purple arrowheads) [Colour figure can be viewed at wileyonlinelibrary.com]

(A)

(B)

(C)

www.wileyonlinelibrary.com
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Berberine sulfate fluorescence can also be employed as a marker 
for studying the secretory activity in mast cells.23 Berberine is a cat-
ionic dye, which is weakly fluorescent and forms a strongly fluorescent 
complex with heparin and can thus be employed for cytofluoromet-
ric measurements of heparin within mast cells or mast cell granules. 
Also, fluorescently labeled avidin can be employed to highlight mast 
cell granules, wherein the presence of negatively charged proteogly-
cans within the granules allows for successful labeling of mast cells in 
vivo.24

2.2 | Elucidation of mast cell ultrastructure using 
electron microscopic imaging modalities

Although decades of histochemical staining have been crucial for 
identifying the role of mast cells and their secretory granules (SG) 
under various pathological conditions, this methodology is inept at 
providing insights into granule secretion at a subcellular resolution. 
Therefore, electron microscopy has been employed to investigate the 
cellular and subcellular structure of mast cells in the steady state and 
post-activation. Although species, tissue, and preparation based vari-
ation in mast cell ultrastructure has been reported, for this review, we 
will focus on the most commonly observed structural changes in mast 
cell ultrastructure post-activation.

Under homeostasis, rodent mast cells display plasma mem-
branes with finger-like projections.25-27 They often exhibit irreg-
ularly shaped nuclei with the cytoplasm being dominated by the 
presence of intracellular granules. These granules are separated 
from each other as well as the cytoplasm by the perigranular mem-
brane. Interspersed between the granules, subcellular organelles 
like mitochondria, endoplasmic reticulum or Golgi apparatus can 
be identified.28 The intra-granular structures consist of two compo-
nents—fine particles and lamellar/scroll-like structures, wherein the 
composition of these structures varies between mast cells within 
different organs.28,29 The granular content is segregated from the 
perigranular membrane by an electron-lucent space.25,27,28,30 Several 
studies have highlighted the relationship between electron-opaque 
granular content and the perigranular membrane.25 In preparations 
of isolated granules wherein the perigranular membranes had rup-
tured, the granules still retained histamine suggesting that the peri-
granular membrane is not a barrier to histamine release.31 However, 
addition of monovalent ions resulted in the release of histamine 
from isolated granules highlighting that the perigranular membrane 
forms an ionic insulator between the granular content and extracel-
lular milieu or cytoplasm.25

The release of prestored granules underpins both physiological 
and pathological roles of mast cells, thus their structure and mor-
phology has been studied extensively during degranulation using 
histamine-releasing agents.30,32,33 Activated mast cells contain both 
unaltered and altered granules wherein the latter appear to be less 
dense, separated from their perigranular membrane, and composed 
of fine particles aligned as microfilaments. Post-activation with poly-
myxin B sulfate, mast cells show rapid and time-dependent alteration 
in their granule composition and structure.30 A few seconds after 

polymyxin B sulfate exposure, the peripheral granules are found to 
be associated with the plasma membrane with occasional granules 
showing externalization. Interaction of granules with extracellular 
medium results in marked structural alteration from being homo-
geneously electron-opaque to a diffuse fibrous meshwork. Plasma 
membrane fusion with the perigranular membrane as well as pore for-
mation can also be visualized. Within minutes, most granules show al-
tered structure,25,30 whereby a large number of intergranular fusions 
are observed leading to the formation of an extensive cytoplasmic 
channel along the cell periphery that opens up to the surrounding 
microenvironment.25,32 Nonetheless, other subcellular organelles 
like mitochondria, microtubules, centrioles, and microvesicles remain 
unaltered.30

The response to various degranulation agents varies across mast 
cell types. Chemical mediators such as polymyxin B sulfate, compound 
48/80 and bee venom produce similar morphological changes32,34,35 in 
skin, subcutis, and peritoneal rat mast cells. However, chemical agents 
like n-decylamine result in a change where both plasma and perigran-
ular membranes become disintegrated with the random distribution of 
less dense granules throughout the cytoplasm.32 At the opposite end 
of this spectrum, gut mucosal mast cells are unaffected when treated 
with compound 48/80, suggesting functional differences between 
mast cells isolated from different sites.32

Freeze-fracture electron microscopy (FFEM) shows that in unstim-
ulated mast cells, granules appear as bulges with evenly distributed 
intramembranous particles within the boundary of the bulges.36 This 
mirrors the presence of homogenously electron-dense granules ob-
served with transmission electron microscopy (TEM). The previously 
described pore formation is also observed in FFEM images of mast 
cells treated with polymyxin B sulfate; these pores open into large 
channels corresponding to the cytoplasmic matrix in mast cells.36 
In addition, intramembranous particles become concentrated at the 
base of the bulges instead and are detected near the lining of the 
membrane of the channel, conferring a clearer indication of granular 
release.36

Besides establishing the morphology of activated mast cells and 
as an auxiliary tool to ascertain the involvement of mast cell secre-
tion in disease states, electron microscopy has also been employed in 
cell-signaling studies. For instance, TEM was used to determine the 
spatial distribution of the components involved in mast cell signaling. 
The cluster patterns of the high-affinity IgE receptor (FcεRI) involved 
in degranulation, and two of its associated proteins, Lyn and Syk were 
determined using 5 or 10-nm gold particles on membrane sheets of 
RBL-2H3 cells.37 A distinct localization pattern of Lyn and Syk exists 
with regard to FcεRI, which prominently changes in activated mast 
cells that might be driven by their respective functions down the sig-
naling pathway.37

2.3 | Atomic force microscopy

Mast cells display profound changes in membrane morphology 
post-activation. Although electron microscopy has been cru-
cial in cellular structure characterization, some limitations still 



62  |     TIKOO et al.

exist. Electron microscopy entails sample dehydration and imag-
ing under vacuum thus potentially compromising fine membrane 
structures. It also lacks 3D information crucial for the thorough in-
vestigation of structural features. Atomic force microscopy (AFM) 
offers a high-resolution, membrane structure characterization 
approach that can be employed in complementation with elec-
tron microscopy. Zink and co-workers carried out AFM imaging 
of bone marrow-derived mast cells (BMMCs) employing the “fix-
and-look” method. They generated high-resolution 3D-structural 
information of BMMC membrane morphology in resting stage as 
well as under various perturbed conditions like dye uptake, im-
mobilization and activation. This approach revealed well-known 
structural features such as ridges and microvilli along with new 
morphologies and nanoscopic features.38 For example, post-
exposure to a poly-l-lysine coated surface, crater formation on 
the surface of BMMC membrane was visualized and characterized. 
High-resolution imaging of lamellopodia and filopodia was carried 
out from which the movement directions were elucidated.38 This 
study demonstrated that the “fix-and-look” approach followed by 
AFM imaging could provide a useful tool for carrying out the mem-
brane structure characterization of hydrated cells with preserved 
structural integrity thus generating quantitative, high-resolution 
3D information of cells.

2.4 | Genetic models to visualize mast cells in vivo

Histological and ultrastructural studies provide valuable insight into 
alterations in mast cell numbers and ultrastructure under various 
pathological conditions. Nonetheless, these methodologies are not 
amenable to studying mast cell function or their dynamic behavior. 
To this end, a variety of genetic mouse models have been generated 
(reviewed in detail in39).

To image mast cells in vivo, c-Kit-eGFP mice can be employed.40 
This transgenic reporter strain harbors a BAC (bacterial artificial chro-
mosome) reporter construct containing a 60 kb Kit coding sequence 
and 200 kb upstream sequences that specifically drive GFP expression 
in mast cells.41 Utilizing c-Kit-eGFP mice, Tong et al40 carried out com-
parative enumeration of mast cells in ear, back, foot-pad and tail skin 
and found that mast cells were most abundant within the superficial 
dermis of ear skin. This correlated with increased edema formation in 
ear as compared to back skin in the passive cutaneous anaphylaxis 
model.

Livet and co-workers42,43 designed a Cre-Lox based Brainbow 
strategy to highlight neuronal structures in the central nervous sys-
tem. The Brainbow approach entails labeling cells with distinct fluo-
rescent proteins using a single transgene. The Cre-Lox-mediated DNA 
excision or inversion dependent on the orientation of lox sites trig-
gers stochastic expression of multiple fluorescent proteins in a given 
cellular population. Employing Brainbow transgenic reporter mice, 
Roediger et al44 showed that skin mast cells expressed high levels of 
the transgene. This was further confirmed by crossing the Brainbow 
mice with c-Kit-eGFP mice demonstrating co-expression of RFP and 
eGFP by mast cells.

Utilizing the BAC transgenic approach, Scholten et al45 developed 
a Cre recombinase expressing transgenic mouse line wherein Cre was 
expressed under the control of the Mcpt-5 promoter. When crossed 
to the Cre excision reporter line ROSA-26-EYFP,46 it gave rise to 
Mcpt5-CreROSA26-EYFP double transgenic animals,45 in which YFP 
is expressed in mast cells within peritoneal cavity and skin with min-
imal reporter gene expression observed outside the mast cell com-
partment.45 This line has also been exploited for visualizing mast cell 
responses using intravital imaging approaches (see below).

2.5 | Intravital multiphoton microscopy of mast cells

Recent advances in the field of intravital multiphoton microscopy47,48 
have made feasible the imaging of the cellular dynamics, migratory 
behavior and interactions of immune cells. Facilitated by advances in 
genetically engineered reporters and molecular probes, this approach 
has been instrumental in delineating the immune cell functions under 
homeostasis or during pathological conditions.47-52 Whilst intravital 
microscopy can also be carried out using spinning disk confocal micro-
scopes, multiphoton-imaging modality remains the method of choice. 
This is due to the fact that the 2-photon excitation is restricted to a 
single focal plane resulting in reduced phototoxicity and photobleach-
ing, enabling users to carry out deep tissue imaging for extended 
periods of time (albeit at slightly lower resolution than single photon 
confocal microscopes).

Although mast cells can be visualized in living tissues utilizing the 
endogenous tryptophan fluorescence,53 mast cell-specific reporter 
strains as well as various dye based methodologies to label mast cell 
granules have facilitated further understanding of mast cell function 
in vivo.

In the case of type I allergies, the release of SG is dependent on 
the allergen-mediated clustering of IgE on the mast cell surface. It 
was assumed that mast cells acquire IgE from systemic circulation 
through passive diffusion. However, a recent study has highlighted 
that peritoneal mast cells but not dermal mast cells are uniformly 
labeled by intravenously injected fluorochrome-labeled IgE an-
tibodies, suggesting that dermal mast cells take up antibodies by 
alternative means.54 Employing intravital imaging, perivascular 
dermal mast cells were found to extend dendrites into the lumen 
of dermal venules thereby gaining direct access to circulating an-
tibody in the plasma. These cells displayed dynamic probing of the 
vascular lumen or serial interactions with vessel wall/lumen utiliz-
ing cell body or cellular projections. Most perivascular mast cells 
displaying this behavior were found to reside along blood vessels 
with relatively lower coverage of smooth muscle actin consistent 
with capillaries and smaller venules. Uptake of intravascular IgE did 
not result in mast cell degranulation, and pharmacological blocking 
of mast cell degranulation via H1 and H2 histamine receptors did 
not alter IgE uptake suggesting that intravascular scanning behav-
ior and IgE uptake represents a constitutive behavior independent 
of the activation status of mast cells. Similar intravascular scanning 
behavior has also been reported for mast cells in the trachea.55 
The authors utilized fluorochrome-labeled IgE (generated against 
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ovalbumin) to image mast cells in live slice preparations of trachea 
from CD11c-YFP mice55, wherein DCs are labeled by endogenous 
expression of YFP.56 Similar to the previous report, labeling of mast 
cells with fluorochrome-labeled IgE did not induce activation or cal-
cium signaling. Within the trachea, DCs were predominantly local-
ized closer to the luminal surface of the epithelium whereas mast 
cells were present throughout. Very few mast cells were found to 
interact with DCs under homeostasis or post-antigen challenge. 
Live imaging highlighted the sessile nature of DCs and mast cells in 
the absence or presence of antigen challenge, although the number 
of DCs increased post-antigen challenge. Within the trachea, DCs 
were found to extend dendritic projections under the airway epithe-
lium but not into the airway lumen. Mast cells were found to probe 
the vasculature with the probing frequency increasing post-allergen 
challenge.55 Whether intraluminal dendrite scanning employed by 
mast cells has other functional roles needs to be evaluated further.

Within the skin, mast cells are distributed throughout the dermis 
with significant regional variations observed between different cuta-
neous sites.40,57,58 Using double transgenic Mcpt5-CreROSA26-EYFP 
mice coupled with intravital microscopy, Dudeck et al visualized mast 
cells and blood vessels in the ear skin of control and DNFB-treated 
mice.59 Similar to previous studies,40,54 untreated ear skin showed the 
presence of immobile mast cells predominantly along the blood ves-
sels. DNFB challenge led to a dramatic increase in the diameter of the 
blood vessels as well as an increase in vascular permeability presum-
ably due to the release of mast cell preformed mediators and their 
effects on the endothelium.59 This was accompanied by the alteration 
of mast cell morphology from branched/spindle like to more globular 
in appearance.59

Using fluorochrome-labeled avidin (sulforhodamine 101-coupled 
Avidin, Av.SRho), Galli and colleagues24 visualized the release of SG 
from mast cells in a murine model for contact hypersensitivity. The 
presence of negatively charged proteoglycans along with low pH re-
sulted in long-term labeling of the granules with the avidin probe. This 
methodology was able to successfully label ~90% of Mcpt5-EYFP cells 
in the dermis and did not alter mast cell degranulation. Similar to the 
studies detailed above,40,59 intravital imaging of mast cell degranula-
tion highlighted the extravasation of vascular dyes. Interestingly, the 
vascular leakage occurred before any detectable release of labeled 
mast cell granules, probably mediated by histamine release after ac-
tivation. Post degranulation, few of the mast granules appeared to be 
transported further into the tissue, akin to a previous report60 where 
intact mast cell granules traveled to draining lymph nodes. Fluorescent 
avidin based labeling of mast cells in the IL-10 GFP reporter strain 
showed the presence of predominantly Av.SRho+GFP− mast cells 
under homeostasis. Post-challenge, mast cells were identified as a 
source of IL-10 within the activated tissue with approximately 40% 
of avidin labeled mast cells expressing GFP.24 However, within 2 days, 
other immune cells contributed to the production of IL-10 with mast 
cells only constituting approximately 10%-15% of GFP+ cells within 
the inflamed tissue. The presence of mast cells and IL-10 was inti-
mately linked to the suppression of inflammation during severe con-
tact hypersensitivity.

The release of mast cell-derived mediators either acutely via pre-
stored granules or post-transcription has long been known to modu-
late innate and adaptive immune response.2,3 The recent identification 
of innate lymphoid cells (ILC) has added a new cellular player implicated 
in modulating immune responses in close coordination with mast cells. 
Using Brainbow mice, intravital imaging of the skin highlighted ILC2 
mediated scanning of cutaneous mast cells under homeostasis.44 In 
vitro analysis identified IL-13 (released by ILC2 under various condi-
tions) to suppress IgE-dependent cytokine release by mast cells. This 
suppression was specific for IL-13 as co-incubation of mast cells with 
IL-9 led to enhanced IL-6 and TNF-α production.44 In helminth infected 
murine gut, the release of mast cell-derived IL-33 has been shown to 
contribute to ILC2 recruitment and activation, resulting in IL-13 pro-
duction by ILC2 and amplification of type-2 immune response.61 A 
similar interplay between mast cells-ILC2 and TH9 pathways has been 
implicated in promoting inflammation during cystic fibrosis.62 These 
studies provide a glimpse into the communications between mast cells 
and ILCs under homeostasis and during pathological inflammation.

Other than modulating the immune response, mast cells have gar-
nered attention for their crucial role in pregnancy. Early on, the pres-
ence of an increased number of mast cells is important for implantation, 
placentation and fetal growth, for example, the poor implantation and 
lower birth rate observed in mast cell-deficient C57BL/6-KitW-sh/W-sh 
mice could be rescued by systemic or local transfer of BMMCs.63 
These effects are mediated by mast cell-derived factors that alter the 
surrounding tissue microenvironment, especially spiral artery remod-
eling.63 Intravital imaging of uterine tissue in vivo highlighted an in-
crease in connective tissue mast cell density during the estrus phase. 
These mast cells localized in close proximity to blood vessels and 
were maintained during pregnancy albeit in lower numbers than the 
estrus phase.64 During late pregnancy, inadvertent activation of mast 
cells has been implicated in preterm delivery.65 Although recent stud-
ies highlight the crucial role of mast cells during transplantation and 
pregnancy,63,65 how these cells alter local structural and immunolog-
ical microenvironment at the evolving maternal-embryonic interface 
needs further investigation. Therefore, the use of intravital imaging 
holds great potential in understanding the dynamic role of mast cells 
in pregnancy.

2.6 | pH sensors for studying degranulation 
in vitro and in vivo

Mast cell degranulation has been studied extensively employing his-
tamine and β-hexosaminidase release measurements, amperometry, 
immunodetection of plasma membrane-associated proteins as well as 
electron microscopy.66,67 However, to visualize the degranulation of 
mast cells in real time at the single cell level, Horiguchi and cowork-
ers66 developed a fluorescent protein-based indicator of degranula-
tion termed as immune-pHluorin (impH) which is pHluorin fused to 
VAMP-8. pHluroin is non-fluorescent at pH <6 and turns fluorescent 
at neutral pH. To test the potential of impH in vivo, the ear skin of 
mast cell-deficient C57BL/6-KitW-sh/W-sh mice was reconstituted with 
impH- expressing BMMCs from either wildtype or FceR1−/− mice. 
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To induce cutaneous anaphylaxis, the transferred BMMCs were in-
tradermally sensitized with TNP-specific IgE. The mice were subse-
quently challenged with TNP-OVA. Intravital microscopy revealed the 
presence of green fluorescent patches in wildtype, but not FceR1−/− 
BMMCs 10 minutes post intravenous administration of TNP-OVA.66 
This suggests that impH is a useful tool for visualizing mast cell de-
granulation in vivo.

2.7 | Negative contrast imaging

To directly visualize the biology of mast cell SG in vitro, Tanaka and 
Takakuwa employed negative contrast imaging. In this imaging mo-
dality, soluble GFP is expressed in the cytoplasm of the mast cells 
thereby highlighting SG by virtue of exclusion of GFP.68 When em-
ployed in combination with other fluorescent probes, it potentiated 
visualization of SG-SG fusion in PMA-activated RBL-2H3 cells.68 The 
authors reasoned that this modality could be useful for studying SG 
biogenesis, maintenance, regulation, and recycling thus assisting in 
finding better therapeutic targets for allergic disorders.

2.8 | Other approaches for mast cell tracking in vivo

To better understand the role of mast cells in cancer progression, 
Oh and co-workers69 employed a non-invasive imaging modality by 
tagging murine mast cells (MC-9) with enhanced firefly luciferase (ef-
fluc). The authors visualized MC-9 effluc cell migration to LLC (Lewis 
lung cell carcinoma) lesions. In vivo optical imaging along with the 
bio-distribution study employing 18F-FDG (18F-fluorodeoxyglucose) 
demonstrated enhanced tumor growth and elevated glucose uptake 
presumably associated with the mast cell migration to LLC lesions.69

In addition, MRI (magnetic resonance imaging) has been carried 
out to image mast cell tumors in canines.70 MRI has been shown to be 
a useful tool in clinical staging and presurgical evaluation of cutane-
ous mast cell tumors.70 Ultrasonography has been utilized to study the 
features of feline mast cell tumors.71 FDG-PET (positron emission to-
mography) has been carried out in patients with systemic mastocytosis 
but was shown to be not useful for staging or follow-up of aggressive 
systemic mastocytosis.72

3  | MAST CELL-NERVE SIGNALING IN 
THE GUT

The gastrointestinal tract is a highly complex integrated organ sys-
tem. It contains two remarkable networks—one is the enteric nervous 
system (ENS) and the other one is the enteric immune system (EIS). 
The ENS consists of interconnected neuronal plexuses with close as-
sociations with immune cells, such as macrophages, mast cells, and 
lymphocytes, which are particularly abundant in the lamina propria. 
There are two main nerve plexuses in the ENS: the myenteric plexus is 
located between the muscle layers and controls motility whereas the 
submucous plexus is located just beneath the mucosa and regulates 
epithelial functions. Together with the extrinsic nerve supply of vagal 

and spinal origin, the ENS and EIS are believed to form a complete 
sensory web, regulating appropriate epithelial (secretion and absorp-
tion) and muscle (motility) responses to the luminal environment and 
changes in the milieu of the gut wall.73,74

Immune cells such as mast cells are active partners in regulating gut 
function. These interactions are also involved in the pathophysiology 
of inflammatory and functional bowel diseases.75 Over the past years 
it has become increasingly evident that mast cells play a significant role 
in gut physiology. Interaction between nerves and mast cells has been 
extensively studied in both health and disease. This communication is 
facilitated by their close proximity, expression of complementary re-
ceptors on mast cell and nerves and receptor-mediated activation of 
intracellular signaling pathways.76 During inflammation, this interac-
tion is amplified by the influx of immune cells, significantly altering the 
microenvironment.77 In this context, the specific neurotransmitters 
and mediators released by neurons and/or mast cells may either have 
a pro- or anti-inflammatory effect.78 Persistent inflammation in the GI 
tract has been suggested to result in neuroimmune plasticity.

In this section, we describe the approaches used to monitor inter-
action between mast cells and nerves within the gut in both animal 
and human tissue with an emphasis on functional imaging of nerve 
and mast cell activity (Figure 4). It is not our intention to provide a 
comprehensive overview of mast cell-nerve interactions but we rather 
focus on mast cell-nerve crosstalk in the gut (Figure 4).

3.1 | Nerve and mast cell stimulation- feedback loop

Enteric nerves express an array of receptors, complementary for me-
diators released by mast cell degranulation. Similarly, neuropeptides 
released by nerves can modulate mast cell activation, and hence de-
granulation. Most of the studies on nerve-MC signaling focused on 
experiments in cell culture and rodent animal models.79-81 Under 
normal conditions, and even more so during inflammation, neurons 
generate impulses, resulting in the release of adenosine triphosphate, 
vasoactive intestinal peptide (VIP), substance P (SP), and calcitonin 
gene-related peptide (CGRP), all of which are believed to contribute 
to nerve triggered mast cell activation.82

Crosslinking of the FcεRI via IgE-antigen complexes leads to human 
intestinal mast cell activation and subsequent degranulation.83 The 
non-IgE-mediated activation of mast cells can be triggered by a variety 
of different stimuli, including, IgG, complement component, toll-like 
receptor ligands, neuropeptides, cytokines, chemokines, and other in-
flammatory products82 (Figure 4). Upon degranulation, there is release 
of preformed mediators stored in SG or de novo synthesis of mediators.

Some key mast cell mediators that are released are histamine, 
serine proteases, interleukin-1β, leukotrienes, prostaglandins and in 
rodent but not human intestine serotonin82 (Figure 4). Mediators re-
leased by degranulation can evoke an inflammatory response by acting 
directly on surrounding tissue or indirectly through effector cells, such 
as epithelial cells, residential macrophages, and enteric nerves.

Mediators released by mast cells are crucial for neuroimmune 
communication, and hence have been used as an effective tool to 
measure the activity and degranulation of mast cells and subsequently 
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their communication with nerves in normal and diseased conditions. 
Most of the evidence for functional neuroimmune communication was 
previously only demonstrated by animal studies. However, in recent 
years, there have been significant advances, reporting the effect of 
these mediators on human tissue.84-98

3.2 | Mast cell and enteric nerves: Next-
door neighbors

Initial evidence for interaction between nerves and mast cells was 
derived from their close anatomical proximity in various organ sys-
tems, including the gut. These findings provided an anatomical basis 
for interaction both in physiology and pathophysiology of the GI 
tract. In healthy individuals, mast cells are primarily located within 
the lamina propria, followed by the submucosa and fewer in the 
muscle layer and serosa.76,82 In the human GI tract, mast cells in 
the lamina propria lie in close proximity to nerves (Figure 4). Further 
anatomical analysis reported that about 90% of intestinal MCs are 
located at least within 2 μm to nerves.99-101 It has also been reported 
that a small percentage of mast cells also share synaptic like con-
tacts with nerve fibres.102 These synaptic like contacts can also be 
induced, enhanced or blocked, using specific adhesion molecules, 

such as cell adhesion molecule 1 and nectin 3 localized to the 
nerve.103 More commonly, mast cells are located close to nerves 
without forming synaptic like contacts, which would require volume 
transmission for interactions. It has been suggested that mast cells 
release neurotrophic factors and cytokines, which promote elonga-
tion of nerves in close proximity to mast cells. This microanatomic 
association can promote interaction in maintaining mucosal homeo-
stasis. A lot of emphasis has been given to the increased counts of 
mast cells present in the colonic and ileal mucosa of patients with 
irritable bowel syndrome (IBS).100

It has been demonstrated that upon activation, mast cells release 
mediators, resulting in increased neuronal excitability leading to visceral 
hypersensitivity and abnormal gut motor function. The increase in mast 
cell count significantly correlates with the frequency and severity of ab-
dominal discomfort, suggesting that increased infiltration of mast cells 
in close proximity to mucosal nerves may contribute to hypersensitivity 
in IBS patients.100 In line with this, mast cells have been found in close 
apposition with nerves containing SP and CGRP in humans and rodents 
gastrointestinal tract.76 However, according to anatomical data, these 
interactions may be more predominant with enteric neurons, because 
in human intestine, fewer mast cells are in close proximity to extrinsic 
afferents expressing transient receptor potential vanilloid 1 channels.76

F IGURE  3  [Ca+2]i transients in mast cells in response to selective nerve activation by nicotine in human submucous plexus preparations 
(A-D). In (A) the post-experiment immunohistochemical labeling demonstrates nerve cell bodies and fibers (PGP9.5 in green) and mast cells (c-kit 
in orange). The neurons in the small ganglion were activated by a brief pressure microejection (“puff”) of nicotine which only activates neurons. 
Trace of the responding neuron (marked by the dotted arrow) is shown in C (green trace). All 3 mast cells to the left responded with [Ca+2]i 
increase (one is marked by solid arrow in A and B). B shows one image taken at the peak of the [Ca+2]i response during the actual experiment. 
The full response of the marked mast cell is shown in C (orange trace). The bar below the trace indicates the 500 ms application of nicotine. 
D shows 4 frames (1-4) which illustrate the sequence of the mast cell response after nerve stimulation by nicotine. The [Ca+2]i response first 
started in the neurons (arrowhead frame 2) followed by the [Ca+2]i response in the mast cells (frame 3 and 4, all 3 mast cells are marked by solid 
arrows in frame 3) [Colour figure can be viewed at wileyonlinelibrary.com]

(A) (B)

(D)

(C)
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3.3 | Functional evidence for neuroimmune 
interaction

Functional evidence of interaction between mast cell and nerves is 
mainly derived from electrophysiological recordings in cell culture 
models. Imaging techniques using fast optical recordings are power-
ful tools to study neuronal activity within the gut and to detect direct 
signaling between nerves and mast cells. In recent years, we have ad-
vanced imaging techniques to record neural activity in cell culture, as 
well as in isolated intact preparations of both rodent and human tis-
sue.104-107 These microscopic imaging modalities have provided inval-
uable information about several aspects of neuronal signaling.107-109 In 
particular, we uncovered various electrical and synaptic properties of 
neurons in response to chemical and mechanical stimuli.105,107,110,111 In 
addition, a lot of advances have been made in understanding the inter-
action of enteric neurons with other cell types, such as mast cells.76,82

Fluorescent imaging, in particular, voltage-sensitive dye (VSD) im-
aging has provided many significant advances in neuronal biophysics 
and circuit function. VSDs allow the detection of neuronal activity at 
a single cell level. The potentiometric dye best-suited for investigating 
enteric neurons is di-8-ANEPPS (di-8-butyl-amino-naphthyl-ethylene-
pyridinium-propyl-sulfonate)104 which enables non-invasive obser-
vations of neuronal activity. Microinjection of di-8-ANEPPS into the 
ganglia allows the dye to be incorporated into the lipid bilayer of the 
cell membrane, resulting in strong fluorescence105,107 without changing 

the electrophysiological properties of individual nerve cells.105 Since the 
dye incorporates into the membrane, revealing the outline of individ-
ual cell bodies, it is possible to record activity from hundreds to several 
thousand neurons in the gut wall, while still keeping track of the activity 
of individual neurons. Similarly, calcium imaging has also been exten-
sively utilized to unravel signaling pathways associated with ENS stim-
ulation.106 In contrast to VSD imaging, calcium imaging also allows the 
simultaneous measurement of several cell types with and without fast 
Na channels, hence allowing the measurement of interaction between 
spiking and non-spiking cells.

Using imaging techniques, we have obtained a lot of information 
regarding mast cell and nerve activation, the effect of individual mast 
cell mediators on neurons and neurotransmitters on mast cells, as well 
as the receptor mechanism of these responses. Since the mast cell to 
nerve signaling is predominantly through the release of histamine and 
tryptase, these two mediators have been extensively used to identify 
their mode of action.

3.4 | Mast cell to nerve signaling through 
histamine receptors

Histamine is identified as a major mediator in neuroimmune signaling 
in the gut. The effect of histamine on neuronal responses has been 
studied in animal and human preparations. Increased expression of 
H1 and H2 receptors has been reported in biopsies of patients with 

F IGURE  4 Mast cell nerve interactions in the gut wall. Schematic drawing of the intestinal layers illustrating that mast cell-nerve signaling is 
mostly present in the lamina propria in the submucous and mucosal layer. The illustration on the right zooms into an association between mast 
cells and intrinsic (enteric) nerves or terminal endings of visceral afferents (vagal or spinal). The mast cell mediators affecting nerve activity and 
the neurotransmitters with influence on mast cell activity as well as the involved receptors are those relevant in the human intestine. SP is in 
parenthesis as the functional role in gut tissue has not been unequivocally demonstrated [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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IBS and food allergy.112 Histamine receptors are therefore a promising 
target for gut dysfunction, in particular IBS.113 Using VSD imaging, we 
confirmed previous results in guinea pig ENS demonstrating excita-
tory H1 and H2 receptors and presynaptic inhibitory H3 receptors.90 
Interestingly, similar study in human tissue preparations demon-
strated that histamine excites human enteric neurones and this effect 
involves all four histamine receptors (H1, H2, H3 and H4).90 Contrary 
to the H3 mediated inhibition observed in guinea pig tissue, activation 
of H3 in humans results in neuronal excitation. Similar discrepancy in 
rodent and human studies was also observed with proteases and their 
effect on enteric or sensory nerves. The neural action of proteases is 
primarily through protease-activated receptors (PAR) 2 in rodents,114 
but mainly through PAR-1 in human intestines.95 These differences 
necessitate the need for more human studies and question the trans-
lational relevance of studies performed with primary culture or ro-
dents in humans.

3.5 | Mast cell signaling through protease 
activated receptors

The effect of serine proteases released by mast cells (and from intes-
tinal bacteria) on mast cell-nerve signaling in the gut, has been studied 
in detail. Tryptase, a serine protease is present in all mast cell subtypes, 
comprising approximately 25% of their total protein content and is 
released readily upon degranulation.82 Tryptase has been shown to 
signal to neurons through PARs located on enteric neurons and vis-
ceral afferents. Proteases evoke nerve responses through the cleav-
age of the extracellular N-terminal tails of PARs to expose tethered 
ligand domains that bind and activate cleaved receptors, activating 
PAR receptors.115 There are four subtypes of PAR receptors reported 
in human intestine (PAR-1, PAR-2, PAR-3, and PAR-4). These recep-
tors are abundantly expressed throughout the gastrointestinal tract 
on various cell types including neurons present in the myenteric and 
submucosal plexus. Proteases are significantly increased in the mu-
cosa of IBS patients.96,114 Tryptase has been shown to cleave PAR-2 
on primary spinal afferent neurons in rodents, which causes the re-
lease of SP, activation of the neurokinin 1 receptor, and amplification 
of inflammation and thermal and mechanical hyperalgesia. Thrombin 
predominantly activates PAR-1, PAR-3, and PAR-4, while trypsin and 
mast cell tryptase act on mainly on PAR-2. Nociceptive effects of 
tryptase and trypsin evoked in mice are reduced by serine protease in-
hibitors as well as by PAR-2 receptor antagonist or in PAR-2-deficient 
mice.116 These studies demonstrate the stimulatory effects of pro-
teases, resulting in pain sensitivity through PAR receptors.

Although these studies provide a good basis for functional inter-
action between mast cell and nerves during in vivo mast cell degran-
ulation; it was unclear whether the concentration of mediators used 
in these studies reflected the concentration of individual mediators 
used in vitro studies. Another aspect that wasn’t accounted for in these 
studies was the possible synergistic effect that might be accountable 
for neuronal excitation in mast cell to nerve signaling. To address these 
issues, we assessed whether a mediator cocktail released from human 
intestinal mast cell activated by IgE receptor cross-linking can elicit a 

neuronal response in human and guinea pig enteric neurons. Using the 
VSD imaging technique, we found that application of the mast cell medi-
ator cocktail resulted in action potential discharge in 31%, 38%, or 11% 
neurons of guinea-pig submucous plexus, human submucous plexus, or 
guinea-pig myenteric plexus, respectively.92 This study gave an initial 
insight into the functional neuroimmune interaction in guinea pig and, 
more importantly, the human gut. This study also provided evidence 
for the increased responsiveness of submucous compared to myenteric 
neurons to the mast cell mediator cocktail. This finding seems to be 
the functional correlate of the increased presence of mast cells around 
enteric nerves in the epithelial and sub-epithelial layer, with very few 
present in the human myenteric plexus and muscle layers.76

3.6 | Mast cell-nerve communication in IBS

As previously mentioned, there is strong evidence for a role of mast 
cells in the pathophysiology of IBS. These include increased mast cell 
counts in intestinal mucosa of patients with IBS compared to healthy 
controls.100 An increase in the number of mast cells has been found in 
the colon, cecum, ileum, jejunum, and duodenum.96,117-122 In addition, 
there have been reports suggesting an increase in mast cell reactivity 
rather than an increase in density. Degranulated mast cells were more 
prominent in the colon of IBS patients.100 These activated mast cells 
were found in close proximity to nerves containing 5HT and SP,123 
acting as an amplifying loop where neuropeptides released from nerve 
endings activate mast cell degranulation, releasing histamine, which 
further induces a release of neurotransmitters from sensory endings.

There have been several functional studies investigating the effect 
of mast cells on nerves in IBS. These functional studies include the use 
of mucosal biopsies and luminal content of the GI tract. Mucosal biop-
sies can be cultured in vitro and the resulting supernatants can facili-
tate measurement of neuronal responses.93 Using similar approach, we 
demonstrated that supernatants obtained from culturing mucosal bi-
opsies from IBS patients are more likely to activate human and guinea 
pig enteric neurons compared to supernatant from healthy subjects.96 
This nerve excitability is regulated by mast cell-derived mediators, 
including histamine and serine proteases.96 Furthermore, neuronal 
responses correlate with the increased mast cell density and the his-
tamine and protease levels found in IBS supernatant. These changes 
have been observed across different IBS subtypes independent of 
whether their predominant stool irregularity is diarrhea or constipa-
tion, suggesting that mast cell-nerve signaling is a relevant pathologi-
cal factor in IBS.96 In addition, application of IBS supernatants results 
in increased neuronal excitability, which is more predominant in the 
submucous plexus (46%) compared to the myenteric plexus (8.5%).88

To further investigate any synergistic effect that might be involved 
in mast cell-nerve signaling, we prepared a cocktail of various mast cell 
mediators found in IBS supernatant and investigated its effect on sub-
mucous plexus neurons of biopsies obtained from IBS patients. This 
“IBS cocktail” contained histamine, serotonin, tryptase and TNF-a (IBS 
cocktail).86 Interestingly, a decrease in the responses to these mediators 
was observed in biopsies from IBS patients, again independent of the 
IBS subtypes. The reason for this reduced activity was suggested to be a 
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possible desensitization to mediators, in particular proteases, constantly 
released by mucosal and immune cells within the gut wall of IBS patients. 
Even low amounts of these mediators have been shown to exert changes 
in neuronal activity. It has been demonstrated that this is due a synergis-
tic effect of tryptase on the actions of histamine and serotonin, resulting 
in potentiation of the neuronal response.84 The synergistic potentiation 
between histamine, serotonin, and tryptase in enteric neurons is PAR-2 
independent and likely involves PAR-1 or PAR independent proteolytic 
activity.84 This finding explains neuronal activation by a cocktail of these 
mediators despite their low concentrations in IBS supernatants and de-
spite a relatively small PAR-2-mediated response in human submucous 
neurons. Again, it needs to be stressed that serine proteases mainly sig-
nal through PAR-1 and not PAR-2 in human enteric neurons.94,95

3.7 | Bidirectional interaction in intact human tissue

The first bidirectional communication was demonstrated using an 
in vitro co-culture approach comprising of cultured murine superior 
cervical ganglia (SCG) and rat basophilic leukaemia (RBL) cells. It was 
reported that activating mast cells by anti-IgE receptor antibodies 
results in increased intracellular calcium concentration in SCG neu-
rites.124 The same group also reported the activation of mast cell 
through the release of SP from nerves.

Another study demonstrated bidirectional communication be-
tween mast cells and dorsal root ganglion (DRG) neurons using pri-
mary culture of murine bone marrow mast cells. Nerve to mast cell 
signaling was demonstrated by the application of CGRP, resulting in 
mast cell activation.81 Mast cell to nerve signaling was reported by 
stimulation of mast cells by compound 48/80, resulting in Ca++ in-
crease in DRG neurons.80 Compound 48/80 is widely used to acti-
vate and degranulate mast cells. We have contradicted this notion and 
demonstrated the non-specific effect of this compound.125 We found 
that it evoked spike discharge and calcium transient in cultured DRGs 
(mouse) and enteric neurons (guinea pig). These cultures were devoid 
of mast cells and hence showed a direct effect of this compound on 
nerves. Therefore, compound 48/80 should be used with caution as 
the non-specific effect of this drug needs to be considered when in-
terpreting data in model systems containing neurons.

There are differences in the neuropharmacology of receptors 
involved in mast cell nerve signaling between human and rodents. 
Studies using human intestinal mast cells cultures have also reported 
discrepancies in mast cell activation in response to activation by neu-
rotransmitters.91 These differences have been attributed to the de-
velopment of plasticity of cultured mast cells, possibly compromising 
their expression of relevant receptors. It was vital to demonstrate this 
interaction in human tissue. These observations suggest that the bi-
directional communication between mast cells and nerves should be 
investigated in intact human tissue, where both cell types are exposed 
to their physiologic milieu. We recently demonstrated such interaction 
in intact human submucous plexus.85 With the use of calcium imaging, 
intracellular calcium transients were simultaneously recorded from 
mast cells and enteric neurons (Figure 3). Using a monoclonal antibody 
(mAb22E7), mast cells were specifically stimulated by IgE receptor 

cross-linking. Similarly, neurons were specifically activated using elec-
trical stimulation which was followed by subsequent activation of mast 
cells. The Ca2+ signals in mast cells were completely blocked when 
the neurotransmission was inhibited by the nerve blocker tetrodo-
doxin clearly demonstrating the participation of neurons. The effects 
were mainly mediated by the release of the neuropeptides CGRP and 
VIP. Blocking specifically the CGRP1 receptor with the high-affinity 
antagonist BIBN4096 as well as blocking the VPAC1 receptor by 
PG97-269 abolished or reduced, respectively, the mast cell activation 
upon nerve stimulation. Interestingly and contrary to common belief, 
nerve to mast cell signaling was frequently observed in our human in-
testinal preparations, whereas mast cell to nerve signaling was very 
rare.85 This study provided, for the first time, bidirectional interaction 
between mast cells and nerves in intact human tissue, where both 
cell types are exposed to their physiological environment. Using the 
same tools, it would be interesting to see whether this interaction is 
altered in diseased tissue. Especially, does the signaling from mast cells 
to nerves become more prominent, and if so, what are the mediators 
that might be involved in this increased signaling. These studies can be 
conducted, using the same imaging approach in inflamed gut sections.

The mast cell response patterns resemble those of neuropep-
tides on single mast cells in cell culture and rodent intestine.80,126 
For example, the activation of the CGRP1 receptor on mast cells 
in mice resulted in a differential or piecemeal release of mediators 
rather than in total degranulation.126 Piecemeal release is defined 
by the release of relatively small amounts involving selective secre-
tion of only certain mediators. It is considered to play a dominant 
role during inflammation.127 Interestingly, in rat intestinal mucosa, 
stress-induced piecemeal release was observed primarily in mast 
cells which were in close proximity to nerves.128 To our surprise, we 
did not find a significant role for SP since the nerve mediated mast 
cell response remained unchanged after blockade of neurokinin 1,2 
and 3 receptors. However, this agrees with the finding that only few 
mast cells in the human intestine express the neurokinin 1 receptor 
which has the highest affinity for SP.81 Even the presence of neuro-
kinin receptors on mammalian mast cells is controversial.129 Bischoff 
et al for example, showed that cultured human intestinal mast cells 
do not constitutively express neurokinin receptors91; however, 
when primed by stem cell factor or interleukin-4, they started to 
express neurokinin 1 receptors and responded to SP with degranu-
lation. Thus, SP effects on mast cells may vary with their precondi-
tion, for example, inflammation. A further aspect concerning the SP 
action on mast cells derived from two studies on patch clamp130 or 
imaging MC activity in cell culture.131 Picomolar SP concentrations 
triggered electrical oscillations of rat peritoneal mast cells in the ab-
sence of degranulation; only repetitive SP applications resulted in 
mast cell degranulation.130 The authors conclude that their findings 
are the functional correlate of priming, a phenomenon that sensi-
tizes mast cells to subsequent stimuli. It was speculated that this 
feature may enhance the efficacy of mast cell responses to antigen 
or neuropeptide challenge. Mast cells exert distinct activation and 
release patterns and the specific features of different stimuli may 
influence the responsiveness to SP.131
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3.8 | Interplay between mast cells and extrinsic 
sensory neurons

The CNS receives specific information on the normal and inflamma-
tory state of the bowel, enabling orchestration of timely responses to 
the presence of antigens.74 The afferent innervation of the GI tract 
can be divided into vagal afferents and spinal afferents. Visceral affer-
ents in the gut wall are activated by various physiological stimuli, in-
cluding changes in intestinal milieu. Under pathophysiology, terminals 
of these afferents also respond to inflammatory mediators.

The terminals of vagal and spinal sensory neurons express recep-
tors for multiple mast cell mediators (Figure 4).74,132 Consistent with 
this finding, various studies have shown that sensitization of sensory 
nerve terminals by mast cell mediators which seems related to hyper-
sensitivity in response to intestinal distension in IBS patients.133,134 
Tryptase activates spinal afferents through PAR-2, releasing SP, ac-
tivating neurokinin 1 receptor, resulting in increased hyperalgesia in 
rodents.135 Interestingly, functional signaling between mast cells and 
spinal afferents has been suggested to be modulated by enteric neu-
rons.81 Afferent input results in the release of mast cells mediators, 
which in turn influence the behaviors of enteric neurons, and further 
results in activation of spinal afferents.81

An increase in the number of mast cells in colonic mucosal biopsies 
from IBS patients might suggest that the hypersensitivity to distension 
and strong muscle contractions reflects the sensitization of intramural 
endings of spinal mechanosensitive nerves by mediators released from 
mast cells. Most functional studies assessing interaction between 
mast cells and afferents have been primarily conducted by recording 
electrical responses from single neurovascular bundles in the jejunal 
wall using a suction electrode. A direct response of mast cell products 
on visceral afferents was provided by Jiang et al.136 By conducting in 
vivo multiunit afferent nerve recording from mesenteric nerves, they 
have shown that histamine stimulates mesenteric afferents supplying 
the rat jejunum via histamine H1 receptors. These afferents may trans-
mit inflammatory signals from gut mucosa to the CNS.

Compared to mast cell ENS interactions, there are fewer functional 
studies that have addressed interactions between mast cells and vis-
ceral afferents. Most of the studies have been conducted in animal 
models. In the last few years, some groups have developed an in vitro 
afferent nerve preparation using surgically excised freshly isolated 
human intestine. signaling from immune cells to visceral afferents in 
the human gut are likely since inflammatory mediators result in an 
increased firing of afferent nerves.137 Currently, there are no studies 
that have investigated the receptor mechanism involved in the affer-
ent response to individual immune mediators in human gut tissue. 
Particularly, the receptor mechanism underlying responses to prote-
ases are of significant interest.

ACKNOWLEDGEMENTS

This work was supported by grants from the National Health and 
Medical Research Council (1102398 to W. W.) and the Deutsche 
Forschungsgemeinschaft (SPP 1394 to M. S.).

CONFLICT OF INTEREST

Authors declare no conflict of interest.

ORCID

Shweta Tikoo   http://orcid.org/0000-0001-5850-8075 

Rohit Jain   http://orcid.org/0000-0002-4905-462X 

Michael Schemann   http://orcid.org/0000-0003-1007-9843 

Wolfgang Weninger   http://orcid.org/0000-0003-3133-8699 

REFERENCES

	 1.	 Galli SJ, Tsai M. Mast cells in allergy and infection: versatile effector 
and regulatory cells in innate and adaptive immunity. Eur J Immunol. 
2010;40:1843‐1851.

	 2.	 Marshall JS. Mast-cell responses to pathogens. Nat Rev Immunol. 
2004;4:787‐799.

	 3.	 Abraham SN, St John AL. Mast cell-orchestrated immunity to patho-
gens. Nat Rev Immunol. 2010;10:440‐452.

	 4.	 Galli SJ, Kalesnikoff J, Grimbaldeston MA, Piliponsky AM, Williams 
CM, Tsai M. Mast cells as “tunable” effector and immunoregulatory 
cells: recent advances. Annu Rev Immunol. 2005;23:749‐786.

	 5.	 Tsai M, Takeishi T, Thompson H, et al. Induction of mast cell prolifer-
ation, maturation, and heparin synthesis by the rat c-kit ligand, stem 
cell factor. Proc Natl Acad Sci U S A. 1991;88:6382‐6386.

	 6.	 Heavey DJ, Ernst PB, Stevens RL, Befus AD, Bienenstock J, Austen 
KF. Generation of leukotriene C4, leukotriene B4, and prostaglandin 
D2 by immunologically activated rat intestinal mucosa mast cells. J 
Immunol. 1988;140:1953‐1957.

	 7.	 Pearce FL, Befus AD, Gauldie J, Bienenstock J. Mucosal mast cells. 
II. Effects of anti-allergic compounds on histamine secretion by iso-
lated intestinal mast cells. J Immunol. 1982;128:2481‐2486.

	 8.	 da Silva EZ, Jamur MC, Oliver C. Mast cell function: a new vision of 
an old cell. J Histochem Cytochem. 2014;62:698‐738.

	 9.	 Irani AA, Schechter NM, Craig SS, DeBlois G, Schwartz LB. Two types 
of human mast cells that have distinct neutral protease composi-
tions. Proc Natl Acad Sci U S A. 1986;83:4464‐4468.

	 10.	 Moon TC, Befus AD, Kulka M. Mast cell mediators: their differen-
tial release and the secretory pathways involved. Front Immunol. 
2014;5:569.

	 11.	 Wernersson S, Pejler G. Mast cell secretory granules: armed for bat-
tle. Nat Rev Immunol. 2014;14:478‐494.

	 12.	 Castells M. Mast cell mediators in allergic inflammation and masto-
cytosis. Immunol Allergy Clin North Am. 2006;26:465‐485.

	 13.	 Gordon JR, Galli SJ. Mast cells as a source of both preformed 
and immunologically inducible TNF-alpha/cachectin. Nature. 
1990;346:274‐276.

	 14.	 Heltianu C, Simionescu M, Simionescu N. Histamine receptors of the 
microvascular endothelium revealed in situ with a histamine-ferritin 
conjugate: characteristic high-affinity binding sites in venules. J Cell 
Biol. 1982;93:357‐364.

	 15.	 Boesiger J, Tsai M, Maurer M, et  al. Mast cells can secrete vascu-
lar permeability factor/ vascular endothelial cell growth factor and 
exhibit enhanced release after immunoglobulin E-dependent upreg-
ulation of fc epsilon receptor I expression. J Exp Med. 1998;188:1135‐ 
1145.

	 16.	 Sendo T, Sumimura T, Itoh Y, et  al. Involvement of proteinase-
activated receptor-2 in mast cell tryptase-induced barrier dysfunc-
tion in bovine aortic endothelial cells. Cell Signal. 2003;15:773‐781.

	 17.	 Burke SM, Issekutz TB, Mohan K, Lee PW, Shmulevitz M, Marshall JS. 
Human mast cell activation with virus-associated stimuli leads to the 

http://orcid.org/0000-0001-5850-8075
http://orcid.org/0000-0001-5850-8075
http://orcid.org/0000-0002-4905-462X
http://orcid.org/0000-0002-4905-462X
http://orcid.org/0000-0003-1007-9843
http://orcid.org/0000-0003-1007-9843
http://orcid.org/0000-0003-3133-8699
http://orcid.org/0000-0003-3133-8699


70  |     TIKOO et al.

selective chemotaxis of natural killer cells by a CXCL8-dependent 
mechanism. Blood. 2008;111:5467‐5476.

	 18.	 Shelburne CP, Nakano H, St John AL, et al. Mast cells augment adap-
tive immunity by orchestrating dendritic cell trafficking through in-
fected tissues. Cell Host Microbe. 2009;6:331‐342.

	 19.	 Orinska Z, Bulanova E, Budagian V, Metz M, Maurer M, Bulfone-Paus 
S. TLR3-induced activation of mast cells modulates CD8  +   T-cell 
recruitment. Blood. 2005;106:978‐987.

	 20.	 Amaral MM, Davio C, Ceballos A, et  al. Histamine improves anti-
gen uptake and cross-presentation by dendritic cells. J Immunol. 
2007;179:3425‐3433.

	 21.	 Shukla SA, Veerappan R, Whittimore JS, Ellen Miller L, Youngberg 
GA. Mast cell ultrastructure and staining in tissue. Methods Mol Biol. 
2006;315:63‐76.

	 22.	 Moloney WC, McPherson K, Fliegelman L. Esterase activity in leu-
kocytes demonstrated by the use of naphthol AS-D chloroacetate 
substrate. J Histochem Cytochem. 1960;8:200‐207.

	 23.	 Berlin G, Enerback L. Fluorescent berberine binding as a marker 
of secretory activity in mast cells. Int Arch Allergy Appl Immunol. 
1983;71:332‐339.

	 24.	 Reber LL, Sibilano R, Starkl P, et  al. Imaging protective mast cells 
in living mice during severe contact hypersensitivity. JCI Insight. 
2017;2:e92900.

	 25.	 Lagunoff D. Contributions of electron microscopy to the study of 
mast cells. J Invest Dermatol. 1972;58:296‐311.

	 26.	 Enerback L, Lundin PM. Ultrastructure of mucosal mast cells 
in normal and compound 48-80-treated rats. Cell Tissue Res. 
1974;150:95‐105.

	 27.	 Smith DE, Lewis YS. Electron microscopy of the tissue mast cell. J 
Biophys Biochem Cytol. 1957;3:9‐14.

	 28.	 Smith DE. Electron microscopy of normal mast cells under various 
experimental conditions. Ann N Y Acad Sci. 1963;103:40‐52.

	 29.	 Hibbs RG, Burch GE, Phillips JH. Electron-microscopic observations 
on the human mast cell. Am Heart J. 1960;60:121‐127.

	 30.	 Lagunoff D. Membrane fusion during mast cell secretion. J Cell Biol. 
1973;57:252‐259.

	 31.	 Lagunoff D, Phillips MT, Iseri OA, Benditt EP. Isolation and pre-
liminary characterization of rat mast cell granules. Lab Invest. 
1964;13:1331‐1344.

	 32.	 Bloom GD, Fredholm B, Haegermark O. Studies on the time course 
of histamine release and morphological changes induced by his-
tamine liberators in rat peritoneal mast cells. Acta Physiol Scand. 
1967;71:270‐282.

	 33.	 Bloom GD, Haegermark O. Studies on morphological changes and 
histamine release induced by bee venom, n-decylamine and hy-
potonic solutions in rat peritoneal mast cells. Acta Physiol Scand. 
1967;71:257‐269.

	 34.	 Johnson AR, Moran NC. Selective release of histamine from rat mast 
cells by compound 48-80 and anitgen. Am J Physiol. 1969;216:453‐459.

	 35.	 Singleton EM, Clark SL Jr. The response of mast cells to com-
pound 48/80 studied with the electron microscope. Lab Invest. 
1965;14:1744‐1763.

	 36.	 Chi EY, Lagunoff D, Koehler JK. Freeze-fracture study of mast cell 
secretion. Proc Natl Acad Sci U S A. 1976;73:2823‐2827.

	 37.	 Wilson BS, Pfeiffer JR, Oliver JM. Observing FcepsilonRI sig-
naling from the inside of the mast cell membrane. J Cell Biol. 
2000;149:1131‐1142.

	 38.	 Zink T, Deng Z, Chen H, Yu L, Liu FT, Liu GY. High-resolution three-
dimensional imaging of the rich membrane structures of bone 
marrow-derived mast cells. Ultramicroscopy. 2008;109:22‐31.

	 39.	 Reber LL, Marichal T, Galli SJ. New models for analyzing mast cell 
functions in vivo. Trends Immunol. 2012;33:613‐625.

	 40.	 Tong PL, Roediger B, Kolesnikoff N, et  al. The skin immune atlas: 
three-dimensional analysis of cutaneous leukocyte subsets by multi-
photon microscopy. J Invest Dermatol. 2015;135:84‐93.

	 41.	 Berrozpe G, Agosti V, Tucker C, Blanpain C, Manova K, Besmer P. A 
distant upstream locus control region is critical for expression of the 
Kit receptor gene in mast cells. Mol Cell Biol. 2006;26:5850‐5860.

	 42.	 Livet J, Weissman TA, Kang H, et al. Transgenic strategies for com-
binatorial expression of fluorescent proteins in the nervous system. 
Nature. 2007;450:56‐62.

	 43.	 Weissman TA, Sanes JR, Lichtman JW, Livet J. Generating and 
imaging multicolor Brainbow mice. Cold Spring Harb Protoc. 
2011;2011:763‐769.

	 44.	 Roediger B, Kyle R, Yip KH, et  al. Cutaneous immunosurveillance 
and regulation of inflammation by group 2 innate lymphoid cells. Nat 
Immunol. 2013;14:564‐573.

	 45.	 Scholten J, Hartmann K, Gerbaulet A, et  al. Mast cell-specific 
Cre/loxP-mediated recombination in vivo. Transgenic Res. 
2008;17:307‐315.

	 46.	 Srinivas S, Watanabe T, Lin CS, et al. Cre reporter strains produced 
by targeted insertion of EYFP and ECFP into the ROSA26 locus. BMC 
Dev Biol. 2001;1:4.

	 47.	 Jain R, Weninger W. Shedding light on cutaneous innate immune 
responses: the intravital microscopy approach. Immunol Cell Biol. 
2013;91:263‐270.

	 48.	 Jain R, Tikoo S, Weninger W. Recent advances in microscopic tech-
niques for visualizing leukocytes in vivo. F1000Res. 2016;5:915.

	 49.	 Stoll S, Delon J, Brotz TM, Germain RN. Dynamic imaging 
of T cell-dendritic cell interactions in lymph nodes. Science. 
2002;296:1873‐1876.

	 50.	 Bousso P, Bhakta NR, Lewis RS, Robey E. Dynamics of thymocyte-
stromal cell interactions visualized by two-photon microscopy. 
Science. 2002;296:1876‐1880.

	 51.	 Miller MJ, Wei SH, Parker I, Cahalan MD. Two-photon imaging of 
lymphocyte motility and antigen response in intact lymph node. 
Science. 2002;296:1869‐1873.

	 52.	 Germain RN, Robey EA, Cahalan MD. A decade of imaging cellular 
motility and interaction dynamics in the immune system. Science. 
2012;336:1676‐1681.

	 53.	 Williams RM, Shear JB, Zipfel WR, Maiti S, Webb WW. Mucosal 
mast cell secretion processes imaged using three-photon mi-
croscopy of 5-hydroxytryptamine autofluorescence. Biophys J. 
1999;76:1835‐1846.

	 54.	 Cheng LE, Hartmann K, Roers A, Krummel MF, Locksley RM. 
Perivascular mast cells dynamically probe cutaneous blood vessels 
to capture immunoglobulin E. Immunity. 2013;38:166‐175.

	 55.	 Bose O, Baluk P, Looney MR, et al. Mast cells present protrusions 
into blood vessels upon tracheal allergen challenge in mice. PLoS 
ONE. 2015;10:e0118513.

	 56.	 Lindquist RL, Shakhar G, Dudziak D, et al. Visualizing dendritic cell 
networks in vivo. Nat Immunol. 2004;5:1243‐1250.

	 57.	 Weber A, Knop J, Maurer M. Pattern analysis of human cutaneous 
mast cell populations by total body surface mapping. Br J Dermatol. 
2003;148:224‐228.

	 58.	 Grimbaldeston MA, Simpson A, Finlay-Jones JJ, Hart PH. The effect 
of ultraviolet radiation exposure on the prevalence of mast cells in 
human skin. Br J Dermatol. 2003;148:300‐306.

	 59.	 Dudeck A, Dudeck J, Scholten J, et al. Mast cells are key promot-
ers of contact allergy that mediate the adjuvant effects of haptens. 
Immunity. 2011;34:973‐984.

	 60.	 Kunder CA, St John AL, Li G, et  al. Mast cell-derived particles 
deliver peripheral signals to remote lymph nodes. J Exp Med. 
2009;206:2455‐2467.

	 61.	 Shimokawa C, Kanaya T, Hachisuka M, et al. Mast cells are crucial for 
induction of group 2 innate lymphoid cells and clearance of helminth 
infections. Immunity. 2017;46:863‐874 e4.

	 62.	 Moretti S, Renga G, Oikonomou V, et al. A mast cell-ILC2-Th9 path-
way promotes lung inflammation in cystic fibrosis. Nat Commun. 
2017;8:14017.



     |  71TIKOO et al.

	 63.	 Woidacki K, Popovic M, Metz M, et al. Mast cells rescue implantation 
defects caused by c-kit deficiency. Cell Death Dis. 2013;4:e462.

	 64.	 Schmerse F, Woidacki K, Riek-Burchardt M, et al. In vivo visualiza-
tion of uterine mast cells by two-photon microscopy. Reproduction. 
2014;147:781‐788.

	 65.	 Woidacki K, Jensen F, Zenclussen AC. Mast cells as novel mediators 
of reproductive processes. Front Immunol. 2013;4:29.

	 66.	 Horiguchi K, Yoshikawa S, Saito A, et al. Real-time imaging of mast 
cell degranulation in vitro and in vivo. Biochem Biophys Res Commun. 
2016;479:517‐522.

	 67.	 Cohen R, Holowka DA, Baird BA. Real-time imaging of Ca(2  +  ) 
mobilization and degranulation in mast cells. Methods Mol Biol. 
2015;1220:347‐363.

	 68.	 Tanaka S, Takakuwa Y. A method for detailed analysis of the structure 
of mast cell secretory granules by negative contrast imaging. Sci Rep. 
2016;6:23369.

	 69.	 Oh SG, Li X, Lee HW, et al. Non-invasive visualization of mast cell re-
cruitment and its effects in lung cancer by optical reporter gene imaging 
and glucose metabolism monitoring. Biomaterials. 2017;112:192‐203.

	 70.	 Pokorny E, Hecht S, Sura PA, et al. Magnetic resonance imaging of 
canine mast cell tumors. Vet Radiol Ultrasound. 2012;53:167‐173.

	 71.	 Laurenson MP, Skorupski KA, Moore PF, Zwingenberger AL. 
Ultrasonography of intestinal mast cell tumors in the cat. Vet Radiol 
Ultrasound. 2011;52:330‐334.

	 72.	 Zettinig G, Becherer A, Szabo M, et al. FDG positron emission tomog-
raphy in patients with systemic mastocytosis. AJR Am J Roentgenol. 
2002;179:1235‐1237.

	 73.	 Furness JB. Types of neurons in the enteric nervous system. J Auton 
Nerv Syst. 2000;81:87‐96.

	 74.	 Blackshaw LA, Brookes SJ, Grundy D, Schemann M. Sensory trans-
mission in the gastrointestinal tract. Neurogastroenterol Motil. 
2007;19(1 Suppl):1‐19.

	 75.	 Bischoff SC. Mast cells in gastrointestinal disorders. Eur J Pharmacol. 
2016;778:139‐145.

	 76.	 Schemann M, Camilleri M. Functions and imaging of mast cell and 
neural axis of the gut. Gastroenterology. 2013;144:698‐704.e4.

	 77.	 de Jonge WJ, van den Wijngaard RM, The FO, et al. Postoperative ileus 
is maintained by intestinal immune infiltrates that activate inhibitory 
neural pathways in mice. Gastroenterology. 2003;125:1137‐1147.

	 78.	 Galli SJ, Grimbaldeston M, Tsai M. Immunomodulatory mast cells: 
negative, as well as positive, regulators of immunity. Nat Rev Immunol. 
2008;8:478‐486.

	 79.	 Bell A, Althaus M, Diener M. Communication between mast cells and 
rat submucosal neurons. Pflugers Arch. 2015;467:1809‐1823.

	 80.	 De Jonge F, De Laet A, Van Nassauw L, et al. In vitro activation of 
murine DRG neurons by CGRP-mediated mucosal mast cell degranu-
lation. Am J Physiol Gastrointest Liver Physiol. 2004;287:G178‐G191.

	 81.	 Wang GD, Wang XY, Liu S, et al. Innervation of enteric mast cells by 
primary spinal afferents in guinea pig and human small intestine. Am 
J Physiol Gastrointest Liver Physiol. 2014;307:G719‐G731.

	 82.	 Buhner S, Schemann M. Mast cell-nerve axis with a focus on the 
human gut. Biochem Biophys Acta. 2012;1822:85‐92.

	 83.	 Bischoff SC. Physiological and pathophysiological functions of intes-
tinal mast cells. Semin Immunopathol. 2009;31:185‐205.

	 84.	 Ostertag D, Annahazi A, Krueger D, et al. Tryptase potentiates en-
teric nerve activation by histamine and serotonin: relevance for the 
effects of mucosal biopsy supernatants from irritable bowel syn-
drome patients. Neurogastroenterol Motil. 2017;29:e313070.

	 85.	 Buhner S, Barki N, Greiter W, et al. Calcium imaging of nerve-mast 
cell signaling in the human intestine. Front Physiol. 2017;8:971. 
https://doi.org/10.3389/fphys.2017.00971.

	 86.	 Ostertag D, Buhner S, Michel K, et al. Reduced responses of sub-
mucous neurons from irritable bowel syndrome patients to a 
cocktail containing histamine, serotonin, TNFalpha, and tryptase 
(IBS-cocktail). Front Neurosci. 2015;9:465.

	 87.	 Buhner S, Braak B, Li Q, et al. Neuronal activation by mucosal biopsy 
supernatants from irritable bowel syndrome patients is linked to vis-
ceral sensitivity. Exp Physiol. 2014;99:1299‐1311.

	 88.	 Buhner S, Li Q, Berger T, et  al. Submucous rather than myenteric 
neurons are activated by mucosal biopsy supernatants from ir-
ritable bowel syndrome patients. Neurogastroenterol Motil. 
2012;24:1134‐e572.

	 89.	 Michel K, Zeller F, Langer R, et al. Serotonin excites neurons in the 
human submucous plexus via 5-HT3 receptors. Gastroenterology. 
2005;128:1317‐1326.

	 90.	 Breunig E, Michel K, Zeller F, Seidl S, Weyhern CW, Schemann 
M. Histamine excites neurones in the human submucous plexus 
through activation of H1, H2, H3 and H4 receptors. J Physiol. 
2007;583:731‐742.

	 91.	 Bischoff SC, Schwengberg S, Lorentz A, et al. Substance P and other 
neuropeptides do not induce mediator release in isolated human in-
testinal mast cells. Neurogastroenterol Motil. 2004;16:185‐193.

	 92.	 Schemann M, Michel K, Ceregrzyn M, Zeller F, Seidl S, Bischoff 
SC. Human mast cell mediator cocktail excites neurons in human 
and guinea-pig enteric nervous system. Neurogastroenterol Motil. 
2005;17:281‐289.

	 93.	 Nasser Y, Boeckxstaens GE, Wouters MM, Schemann M, Vanner S. 
Using human intestinal biopsies to study the pathogenesis of irrita-
ble bowel syndrome. Neurogastroenterol Motil. 2014;26:455‐469.

	 94.	 Kugler EM, Mazzuoli G, Demir IE, Ceyhan GO, Zeller F, Schemann M. 
Activity of protease-activated receptors in primary cultured human 
myenteric neurons. Front Neurosci. 2012;6:133.

	 95.	 Mueller K, Michel K, Krueger D, et al. Activity of protease-activated 
receptors in the human submucous plexus. Gastroenterology. 
2011;141:2088‐2097.e1.

	 96.	 Buhner S, Li Q, Vignali S, et al. Activation of human enteric neurons 
by supernatants of colonic biopsy specimens from patients with irri-
table bowel syndrome. Gastroenterology. 2009;137:1425‐1434.

	 97.	 Kramer S, Sellge G, Lorentz A, et al. Selective activation of human 
intestinal mast cells by Escherichia coli hemolysin. J Immunol. 
2008;181:1438‐1445.

	 98.	 Schneider J, Jehle EC, Starlinger MJ, et al. Neurotransmitter coding 
of enteric neurones in the submucous plexus is changed in non-
inflamed rectum of patients with Crohn’s disease. Neurogastroenterol 
Motil. 2001;13:255‐264.

	 99.	 Dvorak AM, McLeod RS, Onderdonk A, et  al. Ultrastructural evi-
dence for piecemeal and anaphylactic degranulation of human gut 
mucosal mast cells in vivo. Int Arch Allergy Immunol. 1992;99:74‐83.

	100.	 Barbara G, Stanghellini V, De Giorgio R, et al. Activated mast cells in 
proximity to colonic nerves correlate with abdominal pain in irritable 
bowel syndrome. Gastroenterology. 2004;126:693‐702.

	101.	 Stead RH, Dixon MF, Bramwell NH, Riddell RH, Bienenstock J. Mast 
cells are closely apposed to nerves in the human gastrointestinal mu-
cosa. Gastroenterology. 1989;97:575‐585.

	102.	 Blennerhassett MG, Tomioka M, Bienenstock J. Formation of con-
tacts between mast cells and sympathetic neurons in vitro. Cell 
Tissue Res. 1991;265:121‐128.

	103.	 Bienenstock J, Befus AD, Pearce F, Denburg J, Goodacre R. Mast cell 
heterogeneity: derivation and function, with emphasis on the intes-
tine. J Allergy Clin Immunol. 1982;70:407‐412.

	104.	 Vignali S, Peter N, Ceyhan G, et  al. Recordings from human my-
enteric neurons using voltage-sensitive dyes. J Neurosci Methods. 
2010;192:240‐248.

	105.	 Neunlist M, Peters S, Schemann M. Multisite optical recording of 
excitability in the enteric nervous system. Neurogastroenterol Motil. 
1999;11:393‐402.

	106.	 Michel K, Michaelis M, Mazzuoli G, Mueller K, Vanden Berghe P, 
Schemann M. Fast calcium and voltage-sensitive dye imaging in en-
teric neurones reveal calcium peaks associated with single action 
potential discharge. J Physiol. 2011;589:5941‐5947.

https://doi.org/10.3389/fphys.2017.00971


72  |     TIKOO et al.

	107.	 Schemann M, Michel K, Peters S, Bischoff SC, Neunlist M. Cutting-
edge technology. III. Imaging and the gastrointestinal tract: mapping 
the human enteric nervous system. Am J Physiol Gastrointest Liver 
Physiol. 2002;282:G919‐G925.

	108.	 Vanden Berghe P, Tack J, Boesmans W. Highlighting synaptic 
communication in the enteric nervous system. Gastroenterology. 
2008;135:20‐23.

	109.	 Hao MM, Bornstein JC, Vanden Berghe P, Lomax AE, Young HM, 
Foong JP. The emergence of neural activity and its role in the devel-
opment of the enteric nervous system. Dev Biol. 2013;382:365‐374.

	110.	 Mazzuoli G, Schemann M. Mechanosensitive enteric neurons in the 
myenteric plexus of the mouse intestine. PLoS ONE. 2012;7:e39887.

	111.	 Kugler EM, Michel K, Zeller F, et  al. Mechanical stress activates 
neurites and somata of myenteric neurons. Front Cell Neurosci. 
2015;9:342.

	112.	 Sander LE, Lorentz A, Sellge G, et al. Selective expression of hista-
mine receptors H1R, H2R, and H4R, but not H3R, in the human in-
testinal tract. Gut. 2006;55:498‐504.

	113.	 Klooker TK, Braak B, Koopman KE, et  al. The mast cell stabiliser 
ketotifen decreases visceral hypersensitivity and improves intes-
tinal symptoms in patients with irritable bowel syndrome. Gut. 
2010;59:1213‐1221.

	114.	 Gao C, Liu S, Hu HZ, et al. Serine proteases excite myenteric neurons 
through protease-activated receptors in guinea pig small intestine. 
Gastroenterology. 2002;123:1554‐1564.

	115.	 Vergnolle N. Protease-activated receptors as drug targets in inflam-
mation and pain. Pharmacol Ther. 2009;123:292‐309.

	116.	 Cenac N. Protease-activated receptors as therapeutic targets in vis-
ceral pain. Curr Neuropharmacol. 2013;11:598‐605.

	117.	 Sohn W, Lee OY, Lee SP, et al. Mast cell number, substance P and va-
soactive intestinal peptide in irritable bowel syndrome with diarrhea. 
Scand J Gastroenterol. 2014;49:43‐51.

	118.	 Dunlop SP, Jenkins D, Spiller RC. Distinctive clinical, psychological, 
and histological features of postinfective irritable bowel syndrome. 
Am J Gastroenterol. 2003;98:1578‐1583.

	119.	 Barbara G, Wang B, Stanghellini V, et  al. Mast cell-dependent ex-
citation of visceral-nociceptive sensory neurons in irritable bowel 
syndrome. Gastroenterology. 2007;132:26‐37.

	120.	 Vivinus-Nebot M, Dainese R, Anty R, et al. Combination of allergic 
factors can worsen diarrheic irritable bowel syndrome: role of barrier 
defects and mast cells. Am J Gastroenterol. 2012;107:75‐81.

	121.	 O’Sullivan M, Clayton N, Breslin NP, et al. Increased mast cells in the ir-
ritable bowel syndrome. Neurogastroenterol Motil. 2000;12:449‐457.

	122.	 Walker MM, Talley NJ, Prabhakar M, et al. Duodenal mastocytosis, 
eosinophilia and intraepithelial lymphocytosis as possible disease 
markers in the irritable bowel syndrome and functional dyspepsia. 
Aliment Pharmacol Ther. 2009;29:765‐773.

	123.	 Wang LH, Fang XC, Pan GZ. Bacillary dysentery as a causative 
factor of irritable bowel syndrome and its pathogenesis. Gut. 
2004;53:1096‐1101.

	124.	 Suzuki R, Furuno T, Teshima R, Nakanishi M. Bi-directional relation-
ship of in vitro mast cell-nerve communication observed by confocal 
laser scanning microscopy. Biol Pharm Bull. 2001;24:291‐294.

	125.	 Schemann M, Kugler EM, Buhner S, et al. The mast cell degranulator 
compound 48/80 directly activates neurons. PLoS ONE. 2012;7:e52104.

	126.	 Rychter JW, Van Nassauw L, Timmermans JP, Akkermans LM, 
Westerink RH, Kroese AB. CGRP1 receptor activation induces piece-
meal release of protease-1 from mouse bone marrow-derived muco-
sal mast cells. Neurogastroenterol Motil. 2011;23:e57‐e68.

	127.	 Theoharides TC, Kempuraj D, Tagen M, Conti P, Kalogeromitros D. 
Differential release of mast cell mediators and the pathogenesis of 
inflammation. Immunol Rev. 2007;217:65‐78.

	128.	 Santos J, Yang PC, Soderholm JD, Benjamin M, Perdue MH. Role of 
mast cells in chronic stress induced colonic epithelial barrier dys-
function in the rat. Gut. 2001;48:630‐636.

	129.	 Lecci A, Capriati A, Altamura M, Maggi CA. Tachykinins and tachyki-
nin receptors in the gut, with special reference to NK2 receptors in 
human. Auton Neurosci. 2006;126–127:232‐249.

	130.	 Janiszewski J, Bienenstock J, Blennerhassett MG. Picomolar doses 
of substance P trigger electrical responses in mast cells without de-
granulation. Am J Physiol. 1994;267:C138‐C145.

	131.	 Gaudenzio N, Sibilano R, Marichal T, et al. Different activation sig-
nals induce distinct mast cell degranulation strategies. J Clin Invest. 
2016;126:3981‐3998.

	132.	 Blackshaw LA. Receptors and transmission in the brain-gut axis: 
potential for novel therapies. IV. GABA(B) receptors in the brain-
gastroesophageal axis. Am J Physiol Gastrointest Liver Physiol. 
2001;281:G311‐G315.

	133.	 Munakata M, Wu LP, Kuroda-Sowa T, Maekawa M, Suenaga Y, Sugimoto 
K. Construction and conductivity of W-Type sandwich silver(I) poly-
mers with pyrene and perylene. Inorg Chem. 1997;36:4903‐4905.

	134.	 Camilleri M, Coulie B, Tack JF. Visceral hypersensitivity: facts, specu-
lations, and challenges. Gut. 2001;48:125‐131.

	135.	 Defea K, Schmidlin F, Dery O, Grady EF, Bunnett NW. Mechanisms 
of initiation and termination of signalling by neuropeptide receptors: 
a comparison with the proteinase-activated receptors. Biochem Soc 
Trans. 2000;28:419‐426.

	136.	 Jiang W, Kreis ME, Eastwood C, Kirkup AJ, Humphrey PP, Grundy 
D. 5-HT(3) and histamine H(1) receptors mediate afferent nerve 
sensitivity to intestinal anaphylaxis in rats. Gastroenterology. 
2000;119:1267‐1275.

	137.	 Peiris M, Bulmer DC, Baker MD, et al. Human visceral afferent re-
cordings: preliminary report. Gut. 2011;60:204‐208.

How to cite this article: Tikoo S, Barki N, Jain R, et al. Imaging of 
mast cells. Immunol Rev. 2018;282:58–72.  
https://doi.org/10.1111/imr.12631

https://doi.org/10.1111/imr.12631

