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Introduction
Secretory granule exocytosis is a tightly regulated process, shared 

by mast cells (MCs) and other eukaryotic cells, that influences the 

outcome of diverse physiological and pathological processes (1). 

MC degranulation can contribute to resistance to venoms (2–4), 

bacteria (5), and parasites (6, 7) but also to the morbidity and 

mortality associated with allergic diseases (8, 9). Aggregation of 

the high-affinity IgE receptor (FcɛRI) on the MC plasma mem-

brane, induced when specific antigens cross-link FcɛRI-bound 

IgE, activates a complex intracellular signaling pathway resulting 

in secretion of cytoplasmic granule content into the extracellular 

environment (10), which can orchestrate local or systemic inflam-

mation (11–16). However, stimuli that can activate MCs via various 

receptors that are distinct from those binding antibodies also can 

contribute to inflammatory processes (17–19). Examples of such 

stimuli include complement anaphylatoxins (e.g., C3a and C5a) 

(19), the vasoconstrictor peptide endothelin 1 (ET1) (17), and a 

panel of cationic substances such as the neuropeptide substance P 

(SP) (20) and drugs associated with pseudoallergic reactions (e.g., 

icatibant and cetrorelix) (21, 22).

Although important progress has been made in the analysis 

of MC degranulation in situ (23–28), technical constraints have 

limited the spatiotemporal resolution of this process, which has 

hampered analysis of the dynamics and quantitative character-

istics of granule exteriorization in real time at the single-cell 

level. We developed a dynamic imaging system that, in contrast 

to static structural imaging (such as conventional transmission 

electron microscopy [TEM]), can follow in real time the spatially 

complex, rapidly evolving features of MCs undergoing activa-

tion. By combining newly designed granule detection and mod-

eling techniques, we demonstrate that both human primary MCs 

in vitro and mouse dermal MCs in vivo can respond to distinct 

stimuli of activation by finely regulating the dynamics and fea-

tures of MC granule secretion.

Results
MCs differentially exteriorize secretory granules in response to dif-

ferent stimuli. We compared MC responses to (a) SP, an endoge-

nous cationic 11–amino acid neuropeptide implicated in various 
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tion dose-dependently induced strong de novo secretion of lipid 

mediators (e.g., prostaglandins D
2
 and E

2
) and several inflamma-

tory cytokines and chemokines, SP triggered secretion of only 

low amounts of lipid mediators and VEGF (Figure 1, B–E). Thus, 

when we used SP or anti-IgE under conditions that resulted in 

the same extent of PBCMC degranulation, activation via MRG-

PRX2 versus FcεRI triggered distinct patterns of secretion of MC 

mediators not stored in the granules.

To characterize the spatiotemporal features of MC degran-

ulation and the early steps of granule exocytosis, we used solu-

ble fluorochrome-labeled avidin (sulforhodamine 101–coupled 

avidin [Av.SRho]), a method we recently described (34). During 

inflammatory conditions (18, 29, 30) and a strong activator of 

the receptor MRGPRX2 (the ortholog of MRGPRB2: the recep-

tor for cationic secretagogues in the mouse) (30–32), and (b) 

an antibody-dependent stimulus, anti-IgE, which activates 

IgE-bearing MCs by cross-linking FcɛRI-bound IgE. Similar lev-

els of degranulation of primary human peripheral blood–derived 

cultured MCs (PBCMCs) (33, 34), measured by release of the 

granule-stored mediator β-hexosaminidase, were induced when 

PBCMCs were stimulated with 2 μg/ml of anti-IgE or with 10 μM 

SP (Figure 1A). Except as otherwise noted, we used these con-

ditions of stimulation for all subsequent studies analyzing PBC-

MC activation via FcεRI or MRGPRX2. While anti-IgE stimula-

Figure 1. Human MC activation by SP or anti-IgE induces different patterns of secretion of lipid mediators, cytokines, and chemokines. IgE-sensitized 

or nonsensitized PBCMCs were incubated in the presence of anti-IgE (blue) or SP (pink), respectively, or with medium alone (no stimulation, black). (A) 

Percentage of β-hexosaminidase release 60 minutes after stimulation with different concentrations of stimulatory molecules. (B and C) Production of 

prostaglandin E
2
 (PGE

2
) (B) or PGD

2
 (C) 60 minutes after addition of 0.1, 1, or 10 μM SP or 0.02, 0.2, or 2 μg/ml of anti-IgE or medium alone. (D and E) Pro-

duction of TNF-α, IL-13, GM-CSF, VEGF, and MCP-1 30 minutes (left panel), 90 minutes (middle panel), or 12 hours (right panel) after addition of 10 μM SP 

or 2 μg/ml of anti-IgE or medium alone (D) or 1 μM SP or 0.2 μg/ml of anti-IgE or medium alone (E). Mean ± SEM; 2-tailed, unpaired t test (vehicle vs. SP or 

vehicle vs. DNP); *P < 0.05; **P < 0.01; ***P < 0.001; nd, not detected. Data are pooled from 5 independent experiments performed with PBCMCs from 4 

different donors, all of which gave similar results.
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MCs differentially mobilize intracellular secretory granules for 

exteriorization in response to different stimuli. The variability we 

observed in the ΔT between early [Ca2+]
i
 signaling and detection 

of the first Av.SRho+ exteriorized granule structures in MCs stim-

ulated with either of the 2 antibody-dependent stimuli versus 

with any of the other stimuli tested (Figure 2, I–K, and Supple-

mental Figure 6) prompted us to investigate whether MCs could 

differentially regulate the mobilization of intracellular granules 

before full exteriorization of the granule content. Prior TEM 

studies of human MCs showed that, during IgE-dependent MC 

degranulation, individual cytoplasmic granules fused with each 

other and with the plasma membrane, resulting in the exterior-

ization of the matrices of multiple individual granules via single 

openings to the exterior, a process called compound exocytosis 

(38, 39). Moreover, based on her TEM observations, Ann Dvor-

ak and colleagues proposed that individual cytoplasmic granules 

of human MCs activated by anti-IgE could undergo fusion with 

each other even before such fused granules formed a commu-

nication with the exterior via fusion of their granule membrane 

with the plasma membrane (38, 39). Yet TEM studies are not 

well suited to detect very transient communications between the 

granules and the plasma membrane, such as might occur during 

“kiss-and-run” fusion (40).

Fluorescence dequenching of previously endocytosed dex-

tran-FITC (resulting in increased fluorescence intensity) can be 

used to monitor the increase in pH occurring when the cytoplas-

mic granules of rat basophil leukemia (RBL) cells fuse with the 

plasma membrane (26, 41). This method has been reported to 

detect FITC dequenching caused by full fusion of granules with 

the plasma membrane, kiss-and-run transient fusion, or com-

pound exocytosis (26). We chose this approach to investigate gran-

ule–plasma membrane fusion events in otherwise unmanipulated 

single human MCs, thereby avoiding the need to use cells that 

had been engineered to overexpress particular vesicular markers 

potentially involved in exocytosis (e.g., CD63).

We found that the FITC fluorescence signal was stable and 

constant over time in nonstimulated human PBCMCs (Figure 3, 

A and B, and Supplemental Video 2), but that anti-IgE–induced 

activation caused this signal to increase significantly during the ΔT 

period, i.e., before detection of the first externalized granules by 

binding of Av.SRho (Figure 3, C, D, and G, and Supplemental Video 

2). We also observed similar degranulation dynamics and a tran-

sient increase in FITC fluorescence signal using dextran-FITC–

loaded mouse peritoneal cell–derived MCs (42, 43) that had been 

activated with IgE and specific antigen (Supplemental Figure 7).

By contrast, stimulation with SP resulted in the near-

ly immediate exocytosis of dextran-FITC–labeled granule 

structures (together with the rapid detection of exteriorized 

Av.SRho+ granule structures) without any prior increase in dex-

tran-FITC fluorescence intensity (Figure 3, E–G, and Supple-

mental Video 2). We also found that C5a, ET1, and C3a each 

resulted in “SP-like” fast exocytosis of dextran-FITC–preload-

ed granule structures (Supplemental Figure 8, A–F and I, and 

Supplemental Video 3). However, stimulation of PBCMCs with 

IgG immune complexes triggered a response similar to that 

observed with anti-IgE, i.e., an initial increase in dextran-FITC 

fluorescence intensity followed by a slower rate of granule exo-

MC degranulation, which results in fusion of secretory granule 

membranes with the plasma membrane (35), the granule matrix is 

externalized and rapidly bound by the fluorescent probe, allowing 

monitoring, by high-resolution confocal microscopy, of degran-

ulation dynamics in real time and in single cells (Supplemental 

Figure 1; supplemental material available online with this article; 

doi:10.1172/JCI85538DS1).

PBCMCs were loaded with Fluo-4 and stimulated in the pres-

ence of Av.SRho to monitor early [Ca2+]
i
 signaling and degranu-

lation dynamics, respectively (Figure 2, A–H, and Supplemental 

Video 1). Anti-IgE–mediated PBCMC activation triggered a strong 

and sustained increase in [Ca2+]
i
 (Figure 2, A,C, and E) followed by 

progressive degranulation over 30 minutes (Figure 2, A, F, and H). 

By contrast, SP stimulation mobilized a rapid but brief increase in 

[Ca2+]
i
 (Figure 2, B, D, and E) followed by much faster degranula-

tion (Figure 2, B, G, and H). Anti-IgE–stimulated PBCMCs exhib-

ited a lag time (ΔT) of about 5 minutes between the early increase 

in [Ca2+]
i
 and detection of the first budding extracellular granule 

structures, but this ΔT was markedly shortened (almost absent in 

some experiments) in SP-stimulated MCs (Figure 2, I–K). Time-

lapse flow cytometry analyses of degranulation in PBCMCs indi-

cated that the observed distinct degranulation dynamics were not 

affected by changing of the strength of stimulation (Supplemental 

Figure 2, A and B).

In accord with previous reports (30, 32, 36), we confirmed, 

using shRNA treatment of PBCMCs, that SP-induced MC degran-

ulation, but not anti-IgE–induced degranulation, was mediated 

by activation of the receptor MRGPRX2 (Supplemental Figure 3). 

We also tested 3 other cationic agonists of MRGPRX2 (compound 

48/80, icatibant, and cetrorelix; refs. 21, 22, 32, 37), and these 

molecules exhibited comparable abilities to induce PBCMC acti-

vation with an “SP-like” pattern of degranulation, suggesting that 

this is an intrinsic feature of MRGPRX2-mediated MC activation 

(Supplemental Figure 4).

We also analyzed the degranulation dynamics and ΔT of sin-

gle PBCMCs activated either by IgG immune complexes (mouse 

anti-dinitrophenyl [anti-DNP] IgG and DNP–human serum albu-

min [DNP-HSA]) (34) or by additional stimuli that can activate 

MCs by binding to various G protein–coupled receptors (GPCRs) 

(i.e., C5a, C3a, and ET1). PBCMCs activated by C5a, C3a, or 

ET1 exhibited fast degranulation, with a ΔT of approximately 1 

minute, very similar to that observed after stimulation with SP 

(Supplemental Figure 5, C–H and K, and Supplemental Figure 6, 

A–F and I). The PBCMC degranulation induced by mouse IgG 

immune complexes was modest in amount compared with that 

induced by the other stimuli tested (Supplemental Figure 5, A 

and B) but exhibited a delayed and progressive pattern (Supple-

mental Figure 5, I–K, and Supplemental Figure 6, G–I) resem-

bling that induced by anti-IgE (Figure 2, A, F, and I). These data 

indicate that MCs can respond to activation stimuli with at least 

2 different patterns of degranulation: the delayed and progres-

sive pattern seen in response to stimulation with anti-IgE or IgG 

immune complexes and the more rapid process observed in MCs 

stimulated with cationic agonists (i.e., SP, compound 48/80, ica-

tabant, and cetrorelix), C3a, C5a, or ET1. These findings indicate 

that the time of transport of MC cytoplasmic granules to the plas-

ma membrane can depend on the nature of the activation signal.
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MCs activated with anti-IgE versus SP, focusing on some of 

those known to influence [Ca2+]
i
 levels and MC degranulation: 

the serine-threonine kinase AKT, protein kinase C (PKC), and 

the inhibitor of NF-κB kinase subunit β (IKK-β). In the 6 dif-

ferent PBCMC populations tested, we detected AKT, PKC, 

and IKK-α/β phosphorylation largely or fully following stimu-

lation with anti-IgE but not SP (Figure 3H), indicating that SP 

can induce PBCMC degranulation independently of activation 

of the canonical AKT, PKC, and IKK-β signaling pathway. We 

found that compound 48/80, C3a, C5a, and ET1 also did not 

induce detectable IKK-α/β phosphorylation (data not shown).

To investigate whether human MCs activated by anti-IgE ver-

sus SP differentially mobilized SNARE partners, we used coim-

munoprecipitation employing antibodies whose specificity we 

confirmed (Supplemental Figure 10) to assess complex formation 

between synaptosomal-associated protein-23 (SNAP23) and syn-

taxin-4 (STX4), which has been identified as a key step involved in 

MC compound exocytosis (44–47). SP-mediated activation failed 

to trigger the formation of such complexes, whereas anti-IgE stim-

ulation did so (Figure 3I). By contrast, we confirmed an associa-

tion between MUNC-18-2 and STX3 in unstimulated MCs (28), 

which appeared to increase slightly in MCs stimulated with either 

SP or anti-IgE (Figure 3J). This suggests that MUNC-18-2/STX3 

interactions, which recently have been implicated in membrane 

fusion events (28), might be important for those membrane fusion 

events shared by human MCs responding to activation by anti-IgE 

or SP, such as heterotypic fusion between the granule and plasma 

membranes. Taken together, our results indicate that MCs can 

use distinct degranulation strategies when stimulated via FcεRI or 

MRGPRX2 and that substantial activation of the AKT/PKC/IKK-β 

pathway and SNAP23/STX4 complex formation are features of 

FcεRI-dependent activation of human MCs that are not shared 

with SP-dependent MC activation.

MC IKK-β activity is critical for the anti-IgE–induced pattern of 

MC degranulation. IKK-β activation is considered to represent an 

essential step for IgE-mediated MC cytokine secretion, but the 

possible roles of IKK-β in MC degranulation are unsettled (47, 48). 

Inhibition of IKK-β kinase activity with BMS-345541, which has 

been reported to be a highly selective inhibitor of the 2 catalytic 

subunits of IKK-β (49–53), did not interfere with the extent of anti-

IgE–induced MC granule exteriorization at 30 minutes (Figure 4, 

A–C, and Supplemental Video 4). However, compared with results 

in control MCs treated with medium containing DMSO alone, treat-

ment with BMS-345541 resulted in the development of only a brief 

increase in [Ca2+]
i
 followed by a much faster degranulation process, 

with a statistically significant reduction in the ΔT between signaling 

and secretion (from ~3 minutes for the DMSO-treated PBCMCs to 

~1.8 minutes for the BMS-345541–treated cells) (Figure 4, A–D, and 

Supplemental Video 4). Finally, while anti-IgE–induced IKK-β phos-

phorylation was not affected by BMS-345541 treatment (Figure 4E), 

SNAP23/STX4 complex formation (Figure 4F), dequenching of 

FITC in dextran-FITC–labeled cytoplasmic granules (Figure 4, G–J, 

and Supplemental Video 5), and production of cytokines (Figure 

4K) were each significantly diminished. Taken together, these find-

ings show that treatment with BMS-345541 in effect switched the 

features of the typical spatiotemporal pattern of degranulation seen 

in MCs stimulated with anti-IgE to those seen with activation by SP.

cytosis (Supplemental Figure 8, G–I, and Supplemental Video 

3). These observations indicate that, compared with MCs acti-

vated with SP, C3a, C5a, or ET1 (in which no FITC dequenching 

is detected, probably because the granules are rapidly released 

and the dextran-FITC rapidly diffuses away; ref. 26), MCs 

activated by antibody-dependent mechanisms exhibit a pro-

longed interval between the first evidence of cytoplasmic gran-

ule deacidification (which probably reflects at least transient 

fusion of the granule membranes with the plasma membrane; 

refs. 26, 41) and the first appearance of detectable Av.SRho+ 

granule matrix content at the cell surface. TEM studies of 

PBCMCs derived from 2 donors showed that some of the PBC-

MCs activated with anti-IgE exhibited evidence of compound 

exocytosis, with granule matrix material exposed to the cell 

exterior, as early as 3 minutes after stimulation (Supplemental 

Figure 9A). This finding might reflect a relatively rapid pattern 

of anti-IgE–induced degranulation in these 2 PBCMC popu-

lations and/or indicate that there may be a delay between the 

first appearance of granule matrix material at the cell surface 

as detected by TEM and the binding of sufficient Av.SRho to 

such structures to render them detectably Av.SRho+ (which is 

first observed in most PBCMC populations at ~5 minutes after 

anti-IgE stimulation). By contrast, PBCMCs stimulated with SP 

exhibited exteriorized granule structures, but few images sug-

gestive of compound exocytosis.

MCs activated with anti-IgE versus SP exhibit differences in 

intracellular signaling. Activation of FcεRI triggers a complex 

cascade of intracellular tyrosine kinases that induce membrane 

fusion events regulated by soluble N-ethylmaleimide–sensitive 

factor attachment protein receptors (SNAREs), acting in syner-

gy with other accessory proteins (11–14, 16, 44). However, the 

signaling events and SNARE components involved in GPCR- 

dependent MC degranulation are not as well understood. We 

compared mobilization of key signaling molecules in human 

Figure 2. Human MC activation by SP or anti-IgE induces distinct [Ca2+]
i
  

signaling and degranulation dynamics. IgE-sensitized or nonsensitized PBC-

MCs were loaded with Fluo-4 and stimulated with anti-IgE antibodies or SP in 

the presence of Av.SRho. Fluo-4 (green, [Ca2+]
i
) and Av.SRho (red, identifying 

exteriorized granule structures) fluorescence was measured, at the single-cell 

level, using time-lapse confocal microscopy in a controlled atmosphere (37°C 

and 5% CO
2
). (A) Representative time-lapse of a single IgE-sensitized PBCMC 

activated with anti-IgE. (B) Representative time-lapse of a single PBCMC 

activated with SP. (A and B) Scale bars: 5 μm; white insets show a budding 

granule structure at higher magnification; arrows indicate first budding gran-

ule structures; time scale reflects the kinetics of the responses induced by the 

2 stimuli. (C and D) Single-cell analyses of Fluo-4 mean fluorescence intensity 

(MFI) following anti-IgE (C) or SP (D) stimulation. (E) Mean curves of Fluo-4 

MFI following anti-IgE (blue) or SP (pink) stimulation. (F and G) Single-cell 

analyses of Av.SRho MFI following anti-IgE (F) or SP (G) stimulation. (H) 

Mean curves of Av.SRho MFI following anti-IgE (blue) or SP (pink) stimula-

tion. Mean; 2-way ANOVA; ****P < 0.0001. Data are from the 3 independent 

experiments performed, each of which gave similar results. (I and J) Mean 

curves of Fluo-4 and Av.SRho MFI following anti-IgE (I) or SP (J) stimulation; 

dotted lines and arrows indicate the lag time (ΔT) measured between the 

increase in [Ca2+]
i
 and the detection of the first budding granule structures. 

(K) Mean ΔT measured following anti-IgE (blue) or SP (pink) stimulation. 

Mean ± SEM; 2-tailed, unpaired t test; ****P < 0.0001. Data are from 3 

independent experiments performed with PBCMCs from 3 donors (at least 30 

single PBCMCs analyzed per condition), each of which gave similar results.
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These results support the hypothesis that IKK-β activation 

and SNAP23/STX4 complex formation represent important 

components of the signaling that helps to orchestrate the com-

pound exocytosis degranulation pattern observed in anti-IgE–

stimulated human MCs.

The size, number, and shape of MC exteriorized granule struc-

tures can vary depending on the nature of the activation stimulus. 

We next investigated whether the distinct patterns of human MC 

degranulation seen in response to anti-IgE or SP might also be 

associated with the exteriorization of granule structures exhibit-

ing distinct physical properties. We developed a new 3D granule 

visualization approach based on use of a computer-generated 

representation of Av.SRho fluorescence (Supplemental Figure 

11) and then precisely calculated the volume, number, and shape 

of such modeled exocytosed Av.SRho+ granule structures. Such 

Av.SRho+ granule structures might consist of either the matri-

ces contained in single cytoplasmic granules of various sizes 

(now free of their granule membranes as a result of the fusion 

of the granule membranes with the plasma membrane during 

degranulation) or single structures consisting of the combined 

Figure 3. Signaling events and fluorescence dequenching patterns in dextran-FITC–labeled cytoplasmic granules in MCs stimulated via FcεRI or MRG-
PRX2. (A–F) IgE-sensitized or nonsensitized dextran-FITC–loaded PBCMCs were stimulated with 2 μg/ml of anti-IgE (blue) or 10 μM SP (pink), respectively, 

or with medium alone (black), in the presence of Av.SRho. (A) Representative time-lapse sequence of Av.SRho (upper panels, red) and dextran-FITC (lower 

panels, pseudocolor) in a PBCMC incubated with medium alone. (B) Mean curve of pooled single-cell analyses of dextran-FITC MFI in PBCMCs incubated with 

medium. (C–F) Same experiment as in A and B in PBCMCs stimulated with anti-IgE (white arrowheads indicate increases in dextran-FITC fluorescence) or SP. 

Scale bars: 5 μm. (G) Average of dextran-FITC MFI between t = 0 and t = 5 minutes. (H–J) IgE-sensitized or nonsensitized PBCMCs were stimulated for 5 or 15 

minutes with 2 μg/ml of anti-IgE or 10 μM SP or with medium alone. (H) Expression of phospho–IKK-α/β, phospho-PKC, and phospho-AKT in PBCMC lysates. 

Actin was used as loading control. (I) Immunoprecipitation of SNAP23/STX4 complexes in resting PBCMCs or activated with 2 μg/ml of anti-IgE or 10 μM 

SP. Immunoprecipitated SNAP23 was resolved and probed for STX4. (J) Immunoprecipitation of MUNC-18/STX3 complexes performed for the same times 

and conditions tested in I. Immunoprecipitated MUNC-18-2 was resolved and probed for STX3. Mean ± SEM; 2-tailed, unpaired t test; ****P < 0.0001. Data 

in A–G are from 4 independent experiments with PBCMCs from 2 donors (~35 single PBCMCs analyzed per condition); data in H and I are representative of 

those obtained in 6 independent experiments, each of them performed with PBCMCs from a different single donor, all of which gave similar results.
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matrices of 2 or more individual granules (e.g., as formed by 

fusion between/among the membranes of individual granules 

during compound exocytosis, or after their individual secretion). 

Because extensive evidence indicates that MC cytoplasmic gran-

ules can increase progressively in size over time, particularly in 

MCs not undergoing activation for degranulation (54), measure-

ments of volume alone cannot distinguish between a single gran-

ule matrix or an aggregate of 2 or more granule matrices. How-

ever, prior TEM observations indicate that single granules are 

more likely to approach a spherical shape than would aggregates 

of multiple granule matrices (38, 39). We therefore used our 3D 

modeling approach to measure the number, volume, and sphe-

ricity of exocytosed Av.SRho+ granule structures produced by 

anti-IgE– or SP-activated MCs at multiple time points during the 

degranulation process (Figure 5A and Supplemental Video 6).

We first compared the total accumulated volume of exocyto-

sed granule structures (i.e., total amount of externalized Av.SRho+ 

material per MC) during the first 60 seconds of degranulation. 

Because of the long ΔT before the onset of degranulation in MCs 

stimulated with anti-IgE (Figure 2, I–K), we defined the appearance 

of the first exteriorized granule structures as the beginning of MC 

degranulation in that cell, rather than the time at which the acti-

vation stimulus was first applied. We found no statistically signifi-

cant difference in the rate of exteriorization of the total volume of 

Av.SRho+ granule structures whether the MCs were stimulated by 

anti-IgE or SP (Figure 5B). However, we observed that SP-mediat-

ed activation triggered the release of significantly higher numbers 

of Av.SRho+ granule structures than did anti-IgE stimulation (Fig-

ure 5C). By modeling the volumes of discrete budding Av.SRho+ 

granule structures during the first 60 seconds of degranulation, we 

found that anti-IgE stimulation resulted in the budding of Av.SRho+ 

secretory granule structures that exhibited a mean modeled vol-

ume of about 0.40 μm3, many of which had heterogeneous shapes. 

By contrast, SP-mediated PBCMC activation triggered the exte-

riorization of substantially smaller and more spherical Av.SRho+ 

granule structures with a mean modeled volume of about 0.15 μm3 

(Figure 5, A and D). As depicted in Supplemental Figure 9, B and 

C, our TEM studies confirmed the Av.SRho fluorescence modeling 

results in showing that anti-IgE stimulation resulted in the exteri-

orization of a population of granule structures that contained many 

more large structures than did SP stimulation.

To extend our analysis of the physical characteristics of released 

granule structures no longer attached to the MC surface, we devel-

oped a 3D degranulation assay in which human MCs are embedded 

in a surrogate extracellular matrix gel. After 30 minutes of stimu-

lation, we virtually isolated gel-trapped single Av.SRho+ granule 

structures released beyond the periphery of the cell from their still 

surface-bound counterparts and performed a computational 3D 

analysis to measure their size and sphericity (Supplemental Video 

7). This showed that, compared with activation of PBCMCs with 

SP, anti-IgE–mediated activation of PBCMCs resulted in the release 

into the surrounding microenvironment of larger and more hetero-

geneously shaped granule structures (Figure 5, E–G).

These results indicate that the distinct intracellular secretory 

strategies triggered by SP versus anti-IgE activation (Figures 2–4) 

also result in the exteriorization of populations of MC secretory 

granule structures with different physical characteristics.

Differential regulation of the physical characteristics of mouse 

dermal MC granules during IgE-dependent or SP-induced MC acti-

vation in vivo. To analyze the features of MC granule secretion in 

vivo, we improved our detection method to enable 3D intravital 

imaging and modeling in the ear pinnae of anesthetized mice. 

We used passive cutaneous anaphylaxis (19) to study tissue MC 

activation by an IgE-dependent mechanism in vivo. Av.SRho was 

infused into the ear pinna dermis by intradermal (i.d.) injection 

10 minutes before i.p. challenge, and Av.SRho fluorescence signal 

was assessed in living mice by 2-photon microscopy 30 minutes 

after i.p. challenge with specific antigen or vehicle (Figure 6A).

We investigated the presence of Av.SRho+ cells in Mcpt5-Cre+ 

R26Y+ mice, in which the Cre recombinase is under the control 

of the MC protease 5 (Mcpt5) promoter (which is reported to be 

specific for connective tissue–type and peritoneal MCs; ref. 55) to 

enable MC-selective expression of the enhanced yellow fluores-

cent protein (Mcpt5-EYFP) (56). When anti-DNP IgE–sensitized 

mice were injected with vehicle, no Av.SRho+ cells were detect-

ed. However, after injection of DNP-HSA, we detected Av.SRho+ 

structures only surrounding EYFP+ dermal MCs (Figure 6B). 

These results indicated that i.d. injection of Av.SRho is a useful 

new method to analyze MC degranulation in living animals by 

2-photon microscopy.

We then performed a computational 3D analysis of individual 

exteriorized MC secretory granule structures 30 minutes after the 

induction of IgE-dependent or SP-dependent MC degranulation 

in the dermis of anesthetized Mcpt5-EYFP mice. After IgE-depen-

dent local activation, tissue MCs exteriorized mainly large and 

nonspherical cytoplasmic granule structures (of high volumes and 

with a moderate modeled sphericity index), suggesting the occur-

rence of granule-granule fusion events associated with compound 

exocytosis in vivo. However, MCs activated by SP released mainly 

smaller and more spherical cytoplasmic granule structures, sug-

gesting that they exteriorized a larger proportion of nonfused indi-

vidual secretory granules (Figure 6, C–F, and Supplemental Video 

8). These results show that mouse dermal MCs in vivo, like human 

MCs in vitro, can mobilize distinct patterns of degranulation in 

response to IgE-dependent versus SP-dependent activation.

MC-mediated cutaneous inflammation and systemic responses 

can exhibit different features depending on the nature of the stimulus. 

We next investigated whether the different patterns of MC granule 

secretion induced by SP- versus IgE-dependent mechanisms were 

associated with differences in the features of the ensuing MC-depen-

dent vascular responses, which are thought to be highly dependent 

on the activities of mediators prestored in the cytoplasmic granules 

(57–60). We found that injection of 1 nmol of SP or 5 ng of DNP-HSA 

into anti-DNP IgE–sensitized Mcpt5-Cre+ R26Y+ mice triggered a 

very similar percentage and intensity of MC degranulation, as mea-

sured by detection of Av.SRho+ versus Av.SRho– EYFP+ MCs in living 

mice by 2-photon microscopy 30 minutes after challenge (Supple-

mental Figure 12, A–C). We also confirmed these observations by 

quantifying MC degranulation in toluidine blue–stained sections of 

the challenged ear pinnae (Supplemental Figure 12D).

To quantify the enhanced vascular permeability induced by 

MC activation, we monitored Evans blue dye extravasation during 

the first 60 minutes following local injection of SP, DNP-HSA, or 

vehicle. In accord with our measurements of MC degranulation 
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els of ear swelling during the first 60 minutes, but the swelling 

induced by SP resolved more rapidly than that induced by IgE/

antigen (Figure 7D). Histological analyses of ear sections 6 hours 

after i.d. injections revealed fewer leukocytes in the SP-injected 

ear pinnae than in those challenged with IgE and antigen (Figure 

7E). By quantifying live leukocytes recovered from ear pinnae of 

mice sacrificed 6 hours after i.d. injection, we found that both SP 

and DNP-HSA injection induced significant increases in the num-

bers of CD45+ cells versus those in vehicle-injected sites. Howev-

er, DNP-HSA injection sites harbored about twice as many CD45+ 

cells (after subtraction of the numbers in vehicle-injected sites) 

than did sites injected with SP, with a significantly higher number 

of neutrophils and monocytes (Figure 7F).

We next administered specific antigen or SP intraperito-

neally to induce systemic MC activation and investigated 2 

pathophysiological consequences of such IgE-dependent versus 

SP-dependent MC activation: efflux of the intravascular tracer 

70-kDa dextran-FITC and drop in body temperature. We used 

2-photon microscopy to quantify the efflux of dextran-FITC by 

measuring the changes in fluorescence intensity in the inter-

stitial space (63) after induction of MC activation. When mice 

were injected with vehicle, minimal amounts of dextran-FITC 

extravasation were detected in the interstitial space (Supple-

mental Figure 14, A–C, and Supplemental Video 9). Induction of 

an IgE-dependent reaction was associated with a relatively slow 

but progressively increasing response, with the highest levels of 

dextran-FITC detected in the interstitial space about 30 min-

utes after induction of the reaction. By contrast, SP triggered a 

much faster response that reached nearly maximum tracer leak-

age within 10–15 minutes (Supplemental Figure 14, A–C, and 

Supplemental Video 9).

Systemic responses to SP were characterized by a very fast 

and transient drop of body temperature (about –2.5°C), reaching 

the lowest values within 10–15 minutes of i.p. injection of SP (Sup-

plemental Figure 12D). However, IgE-dependent passive systemic 

anaphylaxis was associated with a more progressive but substan-

tially stronger (about –5°C) and more sustained drop in body tem-

perature (Supplemental Figure 14D). In MC-deficient KitW-sh/W-sh 

mice, SP induced minimal responses (which, with the numbers of 

mice tested, were not statistically significant versus responses in 

vehicle-treated WT mice), perhaps reflecting actions of SP on neu-

rokinin 1 receptor–bearing (NK1R-bearing) cells (not MCs), which 

can be activated by SP (62), and IgE and specific antigen induced 

no detectable responses (Supplemental Figure 14D).

These data demonstrate that when mice are challenged i.p. 

with SP or IgE/DNP-HSA, SP induces a rapid systemic response 

(associated with the rapid enhancement of vascular permeability 

in the skin and a rapid drop in body temperature that also rap-

idly resolves), whereas the corresponding responses to IgE and 

antigen are characterized by the slower enhancement of vascular 

permeability in the skin and a bigger and more sustained drop in 

body temperature. These features of the systemic responses to 

SP- or IgE-dependent MC activation, like those of the cutaneous 

responses to local induction of SP- or IgE-dependent MC acti-

vation (Figure 7, A, B, and D), parallel the features we observed 

in the patterns of MC degranulation induced by SP- versus IgE- 

dependent activation in vitro.

dynamics (Figure 2), i.d. injection of SP triggered a rapid response 

with nearly maximum Evans blue extravasation within 15 min-

utes (Figure 7A). By contrast, i.d. injection of DNP-HSA into these 

mice (which had received an injection of anti-DNP IgE 16 hours 

before) induced a slower and more gradually developing response 

that did not reach the levels achieved in the response to SP until 

60 minutes (Figure 7A). When we performed the same experi-

ment in MC-deficient KitW-sh/W-sh mice, there were no statistically 

significant differences in the minimal levels of vascular leakage 

induced by vehicle, SP, or anti-DNP IgE and DNP-HSA, in accord 

with our previous findings indicating that the rapid cutaneous 

responses to i.d. SP (20) or IgE/antigen (61) in mice are largely if 

not entirely MC-dependent phenomena (Figure 7B). We also ana-

lyzed Evans blue dye extravasation in Mrgprb2MUT mice, in which 

MRGPRB2 is inactivated by mutation (32). Intradermal injection 

of DNP-HSA induced substantial leakage of dye that was similar 

in both IgE-sensitized Mrgprb2MUT mice and Mrgprb2+/+ WT litter-

mate mice (Figure 7C). By contrast, i.d. injection of SP triggered 

strong extravasation of dye in Mrgprb2+/+ littermate control mice 

but substantially lower responses in Mrgprb2MUT mice (Figure 7C). 

These results support the conclusion that much of the extravasa-

tion dynamics observed upon i.d. challenge with SP reflect large-

ly MRGPRB2-mediated MC activation in vivo, with the residual 

small effect perhaps representing SP-dependent activation of 

other cells at the site (e.g., vascular endothelial cells that express 

NK1R; ref. 62). We also found that other MRGPRB2 agonists trig-

gered MC-dependent extravasation dynamics similar to those 

observed following SP injection (Supplemental Figure 13).

We next measured swelling of the ear pinna after i.d. injec-

tions of vehicle, SP, or DNP-HSA. Intradermal injection of vehicle 

induced a weak and transient response that resolved within about 

60–90 minutes (Figure 7D). SP or DNP-HSA induced similar lev-

Figure 4. Pharmacological inhibition of IKK-β activity changes the signal-
ing and degranulation pattern of anti-IgE–activated MCs. (A–D) IgE-sen-

sitized PBCMCs were pretreated for 60 minutes with 100 μM BMS-345541 

or DMSO and treated as described in Figure 2. (A) Upper panel: a PBCMC 

pretreated with DMSO; lower panel: a PBCMC pretreated with BMS-345541. 

White insets: higher magnification; arrows: granule structures; time scale 

reflects the kinetics of the responses. (B and C) Mean curves of Fluo-4 and 

Av.SRho MFI in PBCMCs pretreated with DMSO (B) or BMS-345541 (C). Dot-

ted lines and arrows, ΔT. (D) Mean ΔT in PBCMCs pretreated with DMSO 

(blue) or BMS-345541 (red). (E and F) PBCMCs pretreated with BMS-345541 

or DMSO were stimulated for 5 or 15 minutes with anti-IgE. (E) Expres-

sion of phospho–IKK-α/β in PBCMC lysate. Actin was used as loading 

control. (F) Immunoprecipitation of SNAP23/STX4 complexes; immuno-

precipitated SNAP23 was resolved and probed for STX4. (G–J) PBCMCs 

were pretreated with BMS-345541 or DMSO and treated as described in 

Figure 3C. Time-lapse of Av.SRho (red) and dextran-FITC (pseudocolor) in 

PBCMCs pretreated with DMSO (G) or BMS-345541 (H); white arrowheads, 

increases in dextran-FITC fluorescence. (I) Mean curve of dextran-FITC MFI 

in PBCMCs pretreated with DMSO (blue) or BMS-345541 (red). (J) Average 

of dextran-FITC MFI between t = 0 and t = 5 minutes. (K) Production of 

TNF-α, IL-13, GM-CSF, VEGF, and MCP-1 in PBCMCs stimulated 90 minutes 

with vehicle (black) or anti-IgE. ns, not significant. Mean ± SEM; 2-tailed, 

unpaired t test; **P < 0.01; ****P < 0.0001. Data in A–D and G–J are from 

3 independent experiments performed with PBCMCs from 2 donors (~30 

PBCMCs analyzed per condition); data in E, F, and K are from 3 indepen-

dent experiments, each of them performed with PBCMCs from a different 

single donor, each of which gave similar results. Scale bars: 5 μm.
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Figure 5. The features of exteriorized human MC granule structures can vary depending on the stimulus. (A) Photographs of PBCMCs activat-

ed with anti-IgE (upper panels) or SP (lower panels). From left to right: Av.SRho (red) merged with differential interference contrast (DIC; gray); 

Av.SRho (red); isosurface modeling (red) of Av.SRho; modeled granule structures; modeled volume calculation. (B) Total accumulated volume of 

budding granule structures (i.e., total amount of externalized Av.SRho+ granule volume per MC) in cubic micrometers. (C) Total numbers of exocyto-

sed Av.SRho+ granule structures. (D) Modeled volumes of budding granule structures (in cubic micrometers, assessing the size of granule structures 

still attached to the MC surface) per single MC during the first minute after the start of degranulation, following anti-IgE (blue) or SP (pink) stimu-

lation. (E) 3D photographs of single PBCMCs embedded in a matrix gel, 30 minutes after exposure to medium (no stimulation, upper panels), anti-

IgE (middle panels), or SP (lower panels). Panels, left to right: Av.SRho (red) merged with Fluo-4 (green); isosurface modeling of Av.SRho (red) and 

Fluo-4 (green); virtual isolation of released granule structures (structures are pseudocolored based on their volume). (F) Modeled volumes (in cubic 

micrometers, assessing granule structures not attached to the MC surface). (G) Modeled sphericity indices (from 0 to 1, 1 being a perfect sphere). 

Data shown in F and G were obtained 30 minutes after the beginning of mast cell stimulation. (B and C) Mean ± SEM; 2-way ANOVA. (D, F, and G) 

Left panel: each dot represents 1 individual granule structure analyzed; right panel: mean ± SEM of the data shown in the left panel. Data are from 

more than 200 granule structures analyzed per condition. Two-tailed, unpaired t test; *P < 0.05; ***P < 0.001; ****P < 0.0001. Data are from 3 

independent experiments, each of them performed with PBCMCs from a different single donor, each of which gave similar results. Scale bars: 5 μm.
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granules are thought to have important roles in MC-dependent 

inflammatory responses (16, 60).

Here we provide in vitro and in vivo evidence demonstrating 

that MCs can respond to FcR-dependent signals and signals trans-

mitted via a variety of GPCRs by mobilizing distinct spatiotempo-

ral patterns of exteriorization of their cytoplasmic granules. A sim-

ilar pattern of granule exteriorization was observed in human MCs 

stimulated by either of 2 FcR-dependent signals, IgE/anti-IgE or 

IgG immune complexes. This pattern is characterized by a 3- to 

5-minute time partition between the onset of intracellular signal-

ing, as assessed by the first changes in intracellular calcium flux, 

and the onset of a relatively prolonged period of exteriorization 

of Av.SRho+ granule matrices, which is preceded by evidence of 

the deacidification of cytoplasmic granules, most likely indicating 

that some (perhaps transient) fusion of granule membranes with 

the plasma membrane occurs even before Av.SRho+ granule struc-

tures are detectable at the cell surface. By contrast, in response to 

stimulation by SP, C3a, C5a, or ET1, MCs very quickly reach a peak 

of intracellular calcium that is rapidly followed by the fast secre-

tion of structures that, based on their size and sphericity features, 

likely represent individual secretory granules. A hypothetical 

model based on our findings is presented in Figure 9.

Our evidence indicates that IKK-β has an important role in 

determining whether PBCMCs exhibit an “IgE-dependent” or 

“SP-induced” spatiotemporal pattern of degranulation. Notably, 

the role of IKK-β (also known as IKK2) in MC degranulation has 

been investigated by 2 groups that have come to different con-

clusions. Using fetal liver-derived MCs (FLMCs) from WT versus 

IKK2–/– mice and employing engraftment of MC-deficient KitW/W-v 

mice with such FLMCs, Suzuki et al. (47) reported that IKK-β was 

required for optimal IgE-dependent β-hexosaminidase release, 

SNAP23/STX4 complex formation, and IgE-dependent ana-

phylaxis reactions in vivo. However, Peschke et al. (48) recently 

demonstrated, using Mcpt5-Cre+ IKK2fl/fl versus Mcpt5-Cre– IKK2fl/fl  

littermate mice, and peritoneal cell–derived MCs derived from 

such mice, that MC-specific deletion of IKK-β, which in their mice 

occurred after the MC lineage had sufficient expression of Mcpt5 

to delete IKK2, did not significantly influence IgE-dependent 

β-hexosaminidase release at 30 minutes, SNAP23 phosphoryla-

tion in vitro, or the intensity of IgE-dependent systemic or cutane-

ous passive anaphylaxis reactions in vivo.

In our studies of primary human MCs derived from peripher-

al blood progenitors of healthy donors (PBCMCs), we found that 

IKK-β activity was not required for MC degranulation induced by 

either anti-IgE (in accord with the findings of Peschke at al.) or SP. 

In accord with the findings of Suzuki et al., our pharmacological 

data indicate that IKK-β activity importantly controls the SNAP23/

STX4-dependent process that enables MCs to orchestrate the spa-

tiotemporal pattern of degranulation exhibited by cells stimulated 

by anti-IgE. However, because similar levels of secretion of the 

granule-stored mediator β-hexosaminidase can be achieved at 

30 minutes after stimulation of human PBCMCs by either SP or 

anti-IgE (e.g., see Figure 1A), it is possible that inhibition of IKK-β 

and the subsequent change from an “anti-IgE–like” to an “SP-like” 

pattern of MC degranulation might have little or no effect on the 

total amount of degranulation and β-hexosaminidase released in 

response to the 2 different stimuli.

Different effects on popliteal draining lymph nodes of footpad 

injections of IgE and antigen versus SP. Draining lymph nodes (DLNs) 

can respond to distal events by undergoing rapid enlargement. It 

recently has been reported that cytoplasmic granules released 

from activated MCs in the mouse footpad can deliver signals (e.g., 

TNF stored in the MC granule matrix) from the periphery to DLNs, 

and that this can contribute to the enlargement of such DLNs (25). 

We wondered whether the different physical characteristics of 

exteriorized MC granule structures following IgE-dependent ver-

sus SP-dependent stimulation in vivo might influence their capac-

ity to reach and elicit enlargement of local DLNs.

First, we determined whether injections of 1 nmol of SP into 

the right footpad and 5 ng of DNP-HSA into the contralateral 

anti-DNP IgE–sensitized left footpad of the same mouse would 

cause degranulation of MCs resident in either the challenged 

footpads or the draining popliteal lymph nodes. These doses 

of the 2 stimuli were chosen because, when injected i.d., they 

induced a similar percentage and extent of dermal MC degran-

ulation (Supplemental Figure 12). We found that these doses of 

SP and DNP-HSA also induced, by 2 hours after injection into 

the footpads, a similar extent of Evans blue extravasation (Fig-

ure 8A) and MC degranulation (Figure 8B), whereas the MCs 

resident in the DLNs exhibited a “nondegranulated” phenotype 

(Figure 8C). Two hours after footpad injection of DNP-HSA (but 

only rarely after injection of SP), we detected in the periphery of 

the DLNs small particles that stained metachromatically (in tolu-

idine blue–stained sections) and that were Av.SRho+ (Figure 8D), 

observations consistent with those of Kunder et al. (25) indicat-

ing that MC granules secreted extracellularly can be transport-

ed to the local DLNs. When we repeated such experiments but 

assessed DLNs 24 hours after the footpad injections, we found 

that those LNs draining the IgE- and antigen-injected footpads 

had enlarged significantly (by ~90%) versus the DLNs of vehi-

cle-injected footpads (Figure 8, E and F). By contrast, based on 

the numbers of mice tested, the difference in the approximately 

28% higher mean weight of the lymph nodes draining the SP- 

injected versus the vehicle-injected footpads was not statistical-

ly significant (Figure 8F). These data suggest that the granule 

structures generated following IgE-dependent MC activation are 

more likely to be transported to and/or persist in the DLNs than 

those generated after SP-induced MC activation.

Discussion
It has long been recognized that MC degranulation can be 

induced both by antibody-dependent mechanisms that activate 

MCs via Fc receptors, especially FcεRI (8), and also by diverse 

stimuli that function independently of antibodies and Fc recep-

tors, many of them by activating MCs via GPCRs (17, 19, 20, 

32, 64). These 2 different forms of stimulation of various MC 

populations in vivo or generated in vitro also can induce such 

cells to synthesize and release newly formed lipid mediators and 

cytokines. However, the amounts of such nonstored mediators 

released by MCs can vary depending on the particular MC popu-

lations analyzed and the details of the conditions of stimulation 

(e.g., see refs. 32, 65–67). Therefore, we focused our in vitro and 

in vivo analysis mainly on the early stages of MC activation, the 

period during which mediators stored in the MC’s cytoplasmic 
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well as cytokine/chemokine secretion, when mouse bone mar-

row–derived cultured MCs (BMCMCs) were stimulated with 2 

carefully chosen high- versus low-affinity antigens that induced 

about 50% versus less than 20% degranulation, respectively. 

Suzuki et al. (68) also analyzed the shape and the intensity of 

changes in intracellular calcium levels when BMCMCs were 

stimulated with the high- versus low-affinity antigens. Inter-

estingly, while the intensity of the calcium signal was greater 

with the high-affinity antigen than with the low-affinity anti-

gen (consistent with the observation of more degranulation in 

response to the high-affinity antigen), the shape of the calcium 

signal was very comparable for the 2 stimulations: sustained 

for a prolonged period of time (see Figure 3C in Suzuki et al., 

ref. 68). These observations align with our findings, in that we 

showed a very similar pattern of sustained intracellular calcium 

levels when human MCs were activated with either of 2 differ-

ent stimuli that operated through FcRs (i.e., anti-IgE and IgG 

immune complexes), and, in the case of anti-IgE, regardless of 

the strength of stimulation (Figure 2I and Supplemental Figure 

6H). Although the Suzuki et al. study (68) and the present study 

investigated different aspects of MC biology, we think that the 

2 studies provide complementary information about distinct 

mechanisms that can influence the production of inflammatory 

mediators by MCs and thereby regulate their effector functions.

We also think that the existence of spatiotemporally distinct 

MC degranulation patterns that can be elicited in response to dif-

ferent types of stimuli acting via different receptors has implica-

tions for our understanding of MC functions in vivo. We found that 

activation of skin MCs by SP in vivo resulted in rapidly developing 

vascular reactions, whereas IgE-dependent reactions took longer to 

reach the same intensity of dye extravasation. We also showed that 

while SP induced brief local inflammatory reactions, IgE-depen-

dent reactions were generally more intense and lasted for a more 

prolonged period of time. Similar results were obtained when sys-

temic responses to IgE and antigen or SP were compared. Given the 

importance of the preformed mediators stored in MC granules for 

the early stages of MC-dependent inflammatory responses (57–60), 

we hypothesize that the differences in the features of SP-dependent 

versus IgE-dependent responses in vivo reflect, at least in part, the 

differences in the spatiotemporal features of MC degranulation in 

these 2 settings, as well as possible differences in the de novo syn-

thesized mediators that MCs stimulated via IgE-dependent versus 

SP-dependent mechanisms produce in these reactions.

Our findings also offer new ways to think about old clini-

cal observations. For example, it has been recognized clinically 

that the features of pseudoallergic reactions (18), such as those 

induced by injection into the skin of drugs now known to activate 

MCs (69) by binding to MRGPRX2 (32), can differ from those 

induced by the injection of allergens into the skin of sensitized 

subjects (which results in the IgE-dependent activation of cutane-

ous MCs at that site). Pseudoallergic skin reactions are often tran-

sient (e.g., ref. 69), whereas IgE-dependent cutaneous reactions 

can be longer-lasting and result in more persistent local inflam-

mation (e.g., ref. 70). The persistence of inflammation at sites of 

IgE-dependent MC activation generally has been attributed to the 

effects of de novo synthesized MC mediators, such as lipid medi-

ators and cytokines (7, 70). Our findings indicate that IgE-depen-

It should be noted that the Suzuki et al. study (47) and the 

Peschke et al. study (48) (using 2 different types of mouse MCs) 

and our study of human PBCMCs each analyzed distinct MC 

populations, and that this may have contributed to some of the 

differences in the results of these studies. Nevertheless, our 

study suggests that, in human PBCMCs, instead of controlling 

the “quantity” of MC granule secretion, IKK-β and SNAP23 may 

be more important in regulating the “quality” of the response to 

FcεRI-dependent activation by helping to orchestrate the “anti-

IgE–like” compound exocytosis degranulation strategy. Final-

ly, while our studies of the spatiotemporal characteristics of MC 

degranulation were performed with 2 types of FcR-dependent 

MC activation and in MCs stimulated with 7 different agonists 

acting via 4 distinct GPCRs, we have analyzed the roles of IKK-β 

and SNAP23 only in human PBCMCs activated by anti-IgE and 

SP. Additional work would be required to assess whether the same 

findings would be obtained with other stimuli of MC activation, or 

in other populations of MCs. Indeed, based on TEM studies, it has 

been suggested that the extent to which anti-IgE stimulation can 

induce evidence of granule-granule fusion prior to exteriorization 

of granule structures that is detectable by TEM may be greater in 

the case of human lung MCs (38) than of human skin MCs (39), 

raising the possibility that different MC populations in a single 

species may exhibit variation in the spatiotemporal features of 

degranulation induced by the same stimulus.

There is also evidence that, depending on the nature of the 

stimulus, the same receptor can induce different functional 

responses in the same population of MCs. Notably, the group 

of Juan Rivera recently reported that FcεRI can discriminate 

high-affinity stimulation from low-affinity stimulation, which 

elicit different effector responses (68). They analyzed FcεRI 

phosphorylation, cluster size, mobility, and distribution, as 

Figure 6. Differences in the features of granule structures exteriorized 
after FcεRI- or MRGPRB2-mediated activation of mouse MCs in vivo. 
(A) Mcpt5-Cre+ R26Y+ (Mcpt5-EYFP) mice were sensitized or not by i.d. 

injection into the ear pinna of 20 ng of mouse anti–2,4-dinitrophenyl 

(anti-DNP) IgE. Sixteen hours later, 8 μg of Av.SRho was injected i.d. into 

the same ear pinna. Nonsensitized mice were injected i.p. with 1 mg of SP. 

IgE-sensitized mice were injected i.p. with 500 μg of DNP-HSA. In control 

experiments, sensitized mice were injected i.p. with vehicle. 3D high-reso-

lution single-cell images were taken, and Av.SRho fluorescence signal was 

modeled. (B) 3D photographs of the ear pinna 30 minutes after injection 

of vehicle (left panels) or DNP-HSA (right panels). Upper panels: Av.SRho 

(red) and EYFP (green) merged; lower panels: Av.SRho shown in pseudo-

color intensity. Scale bars: 20 μm. (C) 3D analyses of ear pinna MC granule 

structures, 30 minutes after injection of vehicle (upper panels), DNP-HSA 

(middle panels), or SP (lower panels). Panels, left to right: Av.SRho (red) 

and EYFP (green) merged; isosurface modeling of Av.SRho (red) and EYFP 

(green); virtual isolation of released granule structures. Scale bars: 10 μm. 

(D) 3D modeled granule structures stained with pseudocolor as a function 

of their volume or their sphericity index. (E) Modeled volumes of granule 

structures (in cubic micrometers) following anti-IgE (blue) or SP (pink) 

injection. (F) Modeled sphericity indices of granule structures, following 

anti-IgE (blue) or SP (pink) injection. Left panel: each dot represents 1 

individual granule structure analyzed; right panel: mean ± SEM of the data 

represented in the left panel. Two-tailed, unpaired t test; ***P < 0.001; 

****P < 0.0001. Data represent approximately 1,000 single-granule struc-

tures analyzed from 3 experiments performed with 3 mice per condition, 

each of which gave similar results.
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Finally, we provide evidence that the (on average) larger 

and less spherical granule structures generated following IgE- 

dependent reactions elicited in the mouse footpad, as compared 

with the (on average) smaller and more spherical granule struc-

tures released upon SP stimulation, were more likely to travel to 

and/or persist in DLNs (25), a finding that was associated with 

dent and MRGPRX2-dependent MC activation elicit patterns of 

MC degranulation that differ in spatiotemporal features and in the 

physical characteristics of the released granule structures. These 

differences, as well as differences in the de novo synthesized 

mediators released by MCs at such sites, may contribute to differ-

ences in the clinical features of such reactions.

Figure 7. MC-mediated cutaneous inflammation exhibits different features depending on the nature of the MC activation stimulus. Mice were sensi-

tized by i.d. injection of 20 ng anti-DNP IgE into the left ear pinna, and vehicle alone was injected i.d. into the right ear pinna. Sixteen hours later, the right 

ear pinna was injected i.d. with 1 nmol of SP (pink) and the left with 5 ng of DNP-HSA (blue). In control experiments, both ear pinnae were injected i.d. 

with vehicle (black). (A) Evans blue extravasation in the ears of C57BL/6 WT mice. Left panel: representative photographs; right panel: quantification of 

Evans blue extravasation (OD 650 nm). (B) Same experiment as in A, but performed in MC-deficient C57BL/6 KitW-sh/W-sh mice versus C57BL/6 WT mice. (C) 

Same experiment as in A, but performed in Mrgprb2MUT mice versus littermate WT mice. (D) Changes (Δ) in ear thickness over time after i.d. injection of 

WT mice. (E) Representative H&E photomicrographs of sections of ear pinnae in mice sacrificed 360 minutes after i.d. injection. Scale bars: 200 μm; insets 

show boxed areas at higher magnification (×40). (F) Flow cytometry analysis of cells (CD45+ cells, neutrophils and monocytes) recovered from ear pinnae 

360 minutes after i.d. injection of C57BL/6 mice. (A–D and F) Mean ± SEM; 2-tailed, unpaired t test (vehicle vs. SP or vehicle vs. DNP) or paired t test (SP 

vs. DNP-HSA). Two-way ANOVA (SP vs. DNP-HSA, DNP-HSA vs. vehicle and SP vs. vehicle); *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Data were 

pooled from 3 independent experiments, each of which gave similar results. n = total number of mice per condition.
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Figure 8. Greater enlargement of DLNs is induced by localized MC activation by IgE and antigen than by SP. Mice were locally sensitized by injection of 

20 ng anti-DNP IgE into the left footpad, and vehicle alone was injected into the right footpad. Sixteen hours later, the left footpad was injected with 5 

ng DNP-HSA (blue) and the right footpad with 1 nmol SP (pink). In control experiments, both footpads were injected with vehicle (black). (A) Evans blue 

extravasation in the footpad of WT mice 2 hours after injection. Left panel: photographs; right panel: quantification of extravasation (OD 650 nm per gram 

of tissue). (B) Quantification of MC degranulation in the footpad 2 hours after injection; MC degranulation determined by classification in 3 categories: 

not degranulated (None, gray), moderately degranulated (Mod, darker gray), and extensively degranulated (Ext, black). (C) Micrograph of toluidine blue–

stained sections (left panel) and Av.SRho (red) merged with DAPI (cyan) (right panel) of DLNs 2 hours after footpad injection. Red and white (left and right 

panel, respectively) insets show boxed areas at higher magnification (×60). Red (left) or white (right) arrowheads in insets depict nondegranulated MCs. 

(D) Visualization of MC granules in toluidine blue–stained sections (left panel) and Av.SRho-stained sections (pseudocolor enrichment, right panel) of 

DLNs 2 hours after footpad injection. Scale bars: 50 μm. (E) Photographs showing appearance of DLNs in situ (upper panel) and ex vivo (lower panel) 24 

hours after footpad injection. (F) Weight of DLNs 24 hours after footpad injection. Mean ± SEM; 2-tailed, unpaired t test (vehicle vs. SP or vehicle vs. DNP) 

or paired t test (SP vs. DNP-HSA); *P < 0.05; **P < 0.01. Data were pooled from 3 independent experiments, each of which gave similar results. n = total 

number of mice per condition.
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Methods
Human primary MC cultures. Human PBCMCs were generated as pre-

viously described (33, 34). CD34+ peripheral blood cells were isolated 

from 2′ 108 peripheral blood mononuclear cells using a Human CD34 

Positive Selection Kit (STEMCELL Technologies). PBCMCs were gen-

erated from isolated CD34+ cells as described previously in detail (36) 

and as described in the Supplemental Methods. Before use in experi-

ments, PBCMCs were tested for phenotype by flow cytometry (trypt-

ase, chymase, CD117, FcεRI) and function (β-hexosaminidase release 

in response to FcεRI cross-linking) at 8–12 weeks. PBCMCs were usu-

ally ready for experiments after about 10 weeks in culture.

Statistics. Statistical tests were performed with the software 

Prism 6 (GraphPad Software). Two-tailed Student’s t tests (unpaired 

or paired) and 2-way ANOVA tests were performed as noted in the 

respective figure legends. A P value of less than 0.05 was considered 

statistically significant.

Animal study approval. All animal care and experimentation were 

conducted in compliance with the guidelines of the National Institutes 

of Health and with the specific approval of the Institutional Animal 

Care and Use Committee of Stanford University.

the greater enlargement of such DLNs compared with those 

draining sites of SP injection. It recently has been proposed by 

the group of Soman Abraham (25, 71) that MC granule–asso-

ciated bioactive molecules (e.g., TNF or IL-12) are protected 

from dilution and degradation when embedded in the matrix 

of exteriorized MC granules, and that this initially favors their 

transport and then the slow solubilization of the cargo content, 

thus helping to maintain the persistence of the biological signals 

until they reach their target. It is tempting to speculate that MC 

compound exocytosis is a mechanism that developed relatively 

late in evolution, in parallel with the development of antibod-

ies, that permits MCs to generate granule aggregates big enough 

to constrain the rapid release and/or degradation of preformed 

bioactive molecules and also to favor their dissemination via 

lymphatics and/or persistence within the tissues. As proposed 

by Abraham and colleagues (25, 71), the transport of such gran-

ule structures within tissues would enable the biodiffusion of 

their cargo for prolonged periods of time, and therefore facili-

tate the initiation of distant immune mechanisms that favor the 

activation of adaptive immune responses.

Figure 9. Model of distinct patterns of MC degranulation in response to SP, C3a, C5a, or ET1 versus anti-IgE or IgG immune complexes. (A) Acti-

vation with SP, C3a, C5a, or ET1 induces rapid docking of discrete intracellular cytoplasmic granules with the plasma membrane, a process associ-

ated with the relatively transient elevation of levels of intracellular calcium ([Ca2+]
i
, indicated by a narrow green gradient) and resulting in the fast 

secretion of small spherical Av.SRho+ secretory granule structures that are likely to represent single granules. (B) Activation via FcεRI or FcγR results 

in a longer time partition between signaling and secretion, associated with a period of sustained elevation of [Ca2+]
i
 levels (indicated by a wide green 

gradient). During this period, and before granule matrix material can be detected on the cell surface by binding of Av.SRho, some granules undergo 

deacidification, perhaps reflecting transient fusion of the granule membranes with the plasma membrane (not shown), favoring what may appear to 

represent, in static images, “intracellular” granule-granule fusion (*). The fusion of granules with each other and the plasma membrane that occurs 

during the process of compound exocytosis (**) results in the formation of heterogeneously shaped granule structures, likely representing aggre-

gates of the matrices of multiple individual granules, that undergo exteriorization (as reflected by the binding of Av.SRho) over a more prolonged 

period than is seen with SP activation.
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