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The Journal of Immunology

Formation of a Mast Cell Synapse: Fc«RI Membrane
Dynamics upon Binding Mobile or Immobilized Ligands
on Surfaces

Amanda Carroll-Portillo,*,† Kathrin Spendier,‡ Janet Pfeiffer,* Gary Griffiths,x Haitao Li,x,1

Keith A. Lidke,‡ Janet M. Oliver,* Diane S. Lidke,* James L. Thomas,‡ Bridget S. Wilson,*

and Jerilyn A. Timlin†

Fc«RI on mast cells form a synapse when presented with mobile, bilayer-incorporated Ag. In this study, we show that receptor re-

organization within the contacting mast cell membrane is markedly different upon binding of mobile and immobilized ligands. Rat

basophilic leukemiamast cells primed with fluorescent anti-DNP IgE were engaged by surfaces presenting either bilayer-incorporated,

monovalent DNP-lipid (mobile ligand), or chemically cross-linked, multivalent DNP (immobilized ligand). Total internal reflection

fluorescence imaging and electron microscopy methods were used to visualize receptor reorganization at the contact site. The spatial

relationships of Fc«RI to other cellular components at the synapse, such as actin, cholesterol, and linker for activation ofT cells,were also

analyzed. Stimulation of mast cells with immobilized polyvalent ligand resulted in typical levels of degranulation. Remarkably, de-

granulation also followed interaction of mast cells, with bilayers presenting mobile, monovalent ligand. Receptors engaged with mobile

ligand coalesce into large, cholesterol-rich clusters that occupy the central portion of the contactingmembrane. These data indicate that

Fc«RI cross-linking is not an obligatory step in triggeringmast cell signaling and suggest that dense populations of mobile receptors are

capable of initiating low-level degranulation upon ligand recognition. The Journal of Immunology, 2010, 184: 1328–1338.

I
n basophils and mast cells, cross-linking of IgE bound to its
cognate high-affinity receptor, FcεRI, triggers release of his-
tamine and other mediators of allergic inflammation. Acti-

vated receptors are phosphorylated by Lyn, a membrane-tethered

Src-family kinase, on tyrosine residues within ITAM domains of
the FcεRI b and g subunits. Spleen tyrosine kinase (Syk) is sub-
sequently recruited to receptor complexes (1) through interactions
of its tandem Src homology 2 domains with ITAMs in the FcεRI g
subunits (2, 3). Syk activation enables propagation of a signaling
cascade to downstream components such as linker for activation of
T cells (LAT), phospholipase Cg, and NFAT (4). Signaling is ab-
sent in cells lacking Syk (5–7) and delayed in cells lacking Lyn (8),
suggesting that other kinases can replace Lyn, albeit inefficiently,
and that Syk activation is essential for signaling.
The multisubunit immunorecognition receptor family to which

FcεRI belongs also includes the TCR and the BCR. Upon activation
by Ag binding, these immunoreceptors also employ Src and Syk
family kinases to initiate a phosphorylation cascade for signaling
(9–11). Contact between lymphocytes bearing these receptors and
either lipid bilayers or APCs bearing ligand leads to formation of an
immunological synapse (12–17). Well-known aspects of lympho-
cyte immune synapses include aggregation of receptor–ligand
complexes at the center of the contact site and redistribution of
integrins to the periphery. These spatial interactions serve to bridge
the two cells and control the responsiveness of signaling.
In this study, we explore the potential for mast cells to form

synapses when presented with Ag on surfaces, analogous to the
responses of T cells and B cells. Work in the 1980s by the
McConnell and McCloskey laboratories (18, 19) established that
liposomes bearing haptens for IgE could mediate adhesion to rat
basophilic leukemia 2H3 cell line (RBL-2H3) mast cells and
provide lateral forces that induced both FcεRI clustering and se-
rotonin release. More recently, Silverman and colleagues (20)
described punctate clustering of FcεRI after settling of mast cells
on coverslips coated with polyvalent Ag, accompanied by re-
cruitment of Syk and Src homology 2 domain-containing leuko-
cyte protein of 76 kDa. Evidence for direct contacts between mast
cells and other immune cells (21–23) indicates that mast cell
synapses may play a role in inflammatory responses. In this study,
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transmission electron microscopy (TEM) and total internal re-
flection fluorescence (TIRF) imaging were combined to more
closely examine the spatial relationships of components at the
mast cell synapse, including FcεRI, the adaptor LAT, cholesterol,
and actin. We show that relationships between these components
at the membrane interface differ significantly, depending upon the
mobility of ligands on the contact surface. IgE-primed receptors
bound to mobile, monovalent ligand form large, centralized,
mobile, cholesterol-rich clusters that can initiate weak but mea-
surable signaling (as detected by b-hexosaminidase release) de-
spite the lack of direct cross-linking. Strong signaling to secretion
results when IgE–FcεRI complexes are bound to surfaces pre-
senting immobilized, polyvalent ligand. Cholesterol colocalization
is markedly lower in the latter case, suggesting that cholesterol
trapping does not accompany the immobilization of receptors.

Materials and Methods
Reagents and cell culture

RBL-2H3 and GFP-actin RBL-2H3 cells were maintained in MEM
(Invitrogen, Carlsbad, CA) supplemented with 10% FBS, penicillin-
streptomycin, and L-glutamine. Affinity-purified anti-DNP IgE (IgEDNP)
was prepared as previously described (24, 25). Fluorescent IgE conjugates
were created using N-hydroxysuccinimide esters of Alexa 488 (Invitrogen)
or Dy520XL (Dyomics, Jena, Germany). Mouse anti-FcεRI b and anti-
FITC mAbs were gifts of Dr. Juan Rivera (National Institutes of Health,
Bethesda, MD) and Dr. Larry Sklar (University of New Mexico, Albu-
querque, NM), respectively. Anti-LAT Abs (Santa Cruz Biotechnology,
Santa Cruz, CA) were used in electron microscopy studies, and anti–
phospho-LAT Ab (pY191; Epitomics, Burlingame, CA) was used in
immunofluorescence.

Exocytosis assay

b-Hexosaminidase release was measured as previously described (26).
Briefly, 2 3 105 suspension cells were primed for 2–24 h with 1 mg/ml
IgEDNP, then washed and resuspended in HBSS. Primed cells were per-
mitted to settle onto triplicate wells of 24-well plates precoated with
mobile or immobile ligands and incubated for 30 min at 37˚C. Super-
natants were then collected for degranulation assays. Data are presented as
percent of total b-hexosaminidase content released into the medium over
30 min.

Generation and characterization of immobilized/mobile hapten
surfaces

Immobilized DNP surfaces. DNP-conjugated BSA (DNP24-BSA at 1 mg/ml;
Invitrogen) or Nε-(2,4-DNP)-L-lysine hydrochloride (DNP-lysine at 10 mg/
ml; Sigma-Aldrich, St. Louis, MO) were immobilized through cross-linking
to poly-L-lysine–coated coverslips or TEM grids with a homobifunctional
cross-linker [ethylene glycol bis(succinimidylsuccinate) (EGS); Fisher,
Rockford, IL]. Reactions were quenched with 100 mM glycine in PBS, and
prepared coverslips were stored in buffer until use.

Mobile surfaces. Liposomes composed of 1.3 mM 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) and 0–25 mol% N-DNP-aminocaproyl
phosphatidylethanolamine (Avanti Lipids, Alabaster, AL) were made by
hydrating lipid films in PBS and 2 mM Mg2+ followed with sonication.
Supported lipid bilayers containing DNP-lipid were generated from lip-
osomes on coverslips or electron microscopy grids via liposome fusion at
37˚C and maintained at temperature for experiment duration.

Fluorescence recovery after photobleaching

The mobility of IgE bound to DNP-lipid containing bilayers was measured
by fluorescence recovery after photobleaching (FRAP) using a Zeiss LSM
510META confocal microscope with a 363 1.4 NA oil immersion ob-
jective (Zeiss, Thornwood, NY). Bilayers were composed of POPC:N-
DNP-aminocaproyl phosphatidylethanolamine with 3 mol% fluorescent
lipid N-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-pro-
pionyl)-1,2-dihexadecanoyl-sn-glycero-3-phospho-ethanolamine, triethy-
lammonium salt (BODIPY-DHPE; Invitrogen). Images were acquired at
400–800 ms/frame using low power 488-nm excitation. A circular region
with a 2.5 mm diameter was photobleached by increasing the laser to 95%
power for five sequential scans, and recovery was followed. Postbleach
curves were fit in MATLAB (The MathWorks, Natick, MD) to estimate the

half time and diffusion coefficients according to a linearizing method
developed by Yguerabide et al. (27).

FRAP images of the mast cell synapse were acquired on a custom
hyperspectral confocal microscope (28) using 488-nm excitation through
a 360 oil-immersion objective (PlanApo VC, NA 1.40; Nikon, Melville,
NY) at a rate of 4167 spectra/s. Laser power at the sample was ∼100 mW.
A 12 mm 3 12 mm region encompassing a corner of the synapse and
a portion of surrounding area was photobleached by 15 repetitive scans.
Recovery scans were taken at 6 and 8 min postbleach. Resulting images
were corrected for dark current and offset contributions, and the spectral
information from 515–585 nm was binned to produce the final images for
recovery analysis.

TIRF imaging

Coverslips with mobile or immobilized ligands were transferred to tem-
perature-controlled chambers (Warner Instruments, Hamden, CT). Cells
were prelabeled with Alexa 488-labeled IgE (IgEAF488) or Dy520 XL-
labeled IgE (IgEDy520), allowed to settle onto coated surfaces, and main-
tained at 37˚C throughout the experiment. Objective-based TIRF imaging
was performed as previously described (29) using excitation from a 488-nm
continuous wave laser (Model 5450-00C, Ion Laser Technology, Salt Lake
City, UT) into an inverted microscope (Olympus IX 71, Olympus America,
Center Valley, PA) equipped with an electron multiplied CCD detector
(iXon 887, Andor Technologies, Belfast, Northern Ireland) and a360 TIRF
oil objective (Olympus America) plus 31.6 magnification in the micro-
scope beam path for a final magnification of 390. An image splitter (Op-
toSplit II, Cairn Research, Kent, U.K.) allowed for simultaneous imaging of
two spectrally distinct fluorescent labels (AF488, FITC, or GFP in com-
bination with Dy520 XL). Image processing was performed with in-house
software implemented in MATLAB (The MathWorks) in conjunction with
the image-processing library DIPImage (Delft University of Technology,
Delft, The Netherlands).

Epifluoresence and brightfield imaging

To estimate surface binding efficiency, EGS-DNP24-BSA and 25 mol%
DNP-lipid bilayers were prepared in eight-well Lab-Tek chambers (Nunc/
Thermo Fisher, Rochester, NY). IgEDNP-primed RBL cells (1 3 105) were
allowed to settle onto each surface for 12 min at 37˚C. Ten different fields
of view were captured using brightfield microscopy with a 363 1.4 NA oil
immersion objective. Average percentage of cells bound to the surface was
determined for each surface tested. To evaluate actin and protein re-
organization at the synapse, IgEAF488-primed RBL cells in HBSS were
settled onto EGS-DNP24-BSA, 25 mol% DNP-lipid bilayers, or bare glass
for 6 or 12 min at 37˚C. Samples were fixed using 4% paraformaldehyde
and 0.1% Triton X-100 and stained for either rhodamine phalloidin
(Invitrogen) or phospho-LAT and FcεRI b. Samples were imaged on an
LSM 510META confocal microscope with a 363 1.4 NA oil immersion
objective (Zeiss).

Single particle tracking

IgEAF488 on primed cells or bound alone to DNP-lipid–containing bilayers
imaged in TIRF was tracked with the ImageJ (National Institutes of
Health, Bethesda, MD) SpotTracker plug-in (30) for 15 and 25 s, re-
spectively. The two-dimensional mean squared displacement for various
lag times was computed from the extracted particle positions and fit to
a line to extract the diffusion coefficient in MATLAB (The MathWorks).

Repletion with fluorescent cholesterol analogs

RBL-2H3 cells were depleted of cholesterol using methyl-b-cyclodextrin
(MbCD; Sigma) and then repleted with either FITC-cholesteryl or NBD-6
cholesterol (Avanti Lipids) using a modified protocol optimized for RBL-
2H3 cells (31). Briefly, cells were depleted with 10 mM MbCD in media
supplemented with 1% fatty acid-free BSA for 30 min followed with re-
pletion using a mixture of unlabeled cholesterol, fluorescent cholesterol,
and 5 mM MbCD in media supplemented with fatty acid-free BSA for
30 min. FITC-cholesteryl was synthesized through monoacylation of
polyethylene glycol diamine with cholesteryl chloroformate followed by
reaction with a fluorescein isothiocyante isomer.

Transmission electron microscopy

Gold grids were coated with formvar and carbon, glow discharged, and
treated to presentmobile (DNP-lipid bilayers) or immobilized (EGS-DNP24-
BSA) ligands. IgE-primed cells were settled onto grids to interact with
ligand for designated periods. Samples were then fixed lightly using 0.4%
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paraformaldehyde and swollen in a hypotonic buffer (32). Tops of cells
were gently blown from the surface with a stream of buffer, leaving behind
adherent membrane sheets. Sheets were sequentially labeled with primary
Abs and gold-conjugated secondary Abs, stained with tannic acid and
uranyl acetate, air dried, and imaged on a Hitachi 7500 TEM (Hitachi,
Tokyo, Japan).

Analysis of gold particle distribution and Pearson’s coefficient

Digital TEM images were analyzed with an ImageJ plugin customized to
find and count coordinates of two sizes of gold particles (National Institutes
of Health) (33). Hopkins tests were performed on coordinates to determine
if particles were clustered and Ripley’s K bivariate function was used to
evaluate coclustering (33, 34). Determinations of fluorescence overlap in
dual label cholesterol experiments were performed with the ImageJ JACoP
plugin (National Institutes of Health; authored by Fabrice P. Cordelieres)
for Pearson’s coefficient (35).

Results
Surfaces presenting mobile or immobilized DNP

Avarietyofsurfacesweredesignedtocharacterize interactionofIgE-
primed RBL-2H3 cells with either mobile or immobilized DNP li-
gand (Fig. 1A). Homo-bifunctional cross-linkers were used to co-
valently attach either DNP24-BSA or DNP-lysine to poly-lysine–
coated glass coverslips, generating surfaces presenting immobilized
polyvalent or monovalent ligands. Mobile ligand surfaces consisted
of bilayers formed from vesicle fusion of DNP-lipid:POPC lip-
osomes. Assuming the area a single phosphocholine occupies is
0.71 nm2 (36, 37), ∼1.4 3 106 phospholipids would occupy the
upper leaflet in a bilayer uniformly covering a square micrometer
area surface. By extension, the maximal number of DNP haptens
presented to cells by bilayers incorporating 5–25 mol% DNP-lipid
would range from 0.7–3.53 105 in the same area. It is possible that
this is still a slight overestimate if some amount ofDNP is folded into
the membrane (19). Importantly, the uniformity of the bilayers was

demonstrated using atomic force microscopy (Supplemental Fig. 1),
where a 3-nm depth for all bilayers tested was reproducibly mea-
sured. Diffusion of lipids in the surface-bound bilayers was con-
firmed through both single particle tracking and FRAP, as described
in Materials and Methods. The diffusion coefficients for IgEAF488

bound to the DNP-lipid ranged from 0.5–1 mm2/s for bilayers in-
corporating the lipid at 5 or 25mol% (Fig. 1B). FRAPwasperformed
on bilayers that also included the fluorescent lipid BODIPY-DHPE
(3 mol%) in addition to DNP-lipid, demonstrating that recovery of
the bleached spot was completewithin 0.6 s (Fig. 1C). TheBODIPY-
DHPE exhibited a slightly faster diffusion coefficient (0.9–1.9 mm2

/s) thanDNP-lipid–IgEAF488 complexes, potentially explained by the
added size of IgE bound to the lipid. As expected, single particle
tracking experiments showed that IgEAF488 bound to DNP24-BSA
remained immobile after EGS-mediated cross-linking to poly-ly-
sine–coated glass surfaces (Fig. 1B).

Mast cell synapse develops upon interaction of IgE–Fc«RI
complex with mobile, monovalent ligand

We next evaluated the dynamics of receptor redistributions upon
contact with surface-bound ligands by real-time TIRF imaging of
FcεRI primed with IgEAF488. Cells were added to imaging chambers
containing coverslips with surface-bound ligands at low enough
concentration to avoid confluency. Independent epifluorescent mi-
croscopy experiments clarified that .80% of cells added in this
manner contacted and adhered to each surface within 12 min. Rep-
resentative images from TIRF experiments are shown in Fig. 2A.
Receptor membrane dynamics differed depending on the mobility of
the ligand with which they were engaged. Interaction of cells with
mobile ligand (DNP-lipid incorporated into a bilayer) over an ex-
tended period resulted in formation of a large, centralized region of
receptors in the ventral membrane (Fig. 2A, left panels). As may be
seen in Supplemental Video 1 (cluster tracking with the ImageJ

FIGURE 1. Illustration and character-

ization of surfaces. A, Representation of

IgE-primed cells contacting different types

of Ag-presenting surfaces. B, Tracking of

fluorescent IgE bound to 5 mol% and 25

mol% DNP-lipid:POPC lipid bilayers and

cross-linked DNP-BSA surfaces (original

magnification 3150). Arrows indicate

starting point and initial direction of each

track. Diffusion coefficients were calcu-

lated from tracking of IgEAF488 bound to

each tested surface (table at right). C, Se-

quential images of FRAP performed on

a 25 mol% bilayer showing prebleach,

bleach spot, and recovery (original mag-

nification 3150). Calculated diffusion co-

efficients for each surface are indicated in

the associated table. pStatistically signifi-

cant with p value# 0.01; n = 5.
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FIGURE 2. Receptor behavior and distribution is dependent upon the type of contact surface. A, TIRF imaging of IgEAF488-primed cells engaged with

mobile (left panels) or immobilized (middle and right panels) ligand-presenting surfaces over a 12-min period. Images are contrast enhanced. All scale bars

represent 5 mm, original magnification 390. Disappearance of signal in the central region of the cell settled onto the EGS-DNP-BSA surface is due to

photobleaching indicated by another cell imaged under similar conditions without extensive laser exposure (inset image). B, TEM images of membrane

sheets from cells settled onto mobile (DNP-lipid in bilayer), immobilized (EGS-DNP-BSA) ligand, or nonactivating surface. FcεRI b is labeled with 12-nm

or 6-nm gold. Line in top panel delineates area of receptor coalescence within the membrane. Hopkins tests are located below each image for which they

were performed. Images are contrast enhanced. Scale bars are 100 nm, original magnification 310,000 (top panel) and 325,000 (middle and bottom

panels). C, Percent b-hexosaminadase release from cells settled onto glass, mobile ligand, immobilized ligand, or stimulated by soluble Ag (original

magnification 360). Asterisks indicate results that are significantly higher than spontaneous release (bare glass). D, Fluorescence recovery of a bleached

portion of a synaptic region formed on a 25 mol% DNP-lipid bilayer. The region outlined in a dashed box indicates region bleached. Bleach and postbleach

images taken at 6- and 8-min time points are in the right panels. Grayscale range indicator shows amount of fluorescent recovery in each postbleach image.

All images were corrected for within-scan photobleaching by scaling to a nonbleached region of the synapse.

The Journal of Immunology 1331
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Manual Tracking plugin can be seen in Supplemental Fig. 2B), the
IgE receptors coalesce in the central region of contact with themobile
ligand surface, similar to the behavior of TCR clusters previously
reported (38, 39). The appearance and distribution of receptors in
contact with DNP24-BSA cross-linked to the surface (immobilized
ligand) was markedly different, resulting in rapid formation of stable,
moderately sized clusters consistent with diffusional trapping by the
immobilized polyvalent ligand (Fig. 2A, middle panels; Supple-
mental Video 2). Disappearance of receptor fluorescence on the
DNP24-BSA surfaces occurred with repetitive TIRF laser exposure.
This was due to photobleaching, as receptor fluorescence could still
be detected in cells under the same conditions not exposed to repeated
laser illumination (Fig. 2A, inset of 12 min DNP24-BSA-EGS panel).
Increased photobleaching on the DNP24-BSA surfaces is most likely
due to a higher production of reactive oxygen species from this sur-
face as compared with bilayer or DNP-lysine coated surfaces.
To ensure that receptor patterning upon contact with bilayer-

incorporated DNP was not due solely to ligand monovalency rather
than mobility, receptor morphology was also imaged upon con-
tacting immobilized DNP-lysine (Fig. 2A, right panels). The im-
mobilized, monovalent ligand neither induced large, coalesced
receptor synapses seen with mobile ligand nor the scattered re-
ceptor clustering patterns seen with immobilized polyvalent ligand
(DNP24-BSA).
Our laboratory has developed gold nanoparticle labeling and TEM

imaging of native membrane sheets as a method to evaluate the to-
pographical distributions of receptors and signaling adaptors with
nanometer scale resolution (40). The series of TEM images in Fig. 2B
report receptor distributions on the adherent membranes after IgE-
primed cells were allowed to settle on grids coated with mobile (Fig.
2B, top panel), immobilized ligand (Fig. 2B,middle panel), orwith no
ligand (Fig. 2B, bottom panel). In this procedure, adherent cells were
briefly fixedwith paraformaldehyde followed by removal of the top of
the cell (41, 42). Resulting membrane sheets on grids were fixed and
then labeled with immunogold reagents specific for the FcεRI b
subunit carboxy terminus (Fig. 2B). Typically, by comparison with
grids without ligand, grids presenting either mobile or immobilized
ligands had increased total numbers of receptors at the adherent sur-
face, presumably due to ligand-mediated capture of receptors dif-
fusing into the region from the remainder of the cell membrane.
However, consistent with the TIRF imaging results, the nanoscale
patterns of receptor distributions were quite different for each surface
examined. On the mobile surface, receptors were found in dense,
extensive clusterswith a distinct edge (markedwith a thin black line in
Fig. 2B, top panel) between the micron-size receptor cluster and
neighboring, receptor-free membrane. On the immobilized ligand
presenting surface, receptor clusters were more numerous, smaller,
and irregularly spaced. Results of the Hopkins spatial statistic test,
illustrated by graphs below each TEM image, confirmed that the
distribution of receptors is significantly nonrandom under all con-
ditions. The greater right-shift in the Hopkins test for the case of the
DNP-lipid (mobile) reflects the larger cluster size under this condition.

Engagement with mobile ligand on lipid bilayers initiates a
secretion response

Degranulation assays were performed to characterize b-hexosa-
minidase release from cells engaged by mobile and immobilized
ligand. Results, plotted in Fig. 2C, are expressed as a percent of
total lysosomal granule b-hexosaminidase content. Interaction of
IgE-FcεRI with multivalent, immobilized ligand (DNP24-BSA) re-
sulted in degranulation at levels equivalent to that attained by stim-
ulating cells in solution with DNP24-BSA. Immobilized, monovalent
DNP-lysine did not result in b-hexosaminidase release. Remarkably,
degranulation was significant after settling of IgE primed mast cells

onto 10 or 25 mol% DNP-lipid bilayers where ligand was mobile,
monovalent, and not capable of initiating receptor cross-linking.

Receptors within the synaptic region on mobile ligand remain
mobile

The rapid photobleaching of receptors trapped on immobilized ligand
(Fig. 2A, middle panels) suggested that imaging of FRAP would be
a useful technique to further evaluate overall receptor movements
when engaged with mobile ligand at the synaptic surface. Receptor
fluorescence at the synaptic region remains dynamic (Supplemental
Video 1), making selection of a FRAP region difficult. For this reason,
a larger region was selected (Fig. 2D, left panel, dashed outline) be-
cause of its relative flattening and distance from the nucleus. The three
images in Fig. 2D (right panels) report the lack of fluorescence in this
area immediately after bleaching, followed by recovery at 6 and 8min
postbleach. Thus, the data demonstrate that receptors engaging mo-
bile ligand at the adherent surface also remain mobile. In support of
this conclusion, Table I reports diffusion coefficients derived from
experiments tracking IgEAF488-FcεRI receptor clusters (five on each
surface) at early time points on immobilized and mobile ligand im-
aged with TIRF. This table also reports the expected immobility of
receptors bound to DNP24-BSA cross-linked to the surface.

Actin reorganization differs on mobile and immobilized ligand
surfaces

Actin rings have previously been reported to form at the periphery of
the T cell synapse (39, 43). We used GFP-actin–transfected RBL-
2H3 cells and rhodamine phalloidin immunofluorescent labeling to
evaluate actin reorganization (Fig. 3). TIRF imaging of GFP-actin
cells indicated that actin became more concentrated at the cell pe-
riphery (ring-like) after cells settled onto surfaces containingmobile
ligand (Fig. 3A, middle panels), despite the lack of integrin binding
partners within the bilayer (39). We observed this structural change
in.90% of the cells contacting the bilayer. Fixation and staining of
cells stimulated with mobile ligand with rhodamine phalloidin re-
sulted in a similar observation (Fig. 3B, top panels). On immobilized
surfaces, an actin network surrounded receptor clusters consistent
with previously described actin corrals that restrict receptor move-
ments in unactivated cells (29) (Fig. 3A, bottom panels). Labeling
for rhodamine phalloidin on cells fixed after stimulation with im-
mobilized ligand showed diffuse actin staining throughout the
central portion of the contacting membrane (Fig. 3B, bottom panels)
similar to previously reported results (44). Visualization of immu-
nofluorescent labeling was performed using confocal microscopy.
TEM images of the corresponding cytoskeleton ultrastructure under
each condition are shown in Fig. 3C. Taken at relatively low mag-
nification to visualize a larger portion of the membrane sheet, these
images showed bundles of cytoskeletal fibers positioned at the edges
of membrane adhering to mobile ligands (Fig. 3C, top panel, boxed
region) and an extensivemeshwork of fine, filamentous structures on
membrane adhering to surfaces presenting immobilized ligand (Fig.
3C, bottom panel, boxed region).

Table I. Diffusion coefficients of receptor clusters when bound to
mobile or immobilized DNP

Surface
Diffusion Coefficient

(mm2/s)

DNP24-BSA (immobilized) Immobilea

25 mol% DNP-lipid (mobile) 4.1 3 1023 6 1.6 3 1023*

10 mol% DNP-lipid (mobile) 4.9 3 1023 6 2.1 3 1023*

5 mol% DNP-lipid (mobile) 9.1 3 1023 6 6.9 3 1023*

aImmobile as defined by a diffusion coefficient ,1.0 x 1025 mm2/s.
pp # 0.01. Significant compared with coefficients obtained with DNP24-BSA.
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FIGURE 3. Actin reorganization at the adherent surface is dependent upon ligand mobility. A, TIRF imaging of GFP-actin RBL-2H3 cells primed with

IgEDy520 settled onto glass, mobile (DNP-lipid) ligand, or immobilized (EGS-DNP24-BSA) ligand. Scale bars are 5 mm, original magnification 390. B,

Confocal imaging of IgEAF488-primed RBL-2H3 cells fixed with paraformaldehyde and labeled with rhodamine phalloidin. Top panels show a cell settled onto

a 25 mol% DNP-lipid bilayer, and bottom panels show a cell settled onto a DNP24-BSA surface. Scale bars are 5 mm, original magnification 363. C, Low

magnification TEM of membrane sheets from cells bound to an bilayer-coated EM grid (top panel; original magnification31,200,312,000, and33,500) or a

EGS-DNP24-BSA EM grid (bottom panel). Magnified views of cytoskeletal structures (boxed regions) for each sheet are in the right panels. All images are

contrast enhanced.
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Cholesterol associates more readily with receptors bound to
mobile ligand

Previous work has strongly implicated cholesterol in the integrity
and function of receptor clusters (34, 45–48). To study cholesterol

dynamics during receptor reorganization upon binding to the two

types of surfaces, RBL-2H3 cells were depleted of cholesterol by

MbCD treatment and then repleted with a fluorescent cholesterol

analog (FITC-cholesterol; illustrated in Fig. 4A). In addition to

direct imaging of the fluorescent cholesterol, we used anti-FITC

Abs combined with TEM and fluorescence-based flow cytometry

techniques to: 1) confirm incorporation of the cholesterol de-

rivative into the plasma membrane; and 2) determine the orien-

tation and distribution of FITC-cholesterol in outer and inner

leaflets of the lipid bilayer. Table II reports results of a flow

FIGURE 4. Fluorescent cholesterol de-

rivatives reveal strong association with mobile

but not immobile FcεRI. A, Fluorescent cho-

lesterol analog used in membrane repletion with

a short-chain polyethylene glycol linker between

the FITC molecule and cholesterol. B, TIRF

imaging of RBL-2H3 cells repleted with FITC-

cholesterol and primed with IgEDy520 after

contact with glass (top panels), mobile ligand

(middle panels), or immobilized ligand (bottom

panels). Pearson’s coefficient calculation from

each series of fluorescent images is in brackets.

Scale bars are 5 mm, original magnification

390. C, TEM membrane sheets from cells set-

tled onto EM grids coated with mobile or im-

mobilized ligand. Regions of receptor (12-nm

gold) and cholesterol (6-nm gold) colocalization

on the mobile surface are outlined. On the im-

mobilized ligand surface, regions of cholesterol

are outlined in a thin line, whereas receptors are

circled with a thick line. Ripley’s tests for co-

incidence of label for FcεRI b and FITC (cho-

lesterol) are shown as insets. Scale bars are 100

nm, original magnification 320,000. All images

are contrast enhanced.
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cytometry-based assay to measure the differences in mean fluo-
rescence intensity for cells loaded for 30 min with FITC-choles-
terol, followed with washing alone or washing plus quenching by
the addition of anti-FITC mAbs to the extracellular buffer.
Quenching of fluorescence of FITC-labeled IgE bound to RBL-2H3
cells served as a control for this assay. The significant loss of
fluorescence (.60%) indicates that a large fraction of the FITC-
cholesterol resides at least initially in the outer leaflet with the FITC
tag extending into the aqueous space, where it is accessible to Abs.
Importantly, both live cell and TEM imaging demonstrate the dif-
ferential association of labeled cholesterol with receptors engaged
with either mobile or immobilized ligands. TIRF imaging of RBL-
2H3 cells repleted with FITC-cholesterol demonstrated increased
overlap of cholesterol-rich regions with receptors when cells con-
tacted mobile ligand (Fig. 4B, middle panels) as compared with
surfaces presenting immobilized ligand. Pearson’s coefficient (35)
was performed to determine overlap of fluorescent signal from each
channel (Fig. 4B, bracketed numbers), confirming increased co-
localization of cholesterol and receptor complexes on the mobile
ligand. In contrast, there was decreased fluorescence overlap be-
tween receptors and cholesterol when cells were bound to immo-
bilized ligand (Fig. 4B, bottom panels). To demonstrate that
colocalization was not due to the use of FITC-cholesterol, similar
results were obtained in cells repleted with an alternative fluores-
cent cholesterol analog, NBD-6 cholesterol (Supplemental Fig. 3).
TEM images of membrane sheets from cells stimulated with

either immobilized or mobile ligand are consistent with TIRF
imaging data (Fig. 4C). Membrane sheets were double-labeled
with anti-FcεRI b (12 nm) and anti-FITC (6 nm) immunogold
reagents. Because Ab was applied after ripping and fixation, and
access to the space between the grid and the membrane is limited,
we interpret the anti-FITC label as evidence that a portion of
FITC-cholesterol has flipped and become incorporated into the
inner leaflet of the bilayer. Membrane sheets isolated from cells
contacting mobile ligand (Fig. 4C, top panel) demonstrate the
micron-size FcεRI clusters are exceptionally rich in cholesterol;
this conclusion is supported by the results of Ripley’s bivariate
testing (inset) demonstrating labels for the receptor and choles-
terol are statistically coclustered. By comparison, there is no
significant colocalization between FITC-cholesterol and FcεRI
gold labels in membrane sheets prepared from cells activated by
immobilized ligand (Fig. 4C, bottom panel). Ripley’s bivariate
tests (Fig. 4C, insets) confirm these conclusions. The Ripley’s
bivarate test for the mobile ligand example shows the red data line
is well above the confidence interval as proof of strong colocali-
zation. In contrast, for the immobilized ligand example, the red
data line falls well below the confidence interval, indicating
marked segregation of the two labels within the membrane. The
implications of this remarkable difference are discussed below.

LAT segregates from Fc«RI clusters in membranes contacting
mobile or immobilized ligand

TEM labeling of membrane sheets from RBL-2H3 cells settled onto
mobile (DNP-lipid) or immobilized (DNP24-BSA) ligand was per-
formed to evaluate the relative distributions of the protein, LAT, an

important adaptor in the FcεRI signaling pathway (Fig. 5). As a du-
ally palmitoylated transmembrane protein, LAT has the character-
istics of a raft marker (49). Sheets were double-labeled for FcεRI b
(12-nm gold) and LAT (6-nm gold) after settling onto surfaces for
6 min. Counts of LAT label on membrane sheets from mobile (Fig.
5A, top panel) and immobilized (Fig. 5A, bottom panel) ligand were
performed (data not shown), and the general trend is higher overall
number of LAT on membranes isolated from mobile substrates.
Membranes from both substrates indicated exclusion of LAT do-
mains from FcεRI clusters, confirmed by Ripley’s bivariate testing
(Fig. 5A, inset graphs, where the red data line falls below the con-
fidence interval). It is interesting to note that, while maintaining
a clear segregation, LATand receptor clusters on surfaces presenting
mobile ligand can be close neighbors. This is indicated by the red
data line in the Ripley’s analysis (Fig. 5A, inset graphs), which re-
verses direction and crosses the confidence interval at a distance in
the range of 100–150 nm. These results are consistent with our
earlier work labeling membranes for LAT after stimulation with
soluble DNP24-BSA (50). To verify that LAT is activated under these
conditions, cells were fixed and labeled with anti–phospho-LATAbs
for epifluorescence (Fig. 5B). It is worth noting that only the high-
resolution TEM imaging can accurately capture the spatial separa-
tion between phospho-LAT and FcεRI bound to either immobilized
or mobile Ag; this is explained by the resolution of the light mi-
croscope being limited to .250 nm, whereas the TEM images re-
vealed proximity of segregated clusters (as close as 100–150 nm).

Discussion
The current paradigm for FcεRI signal initiation requires that
IgE-bound receptors be directly cross-linked into aggregates by
multivalent ligand. By comparison with Ags with a valency of at
least three, soluble dimerizing ligands are often poor at activat-
ing FcεRI, although this varies with both spacing of the haptens
and overall ligand concentration (51–53). However, early work
by McConnell (54, 55) and McClosky (18) showed that vesicles
and lipid monolayers bearing monovalent hapten-lipid con-
jugates could initiate a minimal signal. In this study, we revisit
this subject with a combination of high-resolution imaging
techniques and show that engagement of IgE-FcεRI with mobile,
monovalent hapten at a bilayer interface results in formation of
a mast cell synapse that is densely packed with thousands of
mobile receptors.
It was demonstrated recently that small, cross-linked FcεRI

clusters can remain mobile and signaling competent (51, 56),
suggesting that immobilization and large cluster formation are not
required for successful signal propagation in response to ligand
binding. Remarkably, the results reported in this paper show that
monovalent ligand presented in the context of a supported lipid
bilayer is also capable of inducing significant degranulation in
IgE-primed mast cells, although to a lesser degree than is seen
with soluble or immobilized multivalent ligand. There are at least
two possible explanations for this observation. The first explana-
tion is that binding of the surface-bound monovalent ligand alone
induces a force that promotes a conformational change in the
receptor, permitting recruitment of cytoplasmic signaling partners
(Lyn, Syk) to the FcεRI cytoplasmic tails. More likely, signaling
results because diffusion-mediated trapping at the synapse results
in such high density of mobile receptors. In this scenario, there are
sufficient collisions between neighboring receptors to promote
transient oligomerization and transphosphorylation of FcεRI
ITAMS by Lyn. We favor the latter hypothesis, because binding of
receptors to immobilized monovalent haptens on surfaces should
also exert significant force and yet this method failed to result in

Table II. Quenching of FITC-cholesterol with mAb

Fluorescent Label Prequench Postquench

IgEFITC (2-h labeling) 52.54 9.23
FITC-cholesterol 97.95 36.35

IgEFITC, FITC-labeled IgE.
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mast cell signaling to degranulation (Fig. 1C). We note, however,
the immobilized, monovalent haptens were likely to be randomly
distributed on the substrate with large spatial separation. Thus, it
remains possible that the two mechanisms work in tandem. Be-
cause conformational changes have been implicated in triggering
signaling by other ITAM-bearing immunoreceptors (16, 57, 58),
further work is needed to definitively resolve this issue.

It has been over a decade since the first descriptions of the
immunological synapse between T cells and APCs (59–62),
marked by dramatic polarization of T cells and central clusters of
TCRs surrounded by a ring of adhesion molecules. Engagement of
BCR with Ags on the surface of another cell can also lead to B
cell polarization, along with many of the hallmarks of the T cell
synapse (63). The immunological synapse field continues to

FIGURE 5. LAT clusters do not coloc-

alize with FcεRI at the synapse. A, Mem-

brane sheets from IgE primed cells settled

onto mobile (top panel) or immobilized

(bottom panel) ligand for 6 min and labeled

for FcεRI b (12-nm gold) or LAT (6-nm

gold). LAT clusters are circled with thin

lines on each sheet to indicate general

cluster size and location relative to re-

ceptors (circled with thick lines). Scale bars

are 100 nm, original magnification

320,000. Ripley’s tests for coincidence of

LAT and FcεRI b label are inset in each

figure. B, Paraformaldehyde-fixed IgEDNP

-primed RBL-2H3 cells settled onto 25 mol

% DNP-lipid (top panels) or DNP24-BSA

(bottom panels) surfaces for 6 min (original

magnification363). After permeabilization,

cells were dually labeled for phosphorylated

LAT (AF555) and FcεRI b (Cy5; psuedo-

colored). All images are contrast enhanced.
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advance, including new concepts regarding the signal amplifica-
tion properties provided by the synapse platform and the sus-
tainability of signaling through newly arriving receptors (15, 64).
In this study, we show that mast cells are also capable of forming
a synapse on lipid bilayers and postulate that this is a fundamental
capability of most leukocytes. We report the first electron mi-
croscopy images of immunoreceptors in contact with ligand-pre-
senting bilayers, providing high-resolution snapshots of synapse
organization. It is notable that mast cells can mobilize a synapse
on high densities of mobile lipid alone. In physiological settings,
we speculate that activation of integrins accompanies FcεRI
stimulus (65), facilitating firm adhesion as it does in T cells (66).
Multiple cellular components have been implicated in synapse

organization, including lipid composition (1, 45, 67), the cyto-
skeleton (43), and cytoplasmic scaffolding proteins (68). The role
of cholesterol-rich lipid rafts in cell signaling remains an active
field of study (69–72). Early work by Baird, Holowka, and col-
leagues (34, 45–48) described movement of FcεRI into detergent-
resistant membrane domains after cross-linking with soluble
polyvalent ligand. Our recent lipidomics study concluded that the
lipid environment near large FcεRI aggregates, also cross-linked
by soluble ligand, is nearly 50% cholesterol (48). In the present
work, we used fluorescent cholesterol analogs (31, 73) to image
the relationship of cholesterol-rich domains to IgE receptors in the
context of the mast cell synapse. Activation of IgE-primed mast
cells with mobile, monovalent ligand results in coalescence of
cholesterol and receptors within the synaptic region, a result not
seen with immobilized ligand. These data are difficult to interpret
in the context of current models of the membrane. For example, if
cholesterol is so closely associated with the FcεRI as to form part
of its lipid shell, a hypothesis originally proposed by Anderson
and Jacobson (74), one would expect it to strongly partition with
receptors regardless of how FcεRI activation occurs. Yet, choles-
terol only partitions with receptor on the surface presenting the
mobile ligand. It seems reasonable to speculate that receptors and
cholesterol are instead weakly associated, and the diffusive
properties of cholesterol favor their dissociation if the receptor
becomes immobilized. This postulate is consistent with the work
of Davey and colleagues (75), who noted only transient associa-
tion of FcεRI aggregates with a fluorescent lipid raft probe.
LAT, a dually palmitoylated protein that serves as a scaffold in

the FcεRI signaling cascade, is often considered a raft marker
(49). We previously showed that LAT clusters enlarge in size after
FcεRI activation with soluble polyvalent ligand but segregate
strongly from FcεRI clusters (34, 76, 77). Given the remarkable
association between cholesterol and FcεRI engaged with mobile
ligand at synapse, we also evaluated the potential for greater co-
localization between FcεRI and LAT under these conditions. Data
presented in Fig. 5, which show that LAT clusters still segregate
from the densely packed FcεRI, cholesterol-rich domains at the
mobile synapse, suggest that LAT clusters are not equivalent to
cholesterol rafts.
Actin reorganization also contributes to formation of the im-

munological synapse and TCR localization (43). Similar cyto-
skeletal structural changes occur when mast cells contact mobile
ligand to form a synapse (Fig. 3). When mast cells are primed with
a heterogenous IgE population (anti-dansyl and anti-DNP) and
settled onto mobile ligand (DNP-lipid), IgE–FcεRI complexes that
do not recognize the bilayer-incorporated hapten are selectively
excluded from the synaptic region (data not shown). This indicates
an active selection process for receptor incorporation into the
synapse rather than a generalized membrane flow. It is possible
that the cytoskeleton and its associated proteins may be involved
in this process, a hypothesis that will require further investigation.

This report presents the first detailed characterization of the mast
cell synapse. Spatial organization and signaling competency are
clearly distinct when receptors are engaged with mobile or
immobilized ligands on surfaces. This work sets the stage to ex-
plore roles for membrane reorganization when mast cells engage in
direct contact with other immune cells. Given recent evidence for
mast cells as bona fide immune modulatory cells (21–23), synapses
between mast cells and other leukocytes are likely to have func-
tional consequences during immune responses.
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