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Allergic signaling is initiated on the plasma membrane of mast cells through 

cross-linking of immunoglobulin E (IgE) bound to its receptor, FcεRI, by multivalent 

antigen. Signaling proceeds through controlled spatial assembly of FcεRI receptors with 

interaction partners in a process that gives rise to specific signaling outcomes. Antigen-

stimulated redistribution of signaling molecules has proven difficult to characterize by 

fluorescence imaging due to the small length scales over which this redistribution 

occurs. We employ super-resolution fluorescence localization microscopy  to measure 

antigen-stimulated changes in the nanoscale organization and mobility of FcεRI, as well 

as its spatial association with its signaling partner Lyn kinase, with the goal of 

understanding the  physical mechanisms by which spatial redistribution of signaling 

molecules on the membrane causes the initiation of the signaling response. 

Using super-resolution imaging, we record receptor organization and dynamics 

on live mast cells undergoing antigen-mediated signaling, allowing us to measure 

nanoscale clustering and diffusion of FcεRI simultaneously. Through comparison of 

cross-linking-induced changes in these properties as a function of time, we are able to 

resolve two distinct temporal phases of receptor clustering and immobilization. We 

correlate the time-dependence of the distinct phases with a functional signaling 
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response, Ca2+ mobilization, to assess the relevance of each phase to the onset of 

signaling.  

We also use super-resolution imaging to measure interactions of FcεRI with Lyn. 

Because of the improved resolution of our imaging technique, we detect coupling of Lyn 

to cross-linked IgE-FcεRI that occurs at early stages after antigen stimulation and is 

associated with the initiation of the stimulated response. Lyn association with FcεRI is 

assessed through direct imaging, and we can measure the average physical properties 

of Lyn/FcεRI co-clusters. Through this quantitative approach, we examine mechanisms 

of regulation of Lyn co-redistribution with IgE-FcεRI. In particular we show that the actin 

cytoskeleton negatively regulates FcεRI signaling by reducing the local accumulation of 

Lyn with FcεRI clusters during the onset of the response. The spatial resolution afforded 

by this technique makes it an effective tool for investigating interactions that give rise to 

the changes in the organization or mobility of signaling molecules during the initiation of 

signaling, and how these changes translate into cellular functions.               
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CHAPTER ONE 

 

INTRODUCTION 

 

1. The immunological response to allergen 

 The symptoms of allergy are caused by an inflammatory response that is 

mediated by the immune system. Allergens bind specifically to immune cells within the 

body and trigger a strong pro-inflammatory biochemical cascade. Mast cells are tissue-

resident cells of the immune system that mediate this inflammatory process in the body 

(1–3). Although they take on a variety of normal physiological functions, including the 

immune response to helminth parasitic infection (4), they are most well-known for their 

role in type I hypersensitivity allergic responses. Allergic disease has become an 

increasingly serious public health concern in the developed world. In the United States it 

is the 6th leading cause of chronic disease and affects over 50 million people annually 

(5). In the case of anaphalaxis, the reaction of mast cells to allergen is systemic and the 

resulting inflammatory response can be severe to lethal. The allergic response is the 

consequence of Immunoglobulin E (IgE) mediated signaling in mast cells, which causes 

release of chemical mediators of inflammation, such as histamines, from secretory 

granules within the cell (2).  

 

1.1. IgE signaling in mast cells 

 IgE is one of the five isotypes of immunoglobulins secreted by B cells. In allergic 

individuals, allergen-specific IgE is secreted by B cells that have differentiated into 
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plasma cells following the initial encounter with the allergen. This IgE is circulated in the 

blood where it can be tightly bound by the high-affinity receptor for IgE (6), FcεRI, which 

is expressed in abundance on the plasma membrane of mast cells. Upon subsequent 

exposure to the allergen, IgE/FcεRI complexes are cross-linked in the plasma 

membrane due to specific, multivalent binding of the allergen to IgE. Receptor cross-

linking initiates a transmembrane signaling cascade that ends in cellular degranulation, 

which is the release of secretory granule contents from the cell.  

 

1.2. The FcεRI receptor 

 The FcεRI receptor functions to transduce the allergen or antigen detection 

signal across the plasma membrane. Together, FcεRI and FcR receptors, T-cell 

receptors (TCR), and B-cell receptors (BCR) constitute the multi-chain immune 

recognition receptor (MIRR) family of receptors (7). Many basic features of B- and T-cell 

signaling are shared with the FcεRI system (8). FcεRI is a tetramer consisting of four 

transmembrane subunits: one α chain, one β chain, and two disulfide-linked γ chains. 

The α subunit binds IgE with high affinity via its extracellular domain (9). The β and two 

γ subunits extend primarily from the cytoplasmic side of the membrane and serve to 

propagate the activation signal. The β chain contains an immunoreceptor tyrosine-

based activation motif (ITAM) that mediates binding of the Src family kinase Lyn for 

purposes of signal amplification. The γ chains also contain ITAMs that are 

phosphorylated upon receptor activation to recruit and activate Syk tyrosine kinase (10).  

 

1.3. Receptor cross-linking induced signaling 

2



 Multivalent binding of antigen to IgE-FcεRI and resulting receptor cross-linking 

results in the initiation of a signaling cascade that ends in cellular degranulation. Fig. 1.1 

shows a schematic of the signaling pathway. Lyn kinase is recruited to cross-linked 

receptors where it phosphorylates receptor ITAMs. Once phosphorylated, the ITAM on 

the β subunit has increased affinity for binding Lyn, resulting in amplification. 

Phosphorylated ITAMs on the γ subunits recruit Syk kinase via its tandem SH2 domains 

and Syk is phosphorylated and activated. Activated Syk phosphorylates a variety of 

substrates, importantly the adapter protein LAT and phospholipase C γ (11). Activated 

PLCγ at the membrane cleaves phosphotidylinositol-4,5-bisphosphate (PI(4,5)P2) within 

the membrane, producing inositol-1,4,5-trisphosphate (IP3) and diacylglycerol (DAG), 

which in turn activates protein kinase C (PKC). IP3 diffuses through the cytosol before 

binding by IP3 receptor on the endoplasmic reticulum. This in turn causes Ca2+ release 

from stores in the ER, which triggers coupling between STIM1 in the ER membrane and 

the Ca2+ channel Orai1 in the plasma membrane, resulting in Ca2+ influx in the process 

known as store-operated Ca2+ entry (SOCE) (12). Elevated cytoplasmic Ca2+ 

concentrations caused by SOCE together with PKC activation by DAG are necessary 

for the release of secretory granules containing pro-inflammatory mediators, including 

histamine, serine proteases, proteoglycans, and serotonin (13). Activation of mast cells 

also causes de novo production and release of cytokines and lipid mediators of 

inflammation (14).  

 

2. Heterogeneous organization of the plasma membrane 
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Fig. 1.1 FcεRI clustering triggers a degranulation response via a signaling 
cascade. When IgE-FcεRI complexes are clustered through binding by multivalent 
antigen, active Lyn is recruited to receptors and phosphorylates receptor ITAMs, which 
recruit and activate Syk. Syk in turn phosphorylates LAT and PLCγ, which cleaves PIP2 
to produce IP3 and DAG. DAG activates PKC. IP3 binds IP3 receptors, resulting in 
release of Ca2+ from stores in the ER. Depletion of ER stores causes STIM1 in the ER 
and Orai1 in the plasma membrane to assemble to form the CRAC channel and admit 
extracellular Ca2+ into the cell. Elevated cytosolic Ca2+ together with active PKC are 
required for initiation of cellular degranulation. Figure modified and used with permission 
from Dr N.L.Smith. 
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2.1. Cross-linking induces spatial and temporal reorganization of FcεRI 

Receptor oligomerization has readily observable effects on the spatial distribution 

and diffusion behavior of IgE-FcεRI. While the receptor is randomly distributed and 

mobile on the membrane before activation, stimulation with soluble multivalent antigen 

causes clustering of IgE- FcεRI into discrete, punctate aggregates on the cell surface 

and is associated with a marked decrease in receptor mobility (15).  

The physical structure of receptor clusters themselves is a major determinant of 

signaling outcome. A number of studies using engineered antigens or ligands for IgE 

have revealed a sensitivity of the signaling response to ligand valency and physical 

distance between IgE binding sites (16–18), both of which directly affect the structure of 

the resulting IgE-FcεRI clusters. Likewise, ligand binding affinity affects the signaling 

capacity of clustered receptors. Clustered receptors with readily dissociable cross-links 

effectively trigger degranulation responses, whereas poorly dissociable cross-links do 

not (19). Thus, the dynamic assembly of receptor clusters also has an important role in 

signaling. Changes in receptor mobility upon cross-linking are related to this process. 

Receptor diffusion decreases markedly following cross-linking, but the specific role for 

and mechanism of immobilization is unclear. Immobilization is readily observed under 

conditions that produce robust signaling responses (15, 20), but small, mobile clusters 

have also been shown to be signaling competent (21).  

There is a continued need for efforts to address the questions of how specific 

receptor clustering and immobilization behaviors affect signaling outcomes. Namely, by 

what mechanisms does the spatial and temporal reorganization of receptors regulate 

coupling to the membrane environment and downstream signaling partners to lead to 
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differential responses by the cell. Lateral organization on the membrane is known to be 

important for cell signaling, and it is widely accepted that proteins and lipids are 

distributed in the plasma membrane in a heterogeneous fashion. 

 

2.2. Lipid phase separation and the raft hypothesis 

Membrane lipid phase behavior has been proposed to be an underlying physical 

contributor to the heterogeneous architecture of the plasma membrane and is thought to 

be a mechanism for membrane compartmentalization in cellular signaling. The 

propensity for lipids to phase separate into liquid ordered and liquid disordered phases 

has been observed in cholesterol-containing model membranes as well as membranes 

extracted from live cells (22, 23). The “raft hypothesis” (24) proposes that the 

interactions which generate phase separation in model membrane systems are present 

among plasma membrane lipids. It suggests that proteins and lipids that are found in 

liquid ordered vs. liquid disordered phases of model membranes will also preferentially 

associate in the plasma membrane to form regions in which order-preferring or -

avoiding species are concentrated. However, these structures are unlikely to reflect the 

well-defined phase separation found in model membranes (25). Instead, the current 

definition of membrane rafts describes them as “small (10-200 nm), heterogeneous, 

highly dynamic, sterol- and sphingolipid-enriched domains that compartmentalize 

cellular processes”, which “can sometimes be stabilized to form larger platforms through 

protein-protein and protein-lipid interactions” (26).  

 

2.3. The role of the actin cytoskeleton 
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Contacts with the cytoskeleton may also contribute to the functional organization 

of the plasma membrane. Single-particle tracking (SPT) experiments have shown that 

actin imposes diffusion barriers on membrane proteins and lipids (27, 28), suggesting 

that filaments act as partitions to compartmentalize membrane components within the 

cortical actin meshwork. These compartments or "corrals" are restricted to the 

dimensions of the meshwork and are typically only a few hundred nanometers in size 

(29). There is evidence showing that the actin cytoskeleton selectively interacts with 

structures formed by lipid-driven membrane heterogeneity and order-preferring proteins 

(30–32), and that the formation of clusters of raft-associated proteins is stabilized by 

actin (33, 34). Additionally, depletion of membrane cholesterol causes actin cytoskeletal 

rearrangement (35), and disruption of the actin cytoskeleton decreases membrane 

order (36), pointing to an interplay between actin-membrane contacts and membrane 

heterogeneity. Together, these data suggest that the actin cytoskeleton interacts with 

proteins and lipids arranged by membrane lipid domains to impose a higher level of 

organization and regulation on these structures.  

 

2.4. Membrane heterogeneity affects mast cell signaling 

Both lipid-driven membrane heterogeneity and the actin cytoskeleton have 

shown to be important in mast cell stimulation. Data from numerous biochemical studies 

have led to the conclusion that IgE-FcεRI receptor cross-linking causes it to stabilize 

liquid ordered-like membrane domains, and that this association is required for receptor 

phosphorylation and the propagation of the activation signal (37–40). Cross-linking of 

membrane components causes large-scale phase separation in model membranes of 
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defined composition, where GM1 complexed by cholera toxin partitions into the ordered 

phase (41), suggesting that cross-linking can alter protein-lipid interactions and stabilize 

lipid phase heterogeneity. Further, confocal microscopy shows co-segregation of cross-

linked IgE-FcεRI with other raft-marking components under certain labeling conditions 

(42). Association of cross-linked FcεRI with liquid ordered-like regions leads to receptor 

phosphorylation through increased contact with active Lyn kinase, which itself is found 

within these domains (43). The exclusion of the disorder-preferring protein tyrosine 

phosphatase α (PTP-α) from membrane domains containing cross-linked IgE-FcεRI and 

active Lyn prevents dephosphorylation of both species (44–46). A similar mechanism of 

signal enhancement through co-segregation with Lyn in liquid ordered-like membrane 

domains has also been described for the B cell receptor (47).  

The actin cytoskeleton also appears to be directly involved in the recruitment of 

Lyn to clustered IgE-FcεRI. Actin co-segregates with large-scale clusters of cross-linked 

receptors by confocal microscopy (31). In experiments where cells are stimulated by 

surface-patterned antigen, the recruitment of Lyn to IgE-FcεRI clustered over the 

patterned antigen is dependent on actin at the level of Lyn recruitment detectable by 

fluorescence microscopy (48).The actin adapter proteins paxillin and vinculin also co-

localize with IgE-FcεRI over patterns (49), suggesting actin-membrane contact sites are 

involved in signaling. Single particle tracking experiments show that IgE receptors are 

confined within actin-defined domains and that the actin cytoskeleton is involved in 

immobilization of cross-linked receptors (50). A negative regulatory role for actin in the 

FcεRI signaling cascade has been suggested based on the enhancing effects of 

treatment with cytoskeleton-disrupting drugs such as cytochalasin D and latrunculin A 
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on receptor phosphorylation and degranulation (19, 31, 51). Together, these data 

represent mounting evidence that plasma membrane heterogeneity driven both by lipids 

and by actin is exploited by the cell to functionally compartmentalize and regulate 

signaling on the membrane.  

The length scales of proposed actin- and lipid- induced organization of the 

plasma membrane as well as the scale of IgE receptor clustering itself are all under a 

few hundred nanometers (52–54). As a consequence, receptor clustering and 

membrane heterogeneity have proven difficult to directly visualize in intact cells at the 

relevant length scale in the tens to hundreds of nanometers because of the diffraction 

limit of light. Many experimental approaches have been taken to characterize FcεRI 

signaling on the nanoscale. These include FRET and ESR measurements of the 

dimensions of membrane lipid domains (55–58), FCS of FcεRI and Lyn kinase (59–61), 

and single particle tracking experiments of FcεRI (21, 50, 62). The need for nanometer 

resolution to map receptor spatial distributions at high resolution has motivated studies 

where electron microscopy was used to image immunogold-labeled IgE- FcεRI on 

stimulated and unstimulated cells (52). Recent work has quantitatively measured co-

redistribution of Lyn and IgE-FcεRI into protein-rich clusters upon stimulation with 

antigen using scanning electron microscopy (SEM). Lyn and receptor co-clustering was 

seen to be dependent both on cholesterol and protein-protein interactions (53). Monte 

Carlo methods have also been used to stimulate the nanoscale distributions of lipid 

phases and diffusion behavior of membrane proteins based on the minimal assumptions 

that lipid phase heterogeneity is based on critical fluctuations (63), which are pinned to 

a cortical actin meshwork (64, 65), and these simulation have now been validated by in 
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vitro experimental results (66). These approaches have contributed to our 

understanding of receptor signaling on the nanoscale, but have not yet allowed for 

collection of high resolution images and information on receptor dynamics under similar 

conditions or from the same sample. A more detailed understanding of the recruitment 

of downstream signaling proteins and the involvement of actin has been limited by 

currently available experimental techniques. 

 

3. Super-Resolution Fluorescence Localization Microscopy 

 

3.1. The concept of localization microscopy 

The need for quantitative tools for the characterization of nanoscale membrane 

organization has led to the development of increasingly powerful biophysical techniques 

and instrumentation. Recent advances in fluorescence microscopy have enabled sub-

diffraction imaging of biological samples using photo-conversion of fluorescent dyes. 

The first of these techniques emerged simultaneously from several independent 

laboratories. They include (direct) stochastic optical reconstruction microscopy 

(STORM/dSTORM) (67, 68) and (fluorescence) photo-activation localization microscopy 

(PALM /FPALM) (69, 70), and are together referred to as super-resolution localization 

microscopy.  

Super-resolution localization microscopy is based on the principle that the 

fluorescence spot obtained from imaging a spatially isolated single molecule can be 

used to localize that molecule very precisely. By fitting the single molecule emission to a 

two-dimensional Gaussian function, localization precisions under 10nm can be achieved 
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with sufficient collection of photons (71). In conventional fluorescence imaging, 

biological samples are often densely labeled. Fluorescence emission from individual 

fluorophores overlaps spatially due to diffraction, and single molecule localization 

cannot be performed. The localization microscopy approach relies on photo-conversion 

of fluorophores between fluorescent and non-fluorescent states to achieve a sparse 

distribution of probes, i.e. separation by a distance greater than the Abbe limit, for 

independent localization with high precision. After one subset of fluorophores is imaged, 

those probes are converted to a non-fluorescent state and another subset is activated 

and imaged. Image reconstruction sums all probe locations collected during many 

photo-conversion cycles and results in a spatial map of fluorophores with resolution in 

the tens of nanometers.  Fig. 1.2 shows a schematic demonstrating super-resolution 

image data collection and rendering. 

The implementation of super-resolution localization techniques was enabled by 

the development of photo-convertible probes including photo-activatable and photo-

switchable proteins (72–74) that are used for labeling in PALM/FPALM, and photo-

convertible organic dyes (75, 76) that are used for STORM/dSTORM. Manipulation of 

these fluorophores with illumination and buffer conditions yields control over their 

fluorescent state. This allows the imaging of single molecules to be separated in time, 

which is the underlying technical advance that has made super-resolution localization 

microscopy possible.  

In recent years the field has witnessed a rapid expansion of the functionality and 

application of localization microscopy. As the library of available photo-convertible 

probes increases, multi-color super resolution localization microscopy is becoming 
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increasingly common through sample labeling with multiple photo-convertible 

fluorophores, facilitating experiments that characterize molecular interactions between 

or relative organization of several labeled species (77–80). Additionally, imaging 

conditions have also been optimized to allow for super resolution localization imaging of 

live cells, and improvements in time resolution have made the technique capable of 

capturing dynamic cell processes (81–83). 

 

3.2. Measuring mobility with localization microscopy techniques 

In live cells, probe blinking can also be exploited for use in single particle tracking 

(SPT) of molecules of interest (83–86). Traditional SPT is an excellent tool for 

measuring the diffusion behavior of molecules, but typically these recordings must be 

performed at low probe densities that prevent characterization of the spatial 

organization of molecules. Super-resolution localization microscopy relies on photo-

conversion instead of sparse labeling to achieve low probe densities suitable for 

localization and tracking. Samples are densely labeled, and through controlled photo-

conversion of probes, a high density of trajectories can be measured from a given 

sample. This not only enables measurement of a large population of diffusers, but also 

provides a means to correlate diffusion behavior of individual probes with the spatial 

structure of the sample. Single particle tracking can measure the diffusion rate of 

molecules of interest and can detect anomalous diffusion modes that may reflect 

interactions of the diffusers with their environment. In the context of the cell membrane, 

these could include transient pinning of membrane proteins, confinement by the actin 

cytoskeleton, or other protein-protein or protein-lipid interactions.  
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3.3. Quantitative analysis of protein distributions 

In addition to SPT, quantification of the distribution of proteins through statistical 

analysis of the spatial map of localizations generated in a super resolution experiment is 

a robust tool for characterizing molecular interactions. This analysis has proven useful 

in the characterization of clustering and organization in super-resolution images of 

proteins associated with the cell membrane (87–91). In particular, pair-correlation 

analysis is a numerical method for extracting the average relative proximity of particles 

in a static image. It has been used to report the physical properties of membrane protein 

clusters, such as their average size and density, through the calculation of the 

correlation function g(r) (53, 87, 88). The correlation function is sensitive to subtle 

inhomogeneity in the distributions of proteins, and is a robust tool for detection of even 

weak clustering. In two-color experiments, pair cross-correlations can be used to 

measure co-localization of two separate species labeled with different fluorophores, 

allowing for measurement of interactions between membrane components (86–88, 92, 

93).  

 

3.4. Potential artifacts 

While the capability of super-resolution localization microscopy is promising, it is 

important to recognize the possible contribution of imaging artifacts in super-resolution 

data. As this still burgeoning technology is becoming more widely adopted, quantitative 

analysis of super resolution data should be subject to careful interpretation. In particular, 

individual probe localizations cannot be interpreted as unique, individually labeled 
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species. Proteins of interest can be “over-counted” due to multiple labeling by primary 

and secondary antibodies, conjugation of multiple fluorophores to a single labeled 

species, or reversible probe photo-conversion (87). As a result, individual proteins can 

appear in images as small clusters, leading to spurious interpretation. However, pair-

correlation analysis can be used as a tool to distinguish the true distribution of a protein 

of interest from over-counting artifacts. In two-color super resolution experiments, pair 

cross-correlations are insensitive to the effects of over-counting molecules in individual 

color channels. As a consequence, cross-correlations can accurately report properties 

of co-clusters comprised of two membrane species without the need for over-counting 

correction (87). However, channel cross-talk can result in artifactually high cross-

correlations, and so proper probe choice and the necessary controls are required for 

multi-color imaging (92, 94). 

 

3.5. Localization imaging of cell membrane components  

Super-resolution localization techniques are well-suited for studies of cell 

membrane proteins and lipids, where they have been used to provide information about 

the spatial organization and diffusion behavior of molecules within the context of the 

heterogeneous structure of the membrane. Nanoscale clustering of membrane proteins 

involved in a wide array of cell functions, from cell adhesion (69, 82, 95), to viral entry 

(84, 96), to chemotaxis (97) have been characterized. These studies have also 

examined clustering of proteins involved in processes mediated by membrane 

heterogeneity and immune receptor signaling in particular. For example, clustering and 

diffusion of the raft-associated protein hemaglutinin A (HA) has been characterized and 
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shown to be dependent on the actin cytoskeleton (86, 90). Several groups have 

examined clustering of proteins involved in T cell receptor signaling, a process that is 

closely related to the FcεRI signaling cascade. The clustering behaviors of T cell 

receptor (TCR), the tyrosine kinase Zap70, and the adaptor protein LAT were measured 

before and after receptor activation and shown to be dependent on the actin 

cytoskeleton (91, 98, 99). Sherman et. al directly visualized interactions between TCR 

and downstream signaling proteins including Zap70, LAT, and another adapter protein 

SLP-76 using two-color localization imaging (93). The authors were able to visualize 

activation of LAT by Zap70, and showed dependence of LAT-SLP-76 co-cluster 

structure on actin polymerization. Together, these efforts are beginning to paint a more 

detailed picture of associations between membrane proteins and their interaction 

partners, and how these contacts may be influenced by factors such as lipid 

environment and the actin cytoskeleton.  

 

4. Current Studies 

 This dissertation describes our efforts to use the tools of super-resolution 

localization microscopy to better understand the physical mechanisms by which IgE 

signaling is initiated by receptor cross-linking and propagated in the early stages of the 

pathway. For these experiments, we use rat basophilic leukemia 2H3 (RBL-2H3) cells 

as a model system for mast cells (100). With tools of super-resolution localization 

microscopy, we have characterized receptor clustering and immobilization in fine detail 

and have identified two distinct stages of clustering and immobilization behavior 

following stimulation with multivalent antigen. To probe the interactions of IgE receptors 
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with other membrane components more directly, we have used two-color super-

resolution localization microscopy to measure the recruitment of Lyn kinase to clustered 

receptors.  

Chapter Two describes our work to apply super-resolution fluorescence 

localization microscopy, exploiting its capabilities for both high resolution imaging and 

for single-molecule recording of receptor diffusion, to the IgE receptor system. With this 

technique, we monitor the dynamics of clustering and mobility changes of IgE receptors 

in live RBL-2H3 mast cells undergoing a stimulated immune response. We do this both 

by quantifying average properties of receptors and by examining the behavior of single 

molecules. We find that clustering and immobilization proceed in two distinct phases 

that we correlate with a downstream signaling response, namely Ca2+ mobilization. In 

addition, we explore how receptor mobility and organization are altered by 

perturbations, including reversal of receptor cross-linking with monovalent hapten and 

modulation of the cholesterol content of cell membranes.  

We further extend these studies to a system where receptor cross-linking is more 

spatially controlled in experiments shown in Appendix A. We characterize changes in 

receptor diffusion and organization that occur when receptors are cross-linked with 

structurally-defined trivalent ligands. These ligands are based on a double-stranded 

DNA scaffold and have well-defined inter-DNP spacings. 

 To address the questions of how downstream signaling partners interact with 

clustered receptors and how these interactions may be temporally and spatially 

regulated by heterogeneous membrane structures, we have turned to two-color super-

resolution microscopy. With the goal of elucidating the interactions that occur during the 
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first stages of signaling, we focus on Lyn kinase. Lyn is one of the first interaction 

partners for IgE receptors following receptor cross-linking, and this interaction has been 

shown biochemically to be regulated by membrane lipids and the actin cytoskeleton. In 

Chapter Three we describe the antigen-dependent co-localization of IgE receptors with 

Lyn. We find that Lyn/IgE co-localization is enhanced following treatment of cells with 

cytoskeleton-disrupting drugs including latrunculin and cytochalasin D. Enhanced 

recruitment is also observed for a minimal fluorescent construct that only retains the 

lipid anchorage of Lyn. 

 In sum, these studies demonstrate the capability of super-resolution microscopy 

to enable detailed characterization of membrane processes at biologically relevant 

length scales in the tens of nanometers. Our results have helped elucidate the structural 

interactions leading to controlled spatial assembly of activated receptors and specific 

partners at the plasma membrane during the earliest stages of signaling. These findings 

contribute to improved understanding of the IgE-FcεRI signaling system, 

immunoreceptor signaling, and membrane heterogeneity-mediated cell signaling in 

general.  
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CHAPTER TWO 

 

DISTINCT STAGES OF STIMULATED FCεRI RECEPTOR CLUSTERING AND 

IMMOBILIZATION ARE IDENTIFIED THROUGH SUPER-RESOLUTION IMAGING1 

 

SUMMARY 

Recent advances in fluorescence localization microscopy have enabled imaging 

of chemically fixed and living cells at 20nm lateral resolution. We apply this 

methodology to simultaneously record receptor organization and dynamics on the 

ventral surface of live RBL-2H3 mast cells undergoing antigen-mediated signaling. 

Cross-linking of IgE bound to FcεRI by multivalent antigen initiates mast cell activation, 

which leads to inflammatory responses physiologically. We quantify receptor 

organization and dynamics as cells are stimulated at room temperature (22°C). Within 2 

min of antigen addition, receptor diffusion coefficients decrease by an order of 

magnitude, and single particle trajectories are confined. Within 5 min of antigen 

addition, receptors organize into clusters containing ~100 receptors with average radii of 

~70nm. By comparing simultaneous measurements of clustering and mobility, we 

determine that there are two distinct stages of receptor clustering. In the first stage, 

which precedes stimulated Ca2+mobilization, receptors slow dramatically but are not 

tightly clustered. In the second stage, receptors are tightly packed and confined. We 

                                                        
1 Published as  S. A. Shelby,  D. Holowka, B. Baird and S. L. Veatch, Distinct stages of 
stimulated FcεRI receptor clustering and immobilization are identified through super-
resolution imaging. Biophysical Journal , 2013. 105(10): p. 2343-2354.  Reprinted with 
permission. 
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find that stimulation-dependent changes in both receptor clustering and mobility can be 

reversed by displacing multivalent antigen with monovalent ligands, and can be 

modulated through enrichment or reduction in cellular cholesterol levels.  

 

INTRODUCTION  

Mast cell activation results in secretion of chemical mediators of inflammation 

from intracellular granules as part of the adaptive immune response, which is 

responsible for the symptoms of allergy. The first steps of this process occur at the 

plasma membrane, where antigen-specific immunoglobulin E (IgE) bound to its 

receptor, FcεRI, is cross-linked by soluble multivalent antigen (1, 2). Cross-linking of 

IgE-FcεRI causes signal initiation by phosphorylation of immunoreceptor tyrosine-based 

activation motifs on FcεRI β and γ2 subunits by Lyn kinase. The resulting tyrosine 

phosphorylation leads to Ca2+ mobilization and cellular degranulation (1–3). 

Oligomerization has readily observable effects on the spatial distribution and diffusion 

behavior of IgE-FcεRI. Receptors are uniformly distributed and mobile on the membrane 

before activation. Stimulation with antigen causes clustering of IgE-FcεRI into punctate 

aggregates on the cell surface and a marked decrease in receptor mobility (4, 5). 

Cross-linked IgE-FcεRI puncta can be visualized with conventional fluorescence 

microscopy. However, quantitative measurements of receptor cluster formation require 

sub-diffraction-limited spatial resolution, comparable to the dimensions of clusters. 

Previous work has used a variety of experimental approaches to characterize the 

dynamic, antigen-induced, nanoscale reorganization of FcεRI to understand this 

initiation step in signaling. Receptor distributions at high spatial resolution have been 
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studied with electron microscopy using immunogold labeling of IgE-FcεRI (6–8). 

Additionally, dynamics of IgE-FcεRI during the time course of activation have been 

captured by fluorescence photobleaching recovery (FPR) (5, 9, 10) and fluorescence 

correlation spectroscopy (FCS) (11). Single particle tracking (SPT) of individual 

receptors labeled with fluorescent dye- or quantum dot-conjugated IgE has 

characterized the motion of single proteins (12–14). To date, these approaches have 

either achieved high resolution spatial measurements in chemically fixed systems or 

measured receptor mobility in live cells using non-imaging methods or without 

nanoscale spatial resolution.  

Advances in fluorescence microscopy now enable sub-diffraction imaging using 

photoconvertible fluorescent dyes. Super-resolution techniques, including (direct) 

stochastic optical reconstruction microscopy (STORM/dSTORM) (15, 16) and 

(fluorescence) photoactivation localization microscopy (PALM/FPALM) (17, 18), have 

been used in fixed cells to quantify membrane protein distributions and clustering in 

other systems (19–24). Super-resolution techniques in live cells capture high-resolution 

maps of protein distributions (25, 26) in addition to diffusion information from single 

molecule trajectories (27–29). Further, the use of localization microscopy for single 

particle tracking methods provides improved number statistics over traditional single 

particle tracking because the photoconversion process allows for sampling of an 

ensemble of receptors over the course of a single live cell measurement. The present 

work applies super-resolution fluorescence localization microscopy, exploiting its 

capabilities for both high resolution imaging and for single-molecule recording of 

receptor diffusion. With this technique, we monitor the kinetics of clustering and mobility 

31



changes of IgE receptors in live RBL-2H3 mast cells undergoing a stimulated immune 

response. We do this both by quantifying average properties of receptors and by 

examining the behavior of single molecules. In addition, we explore how receptor 

mobility and diffusion are altered by perturbations, including reversal of receptor cross-

linking with monovalent hapten and modulation of the cholesterol content of cell 

membranes. 

 

MATERIALS AND METHODS 

 

Chemicals and Reagents 

 Amine reactive AlexaFluors 647 and 532 (AF647 and AF532), Fluo-4-AM, and 

Tetraspeck .125 μm fluorescent nanospheres were purchased from Life Technologies 

(Carlsbad, CA). β-mercaptoethanol, reduced L-glutathione, methyl-β-cyclodextrin, 

cholesterol-complexed methyl-β-cyclodextrin, glucose oxidase, and catalase were 

purchased from Sigma (St. Louis, MO). AF532 and AF647 -IgE were prepared by 

conjugating purified mouse monoclonal anti-2,4-dinitrophenyl (DNP) IgE with AF532 or 

AF647, as previously described (11, 30). AF647-IgE was measured to have a 

dye:protein ratio of 2.2:1. Multivalent antigen, dinitrophenyl- conjugated BSA (DNP-

BSA), with an average of 24 DNP molecules per BSA was prepared as described 

previously (31). Glutaraldehyde (25% stock) was purchased from Ted Pella (Redding, 

CA). Para-formaldeyde was purchased from Electron Microscopy Services (Hatfield, 

PA). Cell culture supplies including MEM, Trypsin-EDTA, and gentamicin sulfate were 
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purchased from (Life Technologies), and FBS was purchased from Atlanta Biologicals 

(Atlanta, GA). Cell culture dishes were purchased from MatTek (Ashland, MA). 

 

Sample Preparation 

 Rat Basophilic Leukemia (RBL-2H3) cells were maintained with media containing 

MEM 20% FBS, 10 μg/ml gentamicin sulfate as described previously (30), then 

harvested using Trypsin-EDTA. MatTek Dishes were prepared with fiduciary markers by 

applying a dilute (1:1000 dilution in phosphate-buffered saline) solution of Tetraspeck 

fluorescent nanospheres to freshly oxygen plasma-cleaned wells for 15 minutes before 

rinsing three times with RBL-2H3 media. Cells were then plated sparsely in the dishes 

(0.1 x 106/well) overnight at 37°C. 

 

Fixed cell samples:  

 The cells were sensitized with either AF647-labeled IgE (1g/ml) (for single-color 

experiments) or a mixture of AF647-labeled IgE and AF532-labeled IgE (1g/ml total) 

(for two-color experiments) in HEPES-buffered media (80% MEM, 20% fetal bovine 

serum, 50mg/L gentamicin, and 20mM HEPES) for 1 to 2 hours at room temperature. 

Dishes containing cells were rinsed and incubated in media at 37ºC for 5 minutes, 

rinsed again with warm PBS, treated with 1 μg/mL DNP-BSA in media (for 0,1,5, or 10 

min) at 37°C, rinsed with warm PBS, and then chemically fixed (4% paraformaldehyde 

0.1% glutaraldehyde in PBS) for 10 minutes at room temperature. Samples were then 

blocked with 2% fish gelatin, 2 mg/mL BSA in PBS for 10 minutes. For both single- and 
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two-color experiments, fixed samples were washed 3 or more times with PBS and once 

with buffer containing 100mM Tris, 10mM NaCl, and 10% w/w glucose before imaging.  

 

Live cell samples:  

 The cells were sensitized with AF647-labeled IgE (1g/ml) in HEPES-buffered 

media for 1 to 2 hours at room temperature. Dishes containing sensitized cells were 

rinsed first with media, then once with super-resolution imaging buffer (IB: 30mM Tris, 

135mM NaCl, 5mM KCl, 1mM MgCl2, 1.8mM CaCl2, 55mM glucose, 500μg/mL glucose-

oxidase, 40μg/mL catalase, and 50mM glutathione at pH 8) before imaging.  

 

Super Resolution Imaging 

Imaging Setup:  

 Single label fixed samples were imaged on an inverted microscope (Leica DM-

IRB, Wetzlar, Germany) under TIRF illumination through a 1.42 numerical aperture 

(N.A.) 100X Leica objective lens with a 100mW 642nm diode-pumped solid state 

(DPSS) laser (Crystalaser, Reno, NV) which is attenuated with neutral density filters as 

needed for the illumination requirements of the experiment. Typical laser power used 

during super-resolution data collection was about 60mW at the sample. Two-color 

experiments on fixed cells were conducted on an inverted Olympus IX81-ZDC 

microscope with a cellTIRF module (Olympus America, Center Valley, PA) under TIRF 

illumination though a 1.45 N.A. 100X Olympus objective lens with either a variable 

power 75mW 642nm DPSS laser (Coherent, Santa Clara, CA) or a 150mW DPSS 532 

laser (Cobolt, Stockholm, Sweden). In both instrument setups, images were recorded 
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with an Andor iXon 897 EM-CCD camera (Belfast, UK) using custom image acquisition 

code written in Matlab (The MathWorks, Natick, MA). Live cell samples were imaged on 

both microscopes. The camera field of view was cropped during imaging to include only 

a region of interest that encompasses the entire cell being imaged in order to reduce 

image file size and increase the camera frame rate. Camera frame rates were 

dependent on our exposure time of 10ms, camera settings, and the size of the cropped 

region of interest. 

 

Fixed cell imaging  

 Cells were imaged in the presence of an oxygen-scavenging and reducing 

imaging buffer (100mM Tris, 10mM NaCl, 10% w/w glucose, 500 μg/mL glucose-

oxidase, 40μg/mL catalase, and 1% β-mercaptoethanol at pH 8.5). After individual cells 

were located using relatively low power illumination, laser power was increased to 

induce AF647, or AF532 photo-switching. Movies of AF647, or AF532 photo-switching 

were acquired with 10ms exposure time at frame rates between 25 and 32 frames per 

second for at least 2500 frames.  

 

Live cell imaging  

 Live cells were imaged at room temperature to limit the effects of receptor 

internalization during the imaging experiment. Imaging was performed in the presence 

of super-resolution imaging buffer (IB: 30mM Tris, 135mM NaCl, 5mM KCl, 1mM MgCl2, 

1.8mM CaCl2, 55mM glucose, 500μg/mL glucose-oxidase, 40μg/mL catalase, and 

50mM glutathione at pH 8). Live cells were imaged at room temperature with frame 
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exposure times of 10ms and frame rates between 25 and 32 fps for at least 5 minutes 

before addition of DNP24-BSA at a final concentration of 1μg/ml and monitored as 

stimulation progressed for at least 10 minutes for data reported in Figs. 1-4, 2.1, and 

2.8. In experiments where antigen was competed off of surface IgE using DNP 

aminocaproyl-L-tyrosine (DCT), a stimulating dose of 0.1μg/ml antigen was used, and 

DCT at a final concentration of 20 μM was added 7 minutes after antigen addition (Fig. 

5). Cells were imaged for at least 10 minutes after the addition of DCT. In membrane 

cholesterol perturbation experiments (Figs. 2.13, 2.12, 2.13, 2.10, and 2.11 ), methyl-β-

cyclodextrin (MβCD) or cholesterol-complexed methyl-β-cyclodextrin (MβCD+chol) was 

added at a final concentration of 10mM 5 min before the addition of either DNP-BSA at 

a final concentration of 0.1ug/ml or a blank addition of an equivalent volume of buffer in 

experiments where cells were not stimulated. In experiments when cholesterol 

perturbation is followed by stimulation with DNP-BSA, cells were imaged for an 

additional 5 minutes in the presence of MβCD or MβCD+chol before antigen was added 

at a final concentration of 0.1ug/ml. The cells were then imaged for at least 10 minutes 

following stimulation. In experiments where cells were not stimulated after cholesterol 

perturbation, they were imaged for at least 15 minutes after addition of MβCD or 

MβCD+chol.  

 

Image Analysis 

Super-resolution image reconstruction 

 Movies of AF647 or AF532 photoswitching were analyzed as described in (32). In 

brief, diffraction-limited spots are fit to a two-dimensional Gaussian function though least 
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squares fitting using the built-in Matlab function fminfunc(). Localized probes that are 

outliers in spot width, brightness, aspect ratio, and 2D gaussian fit quality are excluded 

from the reconstructed image. In fixed cell measurements, probes that are localized in 

the same position in sequential frames, within twice the average localization precision, 

are combined. For live cell experiments, single molecule trajectories are determined as 

described below and only the first localization positions are included in reconstructed 

images. The average number of localizations that are accepted after culling and 

grouping is 12 per 10ms frame. For all experiments reconstructed images are 

assembled by incrementing a pixel value once for each time a localized signal is 

identified at that location. These images are then convolved with a two-dimensional 

Gaussian for display purposes. Super-resolution images are reconstructed from varying 

numbers of individual frames of raw data. For example, fixed cell images are 

reconstructed from at least 2500 frames (~100 s of integrated imaging time) of raw data, 

amounting to a total of approximately 30,000 single localizations, whereas live cell 

images are reconstructed from between 500 and 2000 frames (~20 and 80 s integrated 

imaging time), amounting to between approximately 6,000 and 24,000. The localization 

precision was calculated from correlation functions as described in (32) and had typical 

values around 20nm for a given imaging experiment using AF647 as the super-

resolution probe. 

 

Correlation function analysis of super-resolution images 

 Receptor clustering in super-resolution images is analyzed using spatial auto- 

and cross-correlation functions. Correlation functions are calculated from reconstructed 
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images of localized fluorophores as described previously (32). Briefly, reconstructed 

images (I) are masked (M) to exclude contributions from cell edges, and autocorrelation 

functions are tabulated using fast Fourier transforms (FFTs) according to: 

 g(r) = 1/ ρ2 × FFT-1(|FFT(I)|2)/ FFT-1(|FFT(M)|2) 

where ρ is the average density of localized signals within the masked region. The 

autocorrelation of the mask is included to properly account for boundary conditions. A 

Matlab function that tabulates g(r) from images is included in Supplementary material in 

(32). Cross-correlation functions for fixed cell images are tabulated similarly from 

masked images from two distinct images I1 and I2 with average densities ρ1 and ρ2 

according to: 

 c(r) = 1/(ρ1 ρ2) * RE(FFT-1(FFT(I1) × FFT(I2)* ) ))/ FFT-1(|FFT(M)|2) 

where * denotes a complex conjugate and RE() indicates the real part. Auto-correlation 

functions from single color live cell images were quantified as described in the main 

text.  

 

Correcting for over-counting in fixed cell images 

 Auto-correlation functions from single-color fixed cell images are subject to 

additional clustering due to over-counting of labeled proteins, and quantifications are 

corrected for possible over-counting as described previously (32) and summarized 

below. When over-counting is present in a super-resolution image, the measured auto-

correlation as a function of distance r, gmeas(r), has the form 

 gmeas(r) = [δ(r)/ρ + g(r>0)]*gPSF(r),  
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where here the terms in square brackets are the delta function present at r = 0 (δ(r)) 

plus the auto-correlation arising from the real distribution of labeled protein centers at 

distances greater than r = 0 (g(r>0)). Both terms are convoluted (*) with the correlation 

function of the effective point spread function (PSF) of the measurement gPSF(r), as 

described in detail in (32)). ρ is the average density of labeled molecules in the 

analyzed area. If a Gaussian shape of the PSF is assumed, the equation becomes 

 gmeas(r) = exp{-r2/4σ2}/(4π σ2 ρ)+ g(r>0) *gPSF(r) 

where the first term represents the contribution to gmeas(r) of over-counting. gPSF is 

estimated by comparing the auto-correlation of images reconstructed from all identified 

single molecule centers to those of images reconstructed from data grouped to account 

for localized single molecules within a threshold of twice the localization precision and 

are identified in sequential frames as described previously (32). gPSF is then fit to a two-

dimensional Gaussian function to determine σ, and we assume a surface density of the 

receptor to be 200 molecules/μm2 (33). The measured correlation function is then fit to 

the above equation to determine the correlation function due to the real distribution of 

labeled molecules. g(r>0) is approximated by an exponential function, 1+Aexp(-r/ξ), and 

A and ξ are extracted as fit parameters.  

 Cross-correlation functions from two-color experiments do not contain additional 

contributions from over-counting and can be fit to a single filtered exponential function to 

extract clustering parameters. Measured cross-correlations are of the form:  

 gmeas(r) = gPSF(r)*g(r>0) 

where g(r>0) represents the correlation function arising from the real distribution of 

labeled molecules at distances greater than r = 0 and gPSF(r) is a function that applies a 
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Gaussian filter with width proportional to the resolution of the image and represents the 

PSF of the measurement. g(r>0) is well fit by a single exponential function, yielding 

 gFit(r) = gPSF(r)*[1+ (Aexp(-r/ξ))]  

where A and ξ are extracted as fit parameters.  

 

Single particle tracking and diffusion analysis  

 Single receptor trajectories are generated from fluorophore locations recorded 

within a masked area in live cell experiments using a simple tracking algorithm, in which 

localized probes in successive frames are linked in a trajectory if a localization in one 

frame falls within some maximum distance (here, 400-500nm) of a localization in the 

previous frame. This maximum step size is chosen by examining the resultant step size 

distribution and ensuring that it follows a log normal distribution. If a probe localization in 

one frame could be linked to more than one localization in the previous frame, i.e. the 

tracks merge, then the merged tracks are terminated to avoid artifacts. Also, if a point 

cannot be linked to the previous frame, the algorithm will look back up to several time 

points (3) to compensate for fast blinking of fluorophores or single molecules lost in 

image processing. Similar results were obtained with more complicated tracking 

algorithms that perform global minimizations (34). 

  Mean squared displacement (MSD) as a function of time interval τ is calculated 

over all trajectories that persist longer than two frames from the positions as a function 

of time (x(t) and y(t)). In general, the MSD in 2 dimensions is defined as 

 MSD(τ) = <(x(t+τ)- x(t))2> +<y(t+τ)- y(t))2 > 
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where the angled brackets denote an average over all t. MSD curves are tabulated for 

individual trajectories, or over all segments acquired in a single cell over a specified 

time window (typically 500 frames).  Diffusion coefficients for individual molecules are 

only reported if trajectories extend at least some minimum number of frames (typically 

14). Short and long time diffusion coefficients are determined through a weighted linear 

least squares fitting routine in Matlab (lscov), where weights were the inverse standard 

error of the mean for each MSD(τ). 

 In Fig. 2.7D, we generate three dimensional histograms from single trajectory 

data by keeping track of the average diffusion coefficient (DS) for single tracks, and the 

average density of receptors along each trajectory. The average density along the 

trajectory is determined by first reconstructing a super-resolution image from the first 

point of all trajectories localized within a 1000 frames (40 s) of acquired raw data. For 

Fig. 2.7D, this image had a pixel dimension of 20nm by 20nm, and after reconstruction 

the image was convolved with a Gaussian filter with half-width of 40nm.  This intensity 

image is then normalized so that the total average surface density is maintained at 

200/µm2. Finally, long trajectories were placed upon this image and the pixel value at 

each localized point along the trajectory was averaged. The three dimensional 

histogram was constructed by binning in both diffusion coefficient and average intensity. 

Histograms were filtered with a Gaussian function with half-width ≤1bin in order to 

smooth contours. 

 

Ca2+ mobilization measurements 

41



 RBL-2H3 cells were plated in 35mm dishes and allowed to adhere at 37 °C 

overnight. Cells were then sensitized with 1ug/ml unlabeled IgE for at least 2h at 37 °C 

prior to imaging. The cells were rinsed then labeled with the Ca2+-sensitive dye Fluo-4-

AM by incubating in 0.4µg of dye in 1ml of BSS containing 1mg/ml BSA (BSS-BSA) for 

10min at room temperature. Cells were rinsed again to remove excess dye and imaged 

immediately in either BSS-BSA or in imaging buffer (IB) used for super-resolution 

experiments at room temperature. Fluo-4 fluorescence intensity was imaged at 2 fps 

under 10x magnification. Samples were monitored as the cells were stimulated by 

addition of either 1 or 0.1 μM DNP-BSA 5 minutes after the start of imaging. To test the 

effects of cholesterol perturbation on cellular Ca2+ responses, MβCD or MβCD+chol 

was added to the dish 5 minutes after the start of imaging at a final concentration of 

10mM and allowed to incubate for 5 minutes before cells were stimulated with 0.1 μM 

DNP-BSA as above. Fluo-4 intensity for each cell was determined by recording the 

average fluorescence intensity within a circle of radius 5 pixels (7.25µm) from the 

localized cell center as a function of time. The time averaged fractional intensity is 

normalized to 1 for each cell prior to treatments, and signals from at least 500 cells are 

averaged to obtain the average intensity traces shown in Figs. 2.5, 7, and 2.2. Small 

reductions in average Fluo-4 intensity vs. time due to bleaching and/or dye leakage 

were corrected for by fitting any downward slope present in the average Fluo-4 intensity 

curve within the first five minutes of imaging, prior to stimulation or addition of 

perturbation. The average intensity curve for all time points is then normalized by this fit. 

For cumulative curves of Ca2+ mobilization initiation events, individual cells are defined 
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as having initiated a Ca2+ response if their intensity increases by a factor of 2.5 more 

than the average intensity of the cell prior to treatments.  

 

Degranulation experiments 

 To test the effects of imaging buffer on RBL degranulation, cells were sensitized 

with unlabeled anti-DNP IgE at a final concentration of 1μg/mL and plated at a density 

of 0.5 X 106 cells per well in a 96-well plate overnight at 37 °C. Adherent cells were 

washed in BSS-BSA and then washed into either BSS-BSA, live cell imaging buffer (IB) 

without a reducing agent or oxygen scavenging enzymes (135mM NaCl, 5mM KCl, 

1mM MgCl2, 1.8mM CaCl2, 55mM glucose, 30mM Tris, at pH 8), or complete imaging 

buffer which includes reducing agents and oxygen scavenging enzymes (135mM NaCl, 

5mM KCl, 1mM MgCl2, 1.8mM CaCl2, 55mM glucose, 30mM Tris, at pH 8 with 

500μg/mL glucose-oxidase, 40μg/mL catalase, and 10, 50 or 100 mM glutathione or 10 

mM β-mercaptoethanol at pH 8). After the addition of multivalent ligand DNP24-BSA at 

1ug/ml final concentration , the cells were incubated at 37°C for an hour, and the 

supernatants were taken from each well to assay the extent of β -hexosaminidase 

release from the cells as previously described (35). Stimulated degranulation is 

expressed as a percentage of the total cellular β-hexosaminidase activity present in cell 

lysates after solubilization in 0.1% Triton X-100.  

 To test the effects of cholesterol perturbations on RBL-2H3 degranulation, cells 

were plated and sensitized with unlabeled IgE in the same manner as above. After 

washing with BSS-BSA, cells were washed into BSS-BSA, complete IB, or complete IB 

containing 10mM MβCD or MβCD+chol. Following a 5 min incubation, DNP-BSA was 
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added to some samples at .1ug/ml final concentration and the samples were incubated 

at 37°C for one hour. β-hexosaminidase released was assayed as above.  

 

RESULTS AND DISCUSSION 

 

Redistribution of IgE-FcεRI after antigen addition as imaged in chemically fixed 

cells. 

 Super-resolution fluorescence localization imaging of IgE-FcεRI at the ventral 

(bottom) surface of chemically fixed RBL-2H3 cells reveals time-dependent receptor 

clustering due to cross-linking by antigen (Fig. 2.1), in good agreement with previous 

electron microscopy studies (8). Cells were sensitized by incubating with IgE antibodies 

specific for DNP, stimulated with the multivalent antigen DNP-BSA, and then chemically 

fixed at specified time points after antigen addition, as described in Materials and 

Methods. IgE-FcεRI complexes were fluorescently labeled either by sensitizing with IgE 

directly conjugated to Alexa Fluor 647 (AF647) (Fig. 2.1 A and B), or by sensitizing cells 

with two distinct pools of IgE directly conjugated either to AF647 or to Alexa Fluor 532 

(AF532) prior to antigen addition and fixation (Fig. 2.1 C). Conventional TIRF images of 

the single-color fixed cells (Fig. 2.1 A) were captured before single-color super-

resolution images (Fig. 2.1 B) and are shown for comparison. For super-resolution 

images with both single- and two-color labeling, IgE-FcεRI appears weakly structured in 

unstimulated cells (-Ag) and exhibits a clustered appearance in cells after stimulation 

(+Ag ). One minute after antigen addition, labeled IgE-FcεRI-rich patches become 

apparent around the periphery of the cell’s ventral surface, likely because this is the 
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Fig. 2.1 Quantitative super-resolution localization microscopy TIRF imaging of 
IgE-FcεRI redistribution after antigen addition in chemically fixed cells. 
Representative TIRF images of RBL-2H3 cells imaged using either (A) conventional 
TIRF microscopy, (B) single-color, or (C) two-color super-resolution fluorescence 
localization microscopy in unstimulated cells and cells treated with the multivalent 
antigen DNP-BSA (1 μg/ml) at 37°C for the time indicated before chemical fixation. 
Conventional TIRF and single color super-resolution images are shown for the same 4 
cells in (A) and (B), respectively, for purposes of comparison between super-resolution 
and conventional images. Single-color cells in (A) and (B) are sensitized with IgE 
directly conjugated to AF647, while two-color measurements in (C) were conducted on 
cells sensitized with IgE directly conjugated to either AF647 (red) or AF532 (green) 
fluorophores.  (D) Cross-correlation curves evaluated from two-color measurements 
averaged over at least 5 cells for each stimulation condition shown in (C). Error bars 
represent the standard error of the mean of values between cells. Lines are a fit to Eqn. 
1 for radii between 0 and 500nm. Simulated receptor distributions over a 2μm by 2μm 
area which recapitulate observed correlation functions for each time point are shown at 
right. Extracted correlation lengths (E) and amplitudes (F) from super-resolution 
fluorescence localization imaging measurements are compared to previous scanning 
electron microscopy (SEM) measurements (8). Values reported for two-color 
measurements represent the average over multiple cells with error bounds denoting the 
standard error of the mean. For single-color measurements, values are obtained by 
correcting measured correlation functions for over-counting assuming a receptor density 
of 200/µm2, and fitting the resulting curve to Eqn. 1 for radii between 40 and 300nm. 
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area accessed first by antigen. After incubation with antigen for 5 or 10 min, cells 

contain distinct IgE-FcεRI puncta on the ventral cell surface. Conventional TIRF imaging 

also shows large-scale receptor organization, including receptor puncta in stimulated 

cells, but structures under ~250nm cannot be resolved. 

As with live cell experiments described below, we utilize spatial pair correlation 

functions to quantify clustering of IgE-FcεRI complexes in single-color reconstructed 

images of fixed cells. In single color experiments, multiple AF647 fluorophores can label 

each IgE antibody and each AF647 fluorophore can reversibly transition between 

fluorescent and non-fluorescent states within a single experiment. These phenomena 

result in apparent clustering on the size-scale of the localization precision in super-

resolution images, such as those shown in Fig. 2.1 B, and corresponding artifacts in the 

quantification of images due to over-counting of single receptors (32). Pair cross-

correlation functions are not subject to over-counting artifacts(32), are tabulated from 

two-color images, and measure the normalized probability of finding a localized 

fluorophore of one color a given distance, r, away from the average localized 

fluorophore of the second color. Average cross-correlation functions tabulated from 

unstimulated and stimulated cells are shown in Fig. 2.1 D. 

Measured cross-correlation functions are fit to a single filtered exponential to 

extract information on average cluster size and density (32)  

gFit(r) = gPSF(r)*[1+ (Aexp(-r/ξ))].                    (1) 

A is the amplitude of correlations, which is related to the increased density of receptors 

in clusters, ξ is the correlation length, which is approximately the average cluster radius, 

and gPSF(r) is a function that applies a Gaussian filter with width proportional to the 
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resolution of the image. Measured cross-correlation functions were fit for all radii 

r<500nm. Details of the fitting methods and the determination of the resolution of the 

image are described in Materials and Methods. Simulated receptor density distributions 

which are reconstructed from our observed cross-correlation functions are shown in the 

right panels of Fig. 2.1 D and serve as a visual aid to represent receptor distributions in 

the absence of over-counting. We also fit autocorrelation functions tabulated from single 

color images to Eqn. 1 after first subtracting expected contributions from over-counting, 

assuming an average surface density of IgE-FcεRI complexes of 200/µm2 (32, 33). 

Summaries of extracted values for ξ and A from both single and two color images are 

shown in Fig. 2.1 E and F along with our past results applying a similar analytical 

methodology to scanning electron microscopy (SEM) images of IgE-FcεRI on the dorsal 

surface of RBL-2H3 cells labeled post fixation with primary and gold-conjugated 

secondary antibodies (8). 

In unstimulated cells (-Ag), the cross-correlation of AF647 and AF532 probes is 

close to one at all radii, indicating that IgE-FcεRI complexes are nearly randomly 

distributed on the membrane (Fig. 2.1 D). Upon closer inspection, cross-correlation 

functions tabulated from images of cells indicate the presence of weak, long-range 

correlations in cells in the absence of antigen (inset of Fig. 2.1 D). The size of 

correlations in unstimulated cells is comparable to the size of clusters at long stimulation 

times, but the amplitude associated with these correlations is only 20% greater than a 

random distribution of receptors (Fig. 2.1 D inset), and two orders of magnitude less 

than the correlation amplitude 5 min following antigen stimulation. The simulated 

receptor distribution displayed in Fig. 2.1 D (lowest right panel) that corresponds to the 
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unstimulated correlation function is a visual representation of these weak correlations 

and is nearly indistinguishable from a random distribution. We previously proposed that 

weak, long-range, unstimulated clustering may arise from non-planar topology of the 

ventral membrane, from weak lipid-mediated organization in unstimulated cells (32), or 

through direct or indirect coupling to cortical actin (12, 36). We note that no equivalent 

correlations were observed in our previous SEM work in unstimulated cells, which 

selected for flat regions of the dorsal cell surface (8). Also, weak correlations are 

dominated by over-counting artifacts in autocorrelation functions tabulated from 

unstimulated cells labeled with a single color. Errors in the estimation of correlations 

from over-counting likely result in an underestimation of ξ and an over-estimation of A 

for single-color measurements. 

Cross-correlation functions become larger than one at short radii in cells 

incubated with multivalent antigen prior to fixation, indicating that receptors become 

clustered. With increasing stimulation time, cross-correlations increase in magnitude at 

short radii. Cross-correlation functions, calculated from images of stimulated cells, 

remain larger than one out to radii of 200 nm, indicating that the largest clusters have 

approximately this radius. This quantitative treatment is consistent with the qualitative 

observation of clustering in representative images shown in Fig. 2.1, B and C. 

Variations in the size (ξ) and magnitude (A) of correlations as a function of stimulation 

time provide a quantitative measure of receptor redistribution with cross-linking. We 

observe a slight increase in the size of cross-linked receptor clusters (ξ) within 5 min 

after stimulation, similar to the modest increase we observe in live cells after stimulation 

(Fig. 1C).Values of ξ are in relatively good agreement with our past SEM data, which, 
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like our single-color experiments, are corrected for over-counting (Fig. 2.1 E) (8).  

Observed differences between the dorsal cell surface imaged by SEM and the ventral 

cell surface imaged by super-resolution microscopy, could arise from different 

accessibility to antigen or differences arising from adhesion to the substrate.  

The amplitude of correlations (A) also increases with stimulation time, 

corresponding to an increase in receptor density in clusters (Fig. 2.1 F). It is notable that 

the correlation amplitude is substantially larger in stimulated cells in super-resolution 

measurements when compared to our previous SEM studies (Fig. 2.1 F). This indicates 

that clustered fluorescent labels in these optical microscopy measurements are more 

densely packed than the gold particles observed by SEM. This could be accounted for if 

gold particles are precluded from labeling some IgE-FcεRI complexes in densely 

packed receptor clusters due to the large relative size of the primary and secondary 

antibodies and gold particles (10 nm diameter).  Values of ξ and A extracted from 

single-color and two color images are in good general agreement aside from systematic 

reductions in ξ and elevation in A for single-color data. Again, these systematic errors 

are expected with underestimation of correlations due to over-counting in the single 

color measurements, since remaining contributions from over-counting would act to 

decrease ξ and increase A.  

 

Live RBL-2H3 cells retain antigen-stimulated degranulation and Ca2+ responses 

under super-resolution imaging conditions.   

To determine whether the buffer conditions required for dSTORM imaging affect 

the functional responses which result from IgE receptor cross-linking, a β-
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hexosaminidase release assay was used to measure the levels of secretory granule 

release in adherent RBL-2H3 cells in response to antigen stimulation conditions similar 

to those used in our live cell super-resolution experiments. This assay utilizes a 

fluorogenic substrate for the enzyme β-hexosaminidase, a constituent of secretory 

granules, to measure its release as a consequence of degranulation and quantify the 

extent of degranulation in RBL-2H3 cells (35). Control samples were stimulated under 

conditions that are conducive to degranulation in balanced salt solution with 1 mg/ml 

BSA (BSS-BSA, 30mM HEPES, 135mM NaCl, 5mM KCl, 1mM MgCl2, 1.8mM CaCl2, 

5mM glucose, and 1mg/ml BSA at pH 7.4) at 37°C. Our super-resolution imaging buffer 

is buffered with Tris and has a higher pH than BSS (pH 8), contains the reducing agents 

and oxygen scavenging enzymes necessary for dSTORM imaging of AlexaFluor 647, 

and also has a higher concentration of glucose (55mM), which is a substrate for the 

oxygen-scavenging enzyme glucose oxidase. To determine the effects of the various 

components of the imaging buffer on cellular degranulation, cells were stimulated in 

imaging buffer with or without 50mM of glutathione (GTT) and oxygen scavenging 

enzymes. These cells degranulate to a slightly lesser extent than cells stimulated in 

BSS-BSA ( Fig. 2.2 A), although degranulation is still robust. Degranulation in the 

presence of this buffer is reduced to levels between 75 and 90% of degranulation 

measured in BSS-BSA according to data shown in Fig. 2.2 and Fig. 2.11. Cellular 

degranulation measured in cells in imaging buffer without a reducing agent or oxygen 

scavenging enzymes is not significantly different from degranulation of cells in imaging 

buffer that contains both 50mM glutathione and oxygen scavenging enzymes. The 

decreased degranulation of cells in imaging buffer that contains both 50mM glutathione 

51



 

 

 

 

 

 

Fig. 2.2 RBL-2H3 cells retain the antigen-stimulated responses in super-
resolution imaging buffer. (A) RBL-2H3 degranulation at 37°C was measured using a 
β-hexosaminidase release fluorogenic assay in which the effects of the oxygen 
scavenging enzymes (OS) and reducing agent used in the dSTORM imaging buffer (IB), 
including glutathione (GTT) or beta-mercaptoethanol (BME), were tested on antigen-
stimulated degranulation. Cells in BSS-BSA in the presence or absence of DNP-BSA (1 
μg/ml) were used as standards for basal and stimulated degranulation, respectively. (B) 
Antigen-stimulated Ca2+mobilization was measured in the presence of imaging buffer at 
room temperature using Fluo-4 intensity as a readout of intracellular Ca2+ concentration. 

Total fluorescence intensity is shown for populations of cells (at least 500) loaded with 
Fluo-4-AM and stimulated with 1μg/ml or 0.1 μg/ml multivalent antigen (DNP24-BSA) in 
BSS-BSA or in the presence of super-resolution imaging buffer as a function of time. 
The dotted gray line at 0 min indicates the addition of antigen. The signal is normalized 
to initial levels, and intensity is reported as a fold increase from initial levels. (C) 
Cumulative curves of Ca2+ mobilization initiation events of individual cells as a function 
of time. The number of cells which have initiated a Ca2+ response is plotted as the 
fraction of the total number of cells which displayed a Ca2+ response during the 
experiment. 
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and oxygen scavenging enzymes compared to cells in BSS-BSA appears to be due to 

other components of the imaging buffer that differ from BSS-BSA, possibly the 

increased glucose concentration, Tris buffer, or increased pH. Stimulated cellular 

degranulation is substantially less when a higher concentration of glutathione is used or 

when β-mercaptoethanol is used as the imaging buffer reducing agent. For this reason 

a 50mM glutathione was chosen to minimize the impact of imaging buffer conditions on 

cellular responses, and the final formulation of the imaging buffer (IB) contains 30mM 

Tris, 135mM NaCl, 5mM KCl, 1mM MgCl2, 1.8mM CaCl2, 55mM glucose, 500μg/mL 

glucose-oxidase, 40μg/mL catalase, and 50mM glutathione at pH 8.  

The effect of imaging buffer on Ca2+ mobilization was assessed through imaging 

experiments where sensitized RBL-2H3 cells are loaded with the Ca2+-sensitive dye 

Fluo-4 and stimulated with multivalent antigen (DNP-BSA) in the presence of imaging 

buffer at room temperature (Fig. 2.2, A and B). Fluorescence intensity is monitored 

across a field of several hundred cells as a function of stimulation time, as described in 

Materials and Methods. Cells produce a robust Ca2+ response in the presence of 

imaging buffer after stimulation by antigen compared to cells imaged and stimulated in 

the conventional live cell imaging buffer, BSS-BSA (Fig. 2.2 B). The cumulative 

distribution of cells with an initial Ca2+response indicates that the onset of Ca2+ 

mobilization in the population of cells is not substantially delayed or otherwise affected 

by imaging buffer (Fig. 2.2 C).  

 

Redistribution of IgE-FcεRI upon stimulation in live cells 
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Through super-resolution imaging of living cells, we simultaneously observe 

nanometer scale receptor organization and dynamics in real time. Fig. 1 A shows a 

representative live RBL cell that is imaged before and after the addition of multivalent 

antigen at room temperature under buffer conditions that both support super-resolution 

imaging and preserve downstream functional responses (Fig. 2.2). We chose to image 

at room temperature rather than 37°C because key signaling stages occur, although at 

a slower rate. These include receptor phosphorylation, Ca2+mobilization, and 

endocytosis (11, 37). Cells were sensitized by incubation with IgE antibodies specific for 

dinitrophenyl (DNP) and stimulated with the multivalent antigen DNP-bovine serum 

albumin (DNP-BSA). IgE-FcεRI complexes were fluorescently labeled by sensitizing 

with IgE directly conjugated to an Alexa Fluor 647 (AF647), and imaged as described in 

Materials and Methods. Live cell images are produced by following single molecule 

trajectories in raw images, then reconstructing time averaged images using only the first 

localized position in each trajectory. Each reconstructed image in Fig. 2.3 A is compiled 

from 2000 raw image frames acquired over 68 s of imaging time at 31 frames per 

second. The relatively short imaging time produces a reconstructed image that is 

inherently under-sampled; only a fraction (estimated between 30 and 60 %) of individual 

IgE proteins are represented in each image. Despite this limitation, images clearly 

indicate that receptors are nearly randomly organized in unstimulated cells and become 

more clustered in response to cross-linking by multivalent antigen. 

We utilize the spatial pair correlation function as a function of radius, g(r), to 

quantify clustering of IgE-FcεRI complexes in reconstructed images. Pair auto-

correlation functions measure the normalized probability of finding a second localized 
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Fig. 2.3 Quantitative super-resolution localization microscopy imaging of IgE-
FcεRI redistribution after antigen addition in live cells. (A) Reconstructed super-
resolution fluorescence localization images of an AF647-IgE-labeled living cell at 
various times in the stimulation sequence, where antigen (DNP-BSA, 1 μg/ml) is added 
at 0 min. Each image is reconstructed from 68s of acquired data as described in 
Materials and Methods. Insets show magnified images of the regions outlined with black 
squares. A movie showing complete time-lapse imaging of this cell is supplied in the 
Supporting Material. (B) Auto-correlation functions, g(r), are calculated from 
reconstructed single molecule centers acquired over 16s as described in Materials and 
Methods (solid shapes) and are fit to single exponentials (Eqn. 2; solid lines). The inset 
in (B) shows the correlation function from data recorded 3 min before antigen 
stimulation on an expanded scale. (C) Correlation function parameters from 11 live cell 
experiments, distinguished by different colors: the correlation length, ξ (top), the 
correlation amplitude, A (middle), and the average number of correlated proteins, N 
(bottom). Solid black lines indicate averages over 11 cells, and error bars represent 
standard error of the mean. The inset in (C, top) shows the average ξ for time points 
between 3 and 15 min after antigen addition on an expanded y axis scale. Fit 
parameters extracted from two-color fixed cell experiments are reproduced from Fig. 
2.1, D and E and plotted for comparison in (C) as open black diamonds. 
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fluorophore a given distance, r, from the average localized fluorophore. These functions 

are tabulated as described previously (32) and summarized in Materials and Methods . 

For the resulting curves, a value of 1 indicates that receptors are randomly organized. 

Values greater than 1 indicate that receptors are clustered, and the range in r over 

which g(r) is greater than 1 is a measure of cluster size. The g(r) curves shown in Fig. 

2.3 B were tabulated from images reconstructed using 500 frames of raw image data 

acquired over 16s. In agreement with visual observations, auto-correlation functions 

generated from time resolved images show that receptors are nearly randomly 

distributed prior to antigen addition, with g(r) close to 1 at all radii, and become 

dramatically more densely clustered after stimulation. Correlation functions measured in 

live cells are in good quantitative agreement with those observed in cells chemically 

fixed at specific time-points after stimulation (Fig. 2.1). Although reconstructed images 

of live cells are undersampled compared to fixed cell images, as long as undersampling 

is random, its effects alone will not change the correlation function beyond decreasing 

signal to noise (32). 

Measured auto-correlation functions are fit to a single exponential to extract 

information on average cluster size and density according to the equation: 

gFit(r) = 1+ Aexp(-r/ξ)                  (2) 

for r > 20 nm, where A is the amplitude of correlations, which is proportional to the 

increased density of receptors in clusters, and ξ is the correlation length, which is 

approximately the average cluster radius. The average number of correlated proteins 

(N), or the number of correlated proteins within the average cluster, is the summation of 
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the measured g(r) over r times the average surface density of receptors, defined by the 

equation: 

N = ρave Σ(2π r Δr(g(r)-1)),                          (3) 

where we assume that the overall average surface density of receptors (ρave) is 200/µm2 

(32, 33). When curves are well fit to the single exponential form given in Eqn. 2 in the 

limit of small Δr, this sum over values of r from zero to infinity can also be written as 

N=ρave 4 πA ξ2. In practice, we evaluate Eq. 2 for radii between 0 and 300nm, with 

Δr=15nm. 

This quantitative analysis, averaged over 11 cells, and a summary of extracted fit 

parameters is shown in Fig. 2.3 C. We observe dramatic redistribution of receptors into 

clusters after addition of multivalent antigen with weak, long-range correlations in 

unstimulated cells, and strong, shorter-range, correlations after antigen stimulation, 

consistent with previous reports in live cells (38). In unstimulated cells, we observe 

correlations with very low values of A and N and large values of ξ. This is further 

illustrated by the correlation function for unstimulated cells plotted in the inset of Fig. 2.3 

B. ξ extends to almost 200nm in unstimulated live cells, whereas we observed ξ≈80nm 

in chemically fixed cells (Fig. 2.1). The larger ξ observed in live cell images could arise 

from over-counting single molecules that are lost by our tracking algorithm, lateral 

motion of any correlated structures observed during data collection, or could be a 

consequence of live cells being imaged at room temperature whereas cells were 

chemically fixed after incubation at 37°C.  

We observe time-dependent increases in A and N during the first 5 min following 

antigen addition. After this time, A remains constant, N continues to increase at a slower 

59



rate, and ξ slowly increases (Fig. 2.3 C top, inset). The average ξ decreases within 3 

min of antigen addition to about 70nm, in good agreement with ξ in stimulated fixed cells 

(Fig. 2.3 C, diamonds). The continuous decrease in ξ soon after antigen addition likely 

indicates the increasing presence of small and dense clusters in a background of larger 

more diffuse structure, as suggested by the image reconstructed from data acquired 

1min after antigen addition in Fig. 2.3 A, although we do not attempt to resolve two 

distinct components in g(r). 

Our choice to quantify single color live cell images using auto-correlations relies 

on the assumption that live cell super-resolution images are not greatly affected by 

artifacts associated with over-counting single receptors. We expect this to be the case 

because individual fluorescently labeled receptors will typically diffuse over distances 

much larger than correlated structures with dimensions of several hundred nanometers 

or less during the time that a fluorescent molecule labeling an individual receptor 

remains in the dark state. This assumption may not be valid in stimulated cells, where 

receptors may become confined within densely cross-linked clusters, and the same 

receptor may be counted multiple times within a single cluster. If there is a contribution 

to correlation functions from over-counting, our reported results would lead to an 

overestimate of A. However, the values of A we observe from autocorrelation functions 

in live cells are systematically lower than values of A extracted from cross-correlation 

functions in fixed cells (Fig. 2.3 C black diamonds), which are not affected by over-

counting artifacts. This supports the assumption that over-counting does not affect 

correlation functions throughout the time-course of imaging.  
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Our results using chemically fixed cells (Fig. 2.1) are consistent with and 

complementary to our live cell measurements in several regards. Agreement in A and N 

between fixed and live cells at early stimulation time points indicates that clustering 

occurs to approximately the same extent although at a somewhat slower rate in cells 

stimulated at room temperature vs. 37°C. Further, results from fixed cell experiments 

demonstrate that receptors are not clustered before stimulation. This result is important 

in the context of our live cell experiments because small and highly mobile clusters that 

diffuse much farther than their size over a typical image acquisition time would not be 

detected by our live cell quantification methods. 

 

Mobility of IgE- FcεRI in live cell measurements.  

The majority of individual fluorophores remain in a fluorescent state for multiple 

sequential frames, and we track these probes to form trajectories from localizations of 

the protein in time and space (see Materials and Methods). Visual inspection of 

trajectories obtained from 16 s of acquired data in unstimulated and stimulated cells 

suggests that IgE-FcεRI diffusion is relatively unconstrained prior to stimulation and that 

mobility decreases significantly after antigen addition (Fig. 2.4 A). Trajectories are 

quantified by tabulating the mean squared displacement (MSD) as a function of time 

interval (τ). Several representative curves are calculated by averaging MSD(τ) values 

over all trajectories acquired within 16s, as shown in Fig. 2.4 B. The magnitude of 

average MSD(τ) decreases after stimulation, indicating reduced receptor mobility. The 

representative data shown in Fig. 2.4, A and B, is acquired from the same cell shown in 

Fig. 2.3, A and B. 
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Fig. 2.4 Antigen stimulation leads to slower and more confined diffusion of IgE-
FcεRI receptor complexes. (A) Single molecule trajectories of IgE-FcεRI complexes on 
the surface of cells under TIRF illumination before (-Ag) and after stimulation with 1 
μg/ml DNP-BSA for 5min (+Ag). Tracks shown are accumulated over 1min, only tracks 
observed for ≥5 frames (0.16s) are displayed, and coloring from blue to red indicates 
the relative time at which a single probe was observed within the 1 min time-frame. (B) 
Mean squared displacement (MSD) curves are generated by averaging over all tracks 
observed within a 500 frame (16s) time-period at the times during antigen stimulation 
indicated, as described in Materials and Methods. MSD curves are fit to Eqns. 4A and 
4B to extract the short and long time diffusion coefficients DS and DL, respectively. (C,D) 
Summary of DS (C) and DL (D) extracted from MSD curves tabulated from single 
molecule trajectories acquired over 500 frames (approximately 20s and variable from 
cell to cell) for 11 distinct cells. Error bars represent standard error of the mean of the 
11 live cell experiments. (E) Confinement as a function of stimulation time as measured 
by DS/DL from the same 11 live cell experiments. Error bars represent standard error of 
the mean. 
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In most cases we find that the slopes of MSD(τ) are not linear as expected for 

free diffusion, but instead are deflected to lower values at long τ, indicating that 

receptors are confined. We quantify both diffusion and confinement of IgE-FcεRI 

complexes as a function of stimulation time by fitting MSD(τ) to obtain both short and 

long time diffusion coefficients, DS and DL, which are obtained by fitting distinct time 

ranges of MSD(τ) curves to extract linear slopes. DS is obtained by fitting the equation: 

MSD (τ2-4) = 4DSτ2-4 + CS,      (4A) 

where τ2-4 indicates the second, third, and fourth time intervals of the MSD(τ) curve, 

typically corresponding to roughly 50-100ms and CS is the y-intercept of the fit that 

accounts for the finite localization precision of the single molecule data . DL is obtained  

by fitting the MSD curve at time intervals between 250 and 500ms to the analogous 

equation: 

MSD(τ250-500ms)=4DLτ250-500ms + CL.     (4B) 

Best fit lines to Eqns. 4A and 4B, whose slopes are proportional to the values of DS and 

DL, are shown for the representative MSD(τ) curves in Fig. 2.4 B. In addition, we 

quantify confinement by taking a ratio of these values, DS/DL. In the examples shown in 

Fig. 2.4 B, DS/DL is greater than 1, indicating that receptors are confined, and this ratio 

increases after antigen addition. 

 DS, DL, and their ratio for IgE-FcεRI in cells undergoing signaling responses are 

shown in Fig. 2.4, C-E, for the same 11 cells characterized in Fig. 2.3. Both DS and DL 

dramatically decrease within 5 min of antigen addition. After 5 min of stimulation, DS 

decreases from 0.1 to 0.02 µm2/s and DL decreases from 0.075 to 0.01 µm2/s. We also 

observe changes in confinement with stimulation time as measured by DS/DL that 
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rapidly increases after stimulation before decreasing slightly at later stimulation time 

points.  

 Our measured values of DS vs. stimulation time are in agreement with similar 

diffusion coefficient parameters measured previously using SPT (10, 12, 13, 38), FCS 

(11), and FPR (5, 9), ranging from 0.03 to 0.26 µm2/s before stimulation and 0.01 to 

0.16 µm2/s after stimulation with a multivalent antigen. Previous measurements of 

receptor diffusion using SPT approaches similar to ours (10, 12, 13, 38) agree best with 

our observed values, where here reported values range from 0.07 to 0.1 µm2/s before 

stimulation and 0.01 to 0.05 µm2/s after. Our measurements of receptor confinement 

are also consistent with the observation of restricted or compartmentalized diffusion in 

previous SPT studies of FcεRI (10, 12, 38). In one of these past studies, the diffusion 

compartments of IgE-FcεRI were reported to shift to smaller sizes, together with a 

decrease in the diffusion coefficient for movement between compartments, upon 

antigen addition (38). This result is consistent with the antigen-induced increase in 

receptor confinement that we measure. 

 

Correlating receptor mobility with receptor clustering 

The data presented in Figs. 2.3 and 2.4 allow for direct comparison between 

changes in IgE-FcεRI receptor diffusion vs. spatial distribution. Taken together, the 

results indicate that IgE-FcεRI receptor complexes have decreased mobility (DS, DL) 

and increased confinement (DS/DL) that plateaus within 1-2 min after antigen addition. In 

contrast, the density of receptor clusters (A) increases more slowly, with amplitude of 

correlations plateauing after approximately 5 min (Fig. 2.3 C). 
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 To explore more directly the relationship between cluster properties and receptor 

mobility, we plot in Fig. 2.5 A the average short time receptor diffusion coefficient DS 

versus the average number of correlated proteins, N, for the stimulation time course 

averaged from 11 live cell experiments (average DS and N as a function of time are 

shown independently in Figs. 2.4 C and 2.3 C, respectively). Interestingly, this 

representation suggests two distinct regimes of receptor mobility and clustering. In the 

first regime, DS decreases dramatically without a large corresponding change in N. In 

the second regime, receptors become increasingly clustered without a large 

corresponding decrease in DS. The cross-over between regimes occurs for N between 

20 and 30, and DS between 0.035 and 0.02 μm2/s, which correspond to stimulation 

times between 1 and 1:45 min after antigen addition, respectively. For completeness, 

plots of A and Xi vs. DS are also shown in Fig. 2.6. 

 Interestingly, the beginning of the cross-over between the two regimes shown in 

Fig. 2.5 A roughly coincides with the onset of Ca2+signaling in RBL-2H3 cells imaged 

using the Ca2+-sensitive dye Fluo-4 under nearly identical stimulation conditions (Fig. 

2.5, B and C). Fluo-4 is loaded into sensitized RBL cells, and the fluorescence intensity 

is monitored across a field of several hundred cells as a function of stimulation time, as 

described in Materials and Methods. Soon after antigen addition, Fluo-4 intensity 

averaged over the population of cells begins rapidly increasing, with the bulk of the 

increase coming between 1 and 4 minutes (Fig. 2.5 B). There is a large cell-to-cell 

heterogeneity in the timing of the onset of the Ca2+ response, as indicated in the 

cumulative distribution shown in Fig. 2.5 C, with some cells initiating ~1 min after 

antigen addition under these imaging conditions. Approximately 50% of cells have 
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Fig. 2.5 Average receptor diffusion displays two different phases of dependence 
on the number of proteins in the average cluster. (A) Average DS (as in Fig. 2.4 C) 
is shown as a function of average N from the same live cell experiments (as in Fig. 2.3 
C). Each point corresponds to values of Ds and N at a given time before (diamonds) and 
after (circles) stimulation averaged over the 11 cells imaged, and data from individual 
cells are binned every 15 s to facilitate averaging. Time after the addition of antigen is 
indicated by the color bar. Antigen (1 μg/ml) is added after the cells were imaged for 5 
min. The solid black lines represent linear fits of points between 0 and 1 min and 
between 1:45 and 15 min after antigen stimulation, weighted by the inverse of the 
standard error of the mean in DS and N for each point. Points spanning these two 
regimes are indicated with arrows and labeled with the time after antigen addition. (B) 
Average intensity of the cytoplasmic Ca2+ indicator Fluo-4 over a population of cells 
imaged as described in Materials and Methods. The increase in Fluo-4 intensity after 
antigen stimulation indicates the onset of Ca2+ mobilization. The time period coinciding 
with the timing of the transition from the first regime to the second in A is highlighted by 
the shaded region. (C) The cumulative distribution of cells exhibiting an initial Ca2+ 
response indicates that the majority (>90%) of cells have initial Ca2+ responses between 
1 and 4 min of antigen stimulation. The time point when 50% of the responding cells 
have exhibited a Ca2+ response is indicated by the open circle. 
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ig. 2.6 Average receptor diffusion vs. correlation amplitude and correlation 
length. Average short time diffusion coefficient (as in Fig. 2.4 C) is shown as a function 

ver the 

 
en 

n 

 

 

F

of the correlation function parameters, the correlation amplitude A (A) and the 
correlation length ξ (B) (as in Fig. 2.3 C). Each point corresponds to values of Ds and A 
or ξ at a given time before (diamonds) and after (circles) stimulation averaged o
11 cells imaged, and data from individual cells are binned every 15 s to facilitate 
averaging. These plots are related to Fig. 2.5 A because the parameters N, A, and ξ are
not independent. If correlation functions are well approximated by exponentials, th
N≈2Aξ2ρ, where ρ is the average receptor density which is assumed to be 200/µm2 (4). 
In Fig. 2.5 A, N is determined without fitting according to Eqn. 2. Time after the additio
of antigen is indicated by the color bar. Antigen (1 μg/ml) is added at time = 0, after the 
cells were imaged for 5 min.  
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experienced a Ca2+ response within 2:15 min. Keeping in mind this large heterogeneity 

and the fact that we sample only a limited number of single cells in super-resolution 

experiments, we use the Ca2+ mobilization measurement as a rough indicator of the 

commencement of cellular signaling.  

 The results reported in Fig. 2.5 indicate that the initial, rapid decrease in DS of 

IgE-FcεRI complexes is a consequence of interactions that precede Ca2+ mobilization, 

whereas the accumulation of receptors into densely packed clusters represents 

receptors after the onset of Ca2+ mobilization. This suggests that early signaling events  

which lead to the Ca2+ response do not require that receptors be densely clustered or 

fully immobilized. This interpretation of our results is consistent with previous studies 

that have reported that small IgE-FcεRI clusters that retain mobility can elicit a 

degranulation response (13), and that there is a high level of receptor tyrosine 

phosphorylation within the first few minutes of antigen stimulation, both at 37° and 15°C 

(39). In this past study (39), receptor tyrosine phosphorylation at 15°C occurs on a 

similar timescale as the Ca2+ response that we measure at room temperature, as we 

would expect since tyrosine phosphorylation precedes Ca2+ mobilization in the IgE 

receptor signaling cascade. This previous study also demonstrated that exposure of 

DNP haptens on the surface of DNP-BSA is transient, and that antigen binding is 

dominated by cross-linking of receptors after a minute of exposure to antigen(39). This 

is also consistent with the idea that the immobilization and Ca2+ responses we observe 

at early stimulation times occur concurrently with the formation of small clusters and that 

receptors become more heavily cross-linked at later times. 
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Because diffusion of cross-linked IgE-FcεRI decreases rapidly without a 

corresponding large increase in N, it likely occurs as a result of IgE-FcεRI coupling to 

downstream signaling partners. This could be due to receptor association with other 

freely diffusing membrane anchored proteins that are not labeled in these experiments. 

It is possible that receptor slowing is due to slower movement between corrals defined 

by cortical actin, either due to mechanical occlusion of the growing signaling platforms 

with actin anchored proteins (40, 41), or due to increased coupling of platforms to actin-

stabilized, lipid-mediated heterogeneity (36). Alternatively, the reduced mobility of 

receptors at early signaling stages could be a consequence of direct or indirect tethering 

to an immobilized component such as actin. The actin cytoskeleton has been shown to 

be partially responsible for the immobilization of cross-linked IgE-FcεRI (12), and plays 

a role in the desensitization of receptors to antigen (42), and internalization (43). The 

increasing clustering of receptors that dominates later signaling stages could be a 

mechanism to down-regulate signaling by sequestering receptors, as occurs in B cell 

and T cell receptor activation (44–47). It is also possible that the observed receptor 

clusters represent an early stage of receptor internalization that has not progressed 

substantially under these conditions of stimulation time and temperature (11). 

Ca2+ mobilization is used here as an approximate indication of the timing of the 

onset of cellular signaling, but consideration should be given to its direct comparison 

with super-resolution measurements. Clustering and immobilization of IgE receptors on 

the ventral surface of cells could begin more slowly than Ca2+ mobilization because the 

Ca2+ response may originate from receptors on the dorsal surface of cells, which are 

expected to be more accessible to antigen. This may lead to a time delay between the 
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initiation of the Ca2+ response and our observation via super-resolution measurements 

of immobilization and clustering. If this is the case, receptors on the dorsal surface may 

be somewhat more clustered at the onset of the Ca2+ response, but this would not 

change our conclusion that the first phase of clustering and immobilization occurs 

before Ca2+ mobilization, and the second phase occurs predominantly afterward. Ca2+ 

mobilization itself may be considered a downstream measure of the onset of signaling. 

Previous work has shown that receptor phosphorylation by Lyn kinase proceeds much 

more rapidly than Ca2+ mobilization (48), and thus Ca2+ mobilization represents 

membrane interactions that initiate a broader cellular response and occur subsequent to 

the initiation of signaling at the level of single receptors.  

 

Single molecule analysis of receptor diffusion and clustering 

Early and late signaling stages are also distinguished when receptors are 

examined as single molecules, and several representative trajectories are shown in Fig. 

2.7 A. Single receptor trajectories in unstimulated cells traverse large areas. Soon after 

antigen is added, trajectories rapidly condense and some receptors appear to sample 

multiple confined areas in single trajectories, lasting approximately 1 s each. After a few 

minutes of antigen stimulation, trajectories are compact and appear highly confined. 

The ensemble of single molecule trajectories is quantified by assembling histograms of 

DS. Fig. 2.7 B shows histograms assembled using 16 s of data acquired in a single cell, 

which are representative of histograms obtained from other cells examined. Histograms 

are well-described as single log-normal distributions for all time points, indicating that a 

single population of diffusers is resolved in these measurements. Distributions of DS 

71



 

 

 

 

 

 

 

 

Fig. 2.7 Slower and more confined diffusion of single receptors correlates with 
regions of high receptor density. (A) Example single molecule trajectories are shown 
from the same cell in Fig. 2.3, A and B, Fig. 2.4, A and B, and Fig. 2.7 C recorded 
before and after antigen stimulation. Tracks shown persist for at least 0.5 s for the -1 
min (unstimulated) time point and 1 s for other time points. (B) Short time diffusion 
coefficients (DS) are evaluated from MSD curves tabulated from single molecule 
trajectories lasting at least 0.5 s within a 16 s time-period, and are assembled into 
histograms. Histograms are normalized by the total number of tracks collected to 
generate each histogram (C) Single molecule trajectories persisting for at least 0.5 s are 
superimposed on a super-resolution images reconstructed from unstimulated data (top), 
from data acquired within 1min of antigen addition (middle), and data acquired after 
several minutes of stimulation. Track coloring indicates DS for each track on a log scale 
from 10-5 µm2/s (blue) to 1 µm2/s (red). The inset on the right is an enlarged image of 
the boxed region at the left. (D) 3-dimensional histograms of DS vs. average receptor 
density along trajectories lasting at least 0.5 s. Average receptor density for each 
trajectory is determined by averaging the pixelated grayscale values from the time-
averaged reconstructed image over all positions of the trajectory and then normalizing 
assuming ρave=200/µm2, as described in the Materials and Methods.  
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rapidly shift to lower values and broaden soon after antigen is added, stabilizing after 3 

min of stimulation time. These distributions are broad, in part because diffusion 

coefficients are not well defined when obtained from short trajectories (49). To separate 

this effect from real heterogeneity, we compare measured distributions of DS to those 

obtained by simulating Brownian trajectories with 16 frame (0.5 s) track-length (Fig. 

2.8). In unstimulated cells, the width of measured DS histograms is comparable those of 

simulated trajectories. In contrast, measured histograms for receptors after antigen 

addition are significantly broader than the simulated distributions, indicating that the 

membrane environment sampled by IgE-FcεRI is heterogeneous. 

We also investigated how receptor diffusion correlates with the local surface 

density of receptors in reconstructed images. To accomplish this, we reconstructed 

super-resolution fluorescence images as described in Materials and Methods. 

Representative grayscale images for a single cell at various stimulation stages are 

shown in Fig. 2.7 C. In these images, pixel intensity is proportional to the observed 

receptor density, and trajectories that persist for greater than 0.5 s are superimposed 

onto this image. In the unstimulated cell (top panel of Fig. 2.7 C), individual receptors 

diffuse over large areas and their mobility is not visually correlated with roughly random 

receptor density. Soon after antigen addition (< 1 min), individual receptors appear more 

confined even though the spatial distribution of receptors remains largely random 

(middle panel). At longer times, (> 5 minutes after antigen addition), diffusing receptors 

are confined to regions where receptors are densely packed (bottom panel).  

These visual observations are quantified by calculating the average pixel 

intensity over the length of single molecule trajectories persisting greater than 0.5 s. 
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Fig. 2.8 Distributions of single-trajectory diffusion constant are broader than 
expected for Brownian diffusion post-stimulation. Histograms showing the 
distribution of single molecule diffusion coefficients (DS) are repeated from Fig. 2.7 B 
(solid points) and compared with histograms generated by extracting DS from simulated 
Brownian trajectories with the same distribution of track lengths observed in 
experiments (dashed lines). The width and asymmetric shape of simulated histogram 
arises from their being finite track lengths (at least 16 segments). Before the addition of 
antigen (top), the widths of diffusion coefficient histograms are well approximated by the 
Brownian simulation, suggesting a homogenous population of receptors is resolved in 
these measurements. After stimulation, measured histograms shift to lower values of 
DS, and broaden when compared to the Brownian simulations. 
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Three dimensional histograms are displayed as contour plots in Fig. 2.7 D for several 

stimulation times. In unstimulated cells, receptor diffusion appears relatively 

unconstrained, and the ensemble of single molecules experiences roughly the same 

local environment at the frame rates used in these experiments (~30/s). This is not 

surprising given that receptors typically move hundreds of nanometers between 

observations, and over several square microns in a typical trajectory. Lipid-mediated 

and/or actin-generated obstacles to diffusion are expected to occur on smaller length-

scales in unstimulated cells, and so single receptors are expected to sample a large 

number of local environments in a single trajectory. At long times, we observe a 

homogeneous but broad distribution in the DS vs. receptor density histogram in Fig. 2.7 

D. This is a result of both a distribution of receptor densities in puncta and individual 

receptors confined to sample the local environment of single puncta over their recorded 

trajectories.  

Soon after stimulation with antigen, histograms are elongated, extending 

between faster moving receptors in a low density local environment to slower moving 

receptors in a higher density local environment. In some cases, two peaks are observed 

as indicated by the orange triangles in Fig. 2.7 D. This elongated distribution could arise 

from receptors sampling a heterogeneous membrane environment. We think it is more 

likely that this elongated distribution arises from receptors slowly exchanging between a 

more mobile, less aggregated state and a less mobile, cluster-associated state over the 

length of the trajectory, as appears to be the case from visual inspection of single 

trajectories (Fig. 2.7 A).  
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 Elongated distributions in Fig. 2.7 D occur are observed before the onset of Ca2+ 

mobilization, and transient associations of individual receptors could represent 

interactions that result in signaling. This also suggests that receptor aggregation is 

dynamic, at least in early signaling stages. Consistent with this interpretation, it has 

been shown previously that readily dissociable cross-linked receptors are primarily 

responsible for generating downstream signaling responses (42). Previous work has 

also shown that initial binding of DNP-BSA to IgE is primarily monovalent, and that 

cross-linking occurs slowly as DNP haptens on the receptor-bound antigen 

subsequently become available for binding (34). This is in good agreement with our 

current observations suggesting transient association of receptors with receptor clusters 

soon after antigen addition. 

 

Receptor clustering, immobilization, and confinement is reversible in live cells 

A monovalent DNP hapten, DNP-aminocaproyl-L-tyrosine (DCT), competes with 

multivalent DNP-BSA for binding to anti-DNP IgE (42). The addition of an excess of 

DCT following antigen stimulation reverses antigen-induced cross-linking and results in 

the cessation of signaling (42, 50, 51). The representative live cell super-resolution 

images in Fig. 2.9 A show uniform distribution of AF647-IgE bound to FcεRI before 

antigen addition, clustered IgE-FcεRI distribution after 7 min of antigen stimulation, and 

uniform distribution of receptors after DCT incubation for 10min. The average time-

dependence of A, N, and DS from 6 live cell experiments quantify the reversal of 

clustering and immobilization upon DCT exposure (Fig. 2.9 B). IgE-FcεRI clusters are 

dispersed on the time scale of several minutes, as shown by a decrease in A. Likewise, 
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Fig. 2.9 Antigen-induced changes in receptor clustering and mobility are 
reversible. (A) Reconstructed images of an AF647-IgE-labeled living cell before and 
after stimulation and subsequent addition of DCT. Each image is reconstructed from 80 
s of acquired data. Insets show magnified images of the regions outlined with black 
squares. DNP-BSA (0.1 μg/ml) was added at 0 min, and DCT (200 μM) was added at 7 
min. (B) The parameters A, N, and Ds are calculated as in Fig. 2.3 C and Fig. 2.4 C. The 
average A, N, and Ds, indicated by black lines, for 6 live cell experiments distinguished 
by different colors, over the time course of stimulation and DCT addition are shown. 
Antigen addition is indicated by the orange dashed line at 0 min, and DCT addition is 
indicated by the grey dashed line at 7 min.  
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N and DS recover close to pre-stimulation levels within 10 min of DCT addition. These 

data indicate that receptor immobilization is reversible and dependent on receptor 

cross-linking, as has been shown previously by FPR measurements that used DCT to 

reverse receptor immobilization (5). This reversibility demonstrates that the densely-

packed and immobile receptor clusters formed within 7 min of antigen addition are not 

stabilized solely through interactions with other cellular components or that these 

interactions are insufficient to stabilize clusters in the absence of antigen cross-linking. 

 

Cholesterol perturbations affect antigen-stimulated degranulation and Ca2+ 

responses in live cells.  

To probe the effects of cholesterol perturbations on signaling downstream of 

initial receptor clustering, we observed the Ca2+ responses of cells subjected to 

cholesterol depletion using methyl-beta-cyclodextrin (MβCD) or cholesterol enrichment 

using MβCD pre-complexed to cholesterol (MβCD+chol). Cytoplasmic Ca2+ 

concentrations were imaged using the Ca2+-sensitive dye Fluo-4 for large fields of cells 

treated with MβCD or MβCD+chol (or neither in the case of control cells) followed by 

stimulation with antigen as described in the Materials and Methods. We observe 

perturbation-dependent differences in the shape, duration, and frequency of oscillations 

in the Fluo-4 intensity traces for individual cells (Fig. 2.10). Compared to untreated cells, 

Ca2+ oscillations due to the addition of antigen are delayed in individual MβCD-treated 

cells, and oscillations are less frequent (Fig.2.10, top), consistent with the attenuated 

total intensity and delayed onset of initial Ca2+ responses we observe for the population 

of cells (Fig. 2.13, B and C). MβCD+chol treated cells begin to display Ca2+ oscillations 
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Fig. 2.10 The shape, frequency, and duration of Ca2+ oscillations are severely 
affected by changes in cellular cholesterol. Cytoplasmic Ca2+ concentrations were 
imaged for large fields of Fluo-4-AM loaded cells treated with MβCD (top), MβCD+chol 
(bottom), or neither in the case of control cells (middle), followed by stimulation with 
antigen as described in the Materials and Methods. Fluo-4 intensity traces are shown 
for representative individual cells, where intensity traces are displaced on the y axis and 
the y axis also delineates Fluo-4 intensity for individual cells. Traces are shown in 
different colors for clarity. The dotted gray line at -5 min indicates the addition of MβCD 
or MβCD+chol, and the dotted black line indicates the addition of 0.1μg/ml DNP-BSA. 
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upon the addition of MβCD+chol. These oscillations are robust for ~2 min but decrease 

in amplitude quickly after that time. Upon antigen addition, MβCD+chol-treated cells 

exhibit solitary, low-amplitude increases in cytoplasmic Ca2+ but do not display regular 

oscillations as in the case of untreated cells.   

The β-hexosaminidase release assay was used to measure the levels of 

degranulation in adherent RBL-2H3 cells in response to cholesterol perturbation and 

antigen stimulation. Cholesterol reduction results in a slight increase in spontaneous 

degranulation in the absence of antigen and a decrease in antigen-stimulated 

degranulation compared to cells in the presence or absence of antigen which are not 

subjected to cholesterol perturbation (Fig. 2.11). Similar experiments have previously 

been reported in the literature and have shown mixed results for the effect of cholesterol 

reduction on degranulation, where some report enhanced degranulation without 

stimulation and/or inhibited degranulation in the presence of antigen, and others do not 

observe significant changes (52–56). However, these previous experiments were 

conducted under varying conditions of cholesterol reduction, stimulation, etc, which may 

have significant effects on degranulation measurements. Cholesterol enrichment 

strongly inhibits degranulation either in the presence or absence of antigen.  

 

Receptor organization and mobility in response to cholesterol perturbation in 

unstimulated cells 

To examine the role of lipid-mediated membrane heterogeneity on early and later 

stages of antigen stimulation, we investigated the impact of membrane cholesterol 

levels on receptor organization and mobility. Receptor diffusion (DS) and clustering (N) 
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Fig. 2.11 Cholesterol perturbations affect the extent of antigen-stimulated 
degranulation as measured by β-hexosaminidase release. RBL-2H3 degranulation 
was measured using a β-hexosaminidase release fluorogenic assay in super-resolution 
imaging buffer (IB) at 37°C, with and without addition of 0.1 μg/ml DNP-BSA (Ag), and 
in the presence or absence of 10mM MβCD or MβCD+chol. β-hexosaminidase signal 
has been normalized using samples of cells lysed with TritonX-100 (TX-100) as a 
measure of total β-hexosaminidase content. Error bars represent standard error of the 
mean of multiple samples measured for each condition. Additional control samples were 
made in BSS + 1mg/ml BSA to test for the effect of the imaging buffer. 
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upon cross-linking with antigen are measured for multiple live cells exposed to either 

MβCD to reduce, or MβCD+chol to enrich plasma membrane cholesterol (Figs. 2.12 

through 2.14). Under our conditions, we expect approximately 20% decrease in the total 

cellular cholesterol content after 5 minutes of MβCD addition and ~50% decrease after 

15 minutes (53).  

In the absence of cross-linking by antigen, local receptor density changes due to 

variations in membrane cholesterol concentration. Fig. 2.12 shows representative 

super-resolution images of AF647-IgE/FcεRI with and without antigen treatment for 

individual cells with MβCD or MβCD+chol. IgE-FcεRI remains largely randomly 

distributed in unstimulated cells with reduced cholesterol levels, but becomes tightly 

clustered in unstimulated cells with elevated cholesterol levels. This visual observation 

is quantified in Fig. 2.13 and 2.14 in plots of DS, A, and N as a function of time and 

treatment with MβCD or MβCD+chol. However, although we observe clustering in 

super-resolution experiments and transient increases in cytoplasmic Ca2+upon 

treatment of cells with MβCD+chol, these responses to cholesterol loading do not result 

in signaling sufficient for degranulation (Fig. 2.10-2.12, 2.14).  

It is likely that other cellular processes contribute to the organization and mobility 

of receptors in cholesterol-loaded cells. For example, we observe robust antigen-

independent activation of transient Ca2+ oscillations after cells are incubated with 

MβCD+chol for 2 minutes that persists until approximately 5 minutes after MβCD+chol 

is added (Fig. 2.10 and 2.13, B and C). This indicates that the cellular environment 

changes dramatically in response to MβCD+chol in ways that may not be directly 

related to cholesterol’s effects on lipid-mediated membrane organization. Modulating 
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Fig. 2.12 Perturbations of membrane cholesterol alter receptor clustering. 
Representative images of live cells after 15 min of 10mM MβCD (left) or 
MβCD+chol(right) in the absence (top) or presence (bottom) of incubation with 0.1 μg/ml 
antigen for 10 min. Images are reconstructed from 80 s of acquired data. Insets show 
magnified images of the regions outlined with black squares. 
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Fig. 2.13 Perturbations of membrane cholesterol have corresponding effects on 
receptor diffusion, receptor clustering, and cellular Ca2+ responses. (A) Average 
DS and N from 5 live cells for each of six treatments: MβCD+chol (top), no perturbation 
(middle), or MβCD (bottom), in the presence (solid symbols) and absence (open 
symbols) of antigen stimulation (0.1 μg/ml). Changing color from blue to red indicates 
advancement in time by 30 s for each time point from -10 to 10 min after the addition of 
antigen for or a blank addition of buffer for unstimulated cells. Cholesterol perturbations 
are added, where applicable, at -5 min. For stimulated time points (solid symbols 
outlined in black), fit lines are shown in black and represent linear fits of the time points 
belonging to the two regimes of DS dependence on N, weighted by the inverse of the 
standard error of the mean in DS and N. Stimulated time points near the cross-over are 
indicated by arrows and labeled with time after antigen addition. (B)Total fluorescence 
intensity is shown for populations of cells (at least 500) loaded with Flou-4-AM and 
treated with MβCD, MβCD+chol, or no perturbation as a function of time. The dotted 
gray line at -5 min indicates the addition of MβCD or MβCD+chol and the dotted orange 
line indicates the addition of antigen. (C) The cumulative distribution in time of cells with 
an initial Ca2+ response as monitored by Fluo-4 fluorescence. The dark blue dotted line 
indicates the cumulative distribution of cells treated with MβCD+chol that exhibit an 
additional Ca2+ response following the addition of antigen. The half-maximum times (t1/2) 
of cumulative curves are denoted by open symbols. (D) The estimated midpoints of the 
cross-over times are plotted vs. t1/2 for each cholesterol treatment. Error bars represent 
uncertainty in determining the midpoint of the cross-over time by plus or minus 30 s. 
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cellular cholesterol levels also leads to changes in receptor diffusion in unstimulated 

cells. MβCD addition to unstimulated cells results in a time-dependent decline in DS 

over 15 minutes, and incubation with MβCD+chol leads to slight increases in DS (Fig. 

2.14) despite the large increases in receptor clustering described above. These 

observations could be the result of changes in membrane surface area, changes in the 

surface density of immobile obstacles, or induction of solid phase domains (57). 

 

Receptor organization and mobility in response to cholesterol perturbation in 

stimulated cells 

Perturbations of membrane cholesterol also affect the organization and mobility 

of IgE-FcεRI complexes when receptors are subsequently cross-linked with multivalent 

antigen (Fig. 2.13 A, 2.14). For both cholesterol reduction and enrichment, receptor 

clustering increases and receptor diffusion decreases in response to antigen, 

qualitatively similar to trends in the absence of perturbation (Figs. 2.5 A and 2.13 A). We 

observe two distinct regimes in plots of DS vs. N for points after antigen addition in cells 

pretreated with MβCD, as is also observed in cells in the absence of cholesterol 

modulation. The cross-over between these two regimes occurs at larger values of N in 

cells with reduced cholesterol levels (N<40 for untreated vs. N>60 for MβCD treated 

cells, Fig. 2.13 A, top), which also corresponds to longer stimulation times at the cross-

over point (~1min for untreated vs. ~3 min for MβCD treated cells). For cells pretreated 

with MβCD+chol (Fig. 2.13 A, bottom), only one regime is apparent in plots of in DS vs. 

N, and the N is larger prior to antigen addition. 
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Fig. 2.14 Cholesterol perturbation affects average parameter values in live cell 
experiments. The effects of methyl-β-cyclodextrin (MβCD, red) and cholesterol-
complexed methyl-β-cyclodextrin (MβCD+chol, dark blue) on average values for AF647-
IgE short-time diffusion constant DS, correlation function amplitude (A), and average 
number of correlated proteins (N) are measured as a function of time after the addition 
of the perturbation (gray dashed line). These are compared to control experiments 
where no perturbation is added (light blue). In (A), cells are treated with MβCD or 
MβCD+chol alone (or no treatment for control cells), and in (B), cells are stimulated with 
antigen 5 min after MβCD or MβCD+chol is added (orange dashed line), or 10 min after 
the start of imaging for control cells. In (A) and (B), each time trace represents the 
average of 4-5 independent live cell experiments. Error bars represent standard error of 
the mean. 
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 Antigen-induced functional responses are also affected in cells pretreated with 

MβCD or MβCD+chol. Antigen-induced signaling is less effective in cells with reduced 

cholesterol levels when stimulated degranulation is assessed (52, 54–56), (Fig. 2.11). 

When Ca2+ mobilization is again used as a rough measure of the onset of cellular 

signaling as in Fig. 2.5, pretreatment of cells with MβCD results in a Ca2+ response that 

is both reduced in magnitude (Fig. 2.13 B) and delayed (Fig. 2.13 C) compared to 

untreated cells. A fraction (~40%) of cells pretreated with MβCD fail to show Ca2+ 

responses within 10 min after antigen addition. We quantify the timing of antigen-

induced Ca2+ mobilization by measuring the time taken for 50% of responding cells to 

show an initial Ca2+ response, t1/2, as indicated by the symbols on the cumulative 

distributions shown in Fig. 2.13 C. Antigen-induced signaling is attenuated in cells 

pretreated with MβCD+chol when assayed by degranulation (Fig. 2.11) or 

measurements of Ca2+ mobilization (Fig. 2.13). 

For the case of cholesterol enrichment, we observe an initial Ca2+response after 

MβCD+chol is added as described above, followed by a second, weaker, Ca2+ signal in 

response to antigen (Fig. 2.13 B). A large fraction (~60%) of MβCD+chol-treated cells 

also fail to exhibit an antigen-induced Ca2+ response (Fig. 2.13 C), although cells that 

do respond do so with a minimal time lag after antigen addition. As a result, t1/2 is 

shorter compared to either untreated or MβCD-treated cells (Fig 2.13 D). These 

differences in the nature of the antigen-dependent Ca2+ response may be influenced by 

the MβCD+chol-induced Ca2+ transient observed prior to antigen addition. As described 

above, the shape, frequency, and duration of Ca2+ oscillations are also severely 

affected by changes in cellular cholesterol (Fig. 2.10).  
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t1/2 is correlated with the timing of the cross-over observed in plots of Ds vs. N for 

the three cholesterol treatments (Fig. 2.13 D). In spite of the uncertainty in relating the 

timing of Ca2+ mobilization to super-resolution measurements discussed above, we 

observe differences in the relative timing of the cross-over and t1/2 that are both 

dependent on cholesterol perturbation. This observation supports our conclusion that 

the initial, rapid decrease in the diffusion coefficient of IgE-FcεRI receptors is a 

consequence of interactions that precede Ca2+ mobilization, whereas the accumulation 

of receptors into densely packed clusters represents receptors after the onset of 

signaling. For the case of cholesterol reduction, antigen-induced slowing of receptor 

diffusion occurs at a slower rate than in untreated or cholesterol enriched cells (Fig. 

2.13A), suggesting that initial signaling steps occur over a longer time period. This is 

consistent with our observations of a slower Ca2+ response in MβCD-treated cells 

compared to untreated cells. The cross-over between regimes occurs at larger values of 

N in MβCD treated vs. untreated cells, suggesting that more receptors are needed to 

initiate downstream signaling events when cholesterol levels are reduced. Plots of Ds 

vs. N for cholesterol-enriched cells indicate only a single regime, and antigen-induced 

Ca2+ responses occur with a minimal time lag after antigen addition.  

Previous work has demonstrated the importance of membrane lipid-mediated 

protein targeting for transmembrane signaling in the FcεRI cascade (58, 59). 

Cholesterol reduction inhibits stimulated receptor phosphorylation by Lyn, and 

productive signaling only occurs upon the redistribution of receptors, kinases, and 

phosphatases via changes in the local lipid environment surrounding cross-linked 

receptors (52, 60, 61). In our previous SEM work we found that cholesterol reduction 
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prior to antigen addition led to smaller IgE-FcεRI rich clusters and reduced Lyn 

partitioning into receptor-rich clusters when cells were chemically fixed 1 min after 

antigen addition at 37°C. While it is not possible to compare absolute numbers between 

these experiments due to the different labeling strategies employed, our current findings 

are consistent with these previous results. Specifically, we find that it takes longer for 

receptors to assemble into tight clusters when cells are pretreated with MβCD, so at a 

given time-point after stimulation, we would expect receptor-rich clusters to be smaller 

in MβCD-pretreated cells compared to untreated cells. Our observations of a delay in 

Ca2+ responses in MβCD-pretreated cells relative to untreated cells are consistent with 

our past observations of defects in Lyn recruitment under these conditions. These 

findings are consistent with an inhibitory role for cholesterol reduction in signaling that 

has been supported by previous observations (52, 55, 56). An alternative explanation 

for the changes in diffusion vs. clustering behavior and Ca2+responses observed in 

MβCD- and MβCD+chol-treated cells are related to more global effects of cholesterol 

modulation, such as its perturbation of the actin cytoskeleton. Cholesterol reduction can 

disrupt cytoskeleton-membrane attachment through perturbation of plasma membrane 

PIP2 (62), or because actin is frequently coupled to the plasma membrane via more 

ordered regions (63). Therefore, the changes in receptor clustering, receptor mobility, 

and Ca2+ responses caused by MβCD and by extension MβCD+chol may be indirect 

results of membrane cholesterol modulation via its effects on the actin cytoskeleton. 
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CHAPTER THREE 

 

ANTIGEN-STIMULATED NANOSCALE CO-LOCALIZATION OF IgE RECEPTOR 

WITH LYN KINASE IS REGULATED BY THE ACTIN CYTOSKELETON 

 

SUMMARY  

 Allergic signaling in mast cells is initiated by phosphorylation of the receptor for 

immunoglobulin E (IgE), FcεRI, when IgE-FcεRI complexes are cross-linked by binding 

of multivalent antigen. Lyn tyrosine kinase is the Src family kinase that is chiefly 

responsible for this initiation of FcεRI signaling. Using two-color super-resolution 

localization microscopy, we measure the distributions of IgE-FcεRI and Lyn on the 

plasma membrane of fixed cells with 20-25 nm resolution. By applying quantitative pair-

correlation analysis, we detect spatial co-localization of Lyn with IgE within 1 min 

following antigen stimulation. The resolution afforded by our imaging technique gives us 

access to early time points during the initiation of signaling, when stimulated changes in 

membrane organization occur on length scales too small to be detectable by other 

optical methods. With this improved sensitivity, we investigate the role of the actin 

cytoskeleton in regulating interactions of Lyn with FcεRI. Cells treated with agents that 

inhibit actin polymerization exhibit enhanced antigen-stimulated coupling to Lyn in mast 

cells. In fixed cell imaging experiments, inhibition of actin polymerization causes 

enhancement of Lyn co-localization with FcεRI at time points soon after antigen 

addition, accompanied by augmented tyrosine phosphorylation of receptor clusters. 

Based on comparison with differently anchored analogues, the lipid environment of Lyn 
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is implicated as a mediator of this regulation by F-actin. Our results are consistent with 

the idea that IgE receptor signaling is negatively regulated by the actin cytoskeleton via 

modulation of the spatial association of Lyn with FcεRI that is mediated by plasma 

membrane lipids. Implementation of super-resolution microscopy has allowed us to 

visualize this spatial regulation of Lyn coupling to FcεRI on the scale of molecular 

complexes. 

 

INTRODUCTION 

 In mast cells, cellular signaling that results in the allergic immune response 

depends on the spatial rearrangement of signaling molecules on the plasma membrane. 

Cross-linking of immunoglobulin E (IgE) bound to its high-affinity receptor, FcεRI, by 

multivalent antigen causes the formation of receptor clusters at the plasma membrane. 

Receptor clustering promotes phosphorylation of immunoreceptor tyrosine-based 

activation motifs (ITAMs) on the β and γ2 subunits by the Src family kinase Lyn, which is 

independently anchored to the plasma membrane, followed by recruitment and 

activation of Syk kinase. Through phosphorylation of multiple Syk substrates, 

downstream signaling responses are initiated, including Ca2+ mobilization and release 

from the cell of secretory granules containing pro-inflammatory molecules (1–3). Lyn-

mediated phosphorylation of FcεRI is the first biochemical step in the signaling 

response following receptor cross-linking (4–6). The stimulated capacity of Lyn to 

spatially associate with clustered IgE-FcεRI, such as through a shared lipid environment 

in the plasma membrane, is likely to be a crucial factor in its capacity to phosphorylate 

FcεRI and produce a signaling response. The mechanisms by which receptor clustering 
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initiates co-localization of Lyn with FcεRI and how this association is dynamically 

regulated before and during signaling continue to be open questions in the field.  

  Lyn may weakly associate with FcεRI β in the absence of receptor cross-linking 

(2, 7, 8), and this association increases via protein-protein and lipid-mediated 

interactions when receptors are clustered (9). Mutation of FcεRI-binding domains or 

inhibition of Lyn kinase activity result in a partial loss of Lyn association with cross-

linked FcεRI when antigen is presented on patterned substrates (10, 11). There is also 

a large body of evidence that a shared preference of cross-linked FcεRI and Lyn for 

association with ordered lipids is a mechanism of association of clustered FcεRI (12–

16). The order-preferring N-terminal sequence of Lyn that contains its palmitoylation 

and myristoylation sites has been found to be sufficient for co-localization with cross-

linked receptor (10, 17, 18). Conversely, disruption of ordered lipids through depletion of 

membrane cholesterol prevents stimulated co-localization (9, 15). Co-

compartmentalization of FcεRI with Lyn in ordered regions of the plasma membrane has 

been shown to be not only important for localization of Lyn at receptor clusters, but is 

also crucial for positive regulation of receptor phosphorylation and Lyn activity through 

protection from transmembrane phosphatases (14, 19, 20). 

 The cortical actin cytoskeleton can influence the organization of cell membrane 

components in general and has been implicated as a regulator of FcεRI signaling. 

Receptor cross-linking causes a stimulated increase in actin polymerization (21). 

Inhibition of actin polymerization with drugs such as latrunculin A and cytochalasin D 

enhances stimulatory responses at both early and late stages of the signaling cascade 

(22–28), suggesting a negative regulatory role for the actin cytoskeleton. Of interest to 
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us, actin appears to influence even the initial steps following receptor cross-linking, 

including Lyn co-localization to clustered receptors (10, 26, 29) and receptor 

phosphorylation (25, 26, 28). The molecular mechanism of how actin might regulate 

signaling on the level of receptor clustering and association with Lyn is unknown, but in 

several cases a relationship has been established between the cytoskeleton and 

ordered membrane lipids. For example, inhibition of actin polymerization caused by 

either cytochalasin treatment or antigen stimulation causes changes in the lipid 

composition of ordered membranes (30). One hypothesis is that through regulation of 

ordered membrane domains or interaction with order-preferring species, actin 

modulates the co-localization of Lyn with receptors to suppress an inappropriate 

signaling response (25, 26). Based on this existing evidence, a theoretical framework 

has been developed that describes how the actin cytoskeleton might facilitate 

nanoscale compartmentalization of the plasma membrane through interaction with lipid 

phase heterogeneity (31, 32), and thereby regulate membrane signaling processes 

such as coupling of Lyn and FcεRI.  

 The ability to measure the co-localization of Lyn and IgE-FcεRI on the nanoscale 

at early stimulation timepoints would enable investigation the spatial regulation of 

Lyn/FcεRI interactions and how it contributes to the initiation of signaling and the 

dynamic regulation of the response. Lyn association with IgE receptors has been 

measured by a number of biochemical techniques (7, 8, 12), but these approaches are 

severely limited in capturing the spatial component of signaling. Thus, direct 

visualization of Lyn coupling to IgE receptor during the initiation of signaling has proven 

difficult. At the resolution obtainable in standard optical microscopy experiments, the 
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distribution of immunolabeled Lyn or a transiently transfected fluorescent Lyn construct 

appears relatively uniform, appears unaffected by receptor cross-linking at physiological 

or room temperatures, and does not exhibit robust co-localization with IgE-FcεRI 

aggregates (26). Lyn co-localization with IgE-FcεRI has been observed under 

somewhat specialized stimulation conditions that stabilize large patches of cross-linked 

receptor at the membrane and inhibit receptor internalization, such as cross-linking at 

4°C or in the presence of cytochalasin (15, 17, 18, 26), or presentation of antigen on 

micron-scale patterned substrates (10, 33). More sensitive optical techniques such as 

multiphoton FCS have also detected Lyn interactions with IgE receptor in living cells at 

room temperature (29). Even in these cases, Lyn co-localization or co-diffusion with IgE 

receptor is only observed at micron length scales after relatively long periods of receptor 

cross-linking for many minutes at room temperature, while receptor phosphorylation is 

observable at shorter timescales within a few minutes of antigen stimulation.  

 Direct imaging of Lyn/FcεRI co-localization has posed a challenge likely due to 

the small length scales of antigen-stimulated co-redistribution of Lyn and IgE-FcεRI. The 

dimensions of IgE-FcεRI clusters at the earliest stages of signaling are well below the 

diffraction limit of light (34–36), and local Lyn enrichment in clusters less than 100nm in 

dimension could be too subtle to detect by conventional fluorescence microscopy. 

Additionally, Lyn coupling to IgE-FcεRI could be controlled within compartmentalized 

structures of plasma membrane lipids and the actin cytoskeleton, the dimensions of 

which are also sub-diffraction (31, 32). 

 To image the co-localization of Lyn with IgE-FcεRI that occurs within minutes of 

receptor cross-linking with sufficient sensitivity to simultaneously assess the potentially 
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subtle effects of the actin cytoskeleton, we require spatial resolution on the length scale 

of receptor clusters or smaller. This chapter describes our quantitative characterization 

of antigen-stimulated Lyn recruitment to IgE-FcεRI complexes and resulting 

phosphorylation of receptor clusters using two-color super-resolution localization 

microscopy. This recently developed fluorescence microscopy technique affords spatial 

resolution improved by an order of magnitude compared to conventional fluorescence 

imaging (37–39). We quantify the nanoscale co-redistribution of Lyn with clustered 

FcεRI and test for effects of actin cytoskeleton perturbation using the actin 

polymerization inhibitors latrunculin A and cytochalasin D. These experiments 

demonstrate a regulatory role for F-actin in the spatial coupling of Lyn to FcεRI during 

the first few minutes of stimulation, and they clarify the mechanism of signaling 

enhancement caused by inhibition of actin polymerization. Through our use of super-

resolution localization microscopy, we are able to contribute a picture of Lyn-IgE-FcεRI 

coupling at sufficiently high resolution to characterize the interaction between these 

proteins by direct imaging in cells stimulated with soluble antigen at physiological 

temperature. These advances bring us closer our goal of uncovering the physical 

mechanisms that give rise to the spatial regulation of FcεRI signaling, including the role 

of the actin cytoskeleton in regulation of membrane organization.  

 

MATERIALS AND METHODS 

 

Chemicals and reagents  
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Cell culture reagents, including Minimum Essential Medium (MEM), Trypsin-

EDTA, and gentamicin sulfate, were acquired from Life Technologies (Carlsbad, CA). 

Fetal bovine serum (FBS) was purchased from Atlanta Biologicals (Atlanta, GA). Cell 

culture dishes were purchased from MatTek (Ashland, MA) and 125nm Tetraspeck 

fluorescent beads were purchased from Life Technologies. The amine reactive 

fluorophore Dy654 was purchased from Dyomics GmbH (Jena, Germany). Dy654-IgE 

was prepared by conjugating purified mouse monoclonal anti-2,4-dinitrophenyl (DNP) 

IgE with AF532 Dy654, as previously described (29, 40). Dy654-IgE was measured to 

have a dye:protein ratio of 2.7:1. Multivalent antigen, dinitrophenyl-conjugated BSA 

(DNP-BSA), with an average of 15 DNP molecules per BSA was prepared as described 

previously (41). Latrunculin A was purchased from both Life Technologies and Sigma-

Aldrich (St. Louis, MO), and cytochalasin D was purchased from Sigma-Aldrich. 

Glutaraldehyde (25% stock) was purchased from Ted Pella (Redding, CA). Para-

formaldeyde was purchased from Electron Microscopy Services (Hatfield, PA). Fish 

gelatin was purchased from Sigma. Supplies for the super-resolution buffer including β-

mercaptoethanol, glucose oxidase, catalase, and Tris-HCl were acquired from Sigma. 

Antiphosphotyrosine clone 4G10 antibody was obtained from Millipore (Billerica, MA), 

and the AlexaFluor 488-conjugated anti-mouse IgG2b secondary antibody was 

purchased from Life Technologies.  

 

Fluorescent constructs and variant RBL cell lines 

Lyn-mEos3.2 and mEos3.2-LifeAct constructs were prepared through site-

directed mutagenesis to incorporate I102N, H158E, and Y189A mutations into mEos2 
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(42). Lyn-mEos2 and mEos2-LifeAct constructs were generous gifts from Dr. Sarah 

Veatch (University of Michigan). PM-mEos3.2 and mEos3.2-GG constructs were 

prepared through restriction enzyme excision of EGFP from PM-EGFP and EGFP-GG 

constructs followed by insertion and ligation of the mEos3.2 sequence. PM-EGFP and 

EGFP-GG were described previously (17). RBL 1C1C8 and Syk-negative RBL TB1A2 

cell lines were gifts from Dr. Reuben Siraganian (NIH).  

 

Preparation of fixed RBL-2H3 samples for imaging 

Cell culture and plating 

MatTek culture dishes were prepared to receive cell samples with addition of 

fiduciary markers. Dishes were oxygen plasma-cleaned for 3-5 minutes. Immediately 

following plasma-cleaning, a dilute solution (2:100-5:1000 in phosphate-buffered saline 

(PBS)) of Tetraspeck fluorescent nanospheres was applied to the glass coverslip 

surface in each dish. The Tetraspeck solution was incubated in the dishes for 30 min 

before they were rinsed three times with cell culture medium. Rat basophilic leukemia-

2H3 (RBL-2H3) cells were maintained in culture using medium containing MEM 20% 

FBS, and 10 μg/ml gentamicin sulfate at 37°C and 5% CO2 as described previously 

(40). 1C1C8 and TB1A2 RBL cell lines were cultured under identical conditions. RBL-

2H3, 1C1C8, and Syk-negative TB1A2 cells were harvested using Trypsin-EDTA and 

were either plated onto prepared MatTek coverslip dishes or transiently transfected 

(RBL-2H3 or 1C1C8 cells) with a fluorescent construct before plating as described 

below. When cells were plated immediately after harvesting, 0.15 x 106 cells were 
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added to the coverslip dishes to achieve a sparse distribution for imaging before 

incubation overnight at 37°C. 

 

Transient transfection 

RBL-2H3 or 1C1C8 cells were transiently transfected with Lyn-mEos3.2, 

mEos3.2-LifeAct, PM-mEos3.2, or mEos3.2-GG fluorescent constructs using an 

electroporation procedure. Approximately 1.0 x 107 cells were harvested using Trypsin-

EDTA, pelleted and resuspended in 500 µl cold electroporation buffer (137 mM NaCl, 

2.7 mM KCl, 1 mM MgCl2, 1 mg/ml glucose, and 20 mM HEPES, pH 7.4), and added to 

electroporation cuvettes on ice containing 10-30 µg of DNA plasmid in solution. 

Cuvettes were then pulsed using a Bio-Rad GenePulser Xcell (exponential decay, 280 

V, 90 μF). Cells were immediately resuspended in medium and plated in MatTek dishes 

prepared with fiducial markers. Medium was exchanged after 1 hour, and the cells were 

left in the incubator overnight for recovery and expression of the construct.  

 

Sensitization, stimulation, and fixation 

Cells were sensitized with 3μg/ml Dy654-labeled IgE in HEPES-buffered RBL 

medium (80% MEM, 20% fetal bovine serum, 50 mg/L gentamicin, and 30 mM HEPES) 

for 45 min at room temperature. Following sensitization, IgE-containing medium was 

replaced with warm RBL medium and left at 37°C for 5 min. For experiments involving 

latrunculin A or cytochalasin D treatment, cells were then incubated with 1µg/ml 

latrunculin or cytochalasin in medium for 5 additional minutes. The cells were then 

stimulated with multivalent antigen (500 ng/ml DNP-BSA in medium or 500ng/ml DNP-
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BSA with 1µg/ml latrunculin or cytochalasin in medium for latrunculin/cytochalasin 

treatments) for 0, 1, 3, 6, or 12 minutes at 37ºC. Dishes were then rinsed with warm 

PBS and chemically fixed (4% paraformaldehyde and 0.1% glutaraldehyde in PBS) for 

10 minutes at room temperature. The fix was then quenched with blocking buffer (10 

mg/ml BSA in PBS) for 10 minutes. Fixed samples were rinsed three more times in 

blocking buffer before imaging. When imaging did not directly follow sample 

preparation, the samples were stored in blocking buffer with azide (10mg/ml BSA, 

0.03% sodium azide in PBS) at 4 ºC.  

 

Phosphotyrosine immunolabeling 

Phosphotyrosine was labeled in RBL-2H3, 1C1C8, and TB1A2 fixed samples 

using an anti-phosphotyrosine mouse monoclonal (clone 4G10) antibody. Cells were 

plated, sensitized, stimulated, and fixed as described above. After fixation and repeated 

rinsing with blocking buffer, dishes were incubated with a solution of the 4G10 antibody 

with TritonX-100 for cell permeablization in blocking buffer (5 μg/ml 4G10 antibody, 

0.1% TritonX-100, and 10mg/ml BSA in PBS) for 1 hour at room temperature. Dishes 

were rinsed five times with blocking buffer and incubated with A488-conjugated anti-

mouse IgG2b (10 μg/ml A488 anti-mouse antibody, 0.1% TritonX-100, and 10 mg/ml 

BSA in PBS) for 1 hour. Dishes were rinsed five times with blocking buffer before 

imaging or storage in blocking buffer with azide.  

 

Super-resolution imaging 

Imaging setup 
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Labeled samples were imaged on an inverted microscope (Leica DM-IRB, 

Wetzlar, Germany) under illumination through a 1.42 numerical aperture 100X Leica 

TIRF objective lens. The microscope is equipped with epi-fluorescence illumination via a 

mercury arc lamp as well as 50mW 405, 100W 488, 100mW 561nm, and 100mW 642 

diode-pumped solid state lasers (Coherent , Santa Clara, CA) for TIRF imaging. Lasers 

are outfitted with cleanup filters (Chroma Technology Inc., Burlington, VT) and are 

attenuated with neutral density filters (ThorLabs, Newton, NJ) as needed for the 

illumination requirements of the experiment. Multi-bandpass excitation, polychroic, and 

emission filters (Chroma Technology Inc.) admit excitation from all four lasers and 

simultaneously pass emission from multiple channels. The emission path is coupled 

through a two-channel Optosplit emission splitter (Cairn Optics, Faversham, UK), which 

separates the channels onto two distinct regions of the camera CCD, enabling 

simultaneous recording of two color channels on the same camera. Images are 

recorded with an Andor iXon 897 EM-CCD camera (Andor, Belfast, UK) using custom 

image acquisition code written in Matlab (The MathWorks, Natick, MA).  

 

Data acquisition 

Fixed cells were imaged in the presence of an oxygen-scavenging and reducing 

imaging buffer (100mM Tris, 10mM NaCl, 10% w/w glucose, 500 μg/mL glucose-

oxidase, 40μg/mL catalase, and 1% β-mercaptoethanol at pH 8.5). For mEos3.2/Dy654 

two-color imaging, epi-fluorescence illumination was used to locate cells expressing 

mEos3.2 constructs in the green emission channel. Cells were selected based on 

moderate expression of the fluorescent construct, while highly overexpressing cells 
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were avoided. Once a transfected cell was selected, the illumination was switched to 

TIRF mode using the 561nm and 642nm lasers. mEos3.2 and D654 emission were 

simultaneously monitored using the Optosplit outfitted with a dichroic mirror and 

emission filters to split and isolate the red and far-red channels. Laser powers were then 

increased to induce photoswitching of Dy654 and enable imaging of mEos3.2. TIRF 

illumination intensity by the 405 laser was initiated and slowly increased to produce 

mEos3.2 photoswitching. Lasers were attenuated as needed to modulate the density of 

activated fluorescent probes as well as the probe emission intensity. Data from 

Dy654/A488 samples was collected using a similar approach, with illumination from 488 

and 642 lasers and imaging in the green and far-red channels. For both Dy654/mEos3.2 

and Dy654/A488 imaging, data were acquired at 32 frames per second with an 

exposure time of 10ms, with variable EM-CCD gain settings and illumination intensity. 

Data were acquired in a series of 500-frame movies. A given super-resolution image 

was reconstructed from at least 15 of these movies, or 7500 individual frames.  

 

Analysis of imaging data 

Channel alignment 

Before and after imaging of each cell in a two-color experiment, images of an 

alignment sample were collected to enable precise registration of the two channels. This 

sample was prepared by incubation of a solution of Tetraspeck fluorescent nanospheres 

on the glass coverslip surface of a plasma-cleaned MatTek dish to achieve a dense 

random array of Tetraspecks. Tetraspecks contain multiple fluorescent dyes and emit in 

the blue, green, red-orange, and far-red channels. The alignment sample was imaged 
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with TIRF illumination simultaneously in the two color channels used for the imaging 

experiment. Approximately 75-100 images were collected as the alignment sample was 

translated across the microscope field of view. The images were separated in two, 

corresponding to the two color channels, and the diffraction-limited Tetraspecks were 

localized in each channel through least-squares fitting of their emission to a two-

dimensional Gaussian function as described below for super-resolution image 

reconstruction. Because the same set of fluorescent nanospheres is imaged 

simultaneously in two color channels, localizations in each color channel that 

correspond to the same nanosphere could be identified. The set of paired localizations 

was used as a set of control points to infer a transformation that could spatially map one 

channel onto the other, allowing for registration of the super-resolution images collected 

in each channel. This transformation was obtained using the built-in MatLab function 

cp2tform() with the "local weighted mean" option for transformation calculation. Details 

of two-color alignment procedure are described in Appendix B.  

 

Super-resolution image reconstruction  

Super-resolution data were analyzed using routines that have been previously 

described in detail in (34, 35) and Chapter 2. Single-molecule probe emission was 

localized in movies of Dy654, mEos3.2, or A488 photoswitching by least-squares fitting 

of diffraction-limited spots to a two-dimensional Gaussian function. Outliers in spot 

intensity, aspect ratio, width, and fitting error are culled from the population of 

localizations. Localization of the same probe in sequential frames (defined by sequential 

localization within a distance of twice the localization precision) results in merging of the 
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two localizations. For registration of the two-color image, probe localizations in one color 

channel are transformed using the spatial transformation generated from the Tetraspeck 

alignment sample following the culling step. Image misalignment due to stage drift is 

corrected using the fiducial marker Tetraspecks that are adhered to the coverslip before 

the cells are plated. During super-resolution imaging, several fiducial markers in the 

field of view are tracked to determine displacement due to stage drift during super-

resolution. Probe localizations in both channels are then corrected to prevent image 

offset caused by these displacements. The localization precision was calculated from 

correlation functions as described in (35). Typical values for the calculated localization 

precision were approximately 20 nm for the Dy654 probe, 23 nm for mEos3.2, and 25 

nm for A488. The map of localizations that is used for further image analysis is 

generated through incrementing the pixel value at the coordinates where a given probe 

is localized, where the pixel size is set to be comparable to the image resolution. This 

image is convolved with a Gaussian filter for display. The number of localizations used 

to reconstruct a given fixed cell image varies based on factors such as labeling density 

in the case of the 4G10 images or expression levels in the case of mEos3.2 images, 

and differs inherently between probes due to differences in probe photophysics. Dy654  

super-resolution images of IgE-FcεRI are generated from approximately 300,000 to 

600,000 localizations, mEos3.2 images of Lyn or LifeAct are generated from 350,000 to 

500,000 localizations, and A488 images of 4G10 are generated from 100,000 to 

700,000 localizations.  

 

Correlation function analysis of super-resolution images: 
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The distribution of proteins imaged in a super-resolution experiment is quantified 

through statistical analysis of the spatial map of localizations generated by the 

experiment. Pair auto-and cross-correlation functions are used to measure the extent of 

protein clustering and co-localization in super-resolution images. The specifics of this 

analysis are described in detail in (34), (35), and Chapter 2. In short, reconstructed  

super-resolution images are masked using the MatLab function roipoly() to isolate the 

cell membrane for further analysis and exclude edge effects. The autocorrelation 

function g(r) is calculated using the Fast Fourier transforms (FFT) of the localizations 

within the mask normalized by the FFT of the mask itself. Cross-correlation functions 

are calculated from the FFT of masked regions in both color channels, again normalized 

by the FFT of the mask. Auto- and cross-correlation functions are interpreted as 

described the Results and Discussion section.  

Auto-correlation functions for super-resolution images of Dy654 IgE-FcεRI are 

corrected for the effects of protein over-counting as described in (34, 35) and Chapter 2. 

IgE auto-correlations are fit to the form: 

gmeas(r) = gPSF(r) *(1/ρ)+ gPSF(r) * g(r>0)                              (1) 

where the first term represents the contribution to gmeas(r) of over-counting. The over-

counting term arises from the value at r=0 of the correlation function of single molecule 

centers associated with labeled proteins of interest, which is inversely proportional to 

the density of proteins of interest ρ. This value at r=0 is convolved with gPSF, the 

contribution to the correlation function that arises from the point spread function (or finite 

resolution) of the measurement, which is assumed to have a Gaussian form  

 gPSF(r) = exp{-r2/4σ2}/(4π σ2). 
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gPSF is estimated by comparing the auto-correlation of images reconstructed from all 

identified single molecule centers to those of images where localizations of probes 

identified in multiple sequential frames are merged as described previously (35). gPSF is 

then fit to a two-dimensional Gaussian function to determine σ. We assume a surface 

density (ρ) of FcεRI to be 200 molecules/μm2 (43). The measured correlation function is 

then fit to Eqn 1 to determine the correlation function due to the real distribution of 

labeled molecules at r greater than 0, g(r>0). g(r>0) is approximated by an exponential 

function, 1+Aexp(-r/ξ) (35), and Eqn. 1 becomes:  

 gmeas(r) ≈ exp{-r2/4σ2}/(4π σ2 ρ)+ exp{-r2/4σ2}/(4π σ2)* [1+ (Aexp(-r/ξ))].      

A and ξ are extracted as fit parameters.  

 Auto-correlation functions of Lyn-mEos3.2 are not corrected for over-counting 

due to uncertainty in density (ρ) of the transfected fluorescent fusion protein on the 

membrane. Instead, reported auto-correlations include contributions from over-counting 

and are fit to a single filtered exponential function that does not include a correction 

term for over-counting: 

 gFit(r) = gPSF(r)*[1+ (Aexp(-r/ξ))]           (2) 

where gPSF(r) is determined as described above from the auto-correlation function of 

probes localized in consecutive frames. Cross-correlation functions generated from two-

color images do not contain artifacts from over-counting and are also fit to the filtered 

exponential function, Eqn 2.  

 Absolute values of the cross-correlation amplitude are measurements of the 

relative co-enrichment of two species with respect to the average density of each 

species on the membrane. It is possible that overexpression of fluorescent constructs 
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such as Lyn-mEos3.2 could lead to a situation where the overall average density of Lyn 

is higher without a proportional increase in the amount of Lyn interacting with IgE-FcεRI. 

A similar effect could be generated by additional 4G10 labeling density caused by non-

specific binding of the 4G10 primary or fluorescent secondary antibodies. If this is the 

case, then our measurements may underestimate cross-correlation amplitudes. We 

have attempted to mitigate these possible effects by selecting transfected cells with 

consistent, moderate expression levels and by choosing immunolabeling conditions that 

minimize non-specific antibody labeling. Additionally, we can make direct comparisons 

of correlation function amplitudes between samples that were labeled in the same way 

(e.g. either by 4G10 labeling or by Lyn-mEos3.2 transfection) because the effects of 

labeling on the correlation function are the same.  

 

RESULTS AND DISCUSSION 

 

Two-color super-resolution imaging measures spatial co-localization of IgE-FcεRI 

and Lyn kinase  

 Using two-color super-resolution microscopy, we are able to characterize the 

nanoscale coupling of Lyn kinase with IgE-FcεRI receptor complexes as a function of 

receptor cross-linking with the multivalent antigen DNP-BSA. To label these two 

proteins of interest, we use a combination of an organic fluorophore and a transfectable 

fluorescent fusion protein. Dinitrophenyl (DNP)-specific IgE is directly conjugated with 

the far-red dye Dyomics 654 (Dy654) and used to sensitize RBL-2H3 cells that have 

been transiently transfected with a fluorescent construct consisting of mEos3.2 fused to 
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the C terminus of Lyn, which is expressed in addition to endogenous Lyn. Cells are 

stimulated with DNP-BSA for defined time intervals before chemical fixation and super-

resolution imaging as described in the Materials and Methods. For these fixed-cell 

imaging experiments, we are able to achieve lateral resolution of approximately 20nm 

for Dy654 and 25nm for mEos3.2.  

   Fig. 3.1 shows super-resolution images of IgE-bound to FcεRI (shown in red) 

and Lyn (shown in green) in whole cells and magnified regions (insets) for 

representative cells stimulated for 0, 1, 3, 6, and 12 minutes. Examining the far-red 

Dy654-IgE channel alone, we see that the distribution of IgE-FcεRI clearly changes with 

stimulation time. IgE-FcεRI accumulates into clusters beginning at the 1 min stimulation 

time point that become more pronounced with continued exposure to antigen. After 12 

minutes, the majority of receptors on the membrane are organized in dense clusters. 

Conversely, there is no obvious antigen-dependent rearrangement of Lyn observed in 

the mEos3.2 channel.  

 The distributions of IgE-FcεRI in unstimulated cells and Lyn at all stimulation 

timepoints appear weakly clustered in single color super-resolution images. Individual 

labeled proteins are over-counted in these experiments, leading to the visual impression 

of clusters in super-resolution images. This artifact arises whenever a single protein of 

interest can be labeled with multiple fluorescent molecules, either through direct 

conjugation of multiple dyes, binding of primary and secondary antibodies, or when 

single fluorescent molecules can be localized multiple times during data collection due 

to reversible photoswitching. In this case, IgE is labeled with an average of 2.7 Dy654 

molecules during dye conjugation, and both Dy654 and mEos3.2 are known to blink 
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 Fig. 3.1 Two-color super-resolution imaging measures distributions of IgE 
receptor and Lyn as a function of antigen stimulation. Cells expressing Lyn-
mEos3.2 and sensitized with Dy654 IgE are stimulated with 500ng/ml DNP-BSA for 0, 
1, 3, 6, or 12 min, fixed, and imaged as described in the Materials and Methods. 
Representative cell images are shown for each stimulation time point, including the 
Dy654 super-resolution image represented in red (top row), the mEos3.2 image in 
green (middle row), and the overlaid image (bottom row). Regions indicated by white 
boxes are magnified in the insets. The map of single-probe localizations obtained 
through super-resolution imaging is convolved with two-dimensional Gaussian functions 
with radii of 50nm in whole images and 20nm in insets for display.   
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reversibly. These effects are commonly encountered with most  super-resolution 

localization techniques, and we expect some degree of artifactual clustering to appear 

in super-resolution images (35).  

 Alignment of the two color channels allows precise registration of protein 

distributions in each channel, and we determine typical registration errors to be 

approximately 10-15nm. The alignment procedure is described in the Materials and 

Methods and Appendix B. Merged images in  Fig. 3.1 show the relative distributions of 

IgE-FcεRI and Lyn. We can identify fields of view in images of stimulated cells where 

receptor clusters co-localize with concentrated areas of Lyn, but overall the effect of 

antigen stimulation on Lyn/IgE-FcεRI co-localization is too subtle to interpret by eye.  

 Instead, we turn to a quantitative method, pair-correlation analysis, to 

characterize the organization of IgE-FcεRI and Lyn and measure their co-localization. 

Pair-correlation functions are calculated from the spatial map of single-molecule 

localizations collected in super-resolution images. The pair-correlation function 

measures the normalized probability of finding another probe a radius r away from a 

given probe and is averaged over all probes. Pair auto-correlation functions measure 

this probability for two like probes, in this case two probes in the same color channel, 

whereas cross-correlation functions measure this probability for probes of two different 

colors in a two-color image. A random distribution of probes yields a correlation function 

equal to 1 at all radii. When probes are clustered, they are spatially correlated at short 

distances, and the correlation function takes on values larger than 1 at small radii. 

Likewise, when two distinguishable species are co-clustered, their cross-correlation 

function is larger than 1 at radii that correspond to size of correlated structures. We use 
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methodology for calculating and analyzing pair correlation functions that has been 

described in detail in past studies and was recently used to quantify single-color images 

of IgE-FcεRI (34, 35).  

 Cross-correlation functions calculated from multiple two-color images of IgE-

FcεRI and Lyn at each of the stimulation timepoints are shown in  Fig. 3.2 A. The value 

of cross-correlation functions at small radii are larger at longer stimulation times, 

indicating that co-localization of Lyn with IgE-FcεRI increases with stimulation time. 

Cross-correlation functions are fit to a single filtered exponential function (Eqn. 2) as 

described in the Materials and Methods. The amplitude and correlation length (ξ) of the 

exponential fit to the cross-correlation function of the exponential fit are extracted. The 

amplitude quantifies the co-enrichment of the two species in correlated structures 

relative to their average density on the membrane. It measures the increased probability 

of finding one species co-localized with the other in clusters compared to a random 

relative distribution. ξ, the correlation length, is a measurement of the average radius of 

correlated structures. Fits are shown with cross-correlations plotted in  Fig. 3.2, A.  

 Auto-correlations are also tabulated to measure changes in IgE-FcεRI and Lyn 

distributions upon antigen addition (  Fig. 3.2 B). When over-counting is present in 

super-resolution images, the auto-correlation function contains a contribution from over-

counting on the length scale of the localization precision of the fluorescent probe 

(approximately 20 nm), unlike cross-correlations, which are unaffected by over-counting 

(35). IgE-FcεRI autocorrelations are fit to Eqn. 1, which includes terms that correct for 

over-counting as has been described previously (34, 35) and as outlined in the 

Materials and Methods. Lyn auto-correlations are not corrected due to inherent 
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 Fig. 3.2 Pair-correlation analysis shows stimulation time-dependent nanoscale 
co-localization of IgE-FcεRI and Lyn. Individual and average pair-correlation functions 
(A) and average fit parameters (B) for the set of Lyn-mEos3.2 and Dy654 IgE images 
collected of cells stimulated for 0, 1, 3, 6, or 12 min as in  Fig. 3.1. (A) Individual 
Lyn/IgE-FcεRI cross-correlation functions (left), IgE-FcεRI auto-correlation functions 
(middle), and Lyn auto-correlation functions (right) calculated from two-color images, 
Dy654 images, and mEos3.2 images, respectively, are plotted with fits. Individual 
Lyn/IgE-FcεRI cross-correlation functions and Lyn auto-correlation functions are fit to 
Eqn. 2, gfit(r) = gPSF(r)*[1+ (Aexp(-r/ξ))], where gPSF is determined from the resolution of 
the measurement as described in the Materials and Methods. The measured IgE-FcεRI 
autocorrelations shown are fit to Eqn. 1, gmeas(r) = exp{-r2/4σ2}/(4π σ2 ρ)+ g(r>0) 
*gPSF(r). The first term includes contributions from over-counting. σ, ρ, and gPSF are 
determined as described in the Materials and Methods, and g(r>0) is approximated with 
the exponential function, 1+ Aexp(-r/ξ). Fits of these individual auto- and cross-
correlation functions to Eqns. 1 or 2 are used to extract the fit parameters A (Amplitude) 
and ξ for each correlation function. Average correlation functions for the group of cells at 
each time point (n=8 or 9 for each time point) and are plotted in black-outlined circles. 
The fit of average correlation functions to Eqn. 1 or 2 for IgE auto-correlations or 
Lyn/IgE-FcεRI cross correlations and Lyn auto-correlations, respectively, are plotted in 
bold lines. (B) Fit parameters Amplitude and ξ generated by the fit of individual Lyn/IgE-
FcεRI cross-correlation functions (left), IgE-FcεRI auto-correlation functions (middle), 
and Lyn auto-correlation functions (right) are averaged and plotted as a function of 
stimulation time. Error bars represent SEM.  
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uncertainties in the density of the transfected construct on the membrane and cannot be 

fit to Eqn. 1. Instead, Lyn auto-correlation functions are fit without over-counting 

correction to Eqn. 2 but are likely dominated by over-counting artifacts at radii less than 

approximately 30 nm, which leads to large overestimates of the value of the amplitude 

and underestimates of ξ when the data are fit. Nonetheless, we report Lyn auto-

correlation function fit parameters to Eqn. 2 for comparison of values before and after 

antigen stimulation. 

 Cross- and auto-correlation functions are calculated for IgE-FcεRI and Lyn in 

multiple cells at each stimulation time point and fit parameters are extracted. The 

amplitude and ξ are averaged for each time point to generate mean values as a function 

of stimulation time. Average amplitude and ξ are shown for IgE-FcεRI/Lyn cross-

correlation functions and for IgE-FcεRI and Lyn autocorrelation functions in  Fig. 3.2. In 

unstimulated cells, IgE-FcεRI and Lyn appear weakly cross-correlated at relatively long 

distances, illustrated by small values of amplitude and large values of ξ. After 

stimulation, the amplitude of cross-correlations increases in a time-dependent manner 

and the correlation length falls, indicating that correlated structures of IgE-FcεRI and 

Lyn become smaller and denser. The increase in amplitude with stimulation time 

observed here by localization microscopy shows a similar trend as cross-correlation 

amplitudes obtained in a previous study using scanning electron microscopy, although 

in that case cross-correlation amplitudes are systematically larger (9). This could be due 

to differences in the dorsal membrane imaged in SEM studies and the ventral surface of 

the cell, in terms of the kinetics or extent of formation of large co-clusters of IgE-FcεRI 

and Lyn. The fact that different labeling schemes were used for these two experiments, 
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which include expression of non-endogenous Lyn in super-resolution imaging 

experiments, could also account for quantitative differences in the measured cross-

correlation. The IgE-FcεRI auto-correlation amplitude increases with stimulation time, 

consistent with the visual impression of increased cluster density from super-resolution 

images of IgE-FcεRI and with previously published characterization of receptor 

clustering (34). ξ increases on average with stimulation time, similar to what we have 

seen previously in single-color fixed cell experiments (34). Lyn autocorrelation 

amplitude and ξ do not exhibit robust stimulation-dependent changes, possibly because 

Lyn auto-correlations are dominated by over-counting artifacts that are independent of 

cell stimulation, or because higher levels of Lyn expression obscure subtle differences 

in the distribution of Lyn associated with IgE-FcεRI. Together measurements of cross- 

and auto-correlation fit parameters describe a conversion from weak Lyn/IgE-FcεRI co-

localization that occurs over long length scales before antigen addition to co-localization 

of a sub-population of Lyn with cross-linked IgE receptor that grows with stimulation 

time as antigen-stimulated receptor clusters become increasingly dense.  

 We observe a sustained increase in Lyn/FcεRI co-localization over 12 minutes of 

antigen stimulation. Previous immunoprecipitation-based biochemical experiments that 

measured the time course of antigen-stimulated association of Lyn with FcεRI and 

resulting changes in Lyn kinase activity showed a rapid increase in Lyn bound to FcεRI 

that peaks within one or two minutes of antigen stimulation, followed by a gradual 

decline (7, 44). On the other hand, studies that use standard confocal or multiphoton 

microscopy do not detect Lyn/FcεRI co-localization until after at least 10 minutes of 

antigen stimulation (10, 29). A possible explanation for this discrepancy is that these 
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optical methods are insensitive to Lyn/IgE co-localization that occurs on length scales 

well below the diffraction limit, whereas biochemical methods utilize chemical cross-

linkers and immunoprecipitation that may not detect Lyn that is not directly or stably 

bound to FcεRI. Our improved resolution compared to other optical techniques enables 

detection of co-localization that takes place on length scales in the tens of nanometers. 

As a consequence, we are able to measure Lyn/IgE-FcεRI co-localization that occurs on 

the less than 5 min time scale of association reported by cross-linking and 

immunoprecipitation (7). Lyn coupling to clustered IgE-FcεRI at these short stimulation 

times has been shown by electron microscopy experiments (9, 36), but because of the 

sub-diffraction dimensions of these structures, detection of Lyn association at early 

times after stimulation has so far been a challenge for fluorescence imaging 

approaches. At the same time, we observe cross-correlations at longer stimulation 

times (12 min). The biochemical immunoprecipitation data indicates that Lyn is not 

directly associated with FcεRI at the plasma membrane at these longer stimulation 

times. Comparison to our results suggests that the association we observe is mediated 

by less specific interactions, possibly through lipid-mediated membrane domains.  

 

The initiation of signaling correlates with Lyn/IgE-FcεRI spatial co-localization 

 Our results demonstrate that this approach using super-resolution imaging and 

cross-correlation function analysis are effective at measuring antigen-stimulated co-

redistribution of Lyn with clustered IgE-FcεRI. To determine whether the Lyn/IgE-FcεRI 

cross-correlation that we observe is concurrent with a functional response, we extend 

our approach to measure tyrosine phosphorylation correlated with FcεRI before and 
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after cross-linking by antigen. Receptor phosphorylation is a consequence of Lyn 

association with cross-linked receptors and is an early step in the signaling cascade. 

Cells are sensitized with Dy654 IgE, stimulated, and fixed as in Lyn/IgE-FcεRI two-color 

experiments above. Phosphotyrosine on the plasma membrane is then labeled using 

the anti-phosphotyrosine antibody clone 4G10 followed by an AlexaFluor 488 (A488)-

labeled secondary antibody.  Fig. 3.3 A shows representative super-resolution images 

of Dy654 IgE and A488 anti-phosphotyrosine 4G10 in an unstimulated cell and a cell 

stimulated for 6 min. In unstimulated cells, 4G10 signal can be attributed to basal 

phosphorylation and non-specific background labeling. IgE and phosphotyrosine do not 

appear cross-correlated in unstimulated cells, but in stimulated cells, there is a clear 

concentration of 4G10 label in areas that spatially correspond with IgE-FcεRI clusters.  

 We quantify the labeling of IgE-FcεRI clusters with 4G10 by calculating their 

cross-correlation function. We interpret changes in 4G10/IgE-FcεRI cross-correlation 

amplitudes to reflect changes in the absolute amount of tyrosine phosphorylation 

localized to receptor clusters. 4G10/IgE-FcεRI cross-correlations follow similar trends as 

a function of stimulation time as Lyn/IgE-FcεRI cross-correlation functions ( Fig. 3.3 B). 

Prior to antigen stimulation, cross-correlation functions fit to Eqn. 2 have very small 

amplitudes, close to 0, and long correlation lengths over 300nm, suggesting a nearly 

random relative distribution of 4G10 and IgE receptor. In stimulated cells, the amplitude 

increases steadily, with time dependence similar to that of the Lyn/IgE-FcεRI cross-

correlation amplitude. ξ quickly drops with stimulation to values that match Lyn/IgE-

FcεRI correlation lengths. 
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 Fig. 3.3 4G10/IgE-FcεRI cross-correlation amplitude increases with stimulation 
time. (A)Two-color  super-resolution fixed cell images of A488 4G10 immunolabeled 
phosphotyrosine and Dy654 IgE in cells stimulated for 0 min (left) or 6 min (right). 
Regions indicated by white boxes are magnified in the insets. The map of single-probe 
localizations obtained through super-resolution imaging is convolved with two-
dimensional Gaussian functions with radii of 50nm in whole images and 20nm in insets 
for display purposes. (B) Cross-correlation fit parameters Amplitude and ξ as a function 
of stimulation time for A488 4G10/Dy654 IgE-labeled cells that were stimulated for 0, 1, 
3, or 6 min. averaged over multiple cells for each timepoint (n = 6 cells per timepoint for 
A488 4G10/Dy654 IgE experiments and n=8 or 9 cells per timepoint for Lyn-
mEos3.2/Dy654 IgE experiments). Lyn/IgE-FcεRI cross-correlation function fit 
parameters are also plotted and were reproduced from  Fig. 3.2.  
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 Thus, receptor-localized phosphotyrosine and receptor-localized Lyn are 

organized in structures that are both spatially correlated with IgE-FcεRI clusters, that 

have similar dimensions, and that form with similar time dependence after addition of 

antigen. Comparison of 4G10/IgE and Lyn/IgE cross-correlation function parameters as 

a function of stimulation time implies a positive correlation between the co-localization of 

Lyn with cross-linked IgE-FcεRI and phosphorylation of receptor clusters that we 

observe in separate imaging experiments. These results are consistent with the view 

that Lyn association with FcεRI precedes or occurs concurrently with the initiation of 

receptor phosphorylation, as was earlier suggested by immunoprecipitation experiments 

(7, 8). Moreover, our results show that increasing 4G10/IgE-FcεRI cross-correlation 

amplitudes can be interpreted as a functional consequence of Lyn/IgE-FcεRI co-

localization. 4G10/IgE-FcεRI cross-correlation functions measure the catalytic activity of 

Lyn, whereas Lyn/IgE-FcεRI cross-correlation functions measure the stoichiometric 

accumulation of Lyn with FcεRI. However, we do note that, due to the ubiquity of 

tyrosine phosphorylation sites on signaling molecules, we do not measure receptor 

phosphorylation specifically in this experiment. Phosphotyrosines labeled by 4G10 

could belong to ITAMs on FcεRI or to signaling molecules that co-redistribute with 

clustered receptors, including LAT, Syk, or Lyn itself (9). Thus, stimulation-induced 

increases in receptor-correlated phosphotyrosine consist of contributions from receptor 

phosphotyrosine as well as receptor-associated signaling molecules that are also 

phosphorylated in an antigen-dependent fashion. The fact that 4G10 is not specific to 

receptor phosphotyrosine may account for the differences that we observe in the time 

dependence of 4G10/IgE-FcεRI co-localization and past measurements of FcεRI β and 
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γ chain phosphorylation by Western blot, which have shown transient behavior where 

receptor phosphorylation peaks within a few minutes and decays (15, 26, 45, 46).  

 In principle the absolute values of cross-correlation amplitudes for 4G10/IgE-

FcεRI and Lyn/ IgE-FcεRI can be compared directly to evaluate differences in the 

degree of co-enrichment of 4G10 and Lyn with clustered receptors. In doing so, it is 

important to keep in mind that correlation amplitudes represent a relative enrichment of 

4G10 or Lyn with clustered receptors compared to the average surface density of these 

species. Any effect that increases the average density of label without necessarily 

increasing receptor-localized label, such as detection by 4G10 antibodies of other 

phosphorylation events accompanying signaling that are not co-localized with clustered 

receptors, could have the effect of decreasing the cross-correlation amplitude. With this 

in mind, we focus on comparison of the time dependence of stimulated changes in Lyn/ 

IgE-FcεRI and 4G10/ IgE-FcεRI cross-correlation amplitudes.  

 

The actin cytoskeleton is dynamic during early stages of cell activation, but bulk 

association with IgE receptors does not detectably change with stimulation.  

 Numerous previously published studies have demonstrated a role for actin in the 

regulation of FcεRI signaling, and antigen-stimulated actin polymerization has been well 

documented (21, 25, 47, 48). Live cell TIRF imaging of cortical actin labeled through 

transient transfection with EGFP fused to LifeAct, an F-actin binding peptide, also 

shows that cortical actin undergoes dramatic remodeling at the ventral surface of RBL-

2H3 cells shortly after antigen stimulation ( Fig. 3.4). Prior to antigen addition, actin is 

distributed across the ventral surface with some areas of punctuate actin concentration. 
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 Fig. 3.4 Cortical actin undergoes dynamic reorganization in the first minutes after 
antigen addition. Live cell TIRF imaging of an RBL-2H3 cell transfected with LifeAct 
GFP shows antigen-induced changes in the cortical actin cytoskeleton. Cells were 
imaged at approximately 35°C. The time in seconds after addition of 500ng/ml DNP-
BSA is shown for each image, where antigen is added at t = 0s. Before stimulation, 
actin fluorescence is distributed across the footprint of the cell, with some areas of 
higher concentration punctuate actin structures. Around 30sec after stimulation, the 
actin signal is depleted from the ventral surface across most of the cell footprint , 
however the cell periphery is relatively enriched in polymerized actin. Within 1 minute 
after antigen addition, punctate actin structures reappear and become more numerous 
over the course of the next several minutes. An expanded series of images depicting 
the first 60 seconds after antigen addition clearly shows the rapid depletion of cortical 
actin from the ventral membrane followed by the development of actin puncta.  
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Approximately 30 seconds after antigen is added, actin fluorescence rapidly disappears 

from the ventral surface, leaving a weak, relatively uniform signal on the interior of the 

cell footprint with a slight concentration of actin around the periphery. Within 60 

seconds, actin puncta begin to reappear. Puncta increase in number over the course of 

the next minute and form and vanish dynamically. Actin puncta continue to form and 

disappear over the course of the next few minutes as the cell spreads.  

 TIRF imaging is consistent with previous findings that the F-actin content of 

detergent-extracted membranes decreases during approximately the first 30 seconds 

after antigen addition, then increases beyond pre-stimulation levels (21). This striking 

antigen-stimulated actin remodeling that occurs soon after antigen addition may be 

involved in regulating signaling at these early stimulation times. However, we do not 

detect stimulated co-localization of labeled actin structures with IgE-FcεRI clusters by 2-

color TIRF (data not shown) or super-resolution imaging ( Fig. 3.5). IgE-FcεRI 

association with labeled actin is weak before antigen stimulation and remains weak at 

time points corresponding to depolymerization of actin at the ventral surface (30s) and 

formation of actin puncta (60s and 3 min). This could be because actin does not directly 

couple to clustered FcεRI after stimulation or because the fraction of actin that does so 

is small enough to be undetectable in our experiment. Although previous imaging 

studies show co-localization of F-actin with cross-linked IgE (10, 26, 49), in these cases 

large regions of cross-linked IgE-FcεRI were stabilized on the membrane and co-

localization could be mediated through some other membrane species. Actin was 

shown to co-cluster with Lyn 2 minutes following antigen stimulation in electron 

microscopy experiments (36), although these studies have some limitations in their 
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 Fig. 3.5 Antigen-stimulated coupling of IgE-FcεRI to actin is not readily 
detectable by two-color super-resolution imaging. (A) Representative two-color 
images of Dy654 IgE and mEos3.2 LifeAct in cells stimulated for 0 (left), .5 (middle), or 
3 (right) min. Regions indicated by white boxes are magnified in the insets. The map of 
single-probe localizations obtained through super-resolution imaging is convolved with 
two-dimensional Gaussian functions with radii of 50nm in whole images and 20nm in 
insets for display purposes. (B) Average amplitude of the fit to Eqn. 2 of cross 
correlation functions of LifeAct/IgE-FcεRI images as a function of stimulation time (n = 4 
or 5 cells for each time point). Error bars represent SEM.  
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interpretation due to sample preparation using membrane sheets that are ripped from 

intact adherent cells, which may perturb cytoskeletal interactions. Further, receptor 

phosphorylation by Lyn, which also occurs during the first stages of the signaling 

response concurrent with actin remodeling, is sensitive to actin polymerization (25, 26, 

28). Actin could regulate antigen-induced signaling via its direct or indirect interactions 

with Lyn by controlling the localization of Lyn on the membrane. We test this hypothesis 

in super-resolution imaging experiments.  

 

The actin cytoskeleton regulates stimulated coupling of Lyn to IgE-FcεRI.  

 The regulation of antigen-stimulated degranulation by the actin cytoskeleton is 

likely to be mediated through a number of signaling molecules including Lyn. We 

evaluate the effects of the actin cytoskeleton on the regulation of Lyn/IgE-FcεRI 

coupling in super-resolution experiments where cells are treated with drugs that disrupt 

actin polymerization. Samples are prepared for Lyn-mEos3.2/ Dy654 IgE 2-color 

imaging as described above, with the addition of a 5-min incubation with 1µM 

cytochalasin or latrunculin preceding antigen stimulation in the presence of the actin-

disrupting drug. Two-color super-resolution images of cells stimulated for 6 min in the 

presence and absence of latrunculin or cytochalasin ( Fig. 3.6, A) do not show obvious 

differences in Lyn/IgE-FcεRI co-localization. However, comparison of Lyn/IgE-FcεRI 

cross-correlations for the various treatment conditions as a function of stimulation time 

reveal that Lyn/IgE-FcεRI interactions are enhanced when actin polymerization is 

inhibited ( Fig. 3.6, B). Latrunculin and cytochalasin inhibit actin polymerization by 

different mechanisms, latrunculin sequesters actin monomers while cytochalasin caps 
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 Fig. 3.6 Inhibition of actin polymerization enhances Lyn/IgE-FcεRI cross-
correlation amplitude. Representative Lyn-mEos3.2/Dy654 IgE two-color super-
resolution images (A) and average cross-correlation function fit parameters for fits to 
Eqn. 2 (B, C) for cells that were stimulated for 0, 1, 3, 6, or 12 min with and without pre-
treatment with 1µM latrunculin or cytochalasin and stimulation in the presence of the 
drug. (A) Representative images of cells stimulated for 6 min without (top) or with 
treatment with cytochalasin (middle) or latrunculin (bottom). (B) Lyn/IgE-FcεRI cross-
correlation fit parameters Amplitude and ξ as a function of stimulation time for RBL-2H3 
cells expressing Lyn-mEos3.2 and sensitized with Dy654 IgE that were stimulated for 0, 
1, 3, 6, or 12 min with and without treatment with actin-disrupting drugs. Fit parameters 
are averaged over multiple cells for each timepoint (n=8 or 9 cells per timepoint for 
untreated cells, n = 9 cells per timepoint for cytochalasin-treated cells, and n = 7 cells 
per timepoint for latrunculin-treated cells). Lyn/IgE-FcεRI cross-correlation function fit 
parameters are also plotted and were reproduced from  Fig. 3.2. Error bars denote 
SEM. (C) Average cross-correlation function fit parameters for 1C1C8 cells labeled, 
treated (or not) with cytochalasin or latrunculin, and stimulated under the same 
conditions as RBL-2H3 cells in (B). n = 7 cells per timepoint for all treatment conditions. 
Error bars denote SEM. 
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the barbed end of filaments, and these two drugs have slightly different effects on 

stimulated Lyn/IgE- FcεRI cross-correlations. Cytochalasin treatment causes a 

sustained enhancement of cross-correlation amplitudes for the first 6 minutes after 

stimulation. Enhancement due to latrunculin is more short-lived, extending through 3 

min, but is also larger in magnitude at this time point. Interestingly, latrunculin also 

causes a small but significant increase in Lyn/IgE-FcεRI interaction in unstimulated cells 

as measured by the cross-correlation amplitude. Lyn and IgE-FcεRI are weakly 

correlated over longer distances in unstimulated cells for both cytochalasin and 

latrunculin treatments as indicated by ξ, which is increased compared to untreated cells. 

In stimulated cells, Lyn/IgE correlated structures have similar dimensions regardless of 

cytoskeletal perturbation, i.e., ξ is not significantly different in treated vs. untreated cells. 

Inhibition of actin polymerization does not seem to have robust effects on IgE-FcεRI or 

Lyn autocorrelations, except for a slight enhancement of IgE- FcεRI autocorrelations, 

which are shown in  Fig. (3.7, A). 

 Evidence from ours and previous studies suggests that the modulation of the 

spatial distribution of Lyn can be a mechanism for actin regulation of stimulated 

responses in mast cells. Pervanadate is a pharmacological inhibitor of tyrosine 

phosphatases that stimulates degranulation responses which bypass receptor clustering 

by activating kinases, including Lyn. Latrunculin has no effect on pervanadate-

stimulated degranulation (25), which shows that latrunculin acts upstream of receptor 

phosphorylation. Although cytochalasin does have some effects on downstream 

signaling evidenced by its enhancement of pervanadate stimulation, its effects on early 

signaling are similar to latrunculin (25, 28). Under the stimulation conditions used here, 

141



 

 Fig. 3.7 Lyn mEos3.2 and Dy654 IgE auto-correlation fit parameters for cells 
treated with actin polymerization inhibitors. Average auto-correlation function fit 
parameters Amplitude and ξ extracted from fits to Eqn. 1 for IgE auto-correlation 
functions and Eqn. 2 for Lyn auto-correlation functions as a function of stimulation time 
for the cells whose average cross-correlation function fit parameters are shown in  Fig. 
3.6. (A) Average Lyn and IgE-FcεRI auto-correlation function fit parameters for RBL-
2H3 cells expressing Lyn-mEos3.2 and sensitized with Dy654 IgE that were stimulated 
for 0, 1, 3, 6, or 12 min with and without treatment with actin-disrupting drugs. Fit 
parameters are averaged over multiple cells for each timepoint (n=8 or 9 cells per 
timepoint for untreated cells, n = 9 cells per timepoint for cytochalasin-treated cells, and 
n = 7 cells per timepoint for latrunculin-treated cells). Error bars denote SEM. (B) 
Average auto-correlation function fit parameters for 1C1C8 cells labeled, treated (or not) 
with cytochalasin or latrunculin, and stimulated under the same conditions as RBL-2H3 
cells in (A). n = 7 cells per timepoint for all treatment conditions. Error bars denote SEM. 
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enhanced Lyn recruitment occurs in actin-disrupted RBL-2H3 cells without robust 

changes in IgE-FcεRI autocorrelations, indicating that latrunculin and cytochalasin do 

not affect receptor oligomerization caused by antigen stimulation under these 

conditions. Given that Lyn itself remains in an enzymatically active state in the presence 

of F-actin perturbation (25, 28, 50) enhanced access of Lyn to its substrate is a 

compelling hypothesis for the mechanism of increased signaling caused by F-actin 

perturbation and is supported by the enhanced spatial coupling to IgE-FcεRI that we 

observe at relatively early time points after stimulation. That latrunculin causes a more 

rapid but transient enhancement of Lyn recruitment to FcεRI is consistent with its 

intervention primarily in the initial steps of signaling and with the fact that it inhibits actin 

polymerization more effectively than cytochalasin for the first few minutes after antigen 

stimulation (25). Interestingly, latrunculin leads to depletion of actin from the Triton-

insoluble, membrane associated pool of actin, while also causing weak phosphorylation 

of FcεRI β and Syk (25, 50). We observe a small but significant increase in the 

amplitude of Lyn/IgE-FcεRI cross-correlation in unstimulated latrunculin-treated cells, 

implying that Lyn recruitment to FcεRI could account for these effects.  

 For both latrunculin and cytochalasin treatment, enhancement of Lyn/IgE cross-

correlation amplitudes occur transiently at time points soon after antigen stimulation. 

Amplitudes peak 3 and 6 min after stimulation for latrunculin and cytochalasin, 

respectively, before falling to levels that are not significantly different from untreated 

cells. The timing and direction of the effects of cytochalasin and latrunculin on Lyn/IgE-

FcεRI co-localization are different than the behavior observed using antigen presented 

on patterned substrates (10) or recorded in FCS measurements (29). In those cases, 
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Lyn/IgE-FcεRI co-localization was only detectable after 10 min of antigen stimulation, 

well after peak receptor phosphorylation, and was inhibited by pretreatment with 

cytochalasin while phosphorylation was enhanced. It is possible that recruitment of Lyn 

to clustered IgE-FcεRI at relatively long (>10 min) stimulation times is related to a 

negative-regulatory pathway that limits the extent of the degranulation response, and 

such a negative regulatory role has been proposed for Lyn (44, 51, 52). If this is the 

case, the fact that cytochalasin prevents Lyn recruitment to FcεRI (10, 29) is evidence 

that the pathway is also actin-dependent. Consistent with this, cytochalasin converts 

transient phosphorylation of FcεRI β to a much more long-lived response (26).  

 In contrast, we record antigen-stimulated Lyn recruitment to IgE-FcεRI that is 

concomitant with the initiation of receptor-correlated phosphotyrosine ( Fig. 3.3,  Fig. 

3.8) and, like receptor phosphorylation ( Fig. 3.6), is enhanced by inhibition of actin 

polymerization ( Fig. 3.8). Live cell  super-resolution experiments have shown that DNP-

BSA-induced IgE-FcεRI clustering sufficient for the initiation of Ca2+ mobilization occurs 

in the first few minutes after antigen addition (Chapter 2 and ref. (34), and enhancement 

of Lyn co-localization also occurs during this time frame. These data indicate that the 

cross-correlation we observe is related to the initiation of signaling and is negatively 

regulated by actin. In this situation, actin could act to physically segregate Lyn from 

receptor clusters, possibly via cytoskeletal interactions with ordered lipids that modulate 

the lipid environment of clustered receptors, to negatively regulate signaling. There is 

evidence for this segregation phenomenon from electron and fluorescence microscopy 

(26, 36) which has been supported by additional biochemical data (25, 28). It is possible 

that, using our imaging approach, we could measure Lyn recruitment at later stimulation 
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time points that is reduced by inhibition of actin polymerization. In fact, for latrunculin-

treated cells, the cross-correlation amplitude begins to dip below that of untreated cells 

at the 12 min stimulation time point, but this difference is not significant. We do not 

examine stimulation time points in our experiments that are late enough to assess this 

question.  

 Consideration of our results along with previous reports (10, 29) suggests 

separate interpretations of Lyn/IgE-FcεRI co-localization and its regulation by actin at 

early vs. late times after antigen stimulation. At early stimulation times, Lyn co-localizes 

with cross-linked IgE-FcεRI as part of the initiation of signaling. This association is 

limited through an actin polymerization-dependent process. At later times, Lyn 

association with IgE-FcεRI is possibly related to a negative regulatory process and is 

promoted by actin. In both cases, actin polymerization would lead to negative regulation 

of signaling. Physical shuttling of Lyn to and away from receptor clusters could occur 

through direct interaction with actin or, more likely, through an adapter protein such as 

the focal adhesion protein paxillin or the Src-family regulatory kinase Cbp/PAG. 

Considerable evidence exists that implicates each of these proteins in negative 

regulation of signaling via Lyn and association with the cytoskeleton. Paxillin is bound 

and phosphorylated by Lyn upon antigen stimulation and has been shown to negatively 

regulate early steps in the signaling cascade (2, 49, 50, 53–57). It also spatially 

localizes to antigen patches on patterned surfaces in an actin-polymerization- and Lyn-

dependent manner (49), and may provide a direct link to the cytoskeleton (58). 

Cbp/PAG is strongly associated with ordered lipids and is both activated by and 

negatively regulates Lyn through recruitment of Csk, providing a feedback loop for Lyn 
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signaling. Cpb/PAG can also interact with the cytoskeleton via linkage to Epb50 and 

ezrin. Lyn regulation by Cpb/PAG-Csk has been shown to be relevant in FcεRI signaling 

(52, 59), and in particular we note that Lyn association with immunoprecipitated FcεRI is 

decreased in stimulated cells over expressing Cbp/PAG (59). While there is currently no 

demonstrated role for ezrin for antigen-stimulated signaling in mast cells, ezrin is 

phosphorylated in an antigen- and actin polymerization-dependent manner (50). Ezrin 

does have a demonstrated role in coupling ordered membranes to the cytoskeleton via 

its attachment to Cbp/PAG as part of the regulation of B cell signaling (60).  

 

Regulation by actin is evident in a signaling-defective variant RBL cell line.  

 We conducted two-color imaging experiments analogous to experiments shown 

in Fig. 3.7 A and B in a variant RBL cell line, 1C1C8 cells. In these cells, antigen-

stimulated receptor phosphorylation, Ca2+ responses, and degranulation are 

significantly delayed compared to RBL-2H3 cells, but IgE-FcεRI ligand binding and 

expression of FcεRI and Lyn are normal (R.P. Siraganian personal communication). 

There is evidence that the mechanism of inhibition of signaling in these cells involves 

overactive actin polymerization; treatment with cytochalasin accelerates antigen-

stimulated Ca2+ responses to become comparable to RBL-2H3 kinetics without altering 

antigen binding (D. Holowka unpublished data).  

 As in RBL-2H3 cells, the amplitude of Lyn/IgE-FcεRI cross-correlations in 1C1C8 

cells increases with time after antigen stimulation (Fig. 3.6 C). The absolute value of the 

amplitude in 1C1C8 cells is significantly reduced for the later time points measured in 

the experiment compared to RBL-2H3 cells (Fig. 3.6 B). Cytoskeletal perturbation has 
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robust effects on the strength of Lyn co-localization with IgE-FcεRI that exhibit similar 

trends as latrunculin- and cytochalasin-induced changes we observe in RBL-2H3 cells. 

Both cytochalasin and latrunculin treatment cause enhancement of Lyn/IgE-FcεRI 

association. Cross-correlation amplitudes in cytochalasin-treated cells are larger for 

stimulated time points between 3 and 12 after antigen addition. Values of the cross-

correlation amplitude for latrunculin-treated cells are enhanced in unstimulated cells and 

for time points 1 and 3 min after antigen addition, consistent with effects in RBL-2H3 

cells. Unlike results from RBL-2H3 cells, the cross-correlation length ξ is also affected 

by cytoskeletal perturbation in 1C1C8 cells. ξ is not significantly different with and 

without cytochalasin or latrunculin in unstimulated cells, but latrunculin treatment delays 

the antigen-induced collapse of the size of Lyn/IgE-FcεRI correlated structures. ξ is 

significantly larger for cytochalasin-treated cells than untreated cells for time points 

following 1 min after stimulation. Overall, cytoskeletal perturbation appears to enhance 

coupling between Lyn and IgE-FcεRI in a more pronounced fashion in 1C1C8 cells 

compared to RBL-2H3 cells. Maximum differences in cross-correlation amplitude are 

larger in the case of latrunculin treatment and persist to longer stimulation times for 

cytochalasin-treated cells. Lyn/FcεRI cross-correlation lengths also appear to be 

sensitive to cytoskeletal perturbation in 1C1C8 cells.  

 For 1C1C8 cells, IgE-FcεRI autocorrelation amplitudes are largely unchanged, 

with the exception that cytochalasin-treated cells have larger values for the cross-

correlation amplitude at the 12 minute stimulated timepoint compared to latrunculin-

treated or untreated cells ( Fig. 3.7 B). Autocorrelation amplitudes are smaller in general 
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for 1C1C8 cells compared to RBL-2H3 cells. ξ for IgE-FcεRI autocorrelations is also 

sensitive to cytoskeletal perturbation in 1C1C8 cells ( Fig. 3.7 B). 

 Unlike the situation in RBL-2H3 cells, the size of IgE-FcεRI aggregates as 

measured by ξ is sensitive to actin depolymerization. Receptor clustering is also 

relatively weak compared to RBL-2H3 cells, and together these data suggest that 

mutations in these cells that suppress signaling may interfere with formation of large or 

dense clusters, or may lead to their rapid internalization. Inhibition of actin 

polymerization causes larger-magnitude cross-correlation amplitude enhancement in 

1C1C8 cells mainly due to relatively low antigen-stimulated co-localization in untreated 

cells. Based on our interpretation of the data from RBL-2H3 cells, this is consistent with 

the hypothesis that overactive actin regulation of Lyn/IgE-FcεRI coupling contributes to 

suppressed signaling in these cells.  

 

Inhibition of actin polymerization amplifies antigen-dependent tyrosine 

phosphorylation correlated with IgE-FcεRI.  

 In two-color phosphotyrosine/IgE-FcεRI imaging experiments, we measure a 

functional outcome of cytoskeletal perturbation. We stimulate Dy654-sensitized RBL-

2H3 cells, fix, and label for phosphotyrosine using the same methodology described for 

the data presented in Fig. 3.3, where this time the cells are first treated with 

cytochalasin or latrunculin as in the experiments shown in Fig. 3.6. As with Lyn/ IgE-

FcεRI two-color images of actin-disrupted cells (Fig. 3.6, A), the organization of 4G10 

and IgE-FcεRI does not appear to be dramatically altered by cytochalasin or latrunculin 

treatment by visual inspection of 2-color super-resolution images (Fig. 3.8, A). 
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Fig. 3.8 Receptor-correlated phosphotyrosine is enhanced due to inhibition of 
actin polymerization. Representative A488 4G10/Dy654 IgE two-color super-
resolution images (A) and average cross-correlation function parameters for fits to Eqn. 
2 (B) for RBL-2H3 cells that were stimulated for 0, 1, 3, or 6 min with and without pre-
treatment with 1µM latrunculin or cytochalasin. Treated cells were also stimulated in the 
presence of the drug. (A) Selected images of cells stimulated for 6 min without (top) or 
with treatment with cytochalasin (middle) or latrunculin (bottom). (B) 4G10/IgE-FcεRI 
cross-correlation fit parameters Amplitude and ξ as a function of stimulation time for 
RBL-2H3 cells sensitized with Dy654 IgE and immunolabled with A488 4G10 anti-
phosphotyrosine that were stimulated for 0, 1, 3, or 6 min with and without treatment 
with actin-disrupting drugs. Fit parameters are averaged over multiple cells for each 
timepoint (n=6 cells per timepoint for untreated cells, n = 7 cells per timepoint for 
cytochalasin and latrunculin-treated cells ). 4G10/IgE-FcεRI cross-correlation function fit 
parameters are also plotted and were reproduced from  Fig. 3.3. Error bars denote 
SEM.  

149



  Analysis of cross-correlation functions show that perturbation of the cytoskeleton 

leads to relative increases in receptor-correlated phosphotyrosine that are qualitatively 

similar to observed changes in Lyn/IgE co-localization under the same conditions of 

stimulation and latrunculin or cytochalasin treatment (Fig. 3.6 B). 4G10 label and IgE-

FcεRI are more correlated in latrunculin and cytochalasin treated cells for all stimulated 

time points except for the 1 min time point in the case of cytochalasin treatment (Fig. 

3.8, B). The effects of latrunculin are more prominent at earlier stimulated time points, 

whereas the differences between cytochalasin-treated and untreated cells are greater at 

the later stimulated time points measured in this experiment, consistent with trends 

observed for Lyn/IgE-FcεRI cross-correlations (Fig. 3.6, B).  

 To further clarify whether cytochalasin- and latrunculin-induced enhancement of 

stimulated IgE-FcεRI-localized phosphorylation depend on Lyn, we measure 4G10/IgE-

FcεRI cross-correlation functions in a Syk-negative variant of the RBL-2H3 cell line. 

These cells do not express Syk kinase at a detectable level and do not exhibit antigen-

stimulated Ca2+ or degranulation responses. IgE-FcεRI aggregation elicits receptor 

phosphorylation in Syk-negative cells, albeit at slightly lower levels. This difference is 

possibly due to protection of γ chains from de-phosphorylation by Syk binding in normal 

cells (61). Cells are stimulated with antigen for 6 min with and without pre-treatment with 

latrunculin or cytochalasin and labeled for phosphotyrosine. Super-resolution images of 

stimulated Syk-negative cells that are treated with latrunculin or cytochalasin look 

qualitatively similar to untreated cells (Fig. 3.9, A), but cross-correlation functions 

computed from these images have larger amplitudes ( Fig. 3.9, B). ξ is slightly larger in 

cytochalasin-treated cells compared to the other treatment conditions but is equivalent 
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 Fig. 3.9 Increased receptor phosphorylation due to cytochalasin and latrunculin 
 mediated by Lyn. Representative A488 4G10/Dy654 IgE two-color super-resolution is

images (A) and average cross-correlation function parameters for fits to Eqn. 2 (B) for 
Syk-negative TB1A2 cells that were stimulated for 6 min with and without pre-treatment 
with 1µM latrunculin or cytochalasin. Treated cells were stimulated in the presence of 
the drug. (A) Selected images of cells stimulated for 6 min without (top) or with 
treatment with cytochalasin (middle) or latrunculin (bottom). (B) Average 4G10/IgE-
FcεRI cross-correlation fit parameters Amplitude and ξ at for A488 4G10/Dy654 IgE 
two-color images of Syk-negative cells that were stimulated for 6 min with and witho
treatment with actin-disrupting drugs. Fit parameters are averaged over multiple cells
each treatment condition (n=4 cells for all treatment conditions). Error bars denote SEM

ut 
 for 

. 
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for latrunculin-treated and untreated cells. Data shown in  Fig. 3.9 was collected in an 

initial experiment and will need to be reproduced in order to confirm these results. 

Although these data are preliminary, they indicate that the difference we observe in IgE-

FcεRI-correlated phosphotyrosine is present in the absence of signaling that depends 

on Syk activation and cannot be attributed to feedback inhibition caused by Syk-

dependent processes. In Syk-negative cells, antigen-stimulated phosphorylation 

localized to IgE-FcεRI clusters depends on Lyn signaling, and so inhibition of actin 

polymerization enhances phosphorylation through a net decrease in the negative 

regulation of Lyn. This suggests that in normal RBL-2H3 signaling, at least one 

component of regulation by actin is negative regulation of Lyn.  

 Measurements of 4G10/IgE-FcεRI cross-correlations in cells treated with 

cytochalasin and latrunculin show that receptor-correlated phosphorylation is enhanced, 

with time dependence that matches Lyn/IgE-FcεRI co-localization enhancement for 

each drug (Figs. 3.6 B and 3.8 B). This correlative result supports the hypothesis that 

the latrunculin and cytochalasin-dependent increase in coupling of Lyn to clustered 

receptors observed at early stimulation times is associated with the initiation of signaling 

and can be responsible for the amplification of downstream signaling responses caused 

by treatment with these drugs. It also provides evidence that F-actin perturbation leads 

to an elevated response to antigen even in the first steps of IgE receptor signaling, in 

agreement with experiments that have demonstrated enhanced phosphorylation of 

FcεRI and other downstream signaling proteins such as Syk and LAT when actin 

polymerization is inhibited (10, 25, 26, 28, 50). Here we are additionally able to show 
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this enhancement of signaling through direct, high-resolution imaging of signaling 

moieties in situ on the plasma membrane.  

 Our preliminary finding that receptor-correlated phosphotyrosine is also elevated 

in stimulated Syk-negative cells is consistent with the idea that cytoskeletal perturbation 

causes enhanced receptor-correlated phosphotyrosine in RBL-2H3 cells through 

removal of negative regulation of Lyn coupling to IgE-FcεRI by actin. It has been 

demonstrated that while total phosphorylation is dramatically reduced in Syk-negative 

cells, phosphorylation of the FcεRI β, and to lesser extent γ, is still observed, confirming 

that Lyn causes antigen-stimulated receptor phosphorylation in the absence of Syk (61).  

 Whereas Lyn recruitment to IgE-FcεRI in actin-disrupted cells is enhanced 

compared to untreated cells for only the first few minutes after stimulation, the effects of 

actin depolymerization on elevation of receptor-correlated phosphotyrosine are more 

long-lived, extending through the longest stimulation timepoint measured in this 

experiment (6 min) for both latrunculin and cytochalasin treatment. This indicates that 

either the increase in phosphorylation induced at earlier stimulation times is long-lived 

and/or dephosphorylation by phosphatases is inhibited by F-actin perturbation. In 

relation to Lyn/IgE-FcεRI cross-correlation in the presence and absence of actin 

perturbation (Fig. 3.6), we have discussed the possibility that the continued 

accumulation of Lyn with clustered receptors at later stimulation times is somehow 

related to negative regulation of signaling. If this is the case, enhanced phosphorylation 

of receptor clusters at these later time points for cells where actin polymerization is 

inhibited compared to untreated cells would be consistent with similar or lower levels of 

Lyn co-localization. For example, phosphorylation is enhanced over receptor clusters on 
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patterned substrates even when cytochalasin prevents the accumulation of Lyn in these 

regions (10). 

 

Lipid anchor type plays a role in the magnitude and actin-dependence of 

stimulated co-localization of lipid-anchored proteins with IgE-FcεRI. 

 Localization of Lyn with ordered lipids mediated by its order-preferring lipid 

anchorage is thought to be important for its phosphorylation of IgE-FcεRI upon receptor 

cross-linking (14, 16), and has been shown to partially mediate co-localization with 

FcεRI on patterned substrates (10) and cells cross-linked at 4°C (17). To test the 

hypothesis that the lipid anchorage of Lyn can be a structural factor that participates in 

actin-based regulation of Lyn-receptor interaction, we used the fluorescent construct 

PM-mEos3.2. PM-mEos3.2 consists of mEos3.2 and the N-terminal tail of Lyn that 

includes its palmitoylation and myristoylation sites, but does not retain its kinase or 

protein-binding domains. We imaged stimulated cells transfected with this construct in 

conjunction with Dy654-IgE ( Fig. 3.10). From two-color images, we observe a 

distribution of PM-mEos3.2 that is qualitatively similar to that of Lyn with respect to 

Dy654 IgE in stimulated cells ( Fig. 3.10, A). Also like Lyn, PM-mEos3.2 becomes 

increasingly correlated with IgE receptors with increasing stimulation time as measured 

by the cross-correlation amplitude ( Fig. 3.10, B), and PM-mEos3.2 association with IgE 

receptor is enhanced by treatment with latrunculin. Trends in the stimulation time-

dependent increase of PM/IgE-FcεRI cross-correlation and the effect of latrunculin 

treatment match the behavior observed for Lyn/IgE-FcεRI cross-correlations, except 

that PM/IgE-FcεRI co-localization grows at a slower rate than Lyn/IgE-FcεRI with 

154



 

 Fig. 3.10 Lipid anchorage of mEos3.2 constructs determines antigen-induced 
recruitment to IgE/FcεRI and the effects of cytoskeletal perturbation. 
Representative two-color super-resolution images (A) and average cross-correlation 
function fit parameters for fits to Eqn. 2 (B) for cells expressing PM-mEos3.2 or 
mEos3.2-GG sensitized withDy654 IgE. (A) Representative images of Dy654 IgE (top), 
PM-mEos3.2 (middle, left) or mEos3.2-GG (middle, right), and merged images (bottom) 
in cells stimulated for 6 min. (B) Average PM/IgE-FcεRI and GG/IgE-FcεRI cross-
correlation fit parameters Amplitude and ξ as a function of stimulation time in RBL-2H3 
cells. Cells were stimulated for 1, 3, 6, or 12 min for PM-mEos3.2-expressing cells or 0, 
1, 3, 6, or 12 min for GG-mEos3.2-expressing cells with and without pre-treatment with 
and stimulation in the presence of 1 µM latrunculin. Fit parameters are averaged over 
multiple cells for each timepoint (n=7 cells per timepoint for cells expressing both 
constructs and for both treatment conditions). Error bars denote SEM.  
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respect to stimulation time in both untreated and latrunculin-treated cells. PM/IgE-FcεRI 

correlation lengths also decrease with stimulation time. Values of ξ are slightly larger 

than for Lyn/IgE-FcεRI cross-correlations, but this difference is not significant for several 

stimulated time points.  

 For comparison to the PM lipid anchor, we measured the co-localization of IgE-

FcεRI with a second lipid-anchored mEos3.2 construct, mEos3.2-GG. Here, mEos3.2 is 

associated with the plasma membrane via the lipid anchorage of K-Ras, which consists 

of a geranylgeranyl modification and a polybasic sequence. In two-color images, 

mEos3.2-GG seems to form structures that are correlated with IgE-FcεRI clusters less 

frequently than PM-mEos3.2 ( Fig. 3.10, A). There is a small antigen-induced increase 

in GG/IgE-FcεRI interaction after 1 min of antigen stimulation, but the cross-correlation 

amplitude quickly plateaus and does not reach levels comparable to PM/IgE-FcεRI or 

Lyn/IgE-FcεRI cross-correlations during the stimulation times measured ( Fig. 3.10, B). 

GG/IgE-FcεRI coupling is not significantly affected by latrunculin treatment. GG and 

IgE-FcεRI are correlated over fairly consistent distances before and after stimulation 

that are not affected by latrunculin treatment as measured by ξ.  

 From these data, it appears that the PM anchor is sufficient to cause nanoscale 

co-localization of PM-mEos3.2 with clustered IgE-FcεRI. This co-localization is 

consistent with previous reports of PM co-localization with receptor in cells cross-linked 

at 4°C (17, 18) and stimulated on antigen-patterned surfaces (10), and here we also 

observe PM recruitment at high spatial resolution, at early stimulation times relevant to 

the initiation of signaling, and with stimulation at physiological temperature. We also 

show that targeting to ordered lipids is relevant for actin destabilization-dependent 
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enhancement of co-localization which has been suggested by fluorescence imaging 

experiments (26).The kinetics of PM recruitment to IgE-FcεRI are slowed compared to 

Lyn, as they are for recruitment of PM to patterned antigen (10). This is suggests a joint 

contribution of Lyn binding to FcεRI via its SH2 domain (11, 62) and Lyn association 

with ordered lipids to its co-localization with cross-linked IgE-FcεRI (9, 10, 63) .   

 In contrast to PM-mEos3.2, mEos3.2-GG co-redistribution with clustered 

receptors is much more modest and is not significantly affected by inhibition of actin 

polymerization. The GG lipid anchor associates with ordered lipids to a lesser extent 

than PM (64). When RBL-2H3 are subjected to receptor cross-linking at low 

temperatures GG co-localizes more weakly than PM to receptor patches (17). 

Comparison of GG and PM diffusion in this situation suggests that GG does not strongly 

interact with components within the receptor patch, whereas PM becomes substantially 

confined (18) .  

 The cytoskeleton itself can cause dramatic changes in the ordered lipid 

environment of the membrane through the antigen-stimulated actin remodeling 

exemplified in the TIRF images shown in  Fig. 3.4 (30). These changes are apparently 

caused by the initial antigen-stimulated depolymerization of actin that is evident in these 

TIRF images, and accordingly also occurs with cytochalasin or latrunculin treatment 

(30). This is a compelling reason to think that actin regulation of antigen-stimulated 

processes can occur through membrane lipids, and in this context, our data is 

suggestive of negative regulation of signaling by actin via Lyn is mediated through 

association of Lyn with ordered lipids. Super-resolution fluorescence localization 

microscopy allows us to assess these questions at high resolution through direct 
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imaging of the plasma membrane. With this tool in hand, we are in a position to test 

models of actin cytoskeleton-induced organization of plasma membrane lipids. 
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CHAPTER FOUR 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

CONCLUSIONS 

In conclusion, we demonstrate that super-resolution fluorescence localization 

imaging is a powerful method for quantifying the organization and mobility of immune 

receptors, as well as their association with downstream signaling partners, in cells 

undergoing stimulated responses. Although FcεRI signaling has been previously studied 

using a variety of biochemical methods and conventional microscopy approaches, high 

resolution imaging has brought a new level of detail to our investigations of the spatial 

regulation of signaling on the membrane. 

In Chapter 2, we show that simultaneous measurements of clustering and 

diffusion enable the resolution of two distinct temporal phases of receptor clustering and 

immobilization. At early times after stimulation, receptor-rich clusters increase 

marginally in size and receptors slow dramatically when averaged over the population of 

receptors (Fig. 2.5). When examined as individual molecules, either as monomers or as 

members of clusters, single receptors appear to reversibly associate with small and 

slowly moving receptor clusters soon after the addition of antigen (Fig. 2.7). These 

behaviors are observed at stimulation times preceding Ca2+ mobilization, leading us to 

conclude that they arise from interactions associated with initial signaling steps. At later 

times, receptors in clusters become increasingly dense and are largely immobile. Since 

these behaviors occur at times following the initial Ca2+ response, we hypothesize that 
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receptor immobilization into densely packed clusters leads to subsequent cellular 

interactions related to down regulation of signaling. Prior to these terminating steps, 

dense receptor clusters are dispersed when the cross-linking antigen is displaced by a 

monovalent ligand, demonstrating dynamics and reversibility of interactions during initial 

steps of signaling Fig. 2.9). 

Receptor clustering and dynamics are also altered in cells with modulated 

cholesterol levels (Figs 2.10-2.14). Receptors cluster in cells with increased cholesterol 

levels even in the absence of antigen. Further, we observe changes in the duration of 

the initial phase of receptor clustering and immobilization in stimulated cells with 

modulated cholesterol levels, as well as corresponding changes in the timing of Ca2+ 

mobilization (Fig. 2.13).  

 The onset of Ca2+ mobilization requires association of activated receptors with 

multiple proteins including Lyn, Syk, LAT, and PLCγ, and this signaling complex 

formation appears to occur before or during the cross-over between the two regimes 

defined by our analysis. We observe differences in the timing of Ca2+ mobilization for 

cells with modulated cholesterol levels that correspond with changes in the timing of the 

initial phase of clustering. As a whole, these findings add significant detail to the current 

description of stimulated changes in receptor organization and mobility, and elucidate 

the relationship between these physical properties of receptors and functional 

responses in signaling.  

In Chapter 3, we expand upon the results of our single-color imaging 

experiments shown in Chapter 2 and (1) by utilizing a second imaging channel to 

measure co-localization of IgE-FcεRI complexes with other signaling molecules during 
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the antigen-stimulated response. With the goal of investigating the mechanisms by 

which signaling is initiated by receptor cross-linking and regulated in the early stages of 

the response, we focus on Lyn, the first interaction partner for cross-linked IgE-FcεRI. 

This work builds on electron microscopy measurements of Lyn coupling to clustered 

IgE-FcεRI The sub-diffraction spatial resolution provided by localization microscopy 

combined with quantification by pair-correlation analysis enables measurement of Lyn 

spatial coupling to cross-linked IgE-FcεRI in the first few minutes after antigen 

stimulation, during the initiation of the stimulated response. We observe a stimulation 

time-dependent increase in Lyn/IgE-FcεRI co-localization that is detectable at the first 

time point measured 1 min following stimulation (Figs. 3.2, 3.3). This shows that a 

population of Lyn spatially re-distributes with IgE-FcεRI on the length scale of receptor 

clusters or slightly larger. Our ability to measure the initiation of Lyn association allows 

us to study the regulation of Lyn spatial co-redistribution with IgE-FcεRI at this early 

stage of signaling. These experiments build upon electron microscopy measurements of 

Lyn/IgE-FcεRI co-localization (2, 3) and additionally investigate regulation of Lyn by the 

actin cytoskeleton.  

Our results demonstrate a regulatory role for the actin cytoskeleton that is at 

work even at these early times following antigen stimulation. Disruption of stimulated 

actin polymerization leads to an enhancement of Lyn co-localization with IgE-FcεRI (Fig. 

3.6), suggesting that actin negatively regulates signaling at this stage by physically 

segregating Lyn from clustered receptors. Increases in Lyn coupling to IgE-FcεRI 

correlate with enhanced phosphorylation of receptor clusters (Fig. 3.9, 3.9), consistent 

with the idea that modulation of spatial co-localization of Lyn and IgE-FcεRI has 
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consequences for signal initiation. Actin also affects receptor co-localization with PM-

mEos3.2, a minimal construct that shares the order-preferring lipid anchorage of Lyn 

(Fig. 3.10), implying that association with ordered lipids could be a structural factor that 

facilitates regulation by actin via the membrane environment of Lyn.  

Our conclusion that actin regulates phosphorylation of IgE-FcεRI clusters through 

spatial separation of Lyn from cross-linked receptors is complementary to existing 

theories that receptor activation by Lyn is enabled by redistribution of cross-linked 

receptors into an ordered lipid environment that allows it to associate with Lyn and 

affords protection from phosphatases (4–7). Together they reinforce the idea that spatial 

compartmentalization of signaling molecules on the plasma membrane is a key 

mechanism in the initiation of functional FcεRI signaling. 

 Through the studies described above we characterize changes in distribution and 

dynamics of IgE receptor and its co-localization with Lyn that accompany mast cell 

activation. We go on to explore factors that modify these properties of receptors and 

Lyn and that have an impact on signaling as a result, including the cholesterol content 

of the membrane and the participation of the actin cytoskeleton. Super-resolution 

fluorescence localization microscopy allows us to measure these antigen-stimulated 

changes at high resolution and under more physiological conditions, even in living cells. 

We are able to shed light on the role of spatial organization of signaling molecules in the 

antigen-stimulated response by imaging membrane structures, such as IgE-FcεRI 

clusters or co-clusters with Lyn, at length scales relevant to their function. We detect 

antigen-stimulated co-localization of clustered IgE-FcεRI with Lyn at earlier time points 

than previously possible with optical microscopy, and as a result we are able to identify 
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a role for actin in the regulation of the spatial association of Lyn with IgE-FcεRI. We can 

also characterize dynamic, simultaneous changes in antigen-induced clustering and 

immobilization of IgE-FcεRI in great detail and delineate this behavior into two distinct 

stages, which we then correlate with Ca2+ mobilization. In sum, our results suggest that 

the super-resolution imaging approach is well suited to experiments that probe signaling 

interactions during the initiation of the antigen-stimulated response. Our results motivate 

future work investigating the physical interactions that give rise to stimulated changes in 

the spatial arrangement and mobility of IgE receptors and signaling partners, and how 

they translate into processes that regulate the stimulated response and specific cell 

functions.   

 

FUTURE DIRECTIONS 

 There is significant potential for uncovering details of the mechanism of actin 

regulation of Lyn coupling to cross-linked IgE through variations of the super-resolution 

imaging experiments described in Chapters 2 and 3. Our experiments using PM-

mEos3.2 in Chapter 3 suggest the lipid environment of Lyn is a factor in regulation of 

Lyn by actin. This notion that the actin cytoskeleton regulates signaling through 

modulation of lipid phase heterogeneity has appeared through experimental as well as 

theoretical work (8–11), and could be further investigated in the context of actin 

regulation of Lyn in further super-resolution imaging experiments.  

 As a starting point, we could look for interactions between actin and Lyn as a 

function of antigen stimulation in 2-color fixed cell experiments similar to those 

described in Chapter 3. Our observation that actin regulates Lyn spatial organization 
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relative to IgE-FcεRI suggests that there is a direct or indirect interaction of actin with 

Lyn, which could produce detectable cross-correlations between Lyn and cortical actin 

even though we do not detect co-localization of actin with IgE-FcεRI. If we are able to 

detect Lyn association with actin, we could test the cholesterol dependence of this 

association through depletion of membrane cholesterol using MβCD. Additionally, two-

color experiments on living cells where individual trajectories are examined relative to 

the density of a second labeled species, in analogy to the one-color experiment shown 

in Fig. 2.7, could be powerful in detecting Lyn interactions with actin that affect mobility; 

we could look at diffusion of Lyn relative to the density of actin to assess their 

interactions. Again, any observed interactions could be tested for cholesterol 

dependence using cholesterol perturbation. 

 An alternative approach to better understand a potential lipid-mediated 

interaction between Lyn and the actin cytoskeleton could be to investigate interactions 

of Lyn with an adaptor protein that might link it to the cytoskeleton. As mentioned in 

Chapter 3, Cbp/PAG binds the actin cytoskeleton via Ebp50 and ezrin and has been 

proposed to act as a link between the cytoskeleton and ordered membranes (12). 

Cpb/PAG itself is strongly associated with ordered lipids and binds Lyn (12–14). One 

possible hypothesis is that Cpb/PAG interacts with Lyn via their shared ordered lipid 

environment after FcεRI clustering, and that this interaction facilitates regulation of Lyn 

by actin. It would be interesting to see if Cbp/PAG has any antigen-stimulated 

association (or dissociation) with clustered IgE-FcεRI, Lyn, or actin, and if these 

potential interaction could be disrupted through perturbation of the cytoskeleton or 

membrane lipid order.  
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 Super-resolution fluorescence localization microscopy remains a useful method 

to measure molecular interactions on the plasma membrane that give rise to nanoscale 

co-localization and affect the diffusion of signaling molecules. In future experiments, 

these capabilities can be used to detect and characterize interactions of Lyn with F-actin 

to determine the role of ordered lipids in mediating the regulation of Lyn by the actin 

cytoskeleton.  
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APPENDIX A 

 

SUPER-RESOLUTION IMAGING OF IgE RECEPTOR CROSS-LINKING BY 

STRUCTURALLY-DEFINED LIGANDS IN RBL MAST CELLS 

 

MOTIVATION AND BACKGROUND 

 To further understand the physical requirements for initiation of FcεRI signaling 

through receptor clustering, we use structurally-defined trivalent ligands specific for anti-

dinitrophenyl (DNP) IgE, for which the ligand size and valency is controlled, to cross-link 

IgE-FcεRI. In this appendix we present preliminary data where we record organization 

and dynamics of IgE-FcεRI during cross-linking through live cell super-resolution 

fluorescence localization microscopy experiments analogous to the live cell experiments 

presented in Chapter 2.  

 These structurally-defined DNP ligands, designated YnDNP3 are based on a Y-

shaped double-stranded DNA scaffold with DNP groups conjugated to each of the three 

5’ ends. The distance between DNP groups is fixed by the length (n bases) of single-

stranded oligonucleotides annealed to form the Y-shaped structure (Fig. A1). Because 

DNP groups are nearly co-planar, distance between DNPs is set by the length of 

oligonucleotides. As described previously for these YnDNP3 ligands (1, 2), some (but not 

other) cell signaling pathways depend on inter-DNP distances, ranging from 5 – 15 nm, 

which constrain the proximity of ligand-bound IgE-receptors. YnDNP3 ligands are 

uniform in size and valency, which allows us to assign signaling outcomes to the 

specific structure of ligands and resulting receptor clusters.  
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Fig. A1  Schematic of YnDNP3 ligands. Ligands are based on a double-stranded DNA 
scaffold consisting of 3 annealed oligonucleotides of n bases. Oligonucleotides are 
conjugated on each 5' end with a dinitrophenyl (DNP) group. Ligands composed of 
oligonucleotides of a given length have characteristic dimensions L, the distance 
between the vertex of the ligand and the DNP group, and D, the distance between DNP 
groups.  
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  We compare the effects of YnDNP3 with two different characteristic lengths, 

Y16DNP3 and Y46DNP3. Y16DNP3, which has an inter-DNP spacing close to 5nm, elicits 

receptor phosphorylation and degranulation responses to a higher degree thanY46DNP3, 

which has an inter-DNP spacing around 15nm (1). We also compare stimulation with 

YnDNP3  to stimulation with the multivalent antigen DNP-BSA, which has an average of 

20 DNP groups bound. We find that both DNP-BSA and Y16DNP3 cause a sharp 

decrease in mobility upon ligand addition, but produce IgE-receptor clusters that appear 

distinctive in size and density. YnDNP3–stimulated changes occur on a shorter time 

scale when matched for DNP concentration with DNP-BSA. 

 

RESULTS AND DISCUSSION 

 RBL-2H3 cells are sensitized with AlexaFluor 647 IgE and imaged using super-

resolution fluorescence localization microscopy as described in Chapter 2. Imaging 

methods and data analysis procedures to characterize IgE-FcεRI diffusion and 

organization are identical to those described in Chapter 2 for live cell super-resolution 

imaging, where they are illustrated in detail. The only point of difference for the 

experiments described here is the type and concentration of the antigen used for 

stimulation. In the experiments described below, Y16DNP3 and Y46DNP3 are added at 

concentrations of 25nM and 5nM for stimulation. For comparison, live cell data from 

experiments where 1.5nM (or .1µg/ml) DNP-BSA is used to stimulate cells are 

reproduced from Figs. 2.13 and 2.14.  
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IgE receptor clustering and immobilization after addition of YnDNP3 are quantified 

using spatial correlation functions and single particle tracking in super-resolution 

images.  

 Fig. A2 shows super-resolution images of a representative live cell that is 

stimulated with 25nM Y16DNP3, which was prepared as previously described (1). 

Receptors are clearly clustered even at the .5 min time point after stimulation as 

evidenced by visual inspection of super-resolution images. Pair auto-correlation 

functions as a function of stimulation time are shown for the same representative live 

cell (Fig. A3, A) and are fit to a single exponential function to quantify the size and 

density of cross-linked domains: 

 gfit(r) = 1+Aexp(-r/ξ) 

where A is the amplitude of the correlation and is related to cluster density, ξ is the 

correlation length and is related to average cluster size. The average number of 

correlated proteins in clusters is the integral of the correlation function, denoted N. 

These parameters as a function of stimulation time, as averaged over 10 live cell 

experiments, show that the correlation length decreases, while the correlation amplitude 

and the average number of correlated proteins increase quickly after the addition of 25 

nM Y16-DNP3 at time = 0min (Fig. A3, B). 

  Diffusion is measured through tracking individual receptors and assembling 

displacements into MSD curves for each 500 frame segment of acquired raw data as in 

Chapter 2. Fig. A4, A shows MSD curves for the representative live cell shown in Fig. 

A1 as a function of stimulation time. MSD curves are fit to: 

MSD(t2-4) = 4DSt2-4+C 
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Fig. A2  Y16DNP3 addition causes rapid clustering of IgE-FcεRI in super-resolution 
images. Reconstructed super-resolution fluorescence localization images of an AF647-
IgE-labeled living cell at various times in the stimulation sequence, where 25 nM 
Y16DNP3 is added at 0 min. Each image is reconstructed from 68s of acquired data. 
Insets show magnified images of the regions outlined with white squares.  
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Fig. A3  Pair auto-correlation functions are used to quantify receptor clustering as 
a function of Y16DNP3 stimulation time. (A) Auto-correlation functions, g(r), are 
calculated from reconstructed single molecule centers acquired over 16s as described 
in Ch. 2 (solid circles) and are fit to single exponentials (solid lines). (B) Correlation 
function parameters from 10 live cell experiments, distinguished by different colors: the 
correlation length, ξ (top), the correlation amplitude, A (middle), and the average 
number of correlated proteins, N (bottom). Solid black lines indicate averages over 10 
cells, and error bars represent standard error of the mean.  
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Fig. A4  Average IgE-FcεRI mobility drops quickly after Y16DNP3 addition. (A) Mean 
squared displacement (MSD) curves are generated for a representative live cell 
experiment by averaging over all IgE-FcεRI trajectories observed within a 500 frame 
time-period at the times during stimulation after addition of 25 nM Y16DNP3 as indicated, 
and as described in Ch. 2. MSD curves are fit to the equation MSD(t2-4) = 4DSt2-4+C to 
extract the short time diffusion coefficient DS. (B) Summary of DS extracted from MSD 
curves tabulated from single molecule trajectories acquired over 500 frames 
(approximately 20s and variable from cell to cell) for 10 distinct cells. Error bars 
represent standard error of the mean of the 10 live cell experiments. 
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to obtain the short time diffusion constant Ds. For the ensemble of 10 live cell 

experiments, the mobility of receptors quickly decreases after Y16-DNP3 is added at 0 

min (Fig. A4, B). 

 

Cluster structural properties and receptor mobility depend on the stimulating 

ligand. 

 To compare the effects of Y16-DNP3 stimulation on the mobility and organization 

of IgE-FcεRI to changes induced by Y46-DNP3 or DNP-BSA, we conducted analogous 

live cell experiments using Y46-DNP3 to stimulate cells. DNP-BSA data are reproduced 

from Figs. 2.13 and 2.14. The average fit parameters A, ξ, N, and Ds as a function of 

stimulation time for cells stimulated with 5nM or 25nM Y16-DNP3, 5nM or 25nM Y46-

DNP3, and 1.5nM DNP-BSA are compared in Fig. A5. Y16-DNP3 produces significantly 

smaller, denser clusters than Y46-DNP3 or DNP-BSA as signified by lower values of ξ 

and larger values of A in stimulated cells. Y16-DNP3 also causes a faster increase in 

values of N compared to Y46-DNP3 at early stimulation time points, but not at later 

stimulation time points. Y16- and Y46-DNP3 both cause faster immobilization of receptors 

compared to DNP-BSA as measured by Ds. 

 We compare the relationship between Ds and N for Y16-DNP3, Y46-DNP3, and 

DNP-BSA stimulation as in Fig. 2.5, A (Fig. A6). Unlike Y16-DNP3 and DNP-BSA, 

immobilization of Y46-DNP3 is not accompanied by a substantial increase in N.   

 

The population of receptors is quickly immobilized and clustered by Y16-DNP3.  
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Fig. A5  IgE-FcεRI mobility and average physical properties of clusters depend on 
the stimulating ligand. Average values of the short time diffusion constant Ds, auto-
correlation amplitude A, number of correlated proteins N, and cluster diameter ξ are 
shown for live cells stimulated with low (5nM) or high (25 nM) doses of Y46DNP3 and 
Y16DNP3 or 1.5 nM DNP-BSA.  
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Fig. A6  The relationship between ligand-induced immobilization and number of 
correlated proteins depends on the ligand used. Average DS is shown as a function 
of average number of correlated proteins N from the same live cell experiments for cells 
stimulated with 1.5 nM DNP-BSA (open squares), 25 nM Y16DNP3 (filled circles), or 
25nM Y46DNP3 (open triangles) . Each point corresponds to values of Ds and N at a 
given time after stimulation averaged over the cells imaged for each stimulation 
condition, and data from individual cells are binned every 15 s to facilitate averaging. 
Time after the addition of ligand is indicated by the color bar.  
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 To correlate receptor localization with mobility, single molecule trajectories 

persisting for at least 0.5 sec are superimposed on reconstructed super-resolution 

images as in Fig. 2.7 (Fig. A7). Histograms of single-trajectory diffusion constants and 

3-dimensional histograms of diffusion constants and receptor density estimated from 

average pixel grayscale values of the positions in the trajectory (Fig. A8) are 

constructed from trajectories and super-resolution images.  These histograms suggest 

that Y16-DNP3 causes fast, uniform conversion of the receptor population receptors from 

high mobility in areas of low receptor density to low mobility within higher-density 

clusters. For DNP-BSA, a portion of the population of receptors remains mobile even at 

longer stimulation times. This result reflects the increased immobilization rate of 

receptors and faster increase in N upon stimulation with Y16-DNP3 vs. DNP-BSA. 

Together, these data show that cluster formation and receptor immobilization occurs 

more quickly and uniformly for Y16-DNP3 vs. DNP-BSA. 

 This difference as well as the faster immobilization shown in Fig. A6 can be 

explained by faster binding kinetics of Yn-DNP3 ligands (1) compared to DNP-BSA. DNP 

groups on the surface of DNP-BSA transiently associate with the surface of the protein, 

limiting the exposure of DNP groups at any given time and prolonging the binding of 

accessible DNP groups to IgE (4). Slower cross-linking kinetics of the DNP-BSA ligand 

caused by transient hapten exposure accounts for the long-lived fraction of mobile 

receptors we observe in experiments where mobility of individual IgE-FcεRI complexes 

are measured (Fig. A7 and A8).  

 

CONCLUSIONS 
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Fig. A7  Live cell images reflect ligand-induced immobilization of the population 
of IgE-FcεRI complexes. Single molecule trajectories of A647 IgE persisting for at least 
0.5 sec are superimposed on a reconstructed super-resolution image showing 
unstimulated data (top images), data taken within 1min of antigen addition (middle 
images), and between 2 and 5 minutes (bottom images). Track coloring indicates the 
calculated diffusion constant for each track on a log scale from 10-5 µm2/sec (blue) to 1 
µm2/sec (red). A representative cell stimulated with 1.5 nM DNP-BSA at time = 0 min is 
shown in (A), and a cell stimulated with 25 nM Y16DNP3 is shown in (B). 
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ig. A8  The whole population of IgE-FcεRI complexes is more rapidly 
immobilized by Y DNP stimulation than by DNP-BSA. Diffusion behavior of 

e the cell is 
rt time 

d to 

ing 

F
16 3 

individual IgE-FcεRI complexes in a representative live cell experiment wher
either stimulated with 25 nM Y16DNP3 (top) or 1.5 nM DNP-BSA (bottom) (A) Sho
diffusion coefficients (DS) are evaluated from MSD curves tabulated from single 
molecule trajectories lasting at least 0.5 s within a 16 s time-period, and are assembled 
into histograms. Histograms are normalized by the total number of tracks collecte
generate each histogram (D) 3-dimensional histograms of DS vs. average receptor 
density along trajectories lasting at least 0.5 s. Average receptor density for each 
trajectory is determined by averaging the pixelated grayscale values from the time-
averaged reconstructed image over all positions of the trajectory and then normaliz
assuming ρave=200/µm2, as described in Chapter 2.  
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 We use super-resolution imaging to characterize the single molecule details of 

IgE receptor clustering upon exposure to ligands of different valency, heterogeneity, 

binding kinetics, and inter-DNP distance. Cross-linking of IgE-FcεRI with Y16-DNP3 

results in receptor clusters that are structurally different from clusters cross-linked with 

DNP-BSA and Y46-DNP3. We find that Y46-DNP3 receptors immobilize before forming 

large cross-linked domains, and note that the reduced ability of Y46-DNP3 stimulation to 

cause receptor phosphorylation and degranulation has no effect on immobilization, 

suggesting that another ligand-stimulated process is responsible for receptor 

immobilization. Instead, the measured differences in the spatial arrangement of 

receptors, in particular the size and density of clusters, may be directly related to the 

observed differences in the capacity of Y16-DNP3 and Y46-DNP3 to stimulate 

degranulation. Due to their structural homogeneity, YnDNP3 ligands will provide a useful 

tool to study the clustering-dependent IgE-receptor association with membrane 

structures and downstream signaling partners, and to explore the dependence of these 

associations on ligand structure.  
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APPENDIX B 

 

REGISTRATION OF TWO-COLOR SUPER-RESOLUTION FLUORESCENCE 

LOCALIZATION IMAGES.  

 

MOTIVATION AND BACKGROUND  

 Two-color fluorescence localization microscopy is a powerful tool for 

characterizing spatial co-localization and interactions of biological molecules. In Chapter 

3, we describe two-color super-resolution experiments where cross-correlation functions 

are used to characterize interactions between IgE-FcεRI and various signaling species 

on the membrane. In this appendix we illustrate the method used to attain registration of 

the two imaging channels that has sufficiently low error for this quantitative treatment of 

super-resolution data.  

 For EMCCD cameras and magnifications commonly used for super-resolution 

microscopy, single camera pixels span 100nm or more of the field of view. Channel 

alignment errors must be at or below the imaging resolution of individual channels in 

order to prevent channel alignment error from limiting the overall resolution of a two-

color image. Therefore, because typical super-resolution imaging resolution is in the 

tens of nanometers, quantitative two-color fluorescence localization microscopy requires 

precise sub-pixel registration of imaging channels. Here, we accomplish this precise 

alignment through a strategy similar to previously published methods (1). We image a 

calibration sample of multi-color fluorescent beads and construct a registration 

transformation that can be used to align two-color super-resolution data.  
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RESULTS AND DISCUSSION 

 

Characterization of offset error 

 Optical strategies for splitting emission channels in two-color fluorescence 

imaging often inherently introduce non-uniform offsets between imaging channels. That 

is, misalignment that cannot be resolved simply by translation of one channel with 

respect to each other. These offsets can be clearly visualized through imaging of an 

alignment sample of fluorescent nanospheres labeled with multiple dyes. Nanospheres 

are imaged in both channels, and nonlinear offsets are evident when the channels are 

superimposed (Fig. B1, A). 

 Offsets can be quantified through localization of diffraction-limited fluorescent 

spots of individual nanospheres (Fig. B1, A, middle). Coordinates of a given individual 

nanosphere in each of the two imaging channels can be compared to assess offset 

error. Through localization of nanospheres in many two-color images, large sets of 

control point pairs are amassed to estimate average offset error across the imaging field 

of view. Even when one channel is translated to minimize offset error between control 

points, average offset errors still extend far beyond the resolution of a single-color 

fluorescence localization image (Fig. B1, A, right and Fig. B1, B). This is due to the fact 

that offset errors are not uniform across the field of view. When one channel is 

translated, offset errors are small in the center of the field of view but become larger as 

they approach the edges (Fig. B1, A, left).  
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 Fig. B1  Two-color imaging systems have significant nonlinear offsets between 
channels that extend well beyond the resolution of a single-color fluorescence 
localization image.  Tetraspeck fluorescent nanospheres are labeled with multiple 
dyes and are imaged in two color channels, represented here as red and green. 
Channels are split chromatically using an emission splitter that redirects  the channels 
onto two halves of the camera CCD. When the images are overlaid (A, left), red and 
green images are clearly offset. Nanospheres are localized in each image (A, middle), 
and localizations are represented as red and green circles. Even when the set of green 
localizations are translated to maximize overlay with red localizations (A, right), offsets 
are still evident around the edges of the field of view. (B) This procedure is repeated for 
many fields of view to amass a large set of localization pairs. Histograms of offset errors 
for  localization point pairs are shown for localizations when channels are overlaid 
without alignment and when the set of green localizations is translated to minimize 
offset error with red localizations.  
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 For the example experiments illustrated here, we use the green and far-red 

emission channels to image fluorescent nanospheres. In general, we observe that 

alignment offsets between the green and far-red emission channels are larger on 

average than offsets between red and far-red emission channels. Thus, the offset errors 

described here are representative of the upper limit of offsets observed in typical two-

color experiments.   

 

Localizations of fluorescent nanospheres are used as control points to infer a 

spatial transformation that is applied to one of the channels for registration. 

 Due to the inefficacy of simple translational transformations for channel 

alignment, we need a different approach to ensure that the two channels are aligned 

over the entire field of view. We use large sets of control points to infer a spatial 

transformation for two-color image registration through using the built-in Matlab function 

cp2tform(). A more complicated transformation form than simple translation is needed to 

capture non-uniformity of offset errors across the field of view. Transforms are tabulated 

using the "local weighted mean" or "lwm" method, which calculates a second-order 

polynomial centered at each control point using the surrounding 10 control points. The 

transform at a given position is the sum of polynomials weighted by proximity to control 

points at which each polynomial is centered. This is a piecewise transformation, that is, 

the functional form of the transformation varies in space. Accurate calculation of 

transformations of this form requires a high density of control points but can 

accommodate high local variability of offset errors across the field of view. 
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 Fig. B2  One channel can be effectively spatially mapped onto the other using a 
piecewise, non-linear transformation. Large sets of nanosphere localization pairs 
(approximately 10,000 pairs) are used as control points to calculate a "local weighted 
mean" transformation that maps one channel onto the other. (A) Histogram of remaining 
offset errors for localization pairs when this transformation is applied to localizations in 
one channel. (B) A spatial map of offset errors in the field of view is generated when 
offset errors are plotted according to the location of control points. The spatial map or 
errors is a representation of expected error due to channel misalignment in a two-color 
fluorescence localization image across the field of view.  
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 When applied, "lwm" transforms reduce average offset errors between channels 

to levels below the imaging resolution of individual channels of approximately 20nm 

(Fig. B2, A). Residual offset errors are relatively uniform across the field of view, 

although isolated areas of high error can remain (Fig. B2, B). 

 

Transforms are sensitive to alignment drift.  

 Subtle drift in the optical components of an emission splitter system or drift of the 

entire unit with respect to the microscope body can lead to misalignment of channels 

over time. If transforms are calculated from sets of nanosphere images that are 

collected at 5 min intervals and the translational component of these transforms are 

compared, we observe that the translational component of the transform drifts across 

approximately 20nm over a 45 min period (Fig. B3). For this reason, mechanical 

stabilization of the emission splitting system through firm attachment to the optical table 

is recommended to minimize drift. Transforms are also calculated from nanosphere 

images collected immediately before and after fluorescence localization imaging of each 

sample to reduce the effects of transformation drift. 

 

Control experiments confirm precise registration. 

 As a control experiment to test our channel alignment method, a given field of 

view of nanospheres is imaged in a sequence of 500-frame movies to mimic 

fluorescence localization microscopy data collection. Nanospheres are localized in each 

frame and a "super-resolution" image of the nanospheres is rendered as described in 

Chapters 2 and 3, except that here we count consecutive localizations recorded from 
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 Fig. B3  The drift in the emission splitting system can cause drift in the alignment 
transformation over time. Sets of nanosphere images for calculation of a channel 
alignment transformation were recorded every 5 min for 45 min. The translational 
component was averaged and plotted in units of pixels for each transformation. The 
average translational component drifted over a range of approximately .15 pixels or 
22nm in x and y directions over the course of 45 minutes. This time is comparable to the 
time frame for collection of fluorescence localization images, which is typically 
approximately 20 min. 
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the same nanosphere separately instead of merging them. Nanospheres appear well 

aligned in the super-resolution image and in a zoomed image of a single nanosphere 

(Fig. B4, A). Some nanospheres in the super-resolution image appear red or green only, 

as opposed to yellow, due to lack of complete overlap of 488nm and 642nm TIRF 

illumination. The cross-correlation of nanosphere localizations is computed for the two-

color image as described in Chapter 3 (Fig. B4, B). Nanosphere cross-correlation 

functions can be interpreted as the point spread function of a two-color super-resolution 

image. In light of this interpretation, we fit the cross-correlation function to a Gaussian 

form, and find that the nanosphere cross-correlation function has a standard deviation 

of 12.7nm. This value is well below the lowest imaging resolution obtained in either 

channel for single-color super-resolution images of labeled cells, approximately 20nm. 

This confirms that we can align the two channels with sufficient accuracy so that 

registration is not a limiting factor in the resolution of two-color image analysis. 

 

CONCLUSIONS 

 Commercially available systems for two-color fluorescence imaging can 

introduce misalignments between imaging channels that are not uniform across the field 

of view. This is not a significant hurdle for conventional fluorescence imaging, because 

imaging resolution is limited by diffraction to several hundred nanometers, and this 

length scale can span several camera pixels at relatively high magnification. Channel 

misalignment can be characterized by localizing multicolor fluorescent nanospheres in 

each channel and comparing the spatial coordinates obtained for each channel. In our 

system, average misalignment between pairs of control points is over 100nm, even after 
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  Fig. B4  Control experiments using fluorescent nanospheres that simulate 
super-resolution localization data collection routines confirm channel alignment. 
Fluorescent nanospheres in a single field of view were imaged in a series of 500-frame 
movies. These raw data were analyzed using the same method as is used for super-
resolution fluorescence localization data of labeled cells, except that localizations of the 
same nanosphere in consecutive frames were not merged.  An alignment 
transformation was calculated from nanosphere images of many fields of view collected 
before and after movies were acquired. The transformation was applied to one channel 
of nanosphere localizations collected in movies to align the images. Super-resolution 
images of nanospheres were rendered (A), and auto-and cross-correlation functions of 
localizations in the two channels were calculated (B). In (A), the rendered image shows 
that nanospheres are well registered over the field of view. The inset shows a zoomed 
image of a single nanosphere, where here localizations from each channel are binned 
into 5 nm pixels for display. The cross-correlation function calculated from nanosphere 
localizations is representative of the PSF or resolution of a nanosphere in the two-color 
image. It is fit to a Gaussian function and has a standard deviation of 12.7 nm.  
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one channel is translated to minimize misalignment. Because imaging resolution for 

individual single-color images of labeled cells is around 20nm, much lower than offset 

errors between channels, quantitative measurements of co-localization using cross-

correlation functions are limited by offset error.  

 We created a spatial map of offset errors by collecting many two-color images of 

fluorescent nanospheres and localizing them in each channel, such that the field of view 

is well sampled. We use corresponding nanosphere localizations in each channel as 

control points to infer a spatial transformation that maps one channel onto the other. 

Through application of this transformation, offset error is reduced to levels below 

fluorescence localization imaging resolution.  

 To confirm that our alignment method is sufficient for quantitative analysis using 

cross-correlation functions, we compute the cross-correlation function for nanospheres 

that are imaged and localized in a series of 500-frame movies, in analogy to our method 

for fluorescence localization data collection for labeled cells. The width of the cross-

correlation function is below the fluorescence localization imaging resolution for labeled 

cells. Overall, our measurements of remaining offset error following channel alignment 

indicate that we can use this method to allow pair-correlation analysis for two-color 

images.  
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CHAPTER FOUR



CONCLUSIONS AND FUTURE DIRECTIONS



CONCLUSIONS

In conclusion, we demonstrate that super-resolution fluorescence localization imaging is a powerful method for quantifying the organization and mobility of immune receptors, as well as their association with downstream signaling partners, in cells undergoing stimulated responses. Although FcεRI signaling has been previously studied using a variety of biochemical methods and conventional microscopy approaches, high resolution imaging has brought a new level of detail to our investigations of the spatial regulation of signaling on the membrane.

In Chapter 2, we show that simultaneous measurements of clustering and diffusion enable the resolution of two distinct temporal phases of receptor clustering and immobilization. At early times after stimulation, receptor-rich clusters increase marginally in size and receptors slow dramatically when averaged over the population of receptors (Fig. 2.5). When examined as individual molecules, either as monomers or as members of clusters, single receptors appear to reversibly associate with small and slowly moving receptor clusters soon after the addition of antigen (Fig. 2.7). These behaviors are observed at stimulation times preceding Ca2+ mobilization, leading us to conclude that they arise from interactions associated with initial signaling steps. At later times, receptors in clusters become increasingly dense and are largely immobile. Since these behaviors occur at times following the initial Ca2+ response, we hypothesize that receptor immobilization into densely packed clusters leads to subsequent cellular interactions related to down regulation of signaling. Prior to these terminating steps, dense receptor clusters are dispersed when the cross-linking antigen is displaced by a monovalent ligand, demonstrating dynamics and reversibility of interactions during initial steps of signaling Fig. 2.9).

Receptor clustering and dynamics are also altered in cells with modulated cholesterol levels (Figs 2.10-2.14). Receptors cluster in cells with increased cholesterol levels even in the absence of antigen. Further, we observe changes in the duration of the initial phase of receptor clustering and immobilization in stimulated cells with modulated cholesterol levels, as well as corresponding changes in the timing of Ca2+ mobilization (Fig. 2.13). 

 The onset of Ca2+ mobilization requires association of activated receptors with multiple proteins including Lyn, Syk, LAT, and PLCγ, and this signaling complex formation appears to occur before or during the cross-over between the two regimes defined by our analysis. We observe differences in the timing of Ca2+ mobilization for cells with modulated cholesterol levels that correspond with changes in the timing of the initial phase of clustering. As a whole, these findings add significant detail to the current description of stimulated changes in receptor organization and mobility, and elucidate the relationship between these physical properties of receptors and functional responses in signaling. 

In Chapter 3, we expand upon the results of our single-color imaging experiments shown in Chapter 2 and (1) by utilizing a second imaging channel to measure co-localization of IgE-FcεRI complexes with other signaling molecules during the antigen-stimulated response. With the goal of investigating the mechanisms by which signaling is initiated by receptor cross-linking and regulated in the early stages of the response, we focus on Lyn, the first interaction partner for cross-linked IgE-FcεRI. This work builds on electron microscopy measurements of Lyn coupling to clustered IgE-FcεRI The sub-diffraction spatial resolution provided by localization microscopy combined with quantification by pair-correlation analysis enables measurement of Lyn spatial coupling to cross-linked IgE-FcεRI in the first few minutes after antigen stimulation, during the initiation of the stimulated response. We observe a stimulation time-dependent increase in Lyn/IgE-FcεRI co-localization that is detectable at the first time point measured 1 min following stimulation (Figs. 3.2, 3.3). This shows that a population of Lyn spatially re-distributes with IgE-FcεRI on the length scale of receptor clusters or slightly larger. Our ability to measure the initiation of Lyn association allows us to study the regulation of Lyn spatial co-redistribution with IgE-FcεRI at this early stage of signaling. These experiments build upon electron microscopy measurements of Lyn/IgE-FcεRI co-localization (2, 3) and additionally investigate regulation of Lyn by the actin cytoskeleton. 

Our results demonstrate a regulatory role for the actin cytoskeleton that is at work even at these early times following antigen stimulation. Disruption of stimulated actin polymerization leads to an enhancement of Lyn co-localization with IgE-FcεRI (Fig. 3.6), suggesting that actin negatively regulates signaling at this stage by physically segregating Lyn from clustered receptors. Increases in Lyn coupling to IgE-FcεRI correlate with enhanced phosphorylation of receptor clusters (Fig. 3.9, 3.9), consistent with the idea that modulation of spatial co-localization of Lyn and IgE-FcεRI has consequences for signal initiation. Actin also affects receptor co-localization with PM-mEos3.2, a minimal construct that shares the order-preferring lipid anchorage of Lyn (Fig. 3.10), implying that association with ordered lipids could be a structural factor that facilitates regulation by actin via the membrane environment of Lyn. 

Our conclusion that actin regulates phosphorylation of IgE-FcεRI clusters through spatial separation of Lyn from cross-linked receptors is complementary to existing theories that receptor activation by Lyn is enabled by redistribution of cross-linked receptors into an ordered lipid environment that allows it to associate with Lyn and affords protection from phosphatases (4–7). Together they reinforce the idea that spatial compartmentalization of signaling molecules on the plasma membrane is a key mechanism in the initiation of functional FcεRI signaling.

	Through the studies described above we characterize changes in distribution and dynamics of IgE receptor and its co-localization with Lyn that accompany mast cell activation. We go on to explore factors that modify these properties of receptors and Lyn and that have an impact on signaling as a result, including the cholesterol content of the membrane and the participation of the actin cytoskeleton. Super-resolution fluorescence localization microscopy allows us to measure these antigen-stimulated changes at high resolution and under more physiological conditions, even in living cells. We are able to shed light on the role of spatial organization of signaling molecules in the antigen-stimulated response by imaging membrane structures, such as IgE-FcεRI clusters or co-clusters with Lyn, at length scales relevant to their function. We detect antigen-stimulated co-localization of clustered IgE-FcεRI with Lyn at earlier time points than previously possible with optical microscopy, and as a result we are able to identify a role for actin in the regulation of the spatial association of Lyn with IgE-FcεRI. We can also characterize dynamic, simultaneous changes in antigen-induced clustering and immobilization of IgE-FcεRI in great detail and delineate this behavior into two distinct stages, which we then correlate with Ca2+ mobilization. In sum, our results suggest that the super-resolution imaging approach is well suited to experiments that probe signaling interactions during the initiation of the antigen-stimulated response. Our results motivate future work investigating the physical interactions that give rise to stimulated changes in the spatial arrangement and mobility of IgE receptors and signaling partners, and how they translate into processes that regulate the stimulated response and specific cell functions. 	



FUTURE DIRECTIONS

	There is significant potential for uncovering details of the mechanism of actin regulation of Lyn coupling to cross-linked IgE through variations of the super-resolution imaging experiments described in Chapters 2 and 3. Our experiments using PM-mEos3.2 in Chapter 3 suggest the lipid environment of Lyn is a factor in regulation of Lyn by actin. This notion that the actin cytoskeleton regulates signaling through modulation of lipid phase heterogeneity has appeared through experimental as well as theoretical work (8–11), and could be further investigated in the context of actin regulation of Lyn in further super-resolution imaging experiments. 

	As a starting point, we could look for interactions between actin and Lyn as a function of antigen stimulation in 2-color fixed cell experiments similar to those described in Chapter 3. Our observation that actin regulates Lyn spatial organization relative to IgE-FcεRI suggests that there is a direct or indirect interaction of actin with Lyn, which could produce detectable cross-correlations between Lyn and cortical actin even though we do not detect co-localization of actin with IgE-FcεRI. If we are able to detect Lyn association with actin, we could test the cholesterol dependence of this association through depletion of membrane cholesterol using MβCD. Additionally, two-color experiments on living cells where individual trajectories are examined relative to the density of a second labeled species, in analogy to the one-color experiment shown in Fig. 2.7, could be powerful in detecting Lyn interactions with actin that affect mobility; we could look at diffusion of Lyn relative to the density of actin to assess their interactions. Again, any observed interactions could be tested for cholesterol dependence using cholesterol perturbation.

	An alternative approach to better understand a potential lipid-mediated interaction between Lyn and the actin cytoskeleton could be to investigate interactions of Lyn with an adaptor protein that might link it to the cytoskeleton. As mentioned in Chapter 3, Cbp/PAG binds the actin cytoskeleton via Ebp50 and ezrin and has been proposed to act as a link between the cytoskeleton and ordered membranes (12). Cpb/PAG itself is strongly associated with ordered lipids and binds Lyn (12–14). One possible hypothesis is that Cpb/PAG interacts with Lyn via their shared ordered lipid environment after FcεRI clustering, and that this interaction facilitates regulation of Lyn by actin. It would be interesting to see if Cbp/PAG has any antigen-stimulated association (or dissociation) with clustered IgE-FcεRI, Lyn, or actin, and if these potential interaction could be disrupted through perturbation of the cytoskeleton or membrane lipid order. 

	Super-resolution fluorescence localization microscopy remains a useful method to measure molecular interactions on the plasma membrane that give rise to nanoscale co-localization and affect the diffusion of signaling molecules. In future experiments, these capabilities can be used to detect and characterize interactions of Lyn with F-actin to determine the role of ordered lipids in mediating the regulation of Lyn by the actin cytoskeleton. 
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Allergic signaling is initiated on the plasma membrane of mast cells through cross-linking of immunoglobulin E (IgE) bound to its receptor, FcεRI, by multivalent antigen. Signaling proceeds through controlled spatial assembly of FcεRI receptors with interaction partners in a process that gives rise to specific signaling outcomes. Antigen-stimulated redistribution of signaling molecules has proven difficult to characterize by fluorescence imaging due to the small length scales over which this redistribution occurs. We employ super-resolution fluorescence localization microscopy  to measure antigen-stimulated changes in the nanoscale organization and mobility of FcεRI, as well as its spatial association with its signaling partner Lyn kinase, with the goal of understanding the  physical mechanisms by which spatial redistribution of signaling molecules on the membrane causes the initiation of the signaling response.

Using super-resolution imaging, we record receptor organization and dynamics on live mast cells undergoing antigen-mediated signaling, allowing us to measure nanoscale clustering and diffusion of FcεRI simultaneously. Through comparison of cross-linking-induced changes in these properties as a function of time, we are able to resolve two distinct temporal phases of receptor clustering and immobilization. We correlate the time-dependence of the distinct phases with a functional signaling response, Ca2+ mobilization, to assess the relevance of each phase to the onset of signaling. 

We also use super-resolution imaging to measure interactions of FcεRI with Lyn. Because of the improved resolution of our imaging technique, we detect coupling of Lyn to cross-linked IgE-FcεRI that occurs at early stages after antigen stimulation and is associated with the initiation of the stimulated response. Lyn association with FcεRI is assessed through direct imaging, and we can measure the average physical properties of Lyn/FcεRI co-clusters. Through this quantitative approach, we examine mechanisms of regulation of Lyn co-redistribution with IgE-FcεRI. In particular we show that the actin cytoskeleton negatively regulates FcεRI signaling by reducing the local accumulation of Lyn with FcεRI clusters during the onset of the response. The spatial resolution afforded by this technique makes it an effective tool for investigating interactions that give rise to the changes in the organization or mobility of signaling molecules during the initiation of signaling, and how these changes translate into cellular functions.              


BIOGRAPHICAL SKETCH



Sarah was born on July 16, 1986 to Diane and Robert Shelby in San Jose, California, 10 minutes after her twin sister Megan. Sarah spent most of her childhood and young adult years traipsing around the woods with her siblings and dogs, cooking, and building things before trading her suburban Bay Area hometown for life in Berkeley, CA to attend college. Sarah was at the University of California, Berkeley from 2004 to 2008, during which time she earned a degree in Chemical Biology and discovered the wonders of lipid membranes while conducting undergraduate research on the interface between lipid bilayers  and silver nanoparticles  in the lab of Professor Jay T. Groves. After graduation, Sarah took a year "off" to work at the Biological Nanostructures division of the  Molecular Foundry nanoscience center at Lawrence Berkeley National Laboratory. There, she worked in the lab of Dr. Ron Zuckermann on another kind of self-assembled bilayer made of protein-mimetic polymers, and enjoyed a truly spectacular view of the San Francisco Bay from her bench. Attracted by the vibrant biomembrane research community at Cornell, Sarah came to Ithaca in 2009 to pursue a graduate degree in Biophysics.  She was taken under the wing of Dr. Sarah Veatch and was soon inducted into the Baird-Holowka Lab. Here, her research project has taken a decidedly more biological turn, but remains resolutely nano-sized. Sarah is going on to a post-doctoral position with (now Professor) Sarah Veatch at the University of Michigan in Ann Arbor. 






























For Megan, who understands.
























ACKNOWLEDGEMENTS



It's more than a little baffling to think that my graduate career is coming to a close, but during occasional moments of clarity I am a bit shocked by how much I've learned over the past five and a half years. I have my advisors, colleagues, and friends to thank for that. Of course, the two people who deserve the most credit are Barbara Baird and Dave Holowka. Together, they have helped me come into my own as a scientist and have cultivated my appreciation for a two-pronged attack of big-picture thinking and flawless execution. At the same time they manage to be genuinely wonderful people and have made the lab feel like a second home. Thanks to Warren Zipfel. For better or worse, working with him has removed any reservations I previously had against disassembling, large, delicate, and expensive pieces of optical equipment. I also certainly owe a lot to Sarah Veatch, who can rightfully claim to have taught me (almost) everything I know that Dave didn't teach me. She has been and will continue to be an incredibly insightful and thoughtful mentor and friend. 

Thanks to all past and present members of the Baird-Holowka Lab. Team BRB: Norah, Josh, Kate, Devin, Lily, and, Eshan. Thanks for letting me hassle you into leaving lab early on Fridays. My other fellow members of Team Balowka through the ages: Roselynn, Jordan, Marcus, Marek, Kirsten, Chris, Kari, Amit,  Deepti, Jinmin, and Alice.  Thank you for brightening my days, for peer pressuring me into signing up for races, and for all of the delicious cake.

For keeping life outside of lab interesting, thanks to my fellow Biophysicists and other Ithacan friends especially Delbert, Sara, Brendan, Nate, Andrea, Ruth, and most of all Norah, who is constantly revealing herself to be even more competent and generous than I had previously thought. My California buddies, especially my fellow Ph. D.-seekers, former cubicle-sharers, and my best, oldest friends  are a very strong and very exuberant base of support.

Speaking of exuberance, thanks to Chris, who deserves a lot of credit for his dedication to the self-appointed job of Head Cheerleader over the last few years in spite of my equally relentless efforts to discredit him. 

Thanks to my parents. From a young age, my mother has been fast and furious with encouragement that I was capable of great success in being whatever I wanted to be, and my father, who has his own Ph. D., is someone who I have always aspired to become more like. If I had to choose two people who were most responsible for fostering my love of science, which ultimately lead to my decision to go for a doctorate, it would be them. My step-parents and siblings have been unbelievably understanding, loving, and most importantly a lot of fun to be around. 

There are far too many people to name who deserve thanks, so before I attempt to do just that: thank you. Thank you all so so so much. 



 
TABLE OF CONTENTS

		Biographical Sketch……………………………………………………………….....

		v



		Dedication…………………………………………………………………………......

		vi



		Acknowledgements............................................................................................

		vii



		Table of Contents………………………………………………………………….....

		ix



		List of Figures………………………………………………………………………....

		x



		List of Abbreviations ………………………………………………………………....

		xiii



		

Chapter 1. Introduction

		



		The Immunological Response to Allergen………………………………....

		1



		Heterogeneous Organization of the Plasma Membrane ……………......

		3



		Super-Resolution Fluorescence Localization Microscopy…………….....

		11



		Current Studies…………………………………………………………........

		17



		References..............................................................................................

		20



		

		



		Chapter 2. Distinct Stages of Stimulated FcεRI Receptor Clustering and Immobilization are Identified Through Super-Resolution Imaging.

		



		Summary……………………………………………………………………....

		29



		Introduction…………………………………………………………………....

		30



		Material and Methods……………………………………………………......

		32



		Results and Discussion………………………………………………….......

		44



		References…………………………………………………………………....

		97



		

		



		Chapter 3. Antigen-Stimulated Nanoscale Co-Localization of IgE Receptor with Lyn Kinase is Regulated by the Actin Cytoskeleton.

		



		Summary……………………………………………………………………....

		103



		Introduction…………………………………………………………………....

		104



		Material and Methods……………………………………………………......

		108



		Results and Discussion……………………………………………………...

		119



		References…………………………………………………………………....

		159



		

		



		Chapter 4. Conclusions and Future Directions

		



		Conclusions.............................................................................................

		165



		Future Directions....................................................................................

		169



		References..............................................................................................

		171



		

		



		Appendix A. Super-Resolution Imaging of IgE Receptor Cross-Linking by Structurally-Defined Ligands in RBL Mast Cells.................................................

		

173



		

		



		Appendix B. Registration of Two-Color Super-Resolution  Fluorescence Localization Images............................................................................................

		

189



		

		



		

		






LIST OF FIGURES

		1.1

		FcεRI clustering triggers a degranulation response via a signaling cascade.



		5



		1.2

		Schematic of super-resolution localization microscopy image rendering. 



		13



		2.1

		Quantitative super-resolution localization microscopy TIRF imaging of IgE-FcεRI redistribution after antigen addition in chemically fixed cells. 



		45



		2.2

		RBL-2H3 cells retain the antigen-stimulated responses in super-resolution imaging buffer.



		52



		2.3

		Quantitative super-resolution localization microscopy imaging of IgE-FcεRI redistribution after antigen addition in live cells.



		56



		2.4

		Antigen stimulation leads to slower and more confined diffusion of IgE-FcεRI receptor complexes.



		62



		2.5

		Average receptor diffusion displays two different phases of dependence on the number of proteins in the average cluster.



		67



		2.6

		Average receptor diffusion vs. correlation amplitude and correlation length.



		68



		2.7

		Slower and more confined diffusion of single receptors correlates with regions of high receptor density.



		72



		2.8

		Distributions of single-trajectory diffusion constant are broader than expected for Brownian diffusion post-stimulation.



		75



		2.9

		Antigen-induced changes in receptor clustering and mobility are reversible.



		79



		2.10

		The shape, frequency, and duration of Ca2+ oscillations are severely affected by changes in cellular cholesterol.



		82



		2.11

		Cholesterol perturbations affect the extent of antigen-stimulated degranulation as measured by β-hexosaminidase release.

		85



		2.12

		Perturbations of membrane cholesterol alter receptor clustering.



		87



		2.13

		Perturbations of membrane cholesterol have corresponding effects on receptor diffusion, receptor clustering, and cellular Ca2+ responses.



		88



		2.14

		Cholesterol perturbation affects average parameter values in live cell experiments.



		91



		3.1

		Two-color super-resolution imaging measures distributions of IgE receptor and Lyn as a function of antigen stimulation.  



		121



		3.2

		Pair-correlation analysis shows stimulation time-dependent nanoscale co-localization of IgE-FcεRI and Lyn.



		125



		3.3

		4G10/IgE-FcεRI cross-correlation amplitude increases with stimulation time.



		131



		3.4

		Cortical actin undergoes dynamic reorganization in the first minutes after antigen addition.



		134



		3.5

		Antigen-stimulated coupling of IgE-FcεRI to actin is not readily detectable by two-color super-resolution imaging.



		137



		3.6

		Inhibition of actin polymerization enhances Lyn/IgE-FcεRI cross-correlation amplitude. 



		140



		3.7

		Lyn mEos3.2 and Dy654 IgE auto-correlation fit parameters for cells treated with actin polymerization inhibitors.



		142



		3.8

		Receptor-correlated phosphotyrosine is enhanced due to inhibition of actin polymerization. 



		149



		3.9

		Increased receptor phosphorylation due to cytochalasin and latrunculin is mediated by Lyn.



		151



		3.10

		Lipid anchorage of mEos3.2 constructs determines antigen-induced recruitment to IgE/FcεRI and the effects of cytoskeletal perturbation.

		155



		

		

		



		A1

		Schematic of YnDNP3 ligands.



		174



		A2

		Y16DNP3 addition causes rapid clustering of IgE-FcεRI in super-resolution images.



		177



		A3

		Pair auto-correlation functions are used to quantify receptor clustering as a function of Y16DNP3 stimulation time.



		178



		A4

		Average IgE-FcεRI mobility drops quickly after Y16DNP3 addition.



		179



		A5

		IgE-FcεRI mobility and average physical properties of clusters depend on the stimulating ligand.



		181



		A6

		The relationship between ligand-induced immobilization and number of correlated proteins depends on the ligand used.



		182



		A7

		Live cell images reflect ligand-induced immobilization of the population of IgE-FcεRI complexes.



		184



		A8

		The whole population of IgE-FcεRI complexes is more rapidly immobilized by Y16DNP3 stimulation than by DNP-BSA.



		186



		B1

		Two-color imaging systems have significant nonlinear offsets between channels that extend well beyond the resolution of a single-color fluorescence localization image.  



		191



		B2

		One channel can be effectively spatially mapped onto the other using a piecewise, non-linear transformation.



		194



		B3

		The drift in the emission splitting system can cause drift in the alignment transformation over time.



		196



		B4

		Control experiments using fluorescent nanospheres that simulate super-resolution localization data collection routines confirm channel alignment.

		198



		

		

		



		

		

		








LIST OF ABBREVIATIONS



		AF488

		AlexaFluor 488



		AF532

		AlexaFluor 532



		AF647

		AlexaFluor 647



		Ag

		antigen



		BSS

		buffered saline solution



		BCR

		B cell receptor



		BME

		Beta-mercaptoethanol



		Ca2+

		soluble calcium ion



		Cpb

		Csk-binding protein



		CRAC

		Calcium release activated calcium



		Csk

		C-terminal Src kinase



		CytoD

		Cytochalasin D



		DAG

		diacylglycerol



		DCT

		DNP aminocaproyl-L-tyrosine



		DNP

		Dinitrophenyl



		DNP-BSA

		Bovine serum albumin decorated with dinitrophenyl groups



		Dy654

		Dyomics 654



		Ebp50

		Ezrin-binding protein 50



		EM-CCD

		Electron-multiplying charge-coupled device



		ER

		endoplasmic reticulum



		ESR

		Electron spin resonance



		F-actin

		Filamentous actin



		FBS

		Fetal bovine serum



		FFT

		Fast Fourier transform



		FRET

		Förster resonance energy transfer



		FCS

		Fluorescence correlation spectroscopy



		FPR

		Fluorescence photobleaching recovery



		fps

		Frames per second



		GG

		geranylgeranyl



		GPI

		glycophosphosphatidylinositol



		GTT

		glutathione



		GEM

		glycolipid-enriched microdomains



		HA

		Hemagglutinin A



		IgE

		immunoglobulin E



		IB

		Imaging buffer



		IP3

		inositol-1,4,5-bisphosphate



		IP3R

		inositol-1,4,5-bisphosphate receptor



		ITAM

		immune tyrosine activation motif



		LAT

		linker for the activation of T cells



		LatA

		Latrunculin A



		lwm

		Local weighted mean



		MβCD

		Methyl-beta-cyclodextrin



		MβCD+chol

		Methyl-beta-cyclodextrin complexed with cholesterol



		MEM

		Modified Eagle medium



		MSD

		Mean squared displacement



		MIRR

		multi-chain immune recognition receptor



		N.A.

		Numerical aperture



		OS

		Oxygen-scavenging



		PAG

		Phosphoprotein associated with GEMs



		(f)PALM

		(fluorescence) photo-activation localization microscopy



		PI(4,5)P2

		phosphotidylinositol-4,5-bisphosphate



		PKC

		protein kinase C



		PLC

		phospholipase C-gamma



		PM

		plasma membrane



		PSF

		Point spread function



		PTPα

		Protein tyrosine phosphatase alpha



		RBL

		Rat basophilic leukemia



		SEM

		Scanning electron microscopy OR standard error of the mean



		SH2

		Src homology 2



		SOC

		store operated calcium



		SOCE

		store operated calcium entry



		SPT

		Single particle tracking



		(d)STORM

		(direct) stochastic optical reconstruction microscopy



		STIM1

		Stromal interaction molecule 1



		TCR

		T cell receptor



		TIRF

		Total internal reflection fluorescence microscopy



		Yn-DNP3

		Y-shaped DNA ligand with n base pairs and 3 DNP groups



		

		



		

		



		

		







6



i




CHAPTER FOUR



CONCLUSIONS AND FUTURE DIRECTIONS



CONCLUSIONS

In conclusion, we demonstrate that super-resolution fluorescence localization imaging is a powerful method for quantifying the organization and mobility of immune receptors, as well as their association with downstream signaling partners, in cells undergoing stimulated responses. Although FcεRI signaling has been previously studied using a variety of biochemical methods and conventional microscopy approaches, high resolution imaging has brought a new level of detail to our investigations of the spatial regulation of signaling on the membrane.

In Chapter 2, we show that simultaneous measurements of clustering and diffusion enable the resolution of two distinct temporal phases of receptor clustering and immobilization. At early times after stimulation, receptor-rich clusters increase marginally in size and receptors slow dramatically when averaged over the population of receptors (Fig. 2.5). When examined as individual molecules, either as monomers or as members of clusters, single receptors appear to reversibly associate with small and slowly moving receptor clusters soon after the addition of antigen (Fig. 2.7). These behaviors are observed at stimulation times preceding Ca2+ mobilization, leading us to conclude that they arise from interactions associated with initial signaling steps. At later times, receptors in clusters become increasingly dense and are largely immobile. Since these behaviors occur at times following the initial Ca2+ response, we hypothesize that receptor immobilization into densely packed clusters leads to subsequent cellular interactions related to down regulation of signaling. Prior to these terminating steps, dense receptor clusters are dispersed when the cross-linking antigen is displaced by a monovalent ligand, demonstrating dynamics and reversibility of interactions during initial steps of signaling Fig. 2.9).

Receptor clustering and dynamics are also altered in cells with modulated cholesterol levels (Figs 2.10-2.14). Receptors cluster in cells with increased cholesterol levels even in the absence of antigen. Further, we observe changes in the duration of the initial phase of receptor clustering and immobilization in stimulated cells with modulated cholesterol levels, as well as corresponding changes in the timing of Ca2+ mobilization (Fig. 2.13). 

 The onset of Ca2+ mobilization requires association of activated receptors with multiple proteins including Lyn, Syk, LAT, and PLCγ, and this signaling complex formation appears to occur before or during the cross-over between the two regimes defined by our analysis. We observe differences in the timing of Ca2+ mobilization for cells with modulated cholesterol levels that correspond with changes in the timing of the initial phase of clustering. As a whole, these findings add significant detail to the current description of stimulated changes in receptor organization and mobility, and elucidate the relationship between these physical properties of receptors and functional responses in signaling. 

In Chapter 3, we expand upon the results of our single-color imaging experiments shown in Chapter 2 and (1) by utilizing a second imaging channel to measure co-localization of IgE-FcεRI complexes with other signaling molecules during the antigen-stimulated response. With the goal of investigating the mechanisms by which signaling is initiated by receptor cross-linking and regulated in the early stages of the response, we focus on Lyn, the first interaction partner for cross-linked IgE-FcεRI. This work builds on electron microscopy measurements of Lyn coupling to clustered IgE-FcεRI The sub-diffraction spatial resolution provided by localization microscopy combined with quantification by pair-correlation analysis enables measurement of Lyn spatial coupling to cross-linked IgE-FcεRI in the first few minutes after antigen stimulation, during the initiation of the stimulated response. We observe a stimulation time-dependent increase in Lyn/IgE-FcεRI co-localization that is detectable at the first time point measured 1 min following stimulation (Figs. 3.2, 3.3). This shows that a population of Lyn spatially re-distributes with IgE-FcεRI on the length scale of receptor clusters or slightly larger. Our ability to measure the initiation of Lyn association allows us to study the regulation of Lyn spatial co-redistribution with IgE-FcεRI at this early stage of signaling. These experiments build upon electron microscopy measurements of Lyn/IgE-FcεRI co-localization (2, 3) and additionally investigate regulation of Lyn by the actin cytoskeleton. 

Our results demonstrate a regulatory role for the actin cytoskeleton that is at work even at these early times following antigen stimulation. Disruption of stimulated actin polymerization leads to an enhancement of Lyn co-localization with IgE-FcεRI (Fig. 3.6), suggesting that actin negatively regulates signaling at this stage by physically segregating Lyn from clustered receptors. Increases in Lyn coupling to IgE-FcεRI correlate with enhanced phosphorylation of receptor clusters (Fig. 3.9, 3.9), consistent with the idea that modulation of spatial co-localization of Lyn and IgE-FcεRI has consequences for signal initiation. Actin also affects receptor co-localization with PM-mEos3.2, a minimal construct that shares the order-preferring lipid anchorage of Lyn (Fig. 3.10), implying that association with ordered lipids could be a structural factor that facilitates regulation by actin via the membrane environment of Lyn. 

Our conclusion that actin regulates phosphorylation of IgE-FcεRI clusters through spatial separation of Lyn from cross-linked receptors is complementary to existing theories that receptor activation by Lyn is enabled by redistribution of cross-linked receptors into an ordered lipid environment that allows it to associate with Lyn and affords protection from phosphatases (4–7). Together they reinforce the idea that spatial compartmentalization of signaling molecules on the plasma membrane is a key mechanism in the initiation of functional FcεRI signaling.

	Through the studies described above we characterize changes in distribution and dynamics of IgE receptor and its co-localization with Lyn that accompany mast cell activation. We go on to explore factors that modify these properties of receptors and Lyn and that have an impact on signaling as a result, including the cholesterol content of the membrane and the participation of the actin cytoskeleton. Super-resolution fluorescence localization microscopy allows us to measure these antigen-stimulated changes at high resolution and under more physiological conditions, even in living cells. We are able to shed light on the role of spatial organization of signaling molecules in the antigen-stimulated response by imaging membrane structures, such as IgE-FcεRI clusters or co-clusters with Lyn, at length scales relevant to their function. We detect antigen-stimulated co-localization of clustered IgE-FcεRI with Lyn at earlier time points than previously possible with optical microscopy, and as a result we are able to identify a role for actin in the regulation of the spatial association of Lyn with IgE-FcεRI. We can also characterize dynamic, simultaneous changes in antigen-induced clustering and immobilization of IgE-FcεRI in great detail and delineate this behavior into two distinct stages, which we then correlate with Ca2+ mobilization. In sum, our results suggest that the super-resolution imaging approach is well suited to experiments that probe signaling interactions during the initiation of the antigen-stimulated response. Our results motivate future work investigating the physical interactions that give rise to stimulated changes in the spatial arrangement and mobility of IgE receptors and signaling partners, and how they translate into processes that regulate the stimulated response and specific cell functions. 	



FUTURE DIRECTIONS

	There is significant potential for uncovering details of the mechanism of actin regulation of Lyn coupling to cross-linked IgE through variations of the super-resolution imaging experiments described in Chapters 2 and 3. Our experiments using PM-mEos3.2 in Chapter 3 suggest the lipid environment of Lyn is a factor in regulation of Lyn by actin. This notion that the actin cytoskeleton regulates signaling through modulation of lipid phase heterogeneity has appeared through experimental as well as theoretical work (8–11), and could be further investigated in the context of actin regulation of Lyn in further super-resolution imaging experiments. 

	As a starting point, we could look for interactions between actin and Lyn as a function of antigen stimulation in 2-color fixed cell experiments similar to those described in Chapter 3. Our observation that actin regulates Lyn spatial organization relative to IgE-FcεRI suggests that there is a direct or indirect interaction of actin with Lyn, which could produce detectable cross-correlations between Lyn and cortical actin even though we do not detect co-localization of actin with IgE-FcεRI. If we are able to detect Lyn association with actin, we could test the cholesterol dependence of this association through depletion of membrane cholesterol using MβCD. Additionally, two-color experiments on living cells where individual trajectories are examined relative to the density of a second labeled species, in analogy to the one-color experiment shown in Fig. 2.7, could be powerful in detecting Lyn interactions with actin that affect mobility; we could look at diffusion of Lyn relative to the density of actin to assess their interactions. Again, any observed interactions could be tested for cholesterol dependence using cholesterol perturbation.

	An alternative approach to better understand a potential lipid-mediated interaction between Lyn and the actin cytoskeleton could be to investigate interactions of Lyn with an adaptor protein that might link it to the cytoskeleton. As mentioned in Chapter 3, Cbp/PAG binds the actin cytoskeleton via Ebp50 and ezrin and has been proposed to act as a link between the cytoskeleton and ordered membranes (12). Cpb/PAG itself is strongly associated with ordered lipids and binds Lyn (12–14). One possible hypothesis is that Cpb/PAG interacts with Lyn via their shared ordered lipid environment after FcεRI clustering, and that this interaction facilitates regulation of Lyn by actin. It would be interesting to see if Cbp/PAG has any antigen-stimulated association (or dissociation) with clustered IgE-FcεRI, Lyn, or actin, and if these potential interaction could be disrupted through perturbation of the cytoskeleton or membrane lipid order. 

	Super-resolution fluorescence localization microscopy remains a useful method to measure molecular interactions on the plasma membrane that give rise to nanoscale co-localization and affect the diffusion of signaling molecules. In future experiments, these capabilities can be used to detect and characterize interactions of Lyn with F-actin to determine the role of ordered lipids in mediating the regulation of Lyn by the actin cytoskeleton. 
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APPENDIX B



REGISTRATION OF TWO-COLOR SUPER-RESOLUTION FLUORESCENCE LOCALIZATION IMAGES. 



MOTIVATION AND BACKGROUND	

	Two-color fluorescence localization microscopy is a powerful tool for characterizing spatial co-localization and interactions of biological molecules. In Chapter 3, we describe two-color super-resolution experiments where cross-correlation functions are used to characterize interactions between IgE-FcεRI and various signaling species on the membrane. In this appendix we illustrate the method used to attain registration of the two imaging channels that has sufficiently low error for this quantitative treatment of super-resolution data. 

	For EMCCD cameras and magnifications commonly used for super-resolution microscopy, single camera pixels span 100nm or more of the field of view. Channel alignment errors must be at or below the imaging resolution of individual channels in order to prevent channel alignment error from limiting the overall resolution of a two-color image. Therefore, because typical super-resolution imaging resolution is in the tens of nanometers, quantitative two-color fluorescence localization microscopy requires precise sub-pixel registration of imaging channels. Here, we accomplish this precise alignment through a strategy similar to previously published methods (1). We image a calibration sample of multi-color fluorescent beads and construct a registration transformation that can be used to align two-color super-resolution data. 



RESULTS AND DISCUSSION



Characterization of offset error

	Optical strategies for splitting emission channels in two-color fluorescence imaging often inherently introduce non-uniform offsets between imaging channels. That is, misalignment that cannot be resolved simply by translation of one channel with respect to each other. These offsets can be clearly visualized through imaging of an alignment sample of fluorescent nanospheres labeled with multiple dyes. Nanospheres are imaged in both channels, and nonlinear offsets are evident when the channels are superimposed (Fig. B1, A).

	Offsets can be quantified through localization of diffraction-limited fluorescent spots of individual nanospheres (Fig. B1, A, middle). Coordinates of a given individual nanosphere in each of the two imaging channels can be compared to assess offset error. Through localization of nanospheres in many two-color images, large sets of control point pairs are amassed to estimate average offset error across the imaging field of view. Even when one channel is translated to minimize offset error between control points, average offset errors still extend far beyond the resolution of a single-color fluorescence localization image (Fig. B1, A, right and Fig. B1, B). This is due to the fact that offset errors are not uniform across the field of view. When one channel is translated, offset errors are small in the center of the field of view but become larger as they approach the edges (Fig. B1, A, left). 

	For the example experiments illustrated here, we use the green and far-red emission channels to image fluorescent nanospheres. In general, we observe that alignment offsets between the green and far-red emission channels are larger on average than offsets between red and far-red emission channels. Thus, the offset errors described here are representative of the upper limit of offsets observed in typical two-color experiments.  



Localizations of fluorescent nanospheres are used as control points to infer a spatial transformation that is applied to one of the channels for registration.

	Due to the inefficacy of simple translational transformations for channel alignment, we need a different approach to ensure that the two channels are aligned over the entire field of view. We use large sets of control points to infer a spatial transformation for two-color image registration through using the built-in Matlab function cp2tform(). A more complicated transformation form than simple translation is needed to capture non-uniformity of offset errors across the field of view. Transforms are tabulated using the "local weighted mean" or "lwm" method, which calculates a second-order polynomial centered at each control point using the surrounding 10 control points. The transform at a given position is the sum of polynomials weighted by proximity to control points at which each polynomial is centered. This is a piecewise transformation, that is, the functional form of the transformation varies in space. Accurate calculation of transformations of this form requires a high density of control points but can accommodate high local variability of offset errors across the field of view.

	When applied, "lwm" transforms reduce average offset errors between channels to levels below the imaging resolution of individual channels of approximately 20nm (Fig. B2, A). Residual offset errors are relatively uniform across the field of view, although isolated areas of high error can remain (Fig. B2, B).



Transforms are sensitive to alignment drift. 

	Subtle drift in the optical components of an emission splitter system or drift of the entire unit with respect to the microscope body can lead to misalignment of channels over time. If transforms are calculated from sets of nanosphere images that are collected at 5 min intervals and the translational component of these transforms are compared, we observe that the translational component of the transform drifts across approximately 20nm over a 45 min period (Fig. B3). For this reason, mechanical stabilization of the emission splitting system through firm attachment to the optical table is recommended to minimize drift. Transforms are also calculated from nanosphere images collected immediately before and after fluorescence localization imaging of each sample to reduce the effects of transformation drift.



Control experiments confirm precise registration.

	As a control experiment to test our channel alignment method, a given field of view of nanospheres is imaged in a sequence of 500-frame movies to mimic fluorescence localization microscopy data collection. Nanospheres are localized in each frame and a "super-resolution" image of the nanospheres is rendered as described in Chapters 2 and 3, except that here we count consecutive localizations recorded from the same nanosphere separately instead of merging them. Nanospheres appear well aligned in the super-resolution image and in a zoomed image of a single nanosphere (Fig. B4, A). Some nanospheres in the super-resolution image appear red or green only, as opposed to yellow, due to lack of complete overlap of 488nm and 642nm TIRF illumination. The cross-correlation of nanosphere localizations is computed for the two-color image as described in Chapter 3 (Fig. B4, B). Nanosphere cross-correlation functions can be interpreted as the point spread function of a two-color super-resolution image. In light of this interpretation, we fit the cross-correlation function to a Gaussian form, and find that the nanosphere cross-correlation function has a standard deviation of 12.7nm. This value is well below the lowest imaging resolution obtained in either channel for single-color super-resolution images of labeled cells, approximately 20nm. This confirms that we can align the two channels with sufficient accuracy so that registration is not a limiting factor in the resolution of two-color image analysis.



CONCLUSIONS

	Commercially available systems for two-color fluorescence imaging can introduce misalignments between imaging channels that are not uniform across the field of view. This is not a significant hurdle for conventional fluorescence imaging, because imaging resolution is limited by diffraction to several hundred nanometers, and this length scale can span several camera pixels at relatively high magnification. Channel misalignment can be characterized by localizing multicolor fluorescent nanospheres in each channel and comparing the spatial coordinates obtained for each channel. In our system, average misalignment between pairs of control points is over 100nm, even after one channel is translated to minimize misalignment. Because imaging resolution for individual single-color images of labeled cells is around 20nm, much lower than offset errors between channels, quantitative measurements of co-localization using cross-correlation functions are limited by offset error. 

	We created a spatial map of offset errors by collecting many two-color images of fluorescent nanospheres and localizing them in each channel, such that the field of view is well sampled. We use corresponding nanosphere localizations in each channel as control points to infer a spatial transformation that maps one channel onto the other. Through application of this transformation, offset error is reduced to levels below fluorescence localization imaging resolution. 

	To confirm that our alignment method is sufficient for quantitative analysis using cross-correlation functions, we compute the cross-correlation function for nanospheres that are imaged and localized in a series of 500-frame movies, in analogy to our method for fluorescence localization data collection for labeled cells. The width of the cross-correlation function is below the fluorescence localization imaging resolution for labeled cells. Overall, our measurements of remaining offset error following channel alignment indicate that we can use this method to allow pair-correlation analysis for two-color images. 
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 Fig. B1  Two-color imaging systems have significant nonlinear offsets between channels that extend well beyond the resolution of a single-color fluorescence localization image.  Tetraspeck fluorescent nanospheres are labeled with multiple dyes and are imaged in two color channels, represented here as red and green. Channels are split chromatically using an emission splitter that redirects  the channels onto two halves of the camera CCD. When the images are overlaid (A, left), red and green images are clearly offset. Nanospheres are localized in each image (A, middle), and localizations are represented as red and green circles. Even when the set of green localizations are translated to maximize overlay with red localizations (A, right), offsets are still evident around the edges of the field of view. (B) This procedure is repeated for many fields of view to amass a large set of localization pairs. Histograms of offset errors for  localization point pairs are shown for localizations when channels are overlaid without alignment and when the set of green localizations is translated to minimize offset error with red localizations. 
















 Fig. B2  One channel can be effectively spatially mapped onto the other using a piecewise, non-linear transformation. Large sets of nanosphere localization pairs (approximately 10,000 pairs) are used as control points to calculate a "local weighted mean" transformation that maps one channel onto the other. (A) Histogram of remaining offset errors for localization pairs when this transformation is applied to localizations in one channel. (B) A spatial map of offset errors in the field of view is generated when offset errors are plotted according to the location of control points. The spatial map or errors is a representation of expected error due to channel misalignment in a two-color fluorescence localization image across the field of view. 







 Fig. B3  The drift in the emission splitting system can cause drift in the alignment transformation over time. Sets of nanosphere images for calculation of a channel alignment transformation were recorded every 5 min for 45 min. The translational component was averaged and plotted in units of pixels for each transformation. The average translational component drifted over a range of approximately .15 pixels or 22nm in x and y directions over the course of 45 minutes. This time is comparable to the time frame for collection of fluorescence localization images, which is typically approximately 20 min.


















  Fig. B4  Control experiments using fluorescent nanospheres that simulate super-resolution localization data collection routines confirm channel alignment. Fluorescent nanospheres in a single field of view were imaged in a series of 500-frame movies. These raw data were analyzed using the same method as is used for super-resolution fluorescence localization data of labeled cells, except that localizations of the same nanosphere in consecutive frames were not merged.  An alignment transformation was calculated from nanosphere images of many fields of view collected before and after movies were acquired. The transformation was applied to one channel of nanosphere localizations collected in movies to align the images. Super-resolution images of nanospheres were rendered (A), and auto-and cross-correlation functions of localizations in the two channels were calculated (B). In (A), the rendered image shows that nanospheres are well registered over the field of view. The inset shows a zoomed image of a single nanosphere, where here localizations from each channel are binned into 5 nm pixels for display. The cross-correlation function calculated from nanosphere localizations is representative of the PSF or resolution of a nanosphere in the two-color image. It is fit to a Gaussian function and has a standard deviation of 12.7 nm. 
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Fig. 2.1 Quantitative super-resolution localization microscopy TIRF imaging of IgE-FcεRI redistribution after antigen addition in chemically fixed cells. Representative TIRF images of RBL-2H3 cells imaged using either (A) conventional TIRF microscopy, (B) single-color, or (C) two-color super-resolution fluorescence localization microscopy in unstimulated cells and cells treated with the multivalent antigen DNP-BSA (1 μg/ml) at 37°C for the time indicated before chemical fixation. Conventional TIRF and single color super-resolution images are shown for the same 4 cells in (A) and (B), respectively, for purposes of comparison between super-resolution and conventional images. Single-color cells in (A) and (B) are sensitized with IgE directly conjugated to AF647, while two-color measurements in (C) were conducted on cells sensitized with IgE directly conjugated to either AF647 (red) or AF532 (green) fluorophores.  (D) Cross-correlation curves evaluated from two-color measurements averaged over at least 5 cells for each stimulation condition shown in (C). Error bars represent the standard error of the mean of values between cells. Lines are a fit to Eqn. 1 for radii between 0 and 500nm. Simulated receptor distributions over a 2μm by 2μm area which recapitulate observed correlation functions for each time point are shown at right. Extracted correlation lengths (E) and amplitudes (F) from super-resolution fluorescence localization imaging measurements are compared to previous scanning electron microscopy (SEM) measurements (8). Values reported for two-color measurements represent the average over multiple cells with error bounds denoting the standard error of the mean. For single-color measurements, values are obtained by correcting measured correlation functions for over-counting assuming a receptor density of 200/µm2, and fitting the resulting curve to Eqn. 1 for radii between 40 and 300nm.

















Fig. 2.2 RBL-2H3 cells retain the antigen-stimulated responses in super-resolution imaging buffer. (A) RBL-2H3 degranulation at 37°C was measured using a β-hexosaminidase release fluorogenic assay in which the effects of the oxygen scavenging enzymes (OS) and reducing agent used in the dSTORM imaging buffer (IB), including glutathione (GTT) or beta-mercaptoethanol (BME), were tested on antigen-stimulated degranulation. Cells in BSS-BSA in the presence or absence of DNP-BSA (1 μg/ml) were used as standards for basal and stimulated degranulation, respectively. (B) Antigen-stimulated Ca2+mobilization was measured in the presence of imaging buffer at room temperature using Fluo-4 intensity as a readout of intracellular Ca2+ concentration. Total fluorescence intensity is shown for populations of cells (at least 500) loaded with Fluo-4-AM and stimulated with 1μg/ml or 0.1 μg/ml multivalent antigen (DNP24-BSA) in BSS-BSA or in the presence of super-resolution imaging buffer as a function of time. The dotted gray line at 0 min indicates the addition of antigen. The signal is normalized to initial levels, and intensity is reported as a fold increase from initial levels. (C) Cumulative curves of Ca2+ mobilization initiation events of individual cells as a function of time. The number of cells which have initiated a Ca2+ response is plotted as the fraction of the total number of cells which displayed a Ca2+ response during the experiment.
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Fig. 2.3 Quantitative super-resolution localization microscopy imaging of IgE-FcεRI redistribution after antigen addition in live cells. (A) Reconstructed super-resolution fluorescence localization images of an AF647-IgE-labeled living cell at various times in the stimulation sequence, where antigen (DNP-BSA, 1 μg/ml) is added at 0 min. Each image is reconstructed from 68s of acquired data as described in Materials and Methods. Insets show magnified images of the regions outlined with black squares. A movie showing complete time-lapse imaging of this cell is supplied in the Supporting Material. (B) Auto-correlation functions, g(r), are calculated from reconstructed single molecule centers acquired over 16s as described in Materials and Methods (solid shapes) and are fit to single exponentials (Eqn. 2; solid lines). The inset in (B) shows the correlation function from data recorded 3 min before antigen stimulation on an expanded scale. (C) Correlation function parameters from 11 live cell experiments, distinguished by different colors: the correlation length, ξ (top), the correlation amplitude, A (middle), and the average number of correlated proteins, N (bottom). Solid black lines indicate averages over 11 cells, and error bars represent standard error of the mean. The inset in (C, top) shows the average ξ for time points between 3 and 15 min after antigen addition on an expanded y axis scale. Fit parameters extracted from two-color fixed cell experiments are reproduced from Fig. 2.1, D and E and plotted for comparison in (C) as open black diamonds.



































Fig. 2.4 Antigen stimulation leads to slower and more confined diffusion of IgE-FcεRI receptor complexes. (A) Single molecule trajectories of IgE-FcεRI complexes on the surface of cells under TIRF illumination before (-Ag) and after stimulation with 1 μg/ml DNP-BSA for 5min (+Ag). Tracks shown are accumulated over 1min, only tracks observed for ≥5 frames (0.16s) are displayed, and coloring from blue to red indicates the relative time at which a single probe was observed within the 1 min time-frame. (B) Mean squared displacement (MSD) curves are generated by averaging over all tracks observed within a 500 frame (16s) time-period at the times during antigen stimulation indicated, as described in Materials and Methods. MSD curves are fit to Eqns. 4A and 4B to extract the short and long time diffusion coefficients DS and DL, respectively. (C,D) Summary of DS (C) and DL (D) extracted from MSD curves tabulated from single molecule trajectories acquired over 500 frames (approximately 20s and variable from cell to cell) for 11 distinct cells. Error bars represent standard error of the mean of the 11 live cell experiments. (E) Confinement as a function of stimulation time as measured by DS/DL from the same 11 live cell experiments. Error bars represent standard error of the mean.







Fig. 2.5 Average receptor diffusion displays two different phases of dependence on the number of proteins in the average cluster. (A) Average DS (as in Fig. 2.4 C) is shown as a function of average N from the same live cell experiments (as in Fig. 2.3 C). Each point corresponds to values of Ds and N at a given time before (diamonds) and after (circles) stimulation averaged over the 11 cells imaged, and data from individual cells are binned every 15 s to facilitate averaging. Time after the addition of antigen is indicated by the color bar. Antigen (1 μg/ml) is added after the cells were imaged for 5 min. The solid black lines represent linear fits of points between 0 and 1 min and between 1:45 and 15 min after antigen stimulation, weighted by the inverse of the standard error of the mean in DS and N for each point. Points spanning these two regimes are indicated with arrows and labeled with the time after antigen addition. (B) Average intensity of the cytoplasmic Ca2+ indicator Fluo-4 over a population of cells imaged as described in Materials and Methods. The increase in Fluo-4 intensity after antigen stimulation indicates the onset of Ca2+ mobilization. The time period coinciding with the timing of the transition from the first regime to the second in A is highlighted by the shaded region. (C) The cumulative distribution of cells exhibiting an initial Ca2+ response indicates that the majority (>90%) of cells have initial Ca2+ responses between 1 and 4 min of antigen stimulation. The time point when 50% of the responding cells have exhibited a Ca2+ response is indicated by the open circle.
















Fig. 2.6 Average receptor diffusion vs. correlation amplitude and correlation length. Average short time diffusion coefficient (as in Fig. 2.4 C) is shown as a function of the correlation function parameters, the correlation amplitude A (A) and the correlation length ξ (B) (as in Fig. 2.3 C). Each point corresponds to values of Ds and A or ξ at a given time before (diamonds) and after (circles) stimulation averaged over the 11 cells imaged, and data from individual cells are binned every 15 s to facilitate averaging. These plots are related to Fig. 2.5 A because the parameters N, A, and ξ are not independent. If correlation functions are well approximated by exponentials, then N≈2Aξ2ρ, where ρ is the average receptor density which is assumed to be 200/µm2 (4). In Fig. 2.5 A, N is determined without fitting according to Eqn. 2. Time after the addition of antigen is indicated by the color bar. Antigen (1 μg/ml) is added at time = 0, after the cells were imaged for 5 min. 






















Fig. 2.7 Slower and more confined diffusion of single receptors correlates with regions of high receptor density. (A) Example single molecule trajectories are shown from the same cell in Fig. 2.3, A and B, Fig. 2.4, A and B, and Fig. 2.7 C recorded before and after antigen stimulation. Tracks shown persist for at least 0.5 s for the -1 min (unstimulated) time point and 1 s for other time points. (B) Short time diffusion coefficients (DS) are evaluated from MSD curves tabulated from single molecule trajectories lasting at least 0.5 s within a 16 s time-period, and are assembled into histograms. Histograms are normalized by the total number of tracks collected to generate each histogram (C) Single molecule trajectories persisting for at least 0.5 s are superimposed on a super-resolution images reconstructed from unstimulated data (top), from data acquired within 1min of antigen addition (middle), and data acquired after several minutes of stimulation. Track coloring indicates DS for each track on a log scale from 10-5 µm2/s (blue) to 1 µm2/s (red). The inset on the right is an enlarged image of the boxed region at the left. (D) 3-dimensional histograms of DS vs. average receptor density along trajectories lasting at least 0.5 s. Average receptor density for each trajectory is determined by averaging the pixelated grayscale values from the time-averaged reconstructed image over all positions of the trajectory and then normalizing assuming ρave=200/µm2, as described in the Materials and Methods. 

























Fig. 2.8 Distributions of single-trajectory diffusion constant are broader than expected for Brownian diffusion post-stimulation. Histograms showing the distribution of single molecule diffusion coefficients (DS) are repeated from Fig. 2.7 B (solid points) and compared with histograms generated by extracting DS from simulated Brownian trajectories with the same distribution of track lengths observed in experiments (dashed lines). The width and asymmetric shape of simulated histogram arises from their being finite track lengths (at least 16 segments). Before the addition of antigen (top), the widths of diffusion coefficient histograms are well approximated by the Brownian simulation, suggesting a homogenous population of receptors is resolved in these measurements. After stimulation, measured histograms shift to lower values of DS, and broaden when compared to the Brownian simulations.



























Fig. 2.9 Antigen-induced changes in receptor clustering and mobility are reversible. (A) Reconstructed images of an AF647-IgE-labeled living cell before and after stimulation and subsequent addition of DCT. Each image is reconstructed from 80 s of acquired data. Insets show magnified images of the regions outlined with black squares. DNP-BSA (0.1 μg/ml) was added at 0 min, and DCT (200 μM) was added at 7 min. (B) The parameters A, N, and Ds are calculated as in Fig. 2.3 C and Fig. 2.4 C. The average A, N, and Ds, indicated by black lines, for 6 live cell experiments distinguished by different colors, over the time course of stimulation and DCT addition are shown. Antigen addition is indicated by the orange dashed line at 0 min, and DCT addition is indicated by the grey dashed line at 7 min. 





















Fig. 2.10 The shape, frequency, and duration of Ca2+ oscillations are severely affected by changes in cellular cholesterol. Cytoplasmic Ca2+ concentrations were imaged for large fields of Fluo-4-AM loaded cells treated with MβCD (top), MβCD+chol (bottom), or neither in the case of control cells (middle), followed by stimulation with antigen as described in the Materials and Methods. Fluo-4 intensity traces are shown for representative individual cells, where intensity traces are displaced on the y axis and the y axis also delineates Fluo-4 intensity for individual cells. Traces are shown in different colors for clarity. The dotted gray line at -5 min indicates the addition of MβCD or MβCD+chol, and the dotted black line indicates the addition of 0.1μg/ml DNP-BSA.









Fig. 2.11 Cholesterol perturbations affect the extent of antigen-stimulated degranulation as measured by β-hexosaminidase release. RBL-2H3 degranulation was measured using a β-hexosaminidase release fluorogenic assay in super-resolution imaging buffer (IB) at 37°C, with and without addition of 0.1 μg/ml DNP-BSA (Ag), and in the presence or absence of 10mM MβCD or MβCD+chol. β-hexosaminidase signal has been normalized using samples of cells lysed with TritonX-100 (TX-100) as a measure of total β-hexosaminidase content. Error bars represent standard error of the mean of multiple samples measured for each condition. Additional control samples were made in BSS + 1mg/ml BSA to test for the effect of the imaging buffer.




















Fig. 2.12 Perturbations of membrane cholesterol alter receptor clustering. Representative images of live cells after 15 min of 10mM MβCD (left) or MβCD+chol(right) in the absence (top) or presence (bottom) of incubation with 0.1 μg/ml antigen for 10 min. Images are reconstructed from 80 s of acquired data. Insets show magnified images of the regions outlined with black squares.














Fig. 2.13 Perturbations of membrane cholesterol have corresponding effects on receptor diffusion, receptor clustering, and cellular Ca2+ responses. (A) Average DS and N from 5 live cells for each of six treatments: MβCD+chol (top), no perturbation (middle), or MβCD (bottom), in the presence (solid symbols) and absence (open symbols) of antigen stimulation (0.1 μg/ml). Changing color from blue to red indicates advancement in time by 30 s for each time point from -10 to 10 min after the addition of antigen for or a blank addition of buffer for unstimulated cells. Cholesterol perturbations are added, where applicable, at -5 min. For stimulated time points (solid symbols outlined in black), fit lines are shown in black and represent linear fits of the time points belonging to the two regimes of DS dependence on N, weighted by the inverse of the standard error of the mean in DS and N. Stimulated time points near the cross-over are indicated by arrows and labeled with time after antigen addition. (B)Total fluorescence intensity is shown for populations of cells (at least 500) loaded with Flou-4-AM and treated with MβCD, MβCD+chol, or no perturbation as a function of time. The dotted gray line at -5 min indicates the addition of MβCD or MβCD+chol and the dotted orange line indicates the addition of antigen. (C) The cumulative distribution in time of cells with an initial Ca2+ response as monitored by Fluo-4 fluorescence. The dark blue dotted line indicates the cumulative distribution of cells treated with MβCD+chol that exhibit an additional Ca2+ response following the addition of antigen. The half-maximum times (t1/2) of cumulative curves are denoted by open symbols. (D) The estimated midpoints of the cross-over times are plotted vs. t1/2 for each cholesterol treatment. Error bars represent uncertainty in determining the midpoint of the cross-over time by plus or minus 30 s.

























Fig. 2.14 Cholesterol perturbation affects average parameter values in live cell experiments. The effects of methyl-β-cyclodextrin (MβCD, red) and cholesterol-complexed methyl-β-cyclodextrin (MβCD+chol, dark blue) on average values for AF647-IgE short-time diffusion constant DS, correlation function amplitude (A), and average number of correlated proteins (N) are measured as a function of time after the addition of the perturbation (gray dashed line). These are compared to control experiments where no perturbation is added (light blue). In (A), cells are treated with MβCD or MβCD+chol alone (or no treatment for control cells), and in (B), cells are stimulated with antigen 5 min after MβCD or MβCD+chol is added (orange dashed line), or 10 min after the start of imaging for control cells. In (A) and (B), each time trace represents the average of 4-5 independent live cell experiments. Error bars represent standard error of the mean.
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APPENDIX A



SUPER-RESOLUTION IMAGING OF IgE RECEPTOR CROSS-LINKING BY STRUCTURALLY-DEFINED LIGANDS IN RBL MAST CELLS



MOTIVATION AND BACKGROUND

	To further understand the physical requirements for initiation of FcεRI signaling through receptor clustering, we use structurally-defined trivalent ligands specific for anti-dinitrophenyl (DNP) IgE, for which the ligand size and valency is controlled, to cross-link IgE-FcεRI. In this appendix we present preliminary data where we record organization and dynamics of IgE-FcεRI during cross-linking through live cell super-resolution fluorescence localization microscopy experiments analogous to the live cell experiments presented in Chapter 2. 

	These structurally-defined DNP ligands, designated YnDNP3 are based on a Y-shaped double-stranded DNA scaffold with DNP groups conjugated to each of the three 5’ ends. The distance between DNP groups is fixed by the length (n bases) of single-stranded oligonucleotides annealed to form the Y-shaped structure (Fig. A1). Because DNP groups are nearly co-planar, distance between DNPs is set by the length of oligonucleotides. As described previously for these YnDNP3 ligands (1, 2), some (but not other) cell signaling pathways depend on inter-DNP distances, ranging from 5 – 15 nm, which constrain the proximity of ligand-bound IgE-receptors. YnDNP3 ligands are uniform in size and valency, which allows us to assign signaling outcomes to the specific structure of ligands and resulting receptor clusters. 



	 We compare the effects of YnDNP3 with two different characteristic lengths, Y16DNP3 and Y46DNP3. Y16DNP3, which has an inter-DNP spacing close to 5nm, elicits receptor phosphorylation and degranulation responses to a higher degree thanY46DNP3, which has an inter-DNP spacing around 15nm (1). We also compare stimulation with YnDNP3  to stimulation with the multivalent antigen DNP-BSA, which has an average of 20 DNP groups bound. We find that both DNP-BSA and Y16DNP3 cause a sharp decrease in mobility upon ligand addition, but produce IgE-receptor clusters that appear distinctive in size and density. YnDNP3–stimulated changes occur on a shorter time scale when matched for DNP concentration with DNP-BSA.



RESULTS AND DISCUSSION

	RBL-2H3 cells are sensitized with AlexaFluor 647 IgE and imaged using super-resolution fluorescence localization microscopy as described in Chapter 2. Imaging methods and data analysis procedures to characterize IgE-FcεRI diffusion and organization are identical to those described in Chapter 2 for live cell super-resolution imaging, where they are illustrated in detail. The only point of difference for the experiments described here is the type and concentration of the antigen used for stimulation. In the experiments described below, Y16DNP3 and Y46DNP3 are added at concentrations of 25nM and 5nM for stimulation. For comparison, live cell data from experiments where 1.5nM (or .1µg/ml) DNP-BSA is used to stimulate cells are reproduced from Figs. 2.13 and 2.14. 



IgE receptor clustering and immobilization after addition of YnDNP3 are quantified using spatial correlation functions and single particle tracking in super-resolution images. 

	Fig. A2 shows super-resolution images of a representative live cell that is stimulated with 25nM Y16DNP3, which was prepared as previously described (1). Receptors are clearly clustered even at the .5 min time point after stimulation as evidenced by visual inspection of super-resolution images. Pair auto-correlation functions as a function of stimulation time are shown for the same representative live cell (Fig. A3, A) and are fit to a single exponential function to quantify the size and density of cross-linked domains:

	gfit(r) = 1+Aexp(-r/ξ)

where A is the amplitude of the correlation and is related to cluster density, ξ is the correlation length and is related to average cluster size. The average number of correlated proteins in clusters is the integral of the correlation function, denoted N. These parameters as a function of stimulation time, as averaged over 10 live cell experiments, show that the correlation length decreases, while the correlation amplitude and the average number of correlated proteins increase quickly after the addition of 25 nM Y16-DNP3 at time = 0min (Fig. A3, B).

	 Diffusion is measured through tracking individual receptors and assembling displacements into MSD curves for each 500 frame segment of acquired raw data as in Chapter 2. Fig. A4, A shows MSD curves for the representative live cell shown in Fig. A1 as a function of stimulation time. MSD curves are fit to:

MSD(t2-4) = 4DSt2-4+C

to obtain the short time diffusion constant Ds. For the ensemble of 10 live cell experiments, the mobility of receptors quickly decreases after Y16-DNP3 is added at 0 min (Fig. A4, B).



Cluster structural properties and receptor mobility depend on the stimulating ligand.

	To compare the effects of Y16-DNP3 stimulation on the mobility and organization of IgE-FcεRI to changes induced by Y46-DNP3 or DNP-BSA, we conducted analogous live cell experiments using Y46-DNP3 to stimulate cells. DNP-BSA data are reproduced from Figs. 2.13 and 2.14. The average fit parameters A, ξ, N, and Ds as a function of stimulation time for cells stimulated with 5nM or 25nM Y16-DNP3, 5nM or 25nM Y46-DNP3, and 1.5nM DNP-BSA are compared in Fig. A5. Y16-DNP3 produces significantly smaller, denser clusters than Y46-DNP3 or DNP-BSA as signified by lower values of ξ and larger values of A in stimulated cells. Y16-DNP3 also causes a faster increase in values of N compared to Y46-DNP3 at early stimulation time points, but not at later stimulation time points. Y16- and Y46-DNP3 both cause faster immobilization of receptors compared to DNP-BSA as measured by Ds.

	We compare the relationship between Ds and N for Y16-DNP3, Y46-DNP3, and DNP-BSA stimulation as in Fig. 2.5, A (Fig. A6). Unlike Y16-DNP3 and DNP-BSA, immobilization of Y46-DNP3 is not accompanied by a substantial increase in N.  



The population of receptors is quickly immobilized and clustered by Y16-DNP3. 

	To correlate receptor localization with mobility, single molecule trajectories persisting for at least 0.5 sec are superimposed on reconstructed super-resolution images as in Fig. 2.7 (Fig. A7). Histograms of single-trajectory diffusion constants and 3-dimensional histograms of diffusion constants and receptor density estimated from average pixel grayscale values of the positions in the trajectory (Fig. A8) are constructed from trajectories and super-resolution images.  These histograms suggest that Y16-DNP3 causes fast, uniform conversion of the receptor population receptors from high mobility in areas of low receptor density to low mobility within higher-density clusters. For DNP-BSA, a portion of the population of receptors remains mobile even at longer stimulation times. This result reflects the increased immobilization rate of receptors and faster increase in N upon stimulation with Y16-DNP3 vs. DNP-BSA. Together, these data show that cluster formation and receptor immobilization occurs more quickly and uniformly for Y16-DNP3 vs. DNP-BSA.

	This difference as well as the faster immobilization shown in Fig. A6 can be explained by faster binding kinetics of Yn-DNP3 ligands (1) compared to DNP-BSA. DNP groups on the surface of DNP-BSA transiently associate with the surface of the protein, limiting the exposure of DNP groups at any given time and prolonging the binding of accessible DNP groups to IgE (4). Slower cross-linking kinetics of the DNP-BSA ligand caused by transient hapten exposure accounts for the long-lived fraction of mobile receptors we observe in experiments where mobility of individual IgE-FcεRI complexes are measured (Fig. A7 and A8). 



CONCLUSIONS

	We use super-resolution imaging to characterize the single molecule details of IgE receptor clustering upon exposure to ligands of different valency, heterogeneity, binding kinetics, and inter-DNP distance. Cross-linking of IgE-FcεRI with Y16-DNP3 results in receptor clusters that are structurally different from clusters cross-linked with DNP-BSA and Y46-DNP3. We find that Y46-DNP3 receptors immobilize before forming large cross-linked domains, and note that the reduced ability of Y46-DNP3 stimulation to cause receptor phosphorylation and degranulation has no effect on immobilization, suggesting that another ligand-stimulated process is responsible for receptor immobilization. Instead, the measured differences in the spatial arrangement of receptors, in particular the size and density of clusters, may be directly related to the observed differences in the capacity of Y16-DNP3 and Y46-DNP3 to stimulate degranulation. Due to their structural homogeneity, YnDNP3 ligands will provide a useful tool to study the clustering-dependent IgE-receptor association with membrane structures and downstream signaling partners, and to explore the dependence of these associations on ligand structure. 
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Fig. A1  Schematic of YnDNP3 ligands. Ligands are based on a double-stranded DNA scaffold consisting of 3 annealed oligonucleotides of n bases. Oligonucleotides are conjugated on each 5' end with a dinitrophenyl (DNP) group. Ligands composed of oligonucleotides of a given length have characteristic dimensions L, the distance between the vertex of the ligand and the DNP group, and D, the distance between DNP groups. 















Fig. A2  Y16DNP3 addition causes rapid clustering of IgE-FcεRI in super-resolution images. Reconstructed super-resolution fluorescence localization images of an AF647-IgE-labeled living cell at various times in the stimulation sequence, where 25 nM Y16DNP3 is added at 0 min. Each image is reconstructed from 68s of acquired data. Insets show magnified images of the regions outlined with white squares. 

















Fig. A3  Pair auto-correlation functions are used to quantify receptor clustering as a function of Y16DNP3 stimulation time. (A) Auto-correlation functions, g(r), are calculated from reconstructed single molecule centers acquired over 16s as described in Ch. 2 (solid circles) and are fit to single exponentials (solid lines). (B) Correlation function parameters from 10 live cell experiments, distinguished by different colors: the correlation length, ξ (top), the correlation amplitude, A (middle), and the average number of correlated proteins, N (bottom). Solid black lines indicate averages over 10 cells, and error bars represent standard error of the mean. 















Fig. A4  Average IgE-FcεRI mobility drops quickly after Y16DNP3 addition. (A) Mean squared displacement (MSD) curves are generated for a representative live cell experiment by averaging over all IgE-FcεRI trajectories observed within a 500 frame time-period at the times during stimulation after addition of 25 nM Y16DNP3 as indicated, and as described in Ch. 2. MSD curves are fit to the equation MSD(t2-4) = 4DSt2-4+C to extract the short time diffusion coefficient DS. (B) Summary of DS extracted from MSD curves tabulated from single molecule trajectories acquired over 500 frames (approximately 20s and variable from cell to cell) for 10 distinct cells. Error bars represent standard error of the mean of the 10 live cell experiments.













Fig. A5  IgE-FcεRI mobility and average physical properties of clusters depend on the stimulating ligand. Average values of the short time diffusion constant Ds, auto-correlation amplitude A, number of correlated proteins N, and cluster diameter ξ are shown for live cells stimulated with low (5nM) or high (25 nM) doses of Y46DNP3 and Y16DNP3 or 1.5 nM DNP-BSA. 











Fig. A6  The relationship between ligand-induced immobilization and number of correlated proteins depends on the ligand used. Average DS is shown as a function of average number of correlated proteins N from the same live cell experiments for cells stimulated with 1.5 nM DNP-BSA (open squares), 25 nM Y16DNP3 (filled circles), or 25nM Y46DNP3 (open triangles) . Each point corresponds to values of Ds and N at a given time after stimulation averaged over the cells imaged for each stimulation condition, and data from individual cells are binned every 15 s to facilitate averaging. Time after the addition of ligand is indicated by the color bar. 




























Fig. A7  Live cell images reflect ligand-induced immobilization of the population of IgE-FcεRI complexes. Single molecule trajectories of A647 IgE persisting for at least 0.5 sec are superimposed on a reconstructed super-resolution image showing unstimulated data (top images), data taken within 1min of antigen addition (middle images), and between 2 and 5 minutes (bottom images). Track coloring indicates the calculated diffusion constant for each track on a log scale from 10-5 µm2/sec (blue) to 1 µm2/sec (red). A representative cell stimulated with 1.5 nM DNP-BSA at time = 0 min is shown in (A), and a cell stimulated with 25 nM Y16DNP3 is shown in (B).










 



Fig. A8  The whole population of IgE-FcεRI complexes is more rapidly immobilized by Y16DNP3 stimulation than by DNP-BSA. Diffusion behavior of individual IgE-FcεRI complexes in a representative live cell experiment where the cell is either stimulated with 25 nM Y16DNP3 (top) or 1.5 nM DNP-BSA (bottom) (A) Short time diffusion coefficients (DS) are evaluated from MSD curves tabulated from single molecule trajectories lasting at least 0.5 s within a 16 s time-period, and are assembled into histograms. Histograms are normalized by the total number of tracks collected to generate each histogram (D) 3-dimensional histograms of DS vs. average receptor density along trajectories lasting at least 0.5 s. Average receptor density for each trajectory is determined by averaging the pixelated grayscale values from the time-averaged reconstructed image over all positions of the trajectory and then normalizing assuming ρave=200/µm2, as described in Chapter 2. 
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Allergic signaling is initiated on the plasma membrane of mast cells through cross-linking of immunoglobulin E (IgE) bound to its receptor, FcεRI, by multivalent antigen. Signaling proceeds through controlled spatial assembly of FcεRI receptors with interaction partners in a process that gives rise to specific signaling outcomes. Antigen-stimulated redistribution of signaling molecules has proven difficult to characterize by fluorescence imaging due to the small length scales over which this redistribution occurs. We employ super-resolution fluorescence localization microscopy  to measure antigen-stimulated changes in the nanoscale organization and mobility of FcεRI, as well as its spatial association with its signaling partner Lyn kinase, with the goal of understanding the  physical mechanisms by which spatial redistribution of signaling molecules on the membrane causes the initiation of the signaling response.

Using super-resolution imaging, we record receptor organization and dynamics on live mast cells undergoing antigen-mediated signaling, allowing us to measure nanoscale clustering and diffusion of FcεRI simultaneously. Through comparison of cross-linking-induced changes in these properties as a function of time, we are able to resolve two distinct temporal phases of receptor clustering and immobilization. We correlate the time-dependence of the distinct phases with a functional signaling response, Ca2+ mobilization, to assess the relevance of each phase to the onset of signaling. 

We also use super-resolution imaging to measure interactions of FcεRI with Lyn. Because of the improved resolution of our imaging technique, we detect coupling of Lyn to cross-linked IgE-FcεRI that occurs at early stages after antigen stimulation and is associated with the initiation of the stimulated response. Lyn association with FcεRI is assessed through direct imaging, and we can measure the average physical properties of Lyn/FcεRI co-clusters. Through this quantitative approach, we examine mechanisms of regulation of Lyn co-redistribution with IgE-FcεRI. In particular we show that the actin cytoskeleton negatively regulates FcεRI signaling by reducing the local accumulation of Lyn with FcεRI clusters during the onset of the response. The spatial resolution afforded by this technique makes it an effective tool for investigating interactions that give rise to the changes in the organization or mobility of signaling molecules during the initiation of signaling, and how these changes translate into cellular functions.              
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CHAPTER THREE



ANTIGEN-STIMULATED NANOSCALE CO-LOCALIZATION OF IgE RECEPTOR WITH LYN KINASE IS REGULATED BY THE ACTIN CYTOSKELETON



SUMMARY 

	Allergic signaling in mast cells is initiated by phosphorylation of the receptor for immunoglobulin E (IgE), FcεRI, when IgE-FcεRI complexes are cross-linked by binding of multivalent antigen. Lyn tyrosine kinase is the Src family kinase that is chiefly responsible for this initiation of FcεRI signaling. Using two-color super-resolution localization microscopy, we measure the distributions of IgE-FcεRI and Lyn on the plasma membrane of fixed cells with 20-25 nm resolution. By applying quantitative pair-correlation analysis, we detect spatial co-localization of Lyn with IgE within 1 min following antigen stimulation. The resolution afforded by our imaging technique gives us access to early time points during the initiation of signaling, when stimulated changes in membrane organization occur on length scales too small to be detectable by other optical methods. With this improved sensitivity, we investigate the role of the actin cytoskeleton in regulating interactions of Lyn with FcεRI. Cells treated with agents that inhibit actin polymerization exhibit enhanced antigen-stimulated coupling to Lyn in mast cells. In fixed cell imaging experiments, inhibition of actin polymerization causes enhancement of Lyn co-localization with FcεRI at time points soon after antigen addition, accompanied by augmented tyrosine phosphorylation of receptor clusters. Based on comparison with differently anchored analogues, the lipid environment of Lyn is implicated as a mediator of this regulation by F-actin. Our results are consistent with the idea that IgE receptor signaling is negatively regulated by the actin cytoskeleton via modulation of the spatial association of Lyn with FcεRI that is mediated by plasma membrane lipids. Implementation of super-resolution microscopy has allowed us to visualize this spatial regulation of Lyn coupling to FcεRI on the scale of molecular complexes.



INTRODUCTION

	In mast cells, cellular signaling that results in the allergic immune response depends on the spatial rearrangement of signaling molecules on the plasma membrane. Cross-linking of immunoglobulin E (IgE) bound to its high-affinity receptor, FcεRI, by multivalent antigen causes the formation of receptor clusters at the plasma membrane. Receptor clustering promotes phosphorylation of immunoreceptor tyrosine-based activation motifs (ITAMs) on the β and γ2 subunits by the Src family kinase Lyn, which is independently anchored to the plasma membrane, followed by recruitment and activation of Syk kinase. Through phosphorylation of multiple Syk substrates, downstream signaling responses are initiated, including Ca2+ mobilization and release from the cell of secretory granules containing pro-inflammatory molecules (1–3). Lyn-mediated phosphorylation of FcεRI is the first biochemical step in the signaling response following receptor cross-linking (4–6). The stimulated capacity of Lyn to spatially associate with clustered IgE-FcεRI, such as through a shared lipid environment in the plasma membrane, is likely to be a crucial factor in its capacity to phosphorylate FcεRI and produce a signaling response. The mechanisms by which receptor clustering initiates co-localization of Lyn with FcεRI and how this association is dynamically regulated before and during signaling continue to be open questions in the field. 

	 Lyn may weakly associate with FcεRI β in the absence of receptor cross-linking (2, 7, 8), and this association increases via protein-protein and lipid-mediated interactions when receptors are clustered (9). Mutation of FcεRI-binding domains or inhibition of Lyn kinase activity result in a partial loss of Lyn association with cross-linked FcεRI when antigen is presented on patterned substrates (10, 11). There is also a large body of evidence that a shared preference of cross-linked FcεRI and Lyn for association with ordered lipids is a mechanism of association of clustered FcεRI (12–16). The order-preferring N-terminal sequence of Lyn that contains its palmitoylation and myristoylation sites has been found to be sufficient for co-localization with cross-linked receptor (10, 17, 18). Conversely, disruption of ordered lipids through depletion of membrane cholesterol prevents stimulated co-localization (9, 15). Co-compartmentalization of FcεRI with Lyn in ordered regions of the plasma membrane has been shown to be not only important for localization of Lyn at receptor clusters, but is also crucial for positive regulation of receptor phosphorylation and Lyn activity through protection from transmembrane phosphatases (14, 19, 20).

	The cortical actin cytoskeleton can influence the organization of cell membrane components in general and has been implicated as a regulator of FcεRI signaling. Receptor cross-linking causes a stimulated increase in actin polymerization (21). Inhibition of actin polymerization with drugs such as latrunculin A and cytochalasin D enhances stimulatory responses at both early and late stages of the signaling cascade (22–28), suggesting a negative regulatory role for the actin cytoskeleton. Of interest to us, actin appears to influence even the initial steps following receptor cross-linking, including Lyn co-localization to clustered receptors (10, 26, 29) and receptor phosphorylation (25, 26, 28). The molecular mechanism of how actin might regulate signaling on the level of receptor clustering and association with Lyn is unknown, but in several cases a relationship has been established between the cytoskeleton and ordered membrane lipids. For example, inhibition of actin polymerization caused by either cytochalasin treatment or antigen stimulation causes changes in the lipid composition of ordered membranes (30). One hypothesis is that through regulation of ordered membrane domains or interaction with order-preferring species, actin modulates the co-localization of Lyn with receptors to suppress an inappropriate signaling response (25, 26). Based on this existing evidence, a theoretical framework has been developed that describes how the actin cytoskeleton might facilitate nanoscale compartmentalization of the plasma membrane through interaction with lipid phase heterogeneity (31, 32), and thereby regulate membrane signaling processes such as coupling of Lyn and FcεRI. 

	The ability to measure the co-localization of Lyn and IgE-FcεRI on the nanoscale at early stimulation timepoints would enable investigation the spatial regulation of Lyn/FcεRI interactions and how it contributes to the initiation of signaling and the dynamic regulation of the response. Lyn association with IgE receptors has been measured by a number of biochemical techniques (7, 8, 12), but these approaches are severely limited in capturing the spatial component of signaling. Thus, direct visualization of Lyn coupling to IgE receptor during the initiation of signaling has proven difficult. At the resolution obtainable in standard optical microscopy experiments, the distribution of immunolabeled Lyn or a transiently transfected fluorescent Lyn construct appears relatively uniform, appears unaffected by receptor cross-linking at physiological or room temperatures, and does not exhibit robust co-localization with IgE-FcεRI aggregates (26). Lyn co-localization with IgE-FcεRI has been observed under somewhat specialized stimulation conditions that stabilize large patches of cross-linked receptor at the membrane and inhibit receptor internalization, such as cross-linking at 4°C or in the presence of cytochalasin (15, 17, 18, 26), or presentation of antigen on micron-scale patterned substrates (10, 33). More sensitive optical techniques such as multiphoton FCS have also detected Lyn interactions with IgE receptor in living cells at room temperature (29). Even in these cases, Lyn co-localization or co-diffusion with IgE receptor is only observed at micron length scales after relatively long periods of receptor cross-linking for many minutes at room temperature, while receptor phosphorylation is observable at shorter timescales within a few minutes of antigen stimulation. 

	Direct imaging of Lyn/FcεRI co-localization has posed a challenge likely due to the small length scales of antigen-stimulated co-redistribution of Lyn and IgE-FcεRI. The dimensions of IgE-FcεRI clusters at the earliest stages of signaling are well below the diffraction limit of light (34–36), and local Lyn enrichment in clusters less than 100nm in dimension could be too subtle to detect by conventional fluorescence microscopy. Additionally, Lyn coupling to IgE-FcεRI could be controlled within compartmentalized structures of plasma membrane lipids and the actin cytoskeleton, the dimensions of which are also sub-diffraction (31, 32).

	To image the co-localization of Lyn with IgE-FcεRI that occurs within minutes of receptor cross-linking with sufficient sensitivity to simultaneously assess the potentially subtle effects of the actin cytoskeleton, we require spatial resolution on the length scale of receptor clusters or smaller. This chapter describes our quantitative characterization of antigen-stimulated Lyn recruitment to IgE-FcεRI complexes and resulting phosphorylation of receptor clusters using two-color super-resolution localization microscopy. This recently developed fluorescence microscopy technique affords spatial resolution improved by an order of magnitude compared to conventional fluorescence imaging (37–39). We quantify the nanoscale co-redistribution of Lyn with clustered FcεRI and test for effects of actin cytoskeleton perturbation using the actin polymerization inhibitors latrunculin A and cytochalasin D. These experiments demonstrate a regulatory role for F-actin in the spatial coupling of Lyn to FcεRI during the first few minutes of stimulation, and they clarify the mechanism of signaling enhancement caused by inhibition of actin polymerization. Through our use of super-resolution localization microscopy, we are able to contribute a picture of Lyn-IgE-FcεRI coupling at sufficiently high resolution to characterize the interaction between these proteins by direct imaging in cells stimulated with soluble antigen at physiological temperature. These advances bring us closer our goal of uncovering the physical mechanisms that give rise to the spatial regulation of FcεRI signaling, including the role of the actin cytoskeleton in regulation of membrane organization. 



MATERIALS AND METHODS



Chemicals and reagents 

Cell culture reagents, including Minimum Essential Medium (MEM), Trypsin-EDTA, and gentamicin sulfate, were acquired from Life Technologies (Carlsbad, CA). Fetal bovine serum (FBS) was purchased from Atlanta Biologicals (Atlanta, GA). Cell culture dishes were purchased from MatTek (Ashland, MA) and 125nm Tetraspeck fluorescent beads were purchased from Life Technologies. The amine reactive fluorophore Dy654 was purchased from Dyomics GmbH (Jena, Germany). Dy654-IgE was prepared by conjugating purified mouse monoclonal anti-2,4-dinitrophenyl (DNP) IgE with AF532 Dy654, as previously described (29, 40). Dy654-IgE was measured to have a dye:protein ratio of 2.7:1. Multivalent antigen, dinitrophenyl-conjugated BSA (DNP-BSA), with an average of 15 DNP molecules per BSA was prepared as described previously (41). Latrunculin A was purchased from both Life Technologies and Sigma-Aldrich (St. Louis, MO), and cytochalasin D was purchased from Sigma-Aldrich. Glutaraldehyde (25% stock) was purchased from Ted Pella (Redding, CA). Para-formaldeyde was purchased from Electron Microscopy Services (Hatfield, PA). Fish gelatin was purchased from Sigma. Supplies for the super-resolution buffer including β-mercaptoethanol, glucose oxidase, catalase, and Tris-HCl were acquired from Sigma. Antiphosphotyrosine clone 4G10 antibody was obtained from Millipore (Billerica, MA), and the AlexaFluor 488-conjugated anti-mouse IgG2b secondary antibody was purchased from Life Technologies. 



Fluorescent constructs and variant RBL cell lines

Lyn-mEos3.2 and mEos3.2-LifeAct constructs were prepared through site-directed mutagenesis to incorporate I102N, H158E, and Y189A mutations into mEos2 (42). Lyn-mEos2 and mEos2-LifeAct constructs were generous gifts from Dr. Sarah Veatch (University of Michigan). PM-mEos3.2 and mEos3.2-GG constructs were prepared through restriction enzyme excision of EGFP from PM-EGFP and EGFP-GG constructs followed by insertion and ligation of the mEos3.2 sequence. PM-EGFP and EGFP-GG were described previously (17). RBL 1C1C8 and Syk-negative RBL TB1A2 cell lines were gifts from Dr. Reuben Siraganian (NIH). 



Preparation of fixed RBL-2H3 samples for imaging

Cell culture and plating

MatTek culture dishes were prepared to receive cell samples with addition of fiduciary markers. Dishes were oxygen plasma-cleaned for 3-5 minutes. Immediately following plasma-cleaning, a dilute solution (2:100-5:1000 in phosphate-buffered saline (PBS)) of Tetraspeck fluorescent nanospheres was applied to the glass coverslip surface in each dish. The Tetraspeck solution was incubated in the dishes for 30 min before they were rinsed three times with cell culture medium. Rat basophilic leukemia-2H3 (RBL-2H3) cells were maintained in culture using medium containing MEM 20% FBS, and 10 μg/ml gentamicin sulfate at 37°C and 5% CO2 as described previously (40). 1C1C8 and TB1A2 RBL cell lines were cultured under identical conditions. RBL-2H3, 1C1C8, and Syk-negative TB1A2 cells were harvested using Trypsin-EDTA and were either plated onto prepared MatTek coverslip dishes or transiently transfected (RBL-2H3 or 1C1C8 cells) with a fluorescent construct before plating as described below. When cells were plated immediately after harvesting, 0.15 x 106 cells were added to the coverslip dishes to achieve a sparse distribution for imaging before incubation overnight at 37°C.



Transient transfection

RBL-2H3 or 1C1C8 cells were transiently transfected with Lyn-mEos3.2, mEos3.2-LifeAct, PM-mEos3.2, or mEos3.2-GG fluorescent constructs using an electroporation procedure. Approximately 1.0 x 107 cells were harvested using Trypsin-EDTA, pelleted and resuspended in 500 µl cold electroporation buffer (137 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, 1 mg/ml glucose, and 20 mM HEPES, pH 7.4), and added to electroporation cuvettes on ice containing 10-30 µg of DNA plasmid in solution. Cuvettes were then pulsed using a Bio-Rad GenePulser Xcell (exponential decay, 280 V, 90 μF). Cells were immediately resuspended in medium and plated in MatTek dishes prepared with fiducial markers. Medium was exchanged after 1 hour, and the cells were left in the incubator overnight for recovery and expression of the construct. 



Sensitization, stimulation, and fixation

Cells were sensitized with 3g/ml Dy654-labeled IgE in HEPES-buffered RBL medium (80% MEM, 20% fetal bovine serum, 50 mg/L gentamicin, and 30 mM HEPES) for 45 min at room temperature. Following sensitization, IgE-containing medium was replaced with warm RBL medium and left at 37°C for 5 min. For experiments involving latrunculin A or cytochalasin D treatment, cells were then incubated with 1µg/ml latrunculin or cytochalasin in medium for 5 additional minutes. The cells were then stimulated with multivalent antigen (500 ng/ml DNP-BSA in medium or 500ng/ml DNP-BSA with 1µg/ml latrunculin or cytochalasin in medium for latrunculin/cytochalasin treatments) for 0, 1, 3, 6, or 12 minutes at 37ºC. Dishes were then rinsed with warm PBS and chemically fixed (4% paraformaldehyde and 0.1% glutaraldehyde in PBS) for 10 minutes at room temperature. The fix was then quenched with blocking buffer (10 mg/ml BSA in PBS) for 10 minutes. Fixed samples were rinsed three more times in blocking buffer before imaging. When imaging did not directly follow sample preparation, the samples were stored in blocking buffer with azide (10mg/ml BSA, 0.03% sodium azide in PBS) at 4 ºC. 



Phosphotyrosine immunolabeling

Phosphotyrosine was labeled in RBL-2H3, 1C1C8, and TB1A2 fixed samples using an anti-phosphotyrosine mouse monoclonal (clone 4G10) antibody. Cells were plated, sensitized, stimulated, and fixed as described above. After fixation and repeated rinsing with blocking buffer, dishes were incubated with a solution of the 4G10 antibody with TritonX-100 for cell permeablization in blocking buffer (5 μg/ml 4G10 antibody, 0.1% TritonX-100, and 10mg/ml BSA in PBS) for 1 hour at room temperature. Dishes were rinsed five times with blocking buffer and incubated with A488-conjugated anti-mouse IgG2b (10 μg/ml A488 anti-mouse antibody, 0.1% TritonX-100, and 10 mg/ml BSA in PBS) for 1 hour. Dishes were rinsed five times with blocking buffer before imaging or storage in blocking buffer with azide. 



Super-resolution imaging

Imaging setup

Labeled samples were imaged on an inverted microscope (Leica DM-IRB, Wetzlar, Germany) under illumination through a 1.42 numerical aperture 100X Leica TIRF objective lens. The microscope is equipped with epi-fluorescence illumination via a mercury arc lamp as well as 50mW 405, 100W 488, 100mW 561nm, and 100mW 642 diode-pumped solid state lasers (Coherent , Santa Clara, CA) for TIRF imaging. Lasers are outfitted with cleanup filters (Chroma Technology Inc., Burlington, VT) and are attenuated with neutral density filters (ThorLabs, Newton, NJ) as needed for the illumination requirements of the experiment. Multi-bandpass excitation, polychroic, and emission filters (Chroma Technology Inc.) admit excitation from all four lasers and simultaneously pass emission from multiple channels. The emission path is coupled through a two-channel Optosplit emission splitter (Cairn Optics, Faversham, UK), which separates the channels onto two distinct regions of the camera CCD, enabling simultaneous recording of two color channels on the same camera. Images are recorded with an Andor iXon 897 EM-CCD camera (Andor, Belfast, UK) using custom image acquisition code written in Matlab (The MathWorks, Natick, MA). 



Data acquisition

Fixed cells were imaged in the presence of an oxygen-scavenging and reducing imaging buffer (100mM Tris, 10mM NaCl, 10% w/w glucose, 500 μg/mL glucose-oxidase, 40μg/mL catalase, and 1% β-mercaptoethanol at pH 8.5). For mEos3.2/Dy654 two-color imaging, epi-fluorescence illumination was used to locate cells expressing mEos3.2 constructs in the green emission channel. Cells were selected based on moderate expression of the fluorescent construct, while highly overexpressing cells were avoided. Once a transfected cell was selected, the illumination was switched to TIRF mode using the 561nm and 642nm lasers. mEos3.2 and D654 emission were simultaneously monitored using the Optosplit outfitted with a dichroic mirror and emission filters to split and isolate the red and far-red channels. Laser powers were then increased to induce photoswitching of Dy654 and enable imaging of mEos3.2. TIRF illumination intensity by the 405 laser was initiated and slowly increased to produce mEos3.2 photoswitching. Lasers were attenuated as needed to modulate the density of activated fluorescent probes as well as the probe emission intensity. Data from Dy654/A488 samples was collected using a similar approach, with illumination from 488 and 642 lasers and imaging in the green and far-red channels. For both Dy654/mEos3.2 and Dy654/A488 imaging, data were acquired at 32 frames per second with an exposure time of 10ms, with variable EM-CCD gain settings and illumination intensity. Data were acquired in a series of 500-frame movies. A given super-resolution image was reconstructed from at least 15 of these movies, or 7500 individual frames. 



Analysis of imaging data

Channel alignment

Before and after imaging of each cell in a two-color experiment, images of an alignment sample were collected to enable precise registration of the two channels. This sample was prepared by incubation of a solution of Tetraspeck fluorescent nanospheres on the glass coverslip surface of a plasma-cleaned MatTek dish to achieve a dense random array of Tetraspecks. Tetraspecks contain multiple fluorescent dyes and emit in the blue, green, red-orange, and far-red channels. The alignment sample was imaged with TIRF illumination simultaneously in the two color channels used for the imaging experiment. Approximately 75-100 images were collected as the alignment sample was translated across the microscope field of view. The images were separated in two, corresponding to the two color channels, and the diffraction-limited Tetraspecks were localized in each channel through least-squares fitting of their emission to a two-dimensional Gaussian function as described below for super-resolution image reconstruction. Because the same set of fluorescent nanospheres is imaged simultaneously in two color channels, localizations in each color channel that correspond to the same nanosphere could be identified. The set of paired localizations was used as a set of control points to infer a transformation that could spatially map one channel onto the other, allowing for registration of the super-resolution images collected in each channel. This transformation was obtained using the built-in MatLab function cp2tform() with the "local weighted mean" option for transformation calculation. Details of two-color alignment procedure are described in Appendix B. 



Super-resolution image reconstruction 

Super-resolution data were analyzed using routines that have been previously described in detail in (34, 35) and Chapter 2. Single-molecule probe emission was localized in movies of Dy654, mEos3.2, or A488 photoswitching by least-squares fitting of diffraction-limited spots to a two-dimensional Gaussian function. Outliers in spot intensity, aspect ratio, width, and fitting error are culled from the population of localizations. Localization of the same probe in sequential frames (defined by sequential localization within a distance of twice the localization precision) results in merging of the two localizations. For registration of the two-color image, probe localizations in one color channel are transformed using the spatial transformation generated from the Tetraspeck alignment sample following the culling step. Image misalignment due to stage drift is corrected using the fiducial marker Tetraspecks that are adhered to the coverslip before the cells are plated. During super-resolution imaging, several fiducial markers in the field of view are tracked to determine displacement due to stage drift during super-resolution. Probe localizations in both channels are then corrected to prevent image offset caused by these displacements. The localization precision was calculated from correlation functions as described in (35). Typical values for the calculated localization precision were approximately 20 nm for the Dy654 probe, 23 nm for mEos3.2, and 25 nm for A488. The map of localizations that is used for further image analysis is generated through incrementing the pixel value at the coordinates where a given probe is localized, where the pixel size is set to be comparable to the image resolution. This image is convolved with a Gaussian filter for display. The number of localizations used to reconstruct a given fixed cell image varies based on factors such as labeling density in the case of the 4G10 images or expression levels in the case of mEos3.2 images, and differs inherently between probes due to differences in probe photophysics. Dy654  super-resolution images of IgE-FcεRI are generated from approximately 300,000 to 600,000 localizations, mEos3.2 images of Lyn or LifeAct are generated from 350,000 to 500,000 localizations, and A488 images of 4G10 are generated from 100,000 to 700,000 localizations. 



Correlation function analysis of super-resolution images:

The distribution of proteins imaged in a super-resolution experiment is quantified through statistical analysis of the spatial map of localizations generated by the experiment. Pair auto-and cross-correlation functions are used to measure the extent of protein clustering and co-localization in super-resolution images. The specifics of this analysis are described in detail in (34), (35), and Chapter 2. In short, reconstructed  super-resolution images are masked using the MatLab function roipoly() to isolate the cell membrane for further analysis and exclude edge effects. The autocorrelation function g(r) is calculated using the Fast Fourier transforms (FFT) of the localizations within the mask normalized by the FFT of the mask itself. Cross-correlation functions are calculated from the FFT of masked regions in both color channels, again normalized by the FFT of the mask. Auto- and cross-correlation functions are interpreted as described the Results and Discussion section. 

Auto-correlation functions for super-resolution images of Dy654 IgE-FcεRI are corrected for the effects of protein over-counting as described in (34, 35) and Chapter 2. IgE auto-correlations are fit to the form:

gmeas(r) = gPSF(r) *(1/ρ)+ gPSF(r) * g(r>0) 	                            (1)

where the first term represents the contribution to gmeas(r) of over-counting. The over-counting term arises from the value at r=0 of the correlation function of single molecule centers associated with labeled proteins of interest, which is inversely proportional to the density of proteins of interest ρ. This value at r=0 is convolved with gPSF, the contribution to the correlation function that arises from the point spread function (or finite resolution) of the measurement, which is assumed to have a Gaussian form 

	gPSF(r) = exp{-r2/4σ2}/(4π σ2).

gPSF is estimated by comparing the auto-correlation of images reconstructed from all identified single molecule centers to those of images where localizations of probes identified in multiple sequential frames are merged as described previously (35). gPSF is then fit to a two-dimensional Gaussian function to determine σ. We assume a surface density (ρ) of FcεRI to be 200 molecules/μm2 (43). The measured correlation function is then fit to Eqn 1 to determine the correlation function due to the real distribution of labeled molecules at r greater than 0, g(r>0). g(r>0) is approximated by an exponential function, 1+Aexp(-r/ξ) (35), and Eqn. 1 becomes: 

	gmeas(r) ≈ exp{-r2/4σ2}/(4π σ2 ρ)+ exp{-r2/4σ2}/(4π σ2)* [1+ (Aexp(-r/ξ))].	    

A and ξ are extracted as fit parameters. 

	Auto-correlation functions of Lyn-mEos3.2 are not corrected for over-counting due to uncertainty in density (ρ) of the transfected fluorescent fusion protein on the membrane. Instead, reported auto-correlations include contributions from over-counting and are fit to a single filtered exponential function that does not include a correction term for over-counting:

	gFit(r) = gPSF(r)*[1+ (Aexp(-r/ξ))] 				      (2)

where gPSF(r) is determined as described above from the auto-correlation function of probes localized in consecutive frames. Cross-correlation functions generated from two-color images do not contain artifacts from over-counting and are also fit to the filtered exponential function, Eqn 2. 

	Absolute values of the cross-correlation amplitude are measurements of the relative co-enrichment of two species with respect to the average density of each species on the membrane. It is possible that overexpression of fluorescent constructs such as Lyn-mEos3.2 could lead to a situation where the overall average density of Lyn is higher without a proportional increase in the amount of Lyn interacting with IgE-FcεRI. A similar effect could be generated by additional 4G10 labeling density caused by non-specific binding of the 4G10 primary or fluorescent secondary antibodies. If this is the case, then our measurements may underestimate cross-correlation amplitudes. We have attempted to mitigate these possible effects by selecting transfected cells with consistent, moderate expression levels and by choosing immunolabeling conditions that minimize non-specific antibody labeling. Additionally, we can make direct comparisons of correlation function amplitudes between samples that were labeled in the same way (e.g. either by 4G10 labeling or by Lyn-mEos3.2 transfection) because the effects of labeling on the correlation function are the same. 



RESULTS AND DISCUSSION



Two-color super-resolution imaging measures spatial co-localization of IgE-FcεRI and Lyn kinase 

	Using two-color super-resolution microscopy, we are able to characterize the nanoscale coupling of Lyn kinase with IgE-FcεRI receptor complexes as a function of receptor cross-linking with the multivalent antigen DNP-BSA. To label these two proteins of interest, we use a combination of an organic fluorophore and a transfectable fluorescent fusion protein. Dinitrophenyl (DNP)-specific IgE is directly conjugated with the far-red dye Dyomics 654 (Dy654) and used to sensitize RBL-2H3 cells that have been transiently transfected with a fluorescent construct consisting of mEos3.2 fused to the C terminus of Lyn, which is expressed in addition to endogenous Lyn. Cells are stimulated with DNP-BSA for defined time intervals before chemical fixation and super-resolution imaging as described in the Materials and Methods. For these fixed-cell imaging experiments, we are able to achieve lateral resolution of approximately 20nm for Dy654 and 25nm for mEos3.2. 

	  Fig. 3.1 shows super-resolution images of IgE-bound to FcεRI (shown in red) and Lyn (shown in green) in whole cells and magnified regions (insets) for representative cells stimulated for 0, 1, 3, 6, and 12 minutes. Examining the far-red Dy654-IgE channel alone, we see that the distribution of IgE-FcεRI clearly changes with stimulation time. IgE-FcεRI accumulates into clusters beginning at the 1 min stimulation time point that become more pronounced with continued exposure to antigen. After 12 minutes, the majority of receptors on the membrane are organized in dense clusters. Conversely, there is no obvious antigen-dependent rearrangement of Lyn observed in the mEos3.2 channel. 

	The distributions of IgE-FcεRI in unstimulated cells and Lyn at all stimulation timepoints appear weakly clustered in single color super-resolution images. Individual labeled proteins are over-counted in these experiments, leading to the visual impression of clusters in super-resolution images. This artifact arises whenever a single protein of interest can be labeled with multiple fluorescent molecules, either through direct conjugation of multiple dyes, binding of primary and secondary antibodies, or when single fluorescent molecules can be localized multiple times during data collection due to reversible photoswitching. In this case, IgE is labeled with an average of 2.7 Dy654 molecules during dye conjugation, and both Dy654 and mEos3.2 are known to blink reversibly. These effects are commonly encountered with most  super-resolution localization techniques, and we expect some degree of artifactual clustering to appear in super-resolution images (35). 

	Alignment of the two color channels allows precise registration of protein distributions in each channel, and we determine typical registration errors to be approximately 10-15nm. The alignment procedure is described in the Materials and Methods and Appendix B. Merged images in  Fig. 3.1 show the relative distributions of IgE-FcεRI and Lyn. We can identify fields of view in images of stimulated cells where receptor clusters co-localize with concentrated areas of Lyn, but overall the effect of antigen stimulation on Lyn/IgE-FcεRI co-localization is too subtle to interpret by eye. 

	Instead, we turn to a quantitative method, pair-correlation analysis, to characterize the organization of IgE-FcεRI and Lyn and measure their co-localization. Pair-correlation functions are calculated from the spatial map of single-molecule localizations collected in super-resolution images. The pair-correlation function measures the normalized probability of finding another probe a radius r away from a given probe and is averaged over all probes. Pair auto-correlation functions measure this probability for two like probes, in this case two probes in the same color channel, whereas cross-correlation functions measure this probability for probes of two different colors in a two-color image. A random distribution of probes yields a correlation function equal to 1 at all radii. When probes are clustered, they are spatially correlated at short distances, and the correlation function takes on values larger than 1 at small radii. Likewise, when two distinguishable species are co-clustered, their cross-correlation function is larger than 1 at radii that correspond to size of correlated structures. We use methodology for calculating and analyzing pair correlation functions that has been described in detail in past studies and was recently used to quantify single-color images of IgE-FcεRI (34, 35). 

	trunculiCross-correlation functions calculated from multiple two-color images of IgE-FcεRI and Lyn at each of the stimulation timepoints are shown in  Fig. 3.2 A. The value of cross-correlation functions at small radii are larger at longer stimulation times, indicating that co-localization of Lyn with IgE-FcεRI increases with stimulation time. Cross-correlation functions are fit to a single filtered exponential function (Eqn. 2) as described in the Materials and Methods. The amplitude and correlation length (ξ) of the exponential fit to the cross-correlation function of the exponential fit are extracted. The amplitude quantifies the co-enrichment of the two species in correlated structures relative to their average density on the membrane. It measures the increased probability of finding one species co-localized with the other in clusters compared to a random relative distribution. ξ, the correlation length, is a measurement of the average radius of correlated structures. Fits are shown with cross-correlations plotted in  Fig. 3.2, A. 

	Auto-correlations are also tabulated to measure changes in IgE-FcεRI and Lyn distributions upon antigen addition (  Fig. 3.2 B). When over-counting is present in super-resolution images, the auto-correlation function contains a contribution from over-counting on the length scale of the localization precision of the fluorescent probe (approximately 20 nm), unlike cross-correlations, which are unaffected by over-counting (35). IgE-FcεRI autocorrelations are fit to Eqn. 1, which includes terms that correct for over-counting as has been described previously (34, 35) and as outlined in the Materials and Methods. Lyn auto-correlations are not corrected due to inherent uncertainties in the density of the transfected construct on the membrane and cannot be fit to Eqn. 1. Instead, Lyn auto-correlation functions are fit without over-counting correction to Eqn. 2 but are likely dominated by over-counting artifacts at radii less than approximately 30 nm, which leads to large overestimates of the value of the amplitude and underestimates of ξ when the data are fit. Nonetheless, we report Lyn auto-correlation function fit parameters to Eqn. 2 for comparison of values before and after antigen stimulation.

	Cross- and auto-correlation functions are calculated for IgE-FcεRI and Lyn in multiple cells at each stimulation time point and fit parameters are extracted. The amplitude and ξ are averaged for each time point to generate mean values as a function of stimulation time. Average amplitude and ξ are shown for IgE-FcεRI/Lyn cross-correlation functions and for IgE-FcεRI and Lyn autocorrelation functions in  Fig. 3.2. In unstimulated cells, IgE-FcεRI and Lyn appear weakly cross-correlated at relatively long distances, illustrated by small values of amplitude and large values of ξ. After stimulation, the amplitude of cross-correlations increases in a time-dependent manner and the correlation length falls, indicating that correlated structures of IgE-FcεRI and Lyn become smaller and denser. The increase in amplitude with stimulation time observed here by localization microscopy shows a similar trend as cross-correlation amplitudes obtained in a previous study using scanning electron microscopy, although in that case cross-correlation amplitudes are systematically larger (9). This could be due to differences in the dorsal membrane imaged in SEM studies and the ventral surface of the cell, in terms of the kinetics or extent of formation of large co-clusters of IgE-FcεRI and Lyn. The fact that different labeling schemes were used for these two experiments, which include expression of non-endogenous Lyn in super-resolution imaging experiments, could also account for quantitative differences in the measured cross-correlation. The IgE-FcεRI auto-correlation amplitude increases with stimulation time, consistent with the visual impression of increased cluster density from super-resolution images of IgE-FcεRI and with previously published characterization of receptor clustering (34). ξ increases on average with stimulation time, similar to what we have seen previously in single-color fixed cell experiments (34). Lyn autocorrelation amplitude and ξ do not exhibit robust stimulation-dependent changes, possibly because Lyn auto-correlations are dominated by over-counting artifacts that are independent of cell stimulation, or because higher levels of Lyn expression obscure subtle differences in the distribution of Lyn associated with IgE-FcεRI. Together measurements of cross- and auto-correlation fit parameters describe a conversion from weak Lyn/IgE-FcεRI co-localization that occurs over long length scales before antigen addition to co-localization of a sub-population of Lyn with cross-linked IgE receptor that grows with stimulation time as antigen-stimulated receptor clusters become increasingly dense. 

	We observe a sustained increase in Lyn/FcεRI co-localization over 12 minutes of antigen stimulation. Previous immunoprecipitation-based biochemical experiments that measured the time course of antigen-stimulated association of Lyn with FcεRI and resulting changes in Lyn kinase activity showed a rapid increase in Lyn bound to FcεRI that peaks within one or two minutes of antigen stimulation, followed by a gradual decline (7, 44). On the other hand, studies that use standard confocal or multiphoton microscopy do not detect Lyn/FcεRI co-localization until after at least 10 minutes of antigen stimulation (10, 29). A possible explanation for this discrepancy is that these optical methods are insensitive to Lyn/IgE co-localization that occurs on length scales well below the diffraction limit, whereas biochemical methods utilize chemical cross-linkers and immunoprecipitation that may not detect Lyn that is not directly or stably bound to FcεRI. Our improved resolution compared to other optical techniques enables detection of co-localization that takes place on length scales in the tens of nanometers. As a consequence, we are able to measure Lyn/IgE-FcεRI co-localization that occurs on the less than 5 min time scale of association reported by cross-linking and immunoprecipitation (7). Lyn coupling to clustered IgE-FcεRI at these short stimulation times has been shown by electron microscopy experiments (9, 36), but because of the sub-diffraction dimensions of these structures, detection of Lyn association at early times after stimulation has so far been a challenge for fluorescence imaging approaches. At the same time, we observe cross-correlations at longer stimulation times (12 min). The biochemical immunoprecipitation data indicates that Lyn is not directly associated with FcεRI at the plasma membrane at these longer stimulation times. Comparison to our results suggests that the association we observe is mediated by less specific interactions, possibly through lipid-mediated membrane domains. 



The initiation of signaling correlates with Lyn/IgE-FcεRI spatial co-localization

	Our results demonstrate that this approach using super-resolution imaging and cross-correlation function analysis are effective at measuring antigen-stimulated co-redistribution of Lyn with clustered IgE-FcεRI. To determine whether the Lyn/IgE-FcεRI cross-correlation that we observe is concurrent with a functional response, we extend our approach to measure tyrosine phosphorylation correlated with FcεRI before and after cross-linking by antigen. Receptor phosphorylation is a consequence of Lyn association with cross-linked receptors and is an early step in the signaling cascade. Cells are sensitized with Dy654 IgE, stimulated, and fixed as in Lyn/IgE-FcεRI two-color experiments above. Phosphotyrosine on the plasma membrane is then labeled using the anti-phosphotyrosine antibody clone 4G10 followed by an AlexaFluor 488 (A488)-labeled secondary antibody.  Fig. 3.3 A shows representative super-resolution images of Dy654 IgE and A488 anti-phosphotyrosine 4G10 in an unstimulated cell and a cell stimulated for 6 min. In unstimulated cells, 4G10 signal can be attributed to basal phosphorylation and non-specific background labeling. IgE and phosphotyrosine do not appear cross-correlated in unstimulated cells, but in stimulated cells, there is a clear concentration of 4G10 label in areas that spatially correspond with IgE-FcεRI clusters. 

	We quantify the labeling of IgE-FcεRI clusters with 4G10 by calculating their cross-correlation function. We interpret changes in 4G10/IgE-FcεRI cross-correlation amplitudes to reflect changes in the absolute amount of tyrosine phosphorylation localized to receptor clusters. 4G10/IgE-FcεRI cross-correlations follow similar trends as a function of stimulation time as Lyn/IgE-FcεRI cross-correlation functions ( Fig. 3.3 B). Prior to antigen stimulation, cross-correlation functions fit to Eqn. 2 have very small amplitudes, close to 0, and long correlation lengths over 300nm, suggesting a nearly random relative distribution of 4G10 and IgE receptor. In stimulated cells, the amplitude increases steadily, with time dependence similar to that of the Lyn/IgE-FcεRI cross-correlation amplitude. ξ quickly drops with stimulation to values that match Lyn/IgE-FcεRI correlation lengths.

	Thus, receptor-localized phosphotyrosine and receptor-localized Lyn are organized in structures that are both spatially correlated with IgE-FcεRI clusters, that have similar dimensions, and that form with similar time dependence after addition of antigen. Comparison of 4G10/IgE and Lyn/IgE cross-correlation function parameters as a function of stimulation time implies a positive correlation between the co-localization of Lyn with cross-linked IgE-FcεRI and phosphorylation of receptor clusters that we observe in separate imaging experiments. These results are consistent with the view that Lyn association with FcεRI precedes or occurs concurrently with the initiation of receptor phosphorylation, as was earlier suggested by immunoprecipitation experiments (7, 8). Moreover, our results show that increasing 4G10/IgE-FcεRI cross-correlation amplitudes can be interpreted as a functional consequence of Lyn/IgE-FcεRI co-localization. 4G10/IgE-FcεRI cross-correlation functions measure the catalytic activity of Lyn, whereas Lyn/IgE-FcεRI cross-correlation functions measure the stoichiometric accumulation of Lyn with FcεRI. However, we do note that, due to the ubiquity of tyrosine phosphorylation sites on signaling molecules, we do not measure receptor phosphorylation specifically in this experiment. Phosphotyrosines labeled by 4G10 could belong to ITAMs on FcεRI or to signaling molecules that co-redistribute with clustered receptors, including LAT, Syk, or Lyn itself (9). Thus, stimulation-induced increases in receptor-correlated phosphotyrosine consist of contributions from receptor phosphotyrosine as well as receptor-associated signaling molecules that are also phosphorylated in an antigen-dependent fashion. The fact that 4G10 is not specific to receptor phosphotyrosine may account for the differences that we observe in the time dependence of 4G10/IgE-FcεRI co-localization and past measurements of FcεRI β and γ chain phosphorylation by Western blot, which have shown transient behavior where receptor phosphorylation peaks within a few minutes and decays (15, 26, 45, 46). 

	In principle the absolute values of cross-correlation amplitudes for 4G10/IgE-FcεRI and Lyn/ IgE-FcεRI can be compared directly to evaluate differences in the degree of co-enrichment of 4G10 and Lyn with clustered receptors. In doing so, it is important to keep in mind that correlation amplitudes represent a relative enrichment of 4G10 or Lyn with clustered receptors compared to the average surface density of these species. Any effect that increases the average density of label without necessarily increasing receptor-localized label, such as detection by 4G10 antibodies of other phosphorylation events accompanying signaling that are not co-localized with clustered receptors, could have the effect of decreasing the cross-correlation amplitude. With this in mind, we focus on comparison of the time dependence of stimulated changes in Lyn/ IgE-FcεRI and 4G10/ IgE-FcεRI cross-correlation amplitudes. 



The actin cytoskeleton is dynamic during early stages of cell activation, but bulk association with IgE receptors does not detectably change with stimulation. 

	Numerous previously published studies have demonstrated a role for actin in the regulation of FcεRI signaling, and antigen-stimulated actin polymerization has been well documented (21, 25, 47, 48). Live cell TIRF imaging of cortical actin labeled through transient transfection with EGFP fused to LifeAct, an F-actin binding peptide, also shows that cortical actin undergoes dramatic remodeling at the ventral surface of RBL-2H3 cells shortly after antigen stimulation ( Fig. 3.4). Prior to antigen addition, actin is distributed across the ventral surface with some areas of punctuate actin concentration. Approximately 30 seconds after antigen is added, actin fluorescence rapidly disappears from the ventral surface, leaving a weak, relatively uniform signal on the interior of the cell footprint with a slight concentration of actin around the periphery. Within 60 seconds, actin puncta begin to reappear. Puncta increase in number over the course of the next minute and form and vanish dynamically. Actin puncta continue to form and disappear over the course of the next few minutes as the cell spreads. 

	TIRF imaging is consistent with previous findings that the F-actin content of detergent-extracted membranes decreases during approximately the first 30 seconds after antigen addition, then increases beyond pre-stimulation levels (21). This striking antigen-stimulated actin remodeling that occurs soon after antigen addition may be involved in regulating signaling at these early stimulation times. However, we do not detect stimulated co-localization of labeled actin structures with IgE-FcεRI clusters by 2-color TIRF (data not shown) or super-resolution imaging ( Fig. 3.5). IgE-FcεRI association with labeled actin is weak before antigen stimulation and remains weak at time points corresponding to depolymerization of actin at the ventral surface (30s) and formation of actin puncta (60s and 3 min). This could be because actin does not directly couple to clustered FcεRI after stimulation or because the fraction of actin that does so is small enough to be undetectable in our experiment. Although previous imaging studies show co-localization of F-actin with cross-linked IgE (10, 26, 49), in these cases large regions of cross-linked IgE-FcεRI were stabilized on the membrane and co-localization could be mediated through some other membrane species. Actin was shown to co-cluster with Lyn 2 minutes following antigen stimulation in electron microscopy experiments (36), although these studies have some limitations in their interpretation due to sample preparation using membrane sheets that are ripped from intact adherent cells, which may perturb cytoskeletal interactions. Further, receptor phosphorylation by Lyn, which also occurs during the first stages of the signaling response concurrent with actin remodeling, is sensitive to actin polymerization (25, 26, 28). Actin could regulate antigen-induced signaling via its direct or indirect interactions with Lyn by controlling the localization of Lyn on the membrane. We test this hypothesis in super-resolution imaging experiments. 



The actin cytoskeleton regulates stimulated coupling of Lyn to IgE-FcεRI. 

	The regulation of antigen-stimulated degranulation by the actin cytoskeleton is likely to be mediated through a number of signaling molecules including Lyn. We evaluate the effects of the actin cytoskeleton on the regulation of Lyn/IgE-FcεRI coupling in super-resolution experiments where cells are treated with drugs that disrupt actin polymerization. Samples are prepared for Lyn-mEos3.2/ Dy654 IgE 2-color imaging as described above, with the addition of a 5-min incubation with 1µM cytochalasin or latrunculin preceding antigen stimulation in the presence of the actin-disrupting drug. Two-color super-resolution images of cells stimulated for 6 min in the presence and absence of latrunculin or cytochalasin ( Fig. 3.6, A) do not show obvious differences in Lyn/IgE-FcεRI co-localization. However, comparison of Lyn/IgE-FcεRI cross-correlations for the various treatment conditions as a function of stimulation time reveal that Lyn/IgE-FcεRI interactions are enhanced when actin polymerization is inhibited ( Fig. 3.6, B). Latrunculin and cytochalasin inhibit actin polymerization by different mechanisms, latrunculin sequesters actin monomers while cytochalasin caps the barbed end of filaments, and these two drugs have slightly different effects on stimulated Lyn/IgE- FcεRI cross-correlations. Cytochalasin treatment causes a sustained enhancement of cross-correlation amplitudes for the first 6 minutes after stimulation. Enhancement due to latrunculin is more short-lived, extending through 3 min, but is also larger in magnitude at this time point. Interestingly, latrunculin also causes a small but significant increase in Lyn/IgE-FcεRI interaction in unstimulated cells as measured by the cross-correlation amplitude. Lyn and IgE-FcεRI are weakly correlated over longer distances in unstimulated cells for both cytochalasin and latrunculin treatments as indicated by ξ, which is increased compared to untreated cells. In stimulated cells, Lyn/IgE correlated structures have similar dimensions regardless of cytoskeletal perturbation, i.e., ξ is not significantly different in treated vs. untreated cells. Inhibition of actin polymerization does not seem to have robust effects on IgE-FcεRI or Lyn autocorrelations, except for a slight enhancement of IgE- FcεRI autocorrelations, which are shown in  Fig. (3.7, A).

	Evidence from ours and previous studies suggests that the modulation of the spatial distribution of Lyn can be a mechanism for actin regulation of stimulated responses in mast cells. Pervanadate is a pharmacological inhibitor of tyrosine phosphatases that stimulates degranulation responses which bypass receptor clustering by activating kinases, including Lyn. Latrunculin has no effect on pervanadate-stimulated degranulation (25), which shows that latrunculin acts upstream of receptor phosphorylation. Although cytochalasin does have some effects on downstream signaling evidenced by its enhancement of pervanadate stimulation, its effects on early signaling are similar to latrunculin (25, 28). Under the stimulation conditions used here, enhanced Lyn recruitment occurs in actin-disrupted RBL-2H3 cells without robust changes in IgE-FcεRI autocorrelations, indicating that latrunculin and cytochalasin do not affect receptor oligomerization caused by antigen stimulation under these conditions. Given that Lyn itself remains in an enzymatically active state in the presence of F-actin perturbation (25, 28, 50) enhanced access of Lyn to its substrate is a compelling hypothesis for the mechanism of increased signaling caused by F-actin perturbation and is supported by the enhanced spatial coupling to IgE-FcεRI that we observe at relatively early time points after stimulation. That latrunculin causes a more rapid but transient enhancement of Lyn recruitment to FcεRI is consistent with its intervention primarily in the initial steps of signaling and with the fact that it inhibits actin polymerization more effectively than cytochalasin for the first few minutes after antigen stimulation (25). Interestingly, latrunculin leads to depletion of actin from the Triton-insoluble, membrane associated pool of actin, while also causing weak phosphorylation of FcεRI β and Syk (25, 50). We observe a small but significant increase in the amplitude of Lyn/IgE-FcεRI cross-correlation in unstimulated latrunculin-treated cells, implying that Lyn recruitment to FcεRI could account for these effects. 

	For both latrunculin and cytochalasin treatment, enhancement of Lyn/IgE cross-correlation amplitudes occur transiently at time points soon after antigen stimulation. Amplitudes peak 3 and 6 min after stimulation for latrunculin and cytochalasin, respectively, before falling to levels that are not significantly different from untreated cells. The timing and direction of the effects of cytochalasin and latrunculin on Lyn/IgE-FcεRI co-localization are different than the behavior observed using antigen presented on patterned substrates (10) or recorded in FCS measurements (29). In those cases, Lyn/IgE-FcεRI co-localization was only detectable after 10 min of antigen stimulation, well after peak receptor phosphorylation, and was inhibited by pretreatment with cytochalasin while phosphorylation was enhanced. It is possible that recruitment of Lyn to clustered IgE-FcεRI at relatively long (>10 min) stimulation times is related to a negative-regulatory pathway that limits the extent of the degranulation response, and such a negative regulatory role has been proposed for Lyn (44, 51, 52). If this is the case, the fact that cytochalasin prevents Lyn recruitment to FcεRI (10, 29) is evidence that the pathway is also actin-dependent. Consistent with this, cytochalasin converts transient phosphorylation of FcεRI β to a much more long-lived response (26). 

	In contrast, we record antigen-stimulated Lyn recruitment to IgE-FcεRI that is concomitant with the initiation of receptor-correlated phosphotyrosine ( Fig. 3.3,  Fig. 3.8) and, like receptor phosphorylation ( Fig. 3.6), is enhanced by inhibition of actin polymerization ( Fig. 3.8). Live cell  super-resolution experiments have shown that DNP-BSA-induced IgE-FcεRI clustering sufficient for the initiation of Ca2+ mobilization occurs in the first few minutes after antigen addition (Chapter 2 and ref. (34), and enhancement of Lyn co-localization also occurs during this time frame. These data indicate that the cross-correlation we observe is related to the initiation of signaling and is negatively regulated by actin. In this situation, actin could act to physically segregate Lyn from receptor clusters, possibly via cytoskeletal interactions with ordered lipids that modulate the lipid environment of clustered receptors, to negatively regulate signaling. There is evidence for this segregation phenomenon from electron and fluorescence microscopy (26, 36) which has been supported by additional biochemical data (25, 28). It is possible that, using our imaging approach, we could measure Lyn recruitment at later stimulation time points that is reduced by inhibition of actin polymerization. In fact, for latrunculin-treated cells, the cross-correlation amplitude begins to dip below that of untreated cells at the 12 min stimulation time point, but this difference is not significant. We do not examine stimulation time points in our experiments that are late enough to assess this question. 

	Consideration of our results along with previous reports (10, 29) suggests separate interpretations of Lyn/IgE-FcεRI co-localization and its regulation by actin at early vs. late times after antigen stimulation. At early stimulation times, Lyn co-localizes with cross-linked IgE-FcεRI as part of the initiation of signaling. This association is limited through an actin polymerization-dependent process. At later times, Lyn association with IgE-FcεRI is possibly related to a negative regulatory process and is promoted by actin. In both cases, actin polymerization would lead to negative regulation of signaling. Physical shuttling of Lyn to and away from receptor clusters could occur through direct interaction with actin or, more likely, through an adapter protein such as the focal adhesion protein paxillin or the Src-family regulatory kinase Cbp/PAG. Considerable evidence exists that implicates each of these proteins in negative regulation of signaling via Lyn and association with the cytoskeleton. Paxillin is bound and phosphorylated by Lyn upon antigen stimulation and has been shown to negatively regulate early steps in the signaling cascade (2, 49, 50, 53–57). It also spatially localizes to antigen patches on patterned surfaces in an actin-polymerization- and Lyn-dependent manner (49), and may provide a direct link to the cytoskeleton (58). Cbp/PAG is strongly associated with ordered lipids and is both activated by and negatively regulates Lyn through recruitment of Csk, providing a feedback loop for Lyn signaling. Cpb/PAG can also interact with the cytoskeleton via linkage to Epb50 and ezrin. Lyn regulation by Cpb/PAG-Csk has been shown to be relevant in FcεRI signaling (52, 59), and in particular we note that Lyn association with immunoprecipitated FcεRI is decreased in stimulated cells over expressing Cbp/PAG (59). While there is currently no demonstrated role for ezrin for antigen-stimulated signaling in mast cells, ezrin is phosphorylated in an antigen- and actin polymerization-dependent manner (50). Ezrin does have a demonstrated role in coupling ordered membranes to the cytoskeleton via its attachment to Cbp/PAG as part of the regulation of B cell signaling (60). 



Regulation by actin is evident in a signaling-defective variant RBL cell line.	

	We conducted two-color imaging experiments analogous to experiments shown in Fig. 3.7 A and B in a variant RBL cell line, 1C1C8 cells. In these cells, antigen-stimulated receptor phosphorylation, Ca2+ responses, and degranulation are significantly delayed compared to RBL-2H3 cells, but IgE-FcεRI ligand binding and expression of FcεRI and Lyn are normal (R.P. Siraganian personal communication). There is evidence that the mechanism of inhibition of signaling in these cells involves overactive actin polymerization; treatment with cytochalasin accelerates antigen-stimulated Ca2+ responses to become comparable to RBL-2H3 kinetics without altering antigen binding (D. Holowka unpublished data). 

	As in RBL-2H3 cells, the amplitude of Lyn/IgE-FcεRI cross-correlations in 1C1C8 cells increases with time after antigen stimulation (Fig. 3.6 C). The absolute value of the amplitude in 1C1C8 cells is significantly reduced for the later time points measured in the experiment compared to RBL-2H3 cells (Fig. 3.6 B). Cytoskeletal perturbation has robust effects on the strength of Lyn co-localization with IgE-FcεRI that exhibit similar trends as latrunculin- and cytochalasin-induced changes we observe in RBL-2H3 cells. Both cytochalasin and latrunculin treatment cause enhancement of Lyn/IgE-FcεRI association. Cross-correlation amplitudes in cytochalasin-treated cells are larger for stimulated time points between 3 and 12 after antigen addition. Values of the cross-correlation amplitude for latrunculin-treated cells are enhanced in unstimulated cells and for time points 1 and 3 min after antigen addition, consistent with effects in RBL-2H3 cells. Unlike results from RBL-2H3 cells, the cross-correlation length ξ is also affected by cytoskeletal perturbation in 1C1C8 cells. ξ is not significantly different with and without cytochalasin or latrunculin in unstimulated cells, but latrunculin treatment delays the antigen-induced collapse of the size of Lyn/IgE-FcεRI correlated structures. ξ is significantly larger for cytochalasin-treated cells than untreated cells for time points following 1 min after stimulation. Overall, cytoskeletal perturbation appears to enhance coupling between Lyn and IgE-FcεRI in a more pronounced fashion in 1C1C8 cells compared to RBL-2H3 cells. Maximum differences in cross-correlation amplitude are larger in the case of latrunculin treatment and persist to longer stimulation times for cytochalasin-treated cells. Lyn/FcεRI cross-correlation lengths also appear to be sensitive to cytoskeletal perturbation in 1C1C8 cells. 

	For 1C1C8 cells, IgE-FcεRI autocorrelation amplitudes are largely unchanged, with the exception that cytochalasin-treated cells have larger values for the cross-correlation amplitude at the 12 minute stimulated timepoint compared to latrunculin-treated or untreated cells ( Fig. 3.7 B). Autocorrelation amplitudes are smaller in general for 1C1C8 cells compared to RBL-2H3 cells. ξ for IgE-FcεRI autocorrelations is also sensitive to cytoskeletal perturbation in 1C1C8 cells ( Fig. 3.7 B).

	Unlike the situation in RBL-2H3 cells, the size of IgE-FcεRI aggregates as measured by ξ is sensitive to actin depolymerization. Receptor clustering is also relatively weak compared to RBL-2H3 cells, and together these data suggest that mutations in these cells that suppress signaling may interfere with formation of large or dense clusters, or may lead to their rapid internalization. Inhibition of actin polymerization causes larger-magnitude cross-correlation amplitude enhancement in 1C1C8 cells mainly due to relatively low antigen-stimulated co-localization in untreated cells. Based on our interpretation of the data from RBL-2H3 cells, this is consistent with the hypothesis that overactive actin regulation of Lyn/IgE-FcεRI coupling contributes to suppressed signaling in these cells. 



Inhibition of actin polymerization amplifies antigen-dependent tyrosine phosphorylation correlated with IgE-FcεRI. 

	In two-color phosphotyrosine/IgE-FcεRI imaging experiments, we measure a functional outcome of cytoskeletal perturbation. We stimulate Dy654-sensitized RBL-2H3 cells, fix, and label for phosphotyrosine using the same methodology described for the data presented in Fig. 3.3, where this time the cells are first treated with cytochalasin or latrunculin as in the experiments shown in Fig. 3.6. As with Lyn/ IgE-FcεRI two-color images of actin-disrupted cells (Fig. 3.6, A), the organization of 4G10 and IgE-FcεRI does not appear to be dramatically altered by cytochalasin or latrunculin treatment by visual inspection of 2-color super-resolution images (Fig. 3.8, A).

 	Analysis of cross-correlation functions show that perturbation of the cytoskeleton leads to relative increases in receptor-correlated phosphotyrosine that are qualitatively similar to observed changes in Lyn/IgE co-localization under the same conditions of stimulation and latrunculin or cytochalasin treatment (Fig. 3.6 B). 4G10 label and IgE-FcεRI are more correlated in latrunculin and cytochalasin treated cells for all stimulated time points except for the 1 min time point in the case of cytochalasin treatment (Fig. 3.8, B). The effects of latrunculin are more prominent at earlier stimulated time points, whereas the differences between cytochalasin-treated and untreated cells are greater at the later stimulated time points measured in this experiment, consistent with trends observed for Lyn/IgE-FcεRI cross-correlations (Fig. 3.6, B). 

	To further clarify whether cytochalasin- and latrunculin-induced enhancement of stimulated IgE-FcεRI-localized phosphorylation depend on Lyn, we measure 4G10/IgE-FcεRI cross-correlation functions in a Syk-negative variant of the RBL-2H3 cell line. These cells do not express Syk kinase at a detectable level and do not exhibit antigen-stimulated Ca2+ or degranulation responses. IgE-FcεRI aggregation elicits receptor phosphorylation in Syk-negative cells, albeit at slightly lower levels. This difference is possibly due to protection of γ chains from de-phosphorylation by Syk binding in normal cells (61). Cells are stimulated with antigen for 6 min with and without pre-treatment with latrunculin or cytochalasin and labeled for phosphotyrosine. Super-resolution images of stimulated Syk-negative cells that are treated with latrunculin or cytochalasin look qualitatively similar to untreated cells (Fig. 3.9, A), but cross-correlation functions computed from these images have larger amplitudes ( Fig. 3.9, B). ξ is slightly larger in cytochalasin-treated cells compared to the other treatment conditions but is equivalent for latrunculin-treated and untreated cells. Data shown in  Fig. 3.9 was collected in an initial experiment and will need to be reproduced in order to confirm these results. Although these data are preliminary, they indicate that the difference we observe in IgE-FcεRI-correlated phosphotyrosine is present in the absence of signaling that depends on Syk activation and cannot be attributed to feedback inhibition caused by Syk-dependent processes. In Syk-negative cells, antigen-stimulated phosphorylation localized to IgE-FcεRI clusters depends on Lyn signaling, and so inhibition of actin polymerization enhances phosphorylation through a net decrease in the negative regulation of Lyn. This suggests that in normal RBL-2H3 signaling, at least one component of regulation by actin is negative regulation of Lyn. 

	Measurements of 4G10/IgE-FcεRI cross-correlations in cells treated with cytochalasin and latrunculin show that receptor-correlated phosphorylation is enhanced, with time dependence that matches Lyn/IgE-FcεRI co-localization enhancement for each drug (Figs. 3.6 B and 3.8 B). This correlative result supports the hypothesis that the latrunculin and cytochalasin-dependent increase in coupling of Lyn to clustered receptors observed at early stimulation times is associated with the initiation of signaling and can be responsible for the amplification of downstream signaling responses caused by treatment with these drugs. It also provides evidence that F-actin perturbation leads to an elevated response to antigen even in the first steps of IgE receptor signaling, in agreement with experiments that have demonstrated enhanced phosphorylation of FcεRI and other downstream signaling proteins such as Syk and LAT when actin polymerization is inhibited (10, 25, 26, 28, 50). Here we are additionally able to show this enhancement of signaling through direct, high-resolution imaging of signaling moieties in situ on the plasma membrane. 

	Our preliminary finding that receptor-correlated phosphotyrosine is also elevated in stimulated Syk-negative cells is consistent with the idea that cytoskeletal perturbation causes enhanced receptor-correlated phosphotyrosine in RBL-2H3 cells through removal of negative regulation of Lyn coupling to IgE-FcεRI by actin. It has been demonstrated that while total phosphorylation is dramatically reduced in Syk-negative cells, phosphorylation of the FcεRI β, and to lesser extent γ, is still observed, confirming that Lyn causes antigen-stimulated receptor phosphorylation in the absence of Syk (61). 

	Whereas Lyn recruitment to IgE-FcεRI in actin-disrupted cells is enhanced compared to untreated cells for only the first few minutes after stimulation, the effects of actin depolymerization on elevation of receptor-correlated phosphotyrosine are more long-lived, extending through the longest stimulation timepoint measured in this experiment (6 min) for both latrunculin and cytochalasin treatment. This indicates that either the increase in phosphorylation induced at earlier stimulation times is long-lived and/or dephosphorylation by phosphatases is inhibited by F-actin perturbation. In relation to Lyn/IgE-FcεRI cross-correlation in the presence and absence of actin perturbation (Fig. 3.6), we have discussed the possibility that the continued accumulation of Lyn with clustered receptors at later stimulation times is somehow related to negative regulation of signaling. If this is the case, enhanced phosphorylation of receptor clusters at these later time points for cells where actin polymerization is inhibited compared to untreated cells would be consistent with similar or lower levels of Lyn co-localization. For example, phosphorylation is enhanced over receptor clusters on patterned substrates even when cytochalasin prevents the accumulation of Lyn in these regions (10).



Lipid anchor type plays a role in the magnitude and actin-dependence of stimulated co-localization of lipid-anchored proteins with IgE-FcεRI.

	Localization of Lyn with ordered lipids mediated by its order-preferring lipid anchorage is thought to be important for its phosphorylation of IgE-FcεRI upon receptor cross-linking (14, 16), and has been shown to partially mediate co-localization with FcεRI on patterned substrates (10) and cells cross-linked at 4°C (17). To test the hypothesis that the lipid anchorage of Lyn can be a structural factor that participates in actin-based regulation of Lyn-receptor interaction, we used the fluorescent construct PM-mEos3.2. PM-mEos3.2 consists of mEos3.2 and the N-terminal tail of Lyn that includes its palmitoylation and myristoylation sites, but does not retain its kinase or protein-binding domains. We imaged stimulated cells transfected with this construct in conjunction with Dy654-IgE ( Fig. 3.10). From two-color images, we observe a distribution of PM-mEos3.2 that is qualitatively similar to that of Lyn with respect to Dy654 IgE in stimulated cells ( Fig. 3.10, A). Also like Lyn, PM-mEos3.2 becomes increasingly correlated with IgE receptors with increasing stimulation time as measured by the cross-correlation amplitude ( Fig. 3.10, B), and PM-mEos3.2 association with IgE receptor is enhanced by treatment with latrunculin. Trends in the stimulation time-dependent increase of PM/IgE-FcεRI cross-correlation and the effect of latrunculin treatment match the behavior observed for Lyn/IgE-FcεRI cross-correlations, except that PM/IgE-FcεRI co-localization grows at a slower rate than Lyn/IgE-FcεRI with respect to stimulation time in both untreated and latrunculin-treated cells. PM/IgE-FcεRI correlation lengths also decrease with stimulation time. Values of ξ are slightly larger than for Lyn/IgE-FcεRI cross-correlations, but this difference is not significant for several stimulated time points. 

	For comparison to the PM lipid anchor, we measured the co-localization of IgE-FcεRI with a second lipid-anchored mEos3.2 construct, mEos3.2-GG. Here, mEos3.2 is associated with the plasma membrane via the lipid anchorage of K-Ras, which consists of a geranylgeranyl modification and a polybasic sequence. In two-color images, mEos3.2-GG seems to form structures that are correlated with IgE-FcεRI clusters less frequently than PM-mEos3.2 ( Fig. 3.10, A). There is a small antigen-induced increase in GG/IgE-FcεRI interaction after 1 min of antigen stimulation, but the cross-correlation amplitude quickly plateaus and does not reach levels comparable to PM/IgE-FcεRI or Lyn/IgE-FcεRI cross-correlations during the stimulation times measured ( Fig. 3.10, B). GG/IgE-FcεRI coupling is not significantly affected by latrunculin treatment. GG and IgE-FcεRI are correlated over fairly consistent distances before and after stimulation that are not affected by latrunculin treatment as measured by ξ. 

	From these data, it appears that the PM anchor is sufficient to cause nanoscale co-localization of PM-mEos3.2 with clustered IgE-FcεRI. This co-localization is consistent with previous reports of PM co-localization with receptor in cells cross-linked at 4°C (17, 18) and stimulated on antigen-patterned surfaces (10), and here we also observe PM recruitment at high spatial resolution, at early stimulation times relevant to the initiation of signaling, and with stimulation at physiological temperature. We also show that targeting to ordered lipids is relevant for actin destabilization-dependent enhancement of co-localization which has been suggested by fluorescence imaging experiments (26).The kinetics of PM recruitment to IgE-FcεRI are slowed compared to Lyn, as they are for recruitment of PM to patterned antigen (10). This is suggests a joint contribution of Lyn binding to FcεRI via its SH2 domain (11, 62) and Lyn association with ordered lipids to its co-localization with cross-linked IgE-FcεRI (9, 10, 63) . 	

	In contrast to PM-mEos3.2, mEos3.2-GG co-redistribution with clustered receptors is much more modest and is not significantly affected by inhibition of actin polymerization. The GG lipid anchor associates with ordered lipids to a lesser extent than PM (64). When RBL-2H3 are subjected to receptor cross-linking at low temperatures GG co-localizes more weakly than PM to receptor patches (17). Comparison of GG and PM diffusion in this situation suggests that GG does not strongly interact with components within the receptor patch, whereas PM becomes substantially confined (18) . 

	The cytoskeleton itself can cause dramatic changes in the ordered lipid environment of the membrane through the antigen-stimulated actin remodeling exemplified in the TIRF images shown in  Fig. 3.4 (30). These changes are apparently caused by the initial antigen-stimulated depolymerization of actin that is evident in these TIRF images, and accordingly also occurs with cytochalasin or latrunculin treatment (30). This is a compelling reason to think that actin regulation of antigen-stimulated processes can occur through membrane lipids, and in this context, our data is suggestive of negative regulation of signaling by actin via Lyn is mediated through association of Lyn with ordered lipids. Super-resolution fluorescence localization microscopy allows us to assess these questions at high resolution through direct imaging of the plasma membrane. With this tool in hand, we are in a position to test models of actin cytoskeleton-induced organization of plasma membrane lipids.
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 Fig. 3.1 Two-color super-resolution imaging measures distributions of IgE receptor and Lyn as a function of antigen stimulation. Cells expressing Lyn-mEos3.2 and sensitized with Dy654 IgE are stimulated with 500ng/ml DNP-BSA for 0, 1, 3, 6, or 12 min, fixed, and imaged as described in the Materials and Methods. Representative cell images are shown for each stimulation time point, including the Dy654 super-resolution image represented in red (top row), the mEos3.2 image in green (middle row), and the overlaid image (bottom row). Regions indicated by white boxes are magnified in the insets. The map of single-probe localizations obtained through super-resolution imaging is convolved with two-dimensional Gaussian functions with radii of 50nm in whole images and 20nm in insets for display.  
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 Fig. 3.2 Pair-correlation analysis shows stimulation time-dependent nanoscale co-localization of IgE-FcεRI and Lyn. Individual and average pair-correlation functions (A) and average fit parameters (B) for the set of Lyn-mEos3.2 and Dy654 IgE images collected of cells stimulated for 0, 1, 3, 6, or 12 min as in  Fig. 3.1. (A) Individual Lyn/IgE-FcεRI cross-correlation functions (left), IgE-FcεRI auto-correlation functions (middle), and Lyn auto-correlation functions (right) calculated from two-color images, Dy654 images, and mEos3.2 images, respectively, are plotted with fits. Individual Lyn/IgE-FcεRI cross-correlation functions and Lyn auto-correlation functions are fit to Eqn. 2, gfit(r) = gPSF(r)*[1+ (Aexp(-r/ξ))], where gPSF is determined from the resolution of the measurement as described in the Materials and Methods. The measured IgE-FcεRI autocorrelations shown are fit to Eqn. 1, gmeas(r) = exp{-r2/4σ2}/(4π σ2 ρ)+ g(r>0) *gPSF(r). The first term includes contributions from over-counting. σ, ρ, and gPSF are determined as described in the Materials and Methods, and g(r>0) is approximated with the exponential function, 1+ Aexp(-r/ξ). Fits of these individual auto- and cross-correlation functions to Eqns. 1 or 2 are used to extract the fit parameters A (Amplitude) and ξ for each correlation function. Average correlation functions for the group of cells at each time point (n=8 or 9 for each time point) and are plotted in black-outlined circles. The fit of average correlation functions to Eqn. 1 or 2 for IgE auto-correlations or Lyn/IgE-FcεRI cross correlations and Lyn auto-correlations, respectively, are plotted in bold lines. (B) Fit parameters Amplitude and ξ generated by the fit of individual Lyn/IgE-FcεRI cross-correlation functions (left), IgE-FcεRI auto-correlation functions (middle), and Lyn auto-correlation functions (right) are averaged and plotted as a function of stimulation time. Error bars represent SEM. 
















 Fig. 3.3 4G10/IgE-FcεRI cross-correlation amplitude increases with stimulation time. (A)Two-color  super-resolution fixed cell images of A488 4G10 immunolabeled phosphotyrosine and Dy654 IgE in cells stimulated for 0 min (left) or 6 min (right). Regions indicated by white boxes are magnified in the insets. The map of single-probe localizations obtained through super-resolution imaging is convolved with two-dimensional Gaussian functions with radii of 50nm in whole images and 20nm in insets for display purposes. (B) Cross-correlation fit parameters Amplitude and ξ as a function of stimulation time for A488 4G10/Dy654 IgE-labeled cells that were stimulated for 0, 1, 3, or 6 min. averaged over multiple cells for each timepoint (n = 6 cells per timepoint for A488 4G10/Dy654 IgE experiments and n=8 or 9 cells per timepoint for Lyn-mEos3.2/Dy654 IgE experiments). Lyn/IgE-FcεRI cross-correlation function fit parameters are also plotted and were reproduced from  Fig. 3.2. 




















 Fig. 3.4 Cortical actin undergoes dynamic reorganization in the first minutes after antigen addition. Live cell TIRF imaging of an RBL-2H3 cell transfected with LifeAct GFP shows antigen-induced changes in the cortical actin cytoskeleton. Cells were imaged at approximately 35°C. The time in seconds after addition of 500ng/ml DNP-BSA is shown for each image, where antigen is added at t = 0s. Before stimulation, actin fluorescence is distributed across the footprint of the cell, with some areas of higher concentration punctuate actin structures. Around 30sec after stimulation, the actin signal is depleted from the ventral surface across most of the cell footprint , however the cell periphery is relatively enriched in polymerized actin. Within 1 minute after antigen addition, punctate actin structures reappear and become more numerous over the course of the next several minutes. An expanded series of images depicting the first 60 seconds after antigen addition clearly shows the rapid depletion of cortical actin from the ventral membrane followed by the development of actin puncta. 
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 Fig. 3.5 Antigen-stimulated coupling of IgE-FcεRI to actin is not readily detectable by two-color super-resolution imaging. (A) Representative two-color images of Dy654 IgE and mEos3.2 LifeAct in cells stimulated for 0 (left), .5 (middle), or 3 (right) min. Regions indicated by white boxes are magnified in the insets. The map of single-probe localizations obtained through super-resolution imaging is convolved with two-dimensional Gaussian functions with radii of 50nm in whole images and 20nm in insets for display purposes. (B) Average amplitude of the fit to Eqn. 2 of cross correlation functions of LifeAct/IgE-FcεRI images as a function of stimulation time (n = 4 or 5 cells for each time point). Error bars represent SEM. 
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 Fig. 3.6 Inhibition of actin polymerization enhances Lyn/IgE-FcεRI cross-correlation amplitude. Representative Lyn-mEos3.2/Dy654 IgE two-color super-resolution images (A) and average cross-correlation function fit parameters for fits to Eqn. 2 (B, C) for cells that were stimulated for 0, 1, 3, 6, or 12 min with and without pre-treatment with 1µM latrunculin or cytochalasin and stimulation in the presence of the drug. (A) Representative images of cells stimulated for 6 min without (top) or with treatment with cytochalasin (middle) or latrunculin (bottom). (B) Lyn/IgE-FcεRI cross-correlation fit parameters Amplitude and ξ as a function of stimulation time for RBL-2H3 cells expressing Lyn-mEos3.2 and sensitized with Dy654 IgE that were stimulated for 0, 1, 3, 6, or 12 min with and without treatment with actin-disrupting drugs. Fit parameters are averaged over multiple cells for each timepoint (n=8 or 9 cells per timepoint for untreated cells, n = 9 cells per timepoint for cytochalasin-treated cells, and n = 7 cells per timepoint for latrunculin-treated cells). Lyn/IgE-FcεRI cross-correlation function fit parameters are also plotted and were reproduced from  Fig. 3.2. Error bars denote SEM. (C) Average cross-correlation function fit parameters for 1C1C8 cells labeled, treated (or not) with cytochalasin or latrunculin, and stimulated under the same conditions as RBL-2H3 cells in (B). n = 7 cells per timepoint for all treatment conditions. Error bars denote SEM.



 Fig. 3.7 Lyn mEos3.2 and Dy654 IgE auto-correlation fit parameters for cells treated with actin polymerization inhibitors. Average auto-correlation function fit parameters Amplitude and ξ extracted from fits to Eqn. 1 for IgE auto-correlation functions and Eqn. 2 for Lyn auto-correlation functions as a function of stimulation time for the cells whose average cross-correlation function fit parameters are shown in  Fig. 3.6. (A) Average Lyn and IgE-FcεRI auto-correlation function fit parameters for RBL-2H3 cells expressing Lyn-mEos3.2 and sensitized with Dy654 IgE that were stimulated for 0, 1, 3, 6, or 12 min with and without treatment with actin-disrupting drugs. Fit parameters are averaged over multiple cells for each timepoint (n=8 or 9 cells per timepoint for untreated cells, n = 9 cells per timepoint for cytochalasin-treated cells, and n = 7 cells per timepoint for latrunculin-treated cells). Error bars denote SEM. (B) Average auto-correlation function fit parameters for 1C1C8 cells labeled, treated (or not) with cytochalasin or latrunculin, and stimulated under the same conditions as RBL-2H3 cells in (A). n = 7 cells per timepoint for all treatment conditions. Error bars denote SEM.





Fig. 3.8 Receptor-correlated phosphotyrosine is enhanced due to inhibition of actin polymerization. Representative A488 4G10/Dy654 IgE two-color super-resolution images (A) and average cross-correlation function parameters for fits to Eqn. 2 (B) for RBL-2H3 cells that were stimulated for 0, 1, 3, or 6 min with and without pre-treatment with 1µM latrunculin or cytochalasin. Treated cells were also stimulated in the presence of the drug. (A) Selected images of cells stimulated for 6 min without (top) or with treatment with cytochalasin (middle) or latrunculin (bottom). (B) 4G10/IgE-FcεRI cross-correlation fit parameters Amplitude and ξ as a function of stimulation time for RBL-2H3 cells sensitized with Dy654 IgE and immunolabled with A488 4G10 anti-phosphotyrosine that were stimulated for 0, 1, 3, or 6 min with and without treatment with actin-disrupting drugs. Fit parameters are averaged over multiple cells for each timepoint (n=6 cells per timepoint for untreated cells, n = 7 cells per timepoint for cytochalasin and latrunculin-treated cells ). 4G10/IgE-FcεRI cross-correlation function fit parameters are also plotted and were reproduced from  Fig. 3.3. Error bars denote SEM. 

 

 Fig. 3.9 Increased receptor phosphorylation due to cytochalasin and latrunculin is mediated by Lyn. Representative A488 4G10/Dy654 IgE two-color super-resolution images (A) and average cross-correlation function parameters for fits to Eqn. 2 (B) for Syk-negative TB1A2 cells that were stimulated for 6 min with and without pre-treatment with 1µM latrunculin or cytochalasin. Treated cells were stimulated in the presence of the drug. (A) Selected images of cells stimulated for 6 min without (top) or with treatment with cytochalasin (middle) or latrunculin (bottom). (B) Average 4G10/IgE-FcεRI cross-correlation fit parameters Amplitude and ξ at for A488 4G10/Dy654 IgE two-color images of Syk-negative cells that were stimulated for 6 min with and without treatment with actin-disrupting drugs. Fit parameters are averaged over multiple cells for each treatment condition (n=4 cells for all treatment conditions). Error bars denote SEM.






 Fig. 3.10 Lipid anchorage of mEos3.2 constructs determines antigen-induced recruitment to IgE/FcεRI and the effects of cytoskeletal perturbation. Representative two-color super-resolution images (A) and average cross-correlation function fit parameters for fits to Eqn. 2 (B) for cells expressing PM-mEos3.2 or mEos3.2-GG sensitized withDy654 IgE. (A) Representative images of Dy654 IgE (top), PM-mEos3.2 (middle, left) or mEos3.2-GG (middle, right), and merged images (bottom) in cells stimulated for 6 min. (B) Average PM/IgE-FcεRI and GG/IgE-FcεRI cross-correlation fit parameters Amplitude and ξ as a function of stimulation time in RBL-2H3 cells. Cells were stimulated for 1, 3, 6, or 12 min for PM-mEos3.2-expressing cells or 0, 1, 3, 6, or 12 min for GG-mEos3.2-expressing cells with and without pre-treatment with and stimulation in the presence of 1 µM latrunculin. Fit parameters are averaged over multiple cells for each timepoint (n=7 cells per timepoint for cells expressing both constructs and for both treatment conditions). Error bars denote SEM. 
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CHAPTER THREE



ANTIGEN-STIMULATED NANOSCALE CO-LOCALIZATION OF IgE RECEPTOR WITH LYN KINASE IS REGULATED BY THE ACTIN CYTOSKELETON



SUMMARY 

	Allergic signaling in mast cells is initiated by phosphorylation of the receptor for immunoglobulin E (IgE), FcεRI, when IgE-FcεRI complexes are cross-linked by binding of multivalent antigen. Lyn tyrosine kinase is the Src family kinase that is chiefly responsible for this initiation of FcεRI signaling. Using two-color super-resolution localization microscopy, we measure the distributions of IgE-FcεRI and Lyn on the plasma membrane of fixed cells with 20-25 nm resolution. By applying quantitative pair-correlation analysis, we detect spatial co-localization of Lyn with IgE within 1 min following antigen stimulation. The resolution afforded by our imaging technique gives us access to early time points during the initiation of signaling, when stimulated changes in membrane organization occur on length scales too small to be detectable by other optical methods. With this improved sensitivity, we investigate the role of the actin cytoskeleton in regulating interactions of Lyn with FcεRI. Cells treated with agents that inhibit actin polymerization exhibit enhanced antigen-stimulated coupling to Lyn in mast cells. In fixed cell imaging experiments, inhibition of actin polymerization causes enhancement of Lyn co-localization with FcεRI at time points soon after antigen addition, accompanied by augmented tyrosine phosphorylation of receptor clusters. Based on comparison with differently anchored analogues, the lipid environment of Lyn is implicated as a mediator of this regulation by F-actin. Our results are consistent with the idea that IgE receptor signaling is negatively regulated by the actin cytoskeleton via modulation of the spatial association of Lyn with FcεRI that is mediated by plasma membrane lipids. Implementation of super-resolution microscopy has allowed us to visualize this spatial regulation of Lyn coupling to FcεRI on the scale of molecular complexes.



INTRODUCTION

	In mast cells, cellular signaling that results in the allergic immune response depends on the spatial rearrangement of signaling molecules on the plasma membrane. Cross-linking of immunoglobulin E (IgE) bound to its high-affinity receptor, FcεRI, by multivalent antigen causes the formation of receptor clusters at the plasma membrane. Receptor clustering promotes phosphorylation of immunoreceptor tyrosine-based activation motifs (ITAMs) on the β and γ2 subunits by the Src family kinase Lyn, which is independently anchored to the plasma membrane, followed by recruitment and activation of Syk kinase. Through phosphorylation of multiple Syk substrates, downstream signaling responses are initiated, including Ca2+ mobilization and release from the cell of secretory granules containing pro-inflammatory molecules (1–3). Lyn-mediated phosphorylation of FcεRI is the first biochemical step in the signaling response following receptor cross-linking (4–6). The stimulated capacity of Lyn to spatially associate with clustered IgE-FcεRI, such as through a shared lipid environment in the plasma membrane, is likely to be a crucial factor in its capacity to phosphorylate FcεRI and produce a signaling response. The mechanisms by which receptor clustering initiates co-localization of Lyn with FcεRI and how this association is dynamically regulated before and during signaling continue to be open questions in the field. 

	 Lyn may weakly associate with FcεRI β in the absence of receptor cross-linking (2, 7, 8), and this association increases via protein-protein and lipid-mediated interactions when receptors are clustered (9). Mutation of FcεRI-binding domains or inhibition of Lyn kinase activity result in a partial loss of Lyn association with cross-linked FcεRI when antigen is presented on patterned substrates (10, 11). There is also a large body of evidence that a shared preference of cross-linked FcεRI and Lyn for association with ordered lipids is a mechanism of association of clustered FcεRI (12–16). The order-preferring N-terminal sequence of Lyn that contains its palmitoylation and myristoylation sites has been found to be sufficient for co-localization with cross-linked receptor (10, 17, 18). Conversely, disruption of ordered lipids through depletion of membrane cholesterol prevents stimulated co-localization (9, 15). Co-compartmentalization of FcεRI with Lyn in ordered regions of the plasma membrane has been shown to be not only important for localization of Lyn at receptor clusters, but is also crucial for positive regulation of receptor phosphorylation and Lyn activity through protection from transmembrane phosphatases (14, 19, 20).

	The cortical actin cytoskeleton can influence the organization of cell membrane components in general and has been implicated as a regulator of FcεRI signaling. Receptor cross-linking causes a stimulated increase in actin polymerization (21). Inhibition of actin polymerization with drugs such as latrunculin A and cytochalasin D enhances stimulatory responses at both early and late stages of the signaling cascade (22–28), suggesting a negative regulatory role for the actin cytoskeleton. Of interest to us, actin appears to influence even the initial steps following receptor cross-linking, including Lyn co-localization to clustered receptors (10, 26, 29) and receptor phosphorylation (25, 26, 28). The molecular mechanism of how actin might regulate signaling on the level of receptor clustering and association with Lyn is unknown, but in several cases a relationship has been established between the cytoskeleton and ordered membrane lipids. For example, inhibition of actin polymerization caused by either cytochalasin treatment or antigen stimulation causes changes in the lipid composition of ordered membranes (30). One hypothesis is that through regulation of ordered membrane domains or interaction with order-preferring species, actin modulates the co-localization of Lyn with receptors to suppress an inappropriate signaling response (25, 26). Based on this existing evidence, a theoretical framework has been developed that describes how the actin cytoskeleton might facilitate nanoscale compartmentalization of the plasma membrane through interaction with lipid phase heterogeneity (31, 32), and thereby regulate membrane signaling processes such as coupling of Lyn and FcεRI. 

	The ability to measure the co-localization of Lyn and IgE-FcεRI on the nanoscale at early stimulation timepoints would enable investigation the spatial regulation of Lyn/FcεRI interactions and how it contributes to the initiation of signaling and the dynamic regulation of the response. Lyn association with IgE receptors has been measured by a number of biochemical techniques (7, 8, 12), but these approaches are severely limited in capturing the spatial component of signaling. Thus, direct visualization of Lyn coupling to IgE receptor during the initiation of signaling has proven difficult. At the resolution obtainable in standard optical microscopy experiments, the distribution of immunolabeled Lyn or a transiently transfected fluorescent Lyn construct appears relatively uniform, appears unaffected by receptor cross-linking at physiological or room temperatures, and does not exhibit robust co-localization with IgE-FcεRI aggregates (26). Lyn co-localization with IgE-FcεRI has been observed under somewhat specialized stimulation conditions that stabilize large patches of cross-linked receptor at the membrane and inhibit receptor internalization, such as cross-linking at 4°C or in the presence of cytochalasin (15, 17, 18, 26), or presentation of antigen on micron-scale patterned substrates (10, 33). More sensitive optical techniques such as multiphoton FCS have also detected Lyn interactions with IgE receptor in living cells at room temperature (29). Even in these cases, Lyn co-localization or co-diffusion with IgE receptor is only observed at micron length scales after relatively long periods of receptor cross-linking for many minutes at room temperature, while receptor phosphorylation is observable at shorter timescales within a few minutes of antigen stimulation. 

	Direct imaging of Lyn/FcεRI co-localization has posed a challenge likely due to the small length scales of antigen-stimulated co-redistribution of Lyn and IgE-FcεRI. The dimensions of IgE-FcεRI clusters at the earliest stages of signaling are well below the diffraction limit of light (34–36), and local Lyn enrichment in clusters less than 100nm in dimension could be too subtle to detect by conventional fluorescence microscopy. Additionally, Lyn coupling to IgE-FcεRI could be controlled within compartmentalized structures of plasma membrane lipids and the actin cytoskeleton, the dimensions of which are also sub-diffraction (31, 32).

	To image the co-localization of Lyn with IgE-FcεRI that occurs within minutes of receptor cross-linking with sufficient sensitivity to simultaneously assess the potentially subtle effects of the actin cytoskeleton, we require spatial resolution on the length scale of receptor clusters or smaller. This chapter describes our quantitative characterization of antigen-stimulated Lyn recruitment to IgE-FcεRI complexes and resulting phosphorylation of receptor clusters using two-color super-resolution localization microscopy. This recently developed fluorescence microscopy technique affords spatial resolution improved by an order of magnitude compared to conventional fluorescence imaging (37–39). We quantify the nanoscale co-redistribution of Lyn with clustered FcεRI and test for effects of actin cytoskeleton perturbation using the actin polymerization inhibitors latrunculin A and cytochalasin D. These experiments demonstrate a regulatory role for F-actin in the spatial coupling of Lyn to FcεRI during the first few minutes of stimulation, and they clarify the mechanism of signaling enhancement caused by inhibition of actin polymerization. Through our use of super-resolution localization microscopy, we are able to contribute a picture of Lyn-IgE-FcεRI coupling at sufficiently high resolution to characterize the interaction between these proteins by direct imaging in cells stimulated with soluble antigen at physiological temperature. These advances bring us closer our goal of uncovering the physical mechanisms that give rise to the spatial regulation of FcεRI signaling, including the role of the actin cytoskeleton in regulation of membrane organization. 



MATERIALS AND METHODS



Chemicals and reagents 

Cell culture reagents, including Minimum Essential Medium (MEM), Trypsin-EDTA, and gentamicin sulfate, were acquired from Life Technologies (Carlsbad, CA). Fetal bovine serum (FBS) was purchased from Atlanta Biologicals (Atlanta, GA). Cell culture dishes were purchased from MatTek (Ashland, MA) and 125nm Tetraspeck fluorescent beads were purchased from Life Technologies. The amine reactive fluorophore Dy654 was purchased from Dyomics GmbH (Jena, Germany). Dy654-IgE was prepared by conjugating purified mouse monoclonal anti-2,4-dinitrophenyl (DNP) IgE with AF532 Dy654, as previously described (29, 40). Dy654-IgE was measured to have a dye:protein ratio of 2.7:1. Multivalent antigen, dinitrophenyl-conjugated BSA (DNP-BSA), with an average of 15 DNP molecules per BSA was prepared as described previously (41). Latrunculin A was purchased from both Life Technologies and Sigma-Aldrich (St. Louis, MO), and cytochalasin D was purchased from Sigma-Aldrich. Glutaraldehyde (25% stock) was purchased from Ted Pella (Redding, CA). Para-formaldeyde was purchased from Electron Microscopy Services (Hatfield, PA). Fish gelatin was purchased from Sigma. Supplies for the super-resolution buffer including β-mercaptoethanol, glucose oxidase, catalase, and Tris-HCl were acquired from Sigma. Antiphosphotyrosine clone 4G10 antibody was obtained from Millipore (Billerica, MA), and the AlexaFluor 488-conjugated anti-mouse IgG2b secondary antibody was purchased from Life Technologies. 



Fluorescent constructs and variant RBL cell lines

Lyn-mEos3.2 and mEos3.2-LifeAct constructs were prepared through site-directed mutagenesis to incorporate I102N, H158E, and Y189A mutations into mEos2 (42). Lyn-mEos2 and mEos2-LifeAct constructs were generous gifts from Dr. Sarah Veatch (University of Michigan). PM-mEos3.2 and mEos3.2-GG constructs were prepared through restriction enzyme excision of EGFP from PM-EGFP and EGFP-GG constructs followed by insertion and ligation of the mEos3.2 sequence. PM-EGFP and EGFP-GG were described previously (17). RBL 1C1C8 and Syk-negative RBL TB1A2 cell lines were gifts from Dr. Reuben Siraganian (NIH). 



Preparation of fixed RBL-2H3 samples for imaging

Cell culture and plating

MatTek culture dishes were prepared to receive cell samples with addition of fiduciary markers. Dishes were oxygen plasma-cleaned for 3-5 minutes. Immediately following plasma-cleaning, a dilute solution (2:100-5:1000 in phosphate-buffered saline (PBS)) of Tetraspeck fluorescent nanospheres was applied to the glass coverslip surface in each dish. The Tetraspeck solution was incubated in the dishes for 30 min before they were rinsed three times with cell culture medium. Rat basophilic leukemia-2H3 (RBL-2H3) cells were maintained in culture using medium containing MEM 20% FBS, and 10 μg/ml gentamicin sulfate at 37°C and 5% CO2 as described previously (40). 1C1C8 and TB1A2 RBL cell lines were cultured under identical conditions. RBL-2H3, 1C1C8, and Syk-negative TB1A2 cells were harvested using Trypsin-EDTA and were either plated onto prepared MatTek coverslip dishes or transiently transfected (RBL-2H3 or 1C1C8 cells) with a fluorescent construct before plating as described below. When cells were plated immediately after harvesting, 0.15 x 106 cells were added to the coverslip dishes to achieve a sparse distribution for imaging before incubation overnight at 37°C.



Transient transfection

RBL-2H3 or 1C1C8 cells were transiently transfected with Lyn-mEos3.2, mEos3.2-LifeAct, PM-mEos3.2, or mEos3.2-GG fluorescent constructs using an electroporation procedure. Approximately 1.0 x 107 cells were harvested using Trypsin-EDTA, pelleted and resuspended in 500 µl cold electroporation buffer (137 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, 1 mg/ml glucose, and 20 mM HEPES, pH 7.4), and added to electroporation cuvettes on ice containing 10-30 µg of DNA plasmid in solution. Cuvettes were then pulsed using a Bio-Rad GenePulser Xcell (exponential decay, 280 V, 90 μF). Cells were immediately resuspended in medium and plated in MatTek dishes prepared with fiducial markers. Medium was exchanged after 1 hour, and the cells were left in the incubator overnight for recovery and expression of the construct. 



Sensitization, stimulation, and fixation

Cells were sensitized with 3g/ml Dy654-labeled IgE in HEPES-buffered RBL medium (80% MEM, 20% fetal bovine serum, 50 mg/L gentamicin, and 30 mM HEPES) for 45 min at room temperature. Following sensitization, IgE-containing medium was replaced with warm RBL medium and left at 37°C for 5 min. For experiments involving latrunculin A or cytochalasin D treatment, cells were then incubated with 1µg/ml latrunculin or cytochalasin in medium for 5 additional minutes. The cells were then stimulated with multivalent antigen (500 ng/ml DNP-BSA in medium or 500ng/ml DNP-BSA with 1µg/ml latrunculin or cytochalasin in medium for latrunculin/cytochalasin treatments) for 0, 1, 3, 6, or 12 minutes at 37ºC. Dishes were then rinsed with warm PBS and chemically fixed (4% paraformaldehyde and 0.1% glutaraldehyde in PBS) for 10 minutes at room temperature. The fix was then quenched with blocking buffer (10 mg/ml BSA in PBS) for 10 minutes. Fixed samples were rinsed three more times in blocking buffer before imaging. When imaging did not directly follow sample preparation, the samples were stored in blocking buffer with azide (10mg/ml BSA, 0.03% sodium azide in PBS) at 4 ºC. 



Phosphotyrosine immunolabeling

Phosphotyrosine was labeled in RBL-2H3, 1C1C8, and TB1A2 fixed samples using an anti-phosphotyrosine mouse monoclonal (clone 4G10) antibody. Cells were plated, sensitized, stimulated, and fixed as described above. After fixation and repeated rinsing with blocking buffer, dishes were incubated with a solution of the 4G10 antibody with TritonX-100 for cell permeablization in blocking buffer (5 μg/ml 4G10 antibody, 0.1% TritonX-100, and 10mg/ml BSA in PBS) for 1 hour at room temperature. Dishes were rinsed five times with blocking buffer and incubated with A488-conjugated anti-mouse IgG2b (10 μg/ml A488 anti-mouse antibody, 0.1% TritonX-100, and 10 mg/ml BSA in PBS) for 1 hour. Dishes were rinsed five times with blocking buffer before imaging or storage in blocking buffer with azide. 



Super-resolution imaging

Imaging setup

Labeled samples were imaged on an inverted microscope (Leica DM-IRB, Wetzlar, Germany) under illumination through a 1.42 numerical aperture 100X Leica TIRF objective lens. The microscope is equipped with epi-fluorescence illumination via a mercury arc lamp as well as 50mW 405, 100W 488, 100mW 561nm, and 100mW 642 diode-pumped solid state lasers (Coherent , Santa Clara, CA) for TIRF imaging. Lasers are outfitted with cleanup filters (Chroma Technology Inc., Burlington, VT) and are attenuated with neutral density filters (ThorLabs, Newton, NJ) as needed for the illumination requirements of the experiment. Multi-bandpass excitation, polychroic, and emission filters (Chroma Technology Inc.) admit excitation from all four lasers and simultaneously pass emission from multiple channels. The emission path is coupled through a two-channel Optosplit emission splitter (Cairn Optics, Faversham, UK), which separates the channels onto two distinct regions of the camera CCD, enabling simultaneous recording of two color channels on the same camera. Images are recorded with an Andor iXon 897 EM-CCD camera (Andor, Belfast, UK) using custom image acquisition code written in Matlab (The MathWorks, Natick, MA). 



Data acquisition

Fixed cells were imaged in the presence of an oxygen-scavenging and reducing imaging buffer (100mM Tris, 10mM NaCl, 10% w/w glucose, 500 μg/mL glucose-oxidase, 40μg/mL catalase, and 1% β-mercaptoethanol at pH 8.5). For mEos3.2/Dy654 two-color imaging, epi-fluorescence illumination was used to locate cells expressing mEos3.2 constructs in the green emission channel. Cells were selected based on moderate expression of the fluorescent construct, while highly overexpressing cells were avoided. Once a transfected cell was selected, the illumination was switched to TIRF mode using the 561nm and 642nm lasers. mEos3.2 and D654 emission were simultaneously monitored using the Optosplit outfitted with a dichroic mirror and emission filters to split and isolate the red and far-red channels. Laser powers were then increased to induce photoswitching of Dy654 and enable imaging of mEos3.2. TIRF illumination intensity by the 405 laser was initiated and slowly increased to produce mEos3.2 photoswitching. Lasers were attenuated as needed to modulate the density of activated fluorescent probes as well as the probe emission intensity. Data from Dy654/A488 samples was collected using a similar approach, with illumination from 488 and 642 lasers and imaging in the green and far-red channels. For both Dy654/mEos3.2 and Dy654/A488 imaging, data were acquired at 32 frames per second with an exposure time of 10ms, with variable EM-CCD gain settings and illumination intensity. Data were acquired in a series of 500-frame movies. A given super-resolution image was reconstructed from at least 15 of these movies, or 7500 individual frames. 



Analysis of imaging data

Channel alignment

Before and after imaging of each cell in a two-color experiment, images of an alignment sample were collected to enable precise registration of the two channels. This sample was prepared by incubation of a solution of Tetraspeck fluorescent nanospheres on the glass coverslip surface of a plasma-cleaned MatTek dish to achieve a dense random array of Tetraspecks. Tetraspecks contain multiple fluorescent dyes and emit in the blue, green, red-orange, and far-red channels. The alignment sample was imaged with TIRF illumination simultaneously in the two color channels used for the imaging experiment. Approximately 75-100 images were collected as the alignment sample was translated across the microscope field of view. The images were separated in two, corresponding to the two color channels, and the diffraction-limited Tetraspecks were localized in each channel through least-squares fitting of their emission to a two-dimensional Gaussian function as described below for super-resolution image reconstruction. Because the same set of fluorescent nanospheres is imaged simultaneously in two color channels, localizations in each color channel that correspond to the same nanosphere could be identified. The set of paired localizations was used as a set of control points to infer a transformation that could spatially map one channel onto the other, allowing for registration of the super-resolution images collected in each channel. This transformation was obtained using the built-in MatLab function cp2tform() with the "local weighted mean" option for transformation calculation. Details of two-color alignment procedure are described in Appendix B. 



Super-resolution image reconstruction 

Super-resolution data were analyzed using routines that have been previously described in detail in (34, 35) and Chapter 2. Single-molecule probe emission was localized in movies of Dy654, mEos3.2, or A488 photoswitching by least-squares fitting of diffraction-limited spots to a two-dimensional Gaussian function. Outliers in spot intensity, aspect ratio, width, and fitting error are culled from the population of localizations. Localization of the same probe in sequential frames (defined by sequential localization within a distance of twice the localization precision) results in merging of the two localizations. For registration of the two-color image, probe localizations in one color channel are transformed using the spatial transformation generated from the Tetraspeck alignment sample following the culling step. Image misalignment due to stage drift is corrected using the fiducial marker Tetraspecks that are adhered to the coverslip before the cells are plated. During super-resolution imaging, several fiducial markers in the field of view are tracked to determine displacement due to stage drift during super-resolution. Probe localizations in both channels are then corrected to prevent image offset caused by these displacements. The localization precision was calculated from correlation functions as described in (35). Typical values for the calculated localization precision were approximately 20 nm for the Dy654 probe, 23 nm for mEos3.2, and 25 nm for A488. The map of localizations that is used for further image analysis is generated through incrementing the pixel value at the coordinates where a given probe is localized, where the pixel size is set to be comparable to the image resolution. This image is convolved with a Gaussian filter for display. The number of localizations used to reconstruct a given fixed cell image varies based on factors such as labeling density in the case of the 4G10 images or expression levels in the case of mEos3.2 images, and differs inherently between probes due to differences in probe photophysics. Dy654  super-resolution images of IgE-FcεRI are generated from approximately 300,000 to 600,000 localizations, mEos3.2 images of Lyn or LifeAct are generated from 350,000 to 500,000 localizations, and A488 images of 4G10 are generated from 100,000 to 700,000 localizations. 



Correlation function analysis of super-resolution images:

The distribution of proteins imaged in a super-resolution experiment is quantified through statistical analysis of the spatial map of localizations generated by the experiment. Pair auto-and cross-correlation functions are used to measure the extent of protein clustering and co-localization in super-resolution images. The specifics of this analysis are described in detail in (34), (35), and Chapter 2. In short, reconstructed  super-resolution images are masked using the MatLab function roipoly() to isolate the cell membrane for further analysis and exclude edge effects. The autocorrelation function g(r) is calculated using the Fast Fourier transforms (FFT) of the localizations within the mask normalized by the FFT of the mask itself. Cross-correlation functions are calculated from the FFT of masked regions in both color channels, again normalized by the FFT of the mask. Auto- and cross-correlation functions are interpreted as described the Results and Discussion section. 

Auto-correlation functions for super-resolution images of Dy654 IgE-FcεRI are corrected for the effects of protein over-counting as described in (34, 35) and Chapter 2. IgE auto-correlations are fit to the form:

gmeas(r) = gPSF(r) *(1/ρ)+ gPSF(r) * g(r>0) 	                            (1)

where the first term represents the contribution to gmeas(r) of over-counting. The over-counting term arises from the value at r=0 of the correlation function of single molecule centers associated with labeled proteins of interest, which is inversely proportional to the density of proteins of interest ρ. This value at r=0 is convolved with gPSF, the contribution to the correlation function that arises from the point spread function (or finite resolution) of the measurement, which is assumed to have a Gaussian form 

	gPSF(r) = exp{-r2/4σ2}/(4π σ2).

gPSF is estimated by comparing the auto-correlation of images reconstructed from all identified single molecule centers to those of images where localizations of probes identified in multiple sequential frames are merged as described previously (35). gPSF is then fit to a two-dimensional Gaussian function to determine σ. We assume a surface density (ρ) of FcεRI to be 200 molecules/μm2 (43). The measured correlation function is then fit to Eqn 1 to determine the correlation function due to the real distribution of labeled molecules at r greater than 0, g(r>0). g(r>0) is approximated by an exponential function, 1+Aexp(-r/ξ) (35), and Eqn. 1 becomes: 

	gmeas(r) ≈ exp{-r2/4σ2}/(4π σ2 ρ)+ exp{-r2/4σ2}/(4π σ2)* [1+ (Aexp(-r/ξ))].	    

A and ξ are extracted as fit parameters. 

	Auto-correlation functions of Lyn-mEos3.2 are not corrected for over-counting due to uncertainty in density (ρ) of the transfected fluorescent fusion protein on the membrane. Instead, reported auto-correlations include contributions from over-counting and are fit to a single filtered exponential function that does not include a correction term for over-counting:

	gFit(r) = gPSF(r)*[1+ (Aexp(-r/ξ))] 				      (2)

where gPSF(r) is determined as described above from the auto-correlation function of probes localized in consecutive frames. Cross-correlation functions generated from two-color images do not contain artifacts from over-counting and are also fit to the filtered exponential function, Eqn 2. 

	Absolute values of the cross-correlation amplitude are measurements of the relative co-enrichment of two species with respect to the average density of each species on the membrane. It is possible that overexpression of fluorescent constructs such as Lyn-mEos3.2 could lead to a situation where the overall average density of Lyn is higher without a proportional increase in the amount of Lyn interacting with IgE-FcεRI. A similar effect could be generated by additional 4G10 labeling density caused by non-specific binding of the 4G10 primary or fluorescent secondary antibodies. If this is the case, then our measurements may underestimate cross-correlation amplitudes. We have attempted to mitigate these possible effects by selecting transfected cells with consistent, moderate expression levels and by choosing immunolabeling conditions that minimize non-specific antibody labeling. Additionally, we can make direct comparisons of correlation function amplitudes between samples that were labeled in the same way (e.g. either by 4G10 labeling or by Lyn-mEos3.2 transfection) because the effects of labeling on the correlation function are the same. 

RESULTS AND DISCUSSION



Two-color super-resolution imaging measures spatial co-localization of IgE-FcεRI and Lyn kinase 

	Using two-color super-resolution microscopy, we are able to characterize the nanoscale coupling of Lyn kinase with IgE-FcεRI receptor complexes as a function of receptor cross-linking with the multivalent antigen DNP-BSA. To label these two proteins of interest, we use a combination of an organic fluorophore and a transfectable fluorescent fusion protein. Dinitrophenyl (DNP)-specific IgE is directly conjugated with the far-red dye Dyomics 654 (Dy654) and used to sensitize RBL-2H3 cells that have been transiently transfected with a fluorescent construct consisting of mEos3.2 fused to the C terminus of Lyn, which is expressed in addition to endogenous Lyn. Cells are stimulated with DNP-BSA for defined time intervals before chemical fixation and super-resolution imaging as described in the Materials and Methods. For these fixed-cell imaging experiments, we are able to achieve lateral resolution of approximately 20nm for Dy654 and 25nm for mEos3.2. 

	  Fig. 3.1 shows super-resolution images of IgE-bound to FcεRI (shown in red) and Lyn (shown in green) in whole cells and magnified regions (insets) for representative cells stimulated for 0, 1, 3, 6, and 12 minutes. Examining the far-red Dy654-IgE channel alone, we see that the distribution of IgE-FcεRI clearly changes with stimulation time. IgE-FcεRI accumulates into clusters beginning at the 1 min stimulation time point that become more pronounced with continued exposure to antigen. After 12 minutes, the majority of receptors on the membrane are organized in dense clusters. Conversely, there is no obvious antigen-dependent rearrangement of Lyn observed in the mEos3.2 channel. 

	The distributions of IgE-FcεRI in unstimulated cells and Lyn at all stimulation timepoints appear weakly clustered in single color super-resolution images. Individual labeled proteins are over-counted in these experiments, leading to the visual impression of clusters in super-resolution images. This artifact arises whenever a single protein of interest can be labeled with multiple fluorescent molecules, either through direct conjugation of multiple dyes, binding of primary and secondary antibodies, or when single fluorescent molecules can be localized multiple times during data collection due to reversible photoswitching. In this case, IgE is labeled with an average of 2.7 Dy654 molecules during dye conjugation, and both Dy654 and mEos3.2 are known to blink reversibly. These effects are commonly encountered with most  super-resolution localization techniques, and we expect some degree of artifactual clustering to appear in super-resolution images (35). 

	Alignment of the two color channels allows precise registration of protein distributions in each channel, and we determine typical registration errors to be approximately 10-15nm. The alignment procedure is described in the Materials and Methods and Appendix B. Merged images in  Fig. 3.1 show the relative distributions of IgE-FcεRI and Lyn. We can identify fields of view in images of stimulated cells where receptor clusters co-localize with concentrated areas of Lyn, but overall the effect of antigen stimulation on Lyn/IgE-FcεRI co-localization is too subtle to interpret by eye. 

	Instead, we turn to a quantitative method, pair-correlation analysis, to characterize the organization of IgE-FcεRI and Lyn and measure their co-localization. Pair-correlation functions are calculated from the spatial map of single-molecule localizations collected in super-resolution images. The pair-correlation function measures the normalized probability of finding another probe a radius r away from a given probe and is averaged over all probes. Pair auto-correlation functions measure this probability for two like probes, in this case two probes in the same color channel, whereas cross-correlation functions measure this probability for probes of two different colors in a two-color image. A random distribution of probes yields a correlation function equal to 1 at all radii. When probes are clustered, they are spatially correlated at short distances, and the correlation function takes on values larger than 1 at small radii. Likewise, when two distinguishable species are co-clustered, their cross-correlation function is larger than 1 at radii that correspond to size of correlated structures. We use methodology for calculating and analyzing pair correlation functions that has been described in detail in past studies and was recently used to quantify single-color images of IgE-FcεRI (34, 35). 

	trunculiCross-correlation functions calculated from multiple two-color images of IgE-FcεRI and Lyn at each of the stimulation timepoints are shown in  Fig. 3.2 A. The value of cross-correlation functions at small radii are larger at longer stimulation times, indicating that co-localization of Lyn with IgE-FcεRI increases with stimulation time. Cross-correlation functions are fit to a single filtered exponential function (Eqn. 2) as described in the Materials and Methods. The amplitude and correlation length (ξ) of the exponential fit to the cross-correlation function of the exponential fit are extracted. The amplitude quantifies the co-enrichment of the two species in correlated structures relative to their average density on the membrane. It measures the increased probability of finding one species co-localized with the other in clusters compared to a random relative distribution. ξ, the correlation length, is a measurement of the average radius of correlated structures. Fits are shown with cross-correlations plotted in  Fig. 3.2, A. 

	Auto-correlations are also tabulated to measure changes in IgE-FcεRI and Lyn distributions upon antigen addition (  Fig. 3.2 B). When over-counting is present in super-resolution images, the auto-correlation function contains a contribution from over-counting on the length scale of the localization precision of the fluorescent probe (approximately 20 nm), unlike cross-correlations, which are unaffected by over-counting (35). IgE-FcεRI autocorrelations are fit to Eqn. 1, which includes terms that correct for over-counting as has been described previously (34, 35) and as outlined in the Materials and Methods. Lyn auto-correlations are not corrected due to inherent uncertainties in the density of the transfected construct on the membrane and cannot be fit to Eqn. 1. Instead, Lyn auto-correlation functions are fit without over-counting correction to Eqn. 2 but are likely dominated by over-counting artifacts at radii less than approximately 30 nm, which leads to large overestimates of the value of the amplitude and underestimates of ξ when the data are fit. Nonetheless, we report Lyn auto-correlation function fit parameters to Eqn. 2 for comparison of values before and after antigen stimulation.

	Cross- and auto-correlation functions are calculated for IgE-FcεRI and Lyn in multiple cells at each stimulation time point and fit parameters are extracted. The amplitude and ξ are averaged for each time point to generate mean values as a function of stimulation time. Average amplitude and ξ are shown for IgE-FcεRI/Lyn cross-correlation functions and for IgE-FcεRI and Lyn autocorrelation functions in  Fig. 3.2. In unstimulated cells, IgE-FcεRI and Lyn appear weakly cross-correlated at relatively long distances, illustrated by small values of amplitude and large values of ξ. After stimulation, the amplitude of cross-correlations increases in a time-dependent manner and the correlation length falls, indicating that correlated structures of IgE-FcεRI and Lyn become smaller and denser. The increase in amplitude with stimulation time observed here by localization microscopy shows a similar trend as cross-correlation amplitudes obtained in a previous study using scanning electron microscopy, although in that case cross-correlation amplitudes are systematically larger (9). This could be due to differences in the dorsal membrane imaged in SEM studies and the ventral surface of the cell, in terms of the kinetics or extent of formation of large co-clusters of IgE-FcεRI and Lyn. The fact that different labeling schemes were used for these two experiments, which include expression of non-endogenous Lyn in super-resolution imaging experiments, could also account for quantitative differences in the measured cross-correlation. The IgE-FcεRI auto-correlation amplitude increases with stimulation time, consistent with the visual impression of increased cluster density from super-resolution images of IgE-FcεRI and with previously published characterization of receptor clustering (34). ξ increases on average with stimulation time, similar to what we have seen previously in single-color fixed cell experiments (34). Lyn autocorrelation amplitude and ξ do not exhibit robust stimulation-dependent changes, possibly because Lyn auto-correlations are dominated by over-counting artifacts that are independent of cell stimulation, or because higher levels of Lyn expression obscure subtle differences in the distribution of Lyn associated with IgE-FcεRI. Together measurements of cross- and auto-correlation fit parameters describe a conversion from weak Lyn/IgE-FcεRI co-localization that occurs over long length scales before antigen addition to co-localization of a sub-population of Lyn with cross-linked IgE receptor that grows with stimulation time as antigen-stimulated receptor clusters become increasingly dense. 

	We observe a sustained increase in Lyn/FcεRI co-localization over 12 minutes of antigen stimulation. Previous immunoprecipitation-based biochemical experiments that measured the time course of antigen-stimulated association of Lyn with FcεRI and resulting changes in Lyn kinase activity showed a rapid increase in Lyn bound to FcεRI that peaks within one or two minutes of antigen stimulation, followed by a gradual decline (7, 44). On the other hand, studies that use standard confocal or multiphoton microscopy do not detect Lyn/FcεRI co-localization until after at least 10 minutes of antigen stimulation (10, 29). A possible explanation for this discrepancy is that these optical methods are insensitive to Lyn/IgE co-localization that occurs on length scales well below the diffraction limit, whereas biochemical methods utilize chemical cross-linkers and immunoprecipitation that may not detect Lyn that is not directly or stably bound to FcεRI. Our improved resolution compared to other optical techniques enables detection of co-localization that takes place on length scales in the tens of nanometers. As a consequence, we are able to measure Lyn/IgE-FcεRI co-localization that occurs on the less than 5 min time scale of association reported by cross-linking and immunoprecipitation (7). Lyn coupling to clustered IgE-FcεRI at these short stimulation times has been shown by electron microscopy experiments (9, 36), but because of the sub-diffraction dimensions of these structures, detection of Lyn association at early times after stimulation has so far been a challenge for fluorescence imaging approaches. At the same time, we observe cross-correlations at longer stimulation times (12 min). The biochemical immunoprecipitation data indicates that Lyn is not directly associated with FcεRI at the plasma membrane at these longer stimulation times. Comparison to our results suggests that the association we observe is mediated by less specific interactions, possibly through lipid-mediated membrane domains. 



The initiation of signaling correlates with Lyn/IgE-FcεRI spatial co-localization

	Our results demonstrate that this approach using super-resolution imaging and cross-correlation function analysis are effective at measuring antigen-stimulated co-redistribution of Lyn with clustered IgE-FcεRI. To determine whether the Lyn/IgE-FcεRI cross-correlation that we observe is concurrent with a functional response, we extend our approach to measure tyrosine phosphorylation correlated with FcεRI before and after cross-linking by antigen. Receptor phosphorylation is a consequence of Lyn association with cross-linked receptors and is an early step in the signaling cascade. Cells are sensitized with Dy654 IgE, stimulated, and fixed as in Lyn/IgE-FcεRI two-color experiments above. Phosphotyrosine on the plasma membrane is then labeled using the anti-phosphotyrosine antibody clone 4G10 followed by an AlexaFluor 488 (A488)-labeled secondary antibody.  Fig. 3.3 A shows representative super-resolution images of Dy654 IgE and A488 anti-phosphotyrosine 4G10 in an unstimulated cell and a cell stimulated for 6 min. In unstimulated cells, 4G10 signal can be attributed to basal phosphorylation and non-specific background labeling. IgE and phosphotyrosine do not appear cross-correlated in unstimulated cells, but in stimulated cells, there is a clear concentration of 4G10 label in areas that spatially correspond with IgE-FcεRI clusters. 

	We quantify the labeling of IgE-FcεRI clusters with 4G10 by calculating their cross-correlation function. We interpret changes in 4G10/IgE-FcεRI cross-correlation amplitudes to reflect changes in the absolute amount of tyrosine phosphorylation localized to receptor clusters. 4G10/IgE-FcεRI cross-correlations follow similar trends as a function of stimulation time as Lyn/IgE-FcεRI cross-correlation functions ( Fig. 3.3 B). Prior to antigen stimulation, cross-correlation functions fit to Eqn. 2 have very small amplitudes, close to 0, and long correlation lengths over 300nm, suggesting a nearly random relative distribution of 4G10 and IgE receptor. In stimulated cells, the amplitude increases steadily, with time dependence similar to that of the Lyn/IgE-FcεRI cross-correlation amplitude. ξ quickly drops with stimulation to values that match Lyn/IgE-FcεRI correlation lengths.

	Thus, receptor-localized phosphotyrosine and receptor-localized Lyn are organized in structures that are both spatially correlated with IgE-FcεRI clusters, that have similar dimensions, and that form with similar time dependence after addition of antigen. Comparison of 4G10/IgE and Lyn/IgE cross-correlation function parameters as a function of stimulation time implies a positive correlation between the co-localization of Lyn with cross-linked IgE-FcεRI and phosphorylation of receptor clusters that we observe in separate imaging experiments. These results are consistent with the view that Lyn association with FcεRI precedes or occurs concurrently with the initiation of receptor phosphorylation, as was earlier suggested by immunoprecipitation experiments (7, 8). Moreover, our results show that increasing 4G10/IgE-FcεRI cross-correlation amplitudes can be interpreted as a functional consequence of Lyn/IgE-FcεRI co-localization. 4G10/IgE-FcεRI cross-correlation functions measure the catalytic activity of Lyn, whereas Lyn/IgE-FcεRI cross-correlation functions measure the stoichiometric accumulation of Lyn with FcεRI. However, we do note that, due to the ubiquity of tyrosine phosphorylation sites on signaling molecules, we do not measure receptor phosphorylation specifically in this experiment. Phosphotyrosines labeled by 4G10 could belong to ITAMs on FcεRI or to signaling molecules that co-redistribute with clustered receptors, including LAT, Syk, or Lyn itself (9). Thus, stimulation-induced increases in receptor-correlated phosphotyrosine consist of contributions from receptor phosphotyrosine as well as receptor-associated signaling molecules that are also phosphorylated in an antigen-dependent fashion. The fact that 4G10 is not specific to receptor phosphotyrosine may account for the differences that we observe in the time dependence of 4G10/IgE-FcεRI co-localization and past measurements of FcεRI β and γ chain phosphorylation by Western blot, which have shown transient behavior where receptor phosphorylation peaks within a few minutes and decays (15, 26, 45, 46). 

	In principle the absolute values of cross-correlation amplitudes for 4G10/IgE-FcεRI and Lyn/ IgE-FcεRI can be compared directly to evaluate differences in the degree of co-enrichment of 4G10 and Lyn with clustered receptors. In doing so, it is important to keep in mind that correlation amplitudes represent a relative enrichment of 4G10 or Lyn with clustered receptors compared to the average surface density of these species. Any effect that increases the average density of label without necessarily increasing receptor-localized label, such as detection by 4G10 antibodies of other phosphorylation events accompanying signaling that are not co-localized with clustered receptors, could have the effect of decreasing the cross-correlation amplitude. With this in mind, we focus on comparison of the time dependence of stimulated changes in Lyn/ IgE-FcεRI and 4G10/ IgE-FcεRI cross-correlation amplitudes. 



The actin cytoskeleton is dynamic during early stages of cell activation, but bulk association with IgE receptors does not detectably change with stimulation. 

	Numerous previously published studies have demonstrated a role for actin in the regulation of FcεRI signaling, and antigen-stimulated actin polymerization has been well documented (21, 25, 47, 48). Live cell TIRF imaging of cortical actin labeled through transient transfection with EGFP fused to LifeAct, an F-actin binding peptide, also shows that cortical actin undergoes dramatic remodeling at the ventral surface of RBL-2H3 cells shortly after antigen stimulation ( Fig. 3.4). Prior to antigen addition, actin is distributed across the ventral surface with some areas of punctuate actin concentration. Approximately 30 seconds after antigen is added, actin fluorescence rapidly disappears from the ventral surface, leaving a weak, relatively uniform signal on the interior of the cell footprint with a slight concentration of actin around the periphery. Within 60 seconds, actin puncta begin to reappear. Puncta increase in number over the course of the next minute and form and vanish dynamically. Actin puncta continue to form and disappear over the course of the next few minutes as the cell spreads. 

	TIRF imaging is consistent with previous findings that the F-actin content of detergent-extracted membranes decreases during approximately the first 30 seconds after antigen addition, then increases beyond pre-stimulation levels (21). This striking antigen-stimulated actin remodeling that occurs soon after antigen addition may be involved in regulating signaling at these early stimulation times. However, we do not detect stimulated co-localization of labeled actin structures with IgE-FcεRI clusters by 2-color TIRF (data not shown) or super-resolution imaging ( Fig. 3.5). IgE-FcεRI association with labeled actin is weak before antigen stimulation and remains weak at time points corresponding to depolymerization of actin at the ventral surface (30s) and formation of actin puncta (60s and 3 min). This could be because actin does not directly couple to clustered FcεRI after stimulation or because the fraction of actin that does so is small enough to be undetectable in our experiment. Although previous imaging studies show co-localization of F-actin with cross-linked IgE (10, 26, 49), in these cases large regions of cross-linked IgE-FcεRI were stabilized on the membrane and co-localization could be mediated through some other membrane species. Actin was shown to co-cluster with Lyn 2 minutes following antigen stimulation in electron microscopy experiments (36), although these studies have some limitations in their interpretation due to sample preparation using membrane sheets that are ripped from intact adherent cells, which may perturb cytoskeletal interactions. Further, receptor phosphorylation by Lyn, which also occurs during the first stages of the signaling response concurrent with actin remodeling, is sensitive to actin polymerization (25, 26, 28). Actin could regulate antigen-induced signaling via its direct or indirect interactions with Lyn by controlling the localization of Lyn on the membrane. We test this hypothesis in super-resolution imaging experiments. 



The actin cytoskeleton regulates stimulated coupling of Lyn to IgE-FcεRI. 

	The regulation of antigen-stimulated degranulation by the actin cytoskeleton is likely to be mediated through a number of signaling molecules including Lyn. We evaluate the effects of the actin cytoskeleton on the regulation of Lyn/IgE-FcεRI coupling in super-resolution experiments where cells are treated with drugs that disrupt actin polymerization. Samples are prepared for Lyn-mEos3.2/ Dy654 IgE 2-color imaging as described above, with the addition of a 5-min incubation with 1µM cytochalasin or latrunculin preceding antigen stimulation in the presence of the actin-disrupting drug. Two-color super-resolution images of cells stimulated for 6 min in the presence and absence of latrunculin or cytochalasin ( Fig. 3.6, A) do not show obvious differences in Lyn/IgE-FcεRI co-localization. However, comparison of Lyn/IgE-FcεRI cross-correlations for the various treatment conditions as a function of stimulation time reveal that Lyn/IgE-FcεRI interactions are enhanced when actin polymerization is inhibited ( Fig. 3.6, B). Latrunculin and cytochalasin inhibit actin polymerization by different mechanisms, latrunculin sequesters actin monomers while cytochalasin caps the barbed end of filaments, and these two drugs have slightly different effects on stimulated Lyn/IgE- FcεRI cross-correlations. Cytochalasin treatment causes a sustained enhancement of cross-correlation amplitudes for the first 6 minutes after stimulation. Enhancement due to latrunculin is more short-lived, extending through 3 min, but is also larger in magnitude at this time point. Interestingly, latrunculin also causes a small but significant increase in Lyn/IgE-FcεRI interaction in unstimulated cells as measured by the cross-correlation amplitude. Lyn and IgE-FcεRI are weakly correlated over longer distances in unstimulated cells for both cytochalasin and latrunculin treatments as indicated by ξ, which is increased compared to untreated cells. In stimulated cells, Lyn/IgE correlated structures have similar dimensions regardless of cytoskeletal perturbation, i.e., ξ is not significantly different in treated vs. untreated cells. Inhibition of actin polymerization does not seem to have robust effects on IgE-FcεRI or Lyn autocorrelations, except for a slight enhancement of IgE- FcεRI autocorrelations, which are shown in  Fig. (3.7, A).

	Evidence from ours and previous studies suggests that the modulation of the spatial distribution of Lyn can be a mechanism for actin regulation of stimulated responses in mast cells. Pervanadate is a pharmacological inhibitor of tyrosine phosphatases that stimulates degranulation responses which bypass receptor clustering by activating kinases, including Lyn. Latrunculin has no effect on pervanadate-stimulated degranulation (25), which shows that latrunculin acts upstream of receptor phosphorylation. Although cytochalasin does have some effects on downstream signaling evidenced by its enhancement of pervanadate stimulation, its effects on early signaling are similar to latrunculin (25, 28). Under the stimulation conditions used here, enhanced Lyn recruitment occurs in actin-disrupted RBL-2H3 cells without robust changes in IgE-FcεRI autocorrelations, indicating that latrunculin and cytochalasin do not affect receptor oligomerization caused by antigen stimulation under these conditions. Given that Lyn itself remains in an enzymatically active state in the presence of F-actin perturbation (25, 28, 50) enhanced access of Lyn to its substrate is a compelling hypothesis for the mechanism of increased signaling caused by F-actin perturbation and is supported by the enhanced spatial coupling to IgE-FcεRI that we observe at relatively early time points after stimulation. That latrunculin causes a more rapid but transient enhancement of Lyn recruitment to FcεRI is consistent with its intervention primarily in the initial steps of signaling and with the fact that it inhibits actin polymerization more effectively than cytochalasin for the first few minutes after antigen stimulation (25). Interestingly, latrunculin leads to depletion of actin from the Triton-insoluble, membrane associated pool of actin, while also causing weak phosphorylation of FcεRI β and Syk (25, 50). We observe a small but significant increase in the amplitude of Lyn/IgE-FcεRI cross-correlation in unstimulated latrunculin-treated cells, implying that Lyn recruitment to FcεRI could account for these effects. 

	For both latrunculin and cytochalasin treatment, enhancement of Lyn/IgE cross-correlation amplitudes occur transiently at time points soon after antigen stimulation. Amplitudes peak 3 and 6 min after stimulation for latrunculin and cytochalasin, respectively, before falling to levels that are not significantly different from untreated cells. The timing and direction of the effects of cytochalasin and latrunculin on Lyn/IgE-FcεRI co-localization are different than the behavior observed using antigen presented on patterned substrates (10) or recorded in FCS measurements (29). In those cases, Lyn/IgE-FcεRI co-localization was only detectable after 10 min of antigen stimulation, well after peak receptor phosphorylation, and was inhibited by pretreatment with cytochalasin while phosphorylation was enhanced. It is possible that recruitment of Lyn to clustered IgE-FcεRI at relatively long (>10 min) stimulation times is related to a negative-regulatory pathway that limits the extent of the degranulation response, and such a negative regulatory role has been proposed for Lyn (44, 51, 52). If this is the case, the fact that cytochalasin prevents Lyn recruitment to FcεRI (10, 29) is evidence that the pathway is also actin-dependent. Consistent with this, cytochalasin converts transient phosphorylation of FcεRI β to a much more long-lived response (26). 

	In contrast, we record antigen-stimulated Lyn recruitment to IgE-FcεRI that is concomitant with the initiation of receptor-correlated phosphotyrosine ( Fig. 3.3,  Fig. 3.8) and, like receptor phosphorylation ( Fig. 3.6), is enhanced by inhibition of actin polymerization ( Fig. 3.8). Live cell  super-resolution experiments have shown that DNP-BSA-induced IgE-FcεRI clustering sufficient for the initiation of Ca2+ mobilization occurs in the first few minutes after antigen addition (Chapter 2 and ref. (34), and enhancement of Lyn co-localization also occurs during this time frame. These data indicate that the cross-correlation we observe is related to the initiation of signaling and is negatively regulated by actin. In this situation, actin could act to physically segregate Lyn from receptor clusters, possibly via cytoskeletal interactions with ordered lipids that modulate the lipid environment of clustered receptors, to negatively regulate signaling. There is evidence for this segregation phenomenon from electron and fluorescence microscopy (26, 36) which has been supported by additional biochemical data (25, 28). It is possible that, using our imaging approach, we could measure Lyn recruitment at later stimulation time points that is reduced by inhibition of actin polymerization. In fact, for latrunculin-treated cells, the cross-correlation amplitude begins to dip below that of untreated cells at the 12 min stimulation time point, but this difference is not significant. We do not examine stimulation time points in our experiments that are late enough to assess this question. 

	Consideration of our results along with previous reports (10, 29) suggests separate interpretations of Lyn/IgE-FcεRI co-localization and its regulation by actin at early vs. late times after antigen stimulation. At early stimulation times, Lyn co-localizes with cross-linked IgE-FcεRI as part of the initiation of signaling. This association is limited through an actin polymerization-dependent process. At later times, Lyn association with IgE-FcεRI is possibly related to a negative regulatory process and is promoted by actin. In both cases, actin polymerization would lead to negative regulation of signaling. Physical shuttling of Lyn to and away from receptor clusters could occur through direct interaction with actin or, more likely, through an adapter protein such as the focal adhesion protein paxillin or the Src-family regulatory kinase Cbp/PAG. Considerable evidence exists that implicates each of these proteins in negative regulation of signaling via Lyn and association with the cytoskeleton. Paxillin is bound and phosphorylated by Lyn upon antigen stimulation and has been shown to negatively regulate early steps in the signaling cascade (2, 49, 50, 53–57). It also spatially localizes to antigen patches on patterned surfaces in an actin-polymerization- and Lyn-dependent manner (49), and may provide a direct link to the cytoskeleton (58). Cbp/PAG is strongly associated with ordered lipids and is both activated by and negatively regulates Lyn through recruitment of Csk, providing a feedback loop for Lyn signaling. Cpb/PAG can also interact with the cytoskeleton via linkage to Epb50 and ezrin. Lyn regulation by Cpb/PAG-Csk has been shown to be relevant in FcεRI signaling (52, 59), and in particular we note that Lyn association with immunoprecipitated FcεRI is decreased in stimulated cells over expressing Cbp/PAG (59). While there is currently no demonstrated role for ezrin for antigen-stimulated signaling in mast cells, ezrin is phosphorylated in an antigen- and actin polymerization-dependent manner (50). Ezrin does have a demonstrated role in coupling ordered membranes to the cytoskeleton via its attachment to Cbp/PAG as part of the regulation of B cell signaling (60). 



Regulation by actin is evident in a signaling-defective variant RBL cell line.	

	We conducted two-color imaging experiments analogous to experiments shown in Fig. 3.7 A and B in a variant RBL cell line, 1C1C8 cells. In these cells, antigen-stimulated receptor phosphorylation, Ca2+ responses, and degranulation are significantly delayed compared to RBL-2H3 cells, but IgE-FcεRI ligand binding and expression of FcεRI and Lyn are normal (R.P. Siraganian personal communication). There is evidence that the mechanism of inhibition of signaling in these cells involves overactive actin polymerization; treatment with cytochalasin accelerates antigen-stimulated Ca2+ responses to become comparable to RBL-2H3 kinetics without altering antigen binding (D. Holowka unpublished data). 

	As in RBL-2H3 cells, the amplitude of Lyn/IgE-FcεRI cross-correlations in 1C1C8 cells increases with time after antigen stimulation (Fig. 3.6 C). The absolute value of the amplitude in 1C1C8 cells is significantly reduced for the later time points measured in the experiment compared to RBL-2H3 cells (Fig. 3.6 B). Cytoskeletal perturbation has robust effects on the strength of Lyn co-localization with IgE-FcεRI that exhibit similar trends as latrunculin- and cytochalasin-induced changes we observe in RBL-2H3 cells. Both cytochalasin and latrunculin treatment cause enhancement of Lyn/IgE-FcεRI association. Cross-correlation amplitudes in cytochalasin-treated cells are larger for stimulated time points between 3 and 12 after antigen addition. Values of the cross-correlation amplitude for latrunculin-treated cells are enhanced in unstimulated cells and for time points 1 and 3 min after antigen addition, consistent with effects in RBL-2H3 cells. Unlike results from RBL-2H3 cells, the cross-correlation length ξ is also affected by cytoskeletal perturbation in 1C1C8 cells. ξ is not significantly different with and without cytochalasin or latrunculin in unstimulated cells, but latrunculin treatment delays the antigen-induced collapse of the size of Lyn/IgE-FcεRI correlated structures. ξ is significantly larger for cytochalasin-treated cells than untreated cells for time points following 1 min after stimulation. Overall, cytoskeletal perturbation appears to enhance coupling between Lyn and IgE-FcεRI in a more pronounced fashion in 1C1C8 cells compared to RBL-2H3 cells. Maximum differences in cross-correlation amplitude are larger in the case of latrunculin treatment and persist to longer stimulation times for cytochalasin-treated cells. Lyn/FcεRI cross-correlation lengths also appear to be sensitive to cytoskeletal perturbation in 1C1C8 cells. 

	For 1C1C8 cells, IgE-FcεRI autocorrelation amplitudes are largely unchanged, with the exception that cytochalasin-treated cells have larger values for the cross-correlation amplitude at the 12 minute stimulated timepoint compared to latrunculin-treated or untreated cells ( Fig. 3.7 B). Autocorrelation amplitudes are smaller in general for 1C1C8 cells compared to RBL-2H3 cells. ξ for IgE-FcεRI autocorrelations is also sensitive to cytoskeletal perturbation in 1C1C8 cells ( Fig. 3.7 B).

	Unlike the situation in RBL-2H3 cells, the size of IgE-FcεRI aggregates as measured by ξ is sensitive to actin depolymerization. Receptor clustering is also relatively weak compared to RBL-2H3 cells, and together these data suggest that mutations in these cells that suppress signaling may interfere with formation of large or dense clusters, or may lead to their rapid internalization. Inhibition of actin polymerization causes larger-magnitude cross-correlation amplitude enhancement in 1C1C8 cells mainly due to relatively low antigen-stimulated co-localization in untreated cells. Based on our interpretation of the data from RBL-2H3 cells, this is consistent with the hypothesis that overactive actin regulation of Lyn/IgE-FcεRI coupling contributes to suppressed signaling in these cells. 



Inhibition of actin polymerization amplifies antigen-dependent tyrosine phosphorylation correlated with IgE-FcεRI. 

	In two-color phosphotyrosine/IgE-FcεRI imaging experiments, we measure a functional outcome of cytoskeletal perturbation. We stimulate Dy654-sensitized RBL-2H3 cells, fix, and label for phosphotyrosine using the same methodology described for the data presented in Fig. 3.3, where this time the cells are first treated with cytochalasin or latrunculin as in the experiments shown in Fig. 3.6. As with Lyn/ IgE-FcεRI two-color images of actin-disrupted cells (Fig. 3.6, A), the organization of 4G10 and IgE-FcεRI does not appear to be dramatically altered by cytochalasin or latrunculin treatment by visual inspection of 2-color super-resolution images (Fig. 3.8, A).

 	Analysis of cross-correlation functions show that perturbation of the cytoskeleton leads to relative increases in receptor-correlated phosphotyrosine that are qualitatively similar to observed changes in Lyn/IgE co-localization under the same conditions of stimulation and latrunculin or cytochalasin treatment (Fig. 3.6 B). 4G10 label and IgE-FcεRI are more correlated in latrunculin and cytochalasin treated cells for all stimulated time points except for the 1 min time point in the case of cytochalasin treatment (Fig. 3.8, B). The effects of latrunculin are more prominent at earlier stimulated time points, whereas the differences between cytochalasin-treated and untreated cells are greater at the later stimulated time points measured in this experiment, consistent with trends observed for Lyn/IgE-FcεRI cross-correlations (Fig. 3.6, B). 

	To further clarify whether cytochalasin- and latrunculin-induced enhancement of stimulated IgE-FcεRI-localized phosphorylation depend on Lyn, we measure 4G10/IgE-FcεRI cross-correlation functions in a Syk-negative variant of the RBL-2H3 cell line. These cells do not express Syk kinase at a detectable level and do not exhibit antigen-stimulated Ca2+ or degranulation responses. IgE-FcεRI aggregation elicits receptor phosphorylation in Syk-negative cells, albeit at slightly lower levels. This difference is possibly due to protection of γ chains from de-phosphorylation by Syk binding in normal cells (61). Cells are stimulated with antigen for 6 min with and without pre-treatment with latrunculin or cytochalasin and labeled for phosphotyrosine. Super-resolution images of stimulated Syk-negative cells that are treated with latrunculin or cytochalasin look qualitatively similar to untreated cells (Fig. 3.9, A), but cross-correlation functions computed from these images have larger amplitudes ( Fig. 3.9, B). ξ is slightly larger in cytochalasin-treated cells compared to the other treatment conditions but is equivalent for latrunculin-treated and untreated cells. Data shown in  Fig. 3.9 was collected in an initial experiment and will need to be reproduced in order to confirm these results. Although these data are preliminary, they indicate that the difference we observe in IgE-FcεRI-correlated phosphotyrosine is present in the absence of signaling that depends on Syk activation and cannot be attributed to feedback inhibition caused by Syk-dependent processes. In Syk-negative cells, antigen-stimulated phosphorylation localized to IgE-FcεRI clusters depends on Lyn signaling, and so inhibition of actin polymerization enhances phosphorylation through a net decrease in the negative regulation of Lyn. This suggests that in normal RBL-2H3 signaling, at least one component of regulation by actin is negative regulation of Lyn. 

	Measurements of 4G10/IgE-FcεRI cross-correlations in cells treated with cytochalasin and latrunculin show that receptor-correlated phosphorylation is enhanced, with time dependence that matches Lyn/IgE-FcεRI co-localization enhancement for each drug (Figs. 3.6 B and 3.8 B). This correlative result supports the hypothesis that the latrunculin and cytochalasin-dependent increase in coupling of Lyn to clustered receptors observed at early stimulation times is associated with the initiation of signaling and can be responsible for the amplification of downstream signaling responses caused by treatment with these drugs. It also provides evidence that F-actin perturbation leads to an elevated response to antigen even in the first steps of IgE receptor signaling, in agreement with experiments that have demonstrated enhanced phosphorylation of FcεRI and other downstream signaling proteins such as Syk and LAT when actin polymerization is inhibited (10, 25, 26, 28, 50). Here we are additionally able to show this enhancement of signaling through direct, high-resolution imaging of signaling moieties in situ on the plasma membrane. 

	Our preliminary finding that receptor-correlated phosphotyrosine is also elevated in stimulated Syk-negative cells is consistent with the idea that cytoskeletal perturbation causes enhanced receptor-correlated phosphotyrosine in RBL-2H3 cells through removal of negative regulation of Lyn coupling to IgE-FcεRI by actin. It has been demonstrated that while total phosphorylation is dramatically reduced in Syk-negative cells, phosphorylation of the FcεRI β, and to lesser extent γ, is still observed, confirming that Lyn causes antigen-stimulated receptor phosphorylation in the absence of Syk (61). 

	Whereas Lyn recruitment to IgE-FcεRI in actin-disrupted cells is enhanced compared to untreated cells for only the first few minutes after stimulation, the effects of actin depolymerization on elevation of receptor-correlated phosphotyrosine are more long-lived, extending through the longest stimulation timepoint measured in this experiment (6 min) for both latrunculin and cytochalasin treatment. This indicates that either the increase in phosphorylation induced at earlier stimulation times is long-lived and/or dephosphorylation by phosphatases is inhibited by F-actin perturbation. In relation to Lyn/IgE-FcεRI cross-correlation in the presence and absence of actin perturbation (Fig. 3.6), we have discussed the possibility that the continued accumulation of Lyn with clustered receptors at later stimulation times is somehow related to negative regulation of signaling. If this is the case, enhanced phosphorylation of receptor clusters at these later time points for cells where actin polymerization is inhibited compared to untreated cells would be consistent with similar or lower levels of Lyn co-localization. For example, phosphorylation is enhanced over receptor clusters on patterned substrates even when cytochalasin prevents the accumulation of Lyn in these regions (10).



Lipid anchor type plays a role in the magnitude and actin-dependence of stimulated co-localization of lipid-anchored proteins with IgE-FcεRI.

	Localization of Lyn with ordered lipids mediated by its order-preferring lipid anchorage is thought to be important for its phosphorylation of IgE-FcεRI upon receptor cross-linking (14, 16), and has been shown to partially mediate co-localization with FcεRI on patterned substrates (10) and cells cross-linked at 4°C (17). To test the hypothesis that the lipid anchorage of Lyn can be a structural factor that participates in actin-based regulation of Lyn-receptor interaction, we used the fluorescent construct PM-mEos3.2. PM-mEos3.2 consists of mEos3.2 and the N-terminal tail of Lyn that includes its palmitoylation and myristoylation sites, but does not retain its kinase or protein-binding domains. We imaged stimulated cells transfected with this construct in conjunction with Dy654-IgE ( Fig. 3.10). From two-color images, we observe a distribution of PM-mEos3.2 that is qualitatively similar to that of Lyn with respect to Dy654 IgE in stimulated cells ( Fig. 3.10, A). Also like Lyn, PM-mEos3.2 becomes increasingly correlated with IgE receptors with increasing stimulation time as measured by the cross-correlation amplitude ( Fig. 3.10, B), and PM-mEos3.2 association with IgE receptor is enhanced by treatment with latrunculin. Trends in the stimulation time-dependent increase of PM/IgE-FcεRI cross-correlation and the effect of latrunculin treatment match the behavior observed for Lyn/IgE-FcεRI cross-correlations, except that PM/IgE-FcεRI co-localization grows at a slower rate than Lyn/IgE-FcεRI with respect to stimulation time in both untreated and latrunculin-treated cells. PM/IgE-FcεRI correlation lengths also decrease with stimulation time. Values of ξ are slightly larger than for Lyn/IgE-FcεRI cross-correlations, but this difference is not significant for several stimulated time points. 

	For comparison to the PM lipid anchor, we measured the co-localization of IgE-FcεRI with a second lipid-anchored mEos3.2 construct, mEos3.2-GG. Here, mEos3.2 is associated with the plasma membrane via the lipid anchorage of K-Ras, which consists of a geranylgeranyl modification and a polybasic sequence. In two-color images, mEos3.2-GG seems to form structures that are correlated with IgE-FcεRI clusters less frequently than PM-mEos3.2 ( Fig. 3.10, A). There is a small antigen-induced increase in GG/IgE-FcεRI interaction after 1 min of antigen stimulation, but the cross-correlation amplitude quickly plateaus and does not reach levels comparable to PM/IgE-FcεRI or Lyn/IgE-FcεRI cross-correlations during the stimulation times measured ( Fig. 3.10, B). GG/IgE-FcεRI coupling is not significantly affected by latrunculin treatment. GG and IgE-FcεRI are correlated over fairly consistent distances before and after stimulation that are not affected by latrunculin treatment as measured by ξ. 

	From these data, it appears that the PM anchor is sufficient to cause nanoscale co-localization of PM-mEos3.2 with clustered IgE-FcεRI. This co-localization is consistent with previous reports of PM co-localization with receptor in cells cross-linked at 4°C (17, 18) and stimulated on antigen-patterned surfaces (10), and here we also observe PM recruitment at high spatial resolution, at early stimulation times relevant to the initiation of signaling, and with stimulation at physiological temperature. We also show that targeting to ordered lipids is relevant for actin destabilization-dependent enhancement of co-localization which has been suggested by fluorescence imaging experiments (26).The kinetics of PM recruitment to IgE-FcεRI are slowed compared to Lyn, as they are for recruitment of PM to patterned antigen (10). This is suggests a joint contribution of Lyn binding to FcεRI via its SH2 domain (11, 62) and Lyn association with ordered lipids to its co-localization with cross-linked IgE-FcεRI (9, 10, 63) . 	

	In contrast to PM-mEos3.2, mEos3.2-GG co-redistribution with clustered receptors is much more modest and is not significantly affected by inhibition of actin polymerization. The GG lipid anchor associates with ordered lipids to a lesser extent than PM (64). When RBL-2H3 are subjected to receptor cross-linking at low temperatures GG co-localizes more weakly than PM to receptor patches (17). Comparison of GG and PM diffusion in this situation suggests that GG does not strongly interact with components within the receptor patch, whereas PM becomes substantially confined (18) . 

	The cytoskeleton itself can cause dramatic changes in the ordered lipid environment of the membrane through the antigen-stimulated actin remodeling exemplified in the TIRF images shown in  Fig. 3.4 (30). These changes are apparently caused by the initial antigen-stimulated depolymerization of actin that is evident in these TIRF images, and accordingly also occurs with cytochalasin or latrunculin treatment (30). This is a compelling reason to think that actin regulation of antigen-stimulated processes can occur through membrane lipids, and in this context, our data is suggestive of negative regulation of signaling by actin via Lyn is mediated through association of Lyn with ordered lipids. Super-resolution fluorescence localization microscopy allows us to assess these questions at high resolution through direct imaging of the plasma membrane. With this tool in hand, we are in a position to test models of actin cytoskeleton-induced organization of plasma membrane lipids.
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 Fig. 3.1 Two-color super-resolution imaging measures distributions of IgE receptor and Lyn as a function of antigen stimulation. Cells expressing Lyn-mEos3.2 and sensitized with Dy654 IgE are stimulated with 500ng/ml DNP-BSA for 0, 1, 3, 6, or 12 min, fixed, and imaged as described in the Materials and Methods. Representative cell images are shown for each stimulation time point, including the Dy654 super-resolution image represented in red (top row), the mEos3.2 image in green (middle row), and the overlaid image (bottom row). Regions indicated by white boxes are magnified in the insets. The map of single-probe localizations obtained through super-resolution imaging is convolved with two-dimensional Gaussian functions with radii of 50nm in whole images and 20nm in insets for display.  
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 Fig. 3.2 Pair-correlation analysis shows stimulation time-dependent nanoscale co-localization of IgE-FcεRI and Lyn. Individual and average pair-correlation functions (A) and average fit parameters (B) for the set of Lyn-mEos3.2 and Dy654 IgE images collected of cells stimulated for 0, 1, 3, 6, or 12 min as in  Fig. 3.1. (A) Individual Lyn/IgE-FcεRI cross-correlation functions (left), IgE-FcεRI auto-correlation functions (middle), and Lyn auto-correlation functions (right) calculated from two-color images, Dy654 images, and mEos3.2 images, respectively, are plotted with fits. Individual Lyn/IgE-FcεRI cross-correlation functions and Lyn auto-correlation functions are fit to Eqn. 2, gfit(r) = gPSF(r)*[1+ (Aexp(-r/ξ))], where gPSF is determined from the resolution of the measurement as described in the Materials and Methods. The measured IgE-FcεRI autocorrelations shown are fit to Eqn. 1, gmeas(r) = exp{-r2/4σ2}/(4π σ2 ρ)+ g(r>0) *gPSF(r). The first term includes contributions from over-counting. σ, ρ, and gPSF are determined as described in the Materials and Methods, and g(r>0) is approximated with the exponential function, 1+ Aexp(-r/ξ). Fits of these individual auto- and cross-correlation functions to Eqns. 1 or 2 are used to extract the fit parameters A (Amplitude) and ξ for each correlation function. Average correlation functions for the group of cells at each time point (n=8 or 9 for each time point) and are plotted in black-outlined circles. The fit of average correlation functions to Eqn. 1 or 2 for IgE auto-correlations or Lyn/IgE-FcεRI cross correlations and Lyn auto-correlations, respectively, are plotted in bold lines. (B) Fit parameters Amplitude and ξ generated by the fit of individual Lyn/IgE-FcεRI cross-correlation functions (left), IgE-FcεRI auto-correlation functions (middle), and Lyn auto-correlation functions (right) are averaged and plotted as a function of stimulation time. Error bars represent SEM. 
















 Fig. 3.3 4G10/IgE-FcεRI cross-correlation amplitude increases with stimulation time. (A)Two-color  super-resolution fixed cell images of A488 4G10 immunolabeled phosphotyrosine and Dy654 IgE in cells stimulated for 0 min (left) or 6 min (right). Regions indicated by white boxes are magnified in the insets. The map of single-probe localizations obtained through super-resolution imaging is convolved with two-dimensional Gaussian functions with radii of 50nm in whole images and 20nm in insets for display purposes. (B) Cross-correlation fit parameters Amplitude and ξ as a function of stimulation time for A488 4G10/Dy654 IgE-labeled cells that were stimulated for 0, 1, 3, or 6 min. averaged over multiple cells for each timepoint (n = 6 cells per timepoint for A488 4G10/Dy654 IgE experiments and n=8 or 9 cells per timepoint for Lyn-mEos3.2/Dy654 IgE experiments). Lyn/IgE-FcεRI cross-correlation function fit parameters are also plotted and were reproduced from  Fig. 3.2. 




















 Fig. 3.4 Cortical actin undergoes dynamic reorganization in the first minutes after antigen addition. Live cell TIRF imaging of an RBL-2H3 cell transfected with LifeAct GFP shows antigen-induced changes in the cortical actin cytoskeleton. Cells were imaged at approximately 35°C. The time in seconds after addition of 500ng/ml DNP-BSA is shown for each image, where antigen is added at t = 0s. Before stimulation, actin fluorescence is distributed across the footprint of the cell, with some areas of higher concentration punctuate actin structures. Around 30sec after stimulation, the actin signal is depleted from the ventral surface across most of the cell footprint , however the cell periphery is relatively enriched in polymerized actin. Within 1 minute after antigen addition, punctate actin structures reappear and become more numerous over the course of the next several minutes. An expanded series of images depicting the first 60 seconds after antigen addition clearly shows the rapid depletion of cortical actin from the ventral membrane followed by the development of actin puncta. 














 (
Fig. 3.
4
)





















 Fig. 3.5 Antigen-stimulated coupling of IgE-FcεRI to actin is not readily detectable by two-color super-resolution imaging. (A) Representative two-color images of Dy654 IgE and mEos3.2 LifeAct in cells stimulated for 0 (left), .5 (middle), or 3 (right) min. Regions indicated by white boxes are magnified in the insets. The map of single-probe localizations obtained through super-resolution imaging is convolved with two-dimensional Gaussian functions with radii of 50nm in whole images and 20nm in insets for display purposes. (B) Average amplitude of the fit to Eqn. 2 of cross correlation functions of LifeAct/IgE-FcεRI images as a function of stimulation time (n = 4 or 5 cells for each time point). Error bars represent SEM. 
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 Fig. 3.6 Inhibition of actin polymerization enhances Lyn/IgE-FcεRI cross-correlation amplitude. Representative Lyn-mEos3.2/Dy654 IgE two-color super-resolution images (A) and average cross-correlation function fit parameters for fits to Eqn. 2 (B, C) for cells that were stimulated for 0, 1, 3, 6, or 12 min with and without pre-treatment with 1µM latrunculin or cytochalasin and stimulation in the presence of the drug. (A) Representative images of cells stimulated for 6 min without (top) or with treatment with cytochalasin (middle) or latrunculin (bottom). (B) Lyn/IgE-FcεRI cross-correlation fit parameters Amplitude and ξ as a function of stimulation time for RBL-2H3 cells expressing Lyn-mEos3.2 and sensitized with Dy654 IgE that were stimulated for 0, 1, 3, 6, or 12 min with and without treatment with actin-disrupting drugs. Fit parameters are averaged over multiple cells for each timepoint (n=8 or 9 cells per timepoint for untreated cells, n = 9 cells per timepoint for cytochalasin-treated cells, and n = 7 cells per timepoint for latrunculin-treated cells). Lyn/IgE-FcεRI cross-correlation function fit parameters are also plotted and were reproduced from  Fig. 3.2. Error bars denote SEM. (C) Average cross-correlation function fit parameters for 1C1C8 cells labeled, treated (or not) with cytochalasin or latrunculin, and stimulated under the same conditions as RBL-2H3 cells in (B). n = 7 cells per timepoint for all treatment conditions. Error bars denote SEM.



 Fig. 3.7 Lyn mEos3.2 and Dy654 IgE auto-correlation fit parameters for cells treated with actin polymerization inhibitors. Average auto-correlation function fit parameters Amplitude and ξ extracted from fits to Eqn. 1 for IgE auto-correlation functions and Eqn. 2 for Lyn auto-correlation functions as a function of stimulation time for the cells whose average cross-correlation function fit parameters are shown in  Fig. 3.6. (A) Average Lyn and IgE-FcεRI auto-correlation function fit parameters for RBL-2H3 cells expressing Lyn-mEos3.2 and sensitized with Dy654 IgE that were stimulated for 0, 1, 3, 6, or 12 min with and without treatment with actin-disrupting drugs. Fit parameters are averaged over multiple cells for each timepoint (n=8 or 9 cells per timepoint for untreated cells, n = 9 cells per timepoint for cytochalasin-treated cells, and n = 7 cells per timepoint for latrunculin-treated cells). Error bars denote SEM. (B) Average auto-correlation function fit parameters for 1C1C8 cells labeled, treated (or not) with cytochalasin or latrunculin, and stimulated under the same conditions as RBL-2H3 cells in (A). n = 7 cells per timepoint for all treatment conditions. Error bars denote SEM.





Fig. 3.8 Receptor-correlated phosphotyrosine is enhanced due to inhibition of actin polymerization. Representative A488 4G10/Dy654 IgE two-color super-resolution images (A) and average cross-correlation function parameters for fits to Eqn. 2 (B) for RBL-2H3 cells that were stimulated for 0, 1, 3, or 6 min with and without pre-treatment with 1µM latrunculin or cytochalasin. Treated cells were also stimulated in the presence of the drug. (A) Selected images of cells stimulated for 6 min without (top) or with treatment with cytochalasin (middle) or latrunculin (bottom). (B) 4G10/IgE-FcεRI cross-correlation fit parameters Amplitude and ξ as a function of stimulation time for RBL-2H3 cells sensitized with Dy654 IgE and immunolabled with A488 4G10 anti-phosphotyrosine that were stimulated for 0, 1, 3, or 6 min with and without treatment with actin-disrupting drugs. Fit parameters are averaged over multiple cells for each timepoint (n=6 cells per timepoint for untreated cells, n = 7 cells per timepoint for cytochalasin and latrunculin-treated cells ). 4G10/IgE-FcεRI cross-correlation function fit parameters are also plotted and were reproduced from  Fig. 3.3. Error bars denote SEM. 

 

 Fig. 3.9 Increased receptor phosphorylation due to cytochalasin and latrunculin is mediated by Lyn. Representative A488 4G10/Dy654 IgE two-color super-resolution images (A) and average cross-correlation function parameters for fits to Eqn. 2 (B) for Syk-negative TB1A2 cells that were stimulated for 6 min with and without pre-treatment with 1µM latrunculin or cytochalasin. Treated cells were stimulated in the presence of the drug. (A) Selected images of cells stimulated for 6 min without (top) or with treatment with cytochalasin (middle) or latrunculin (bottom). (B) Average 4G10/IgE-FcεRI cross-correlation fit parameters Amplitude and ξ at for A488 4G10/Dy654 IgE two-color images of Syk-negative cells that were stimulated for 6 min with and without treatment with actin-disrupting drugs. Fit parameters are averaged over multiple cells for each treatment condition (n=4 cells for all treatment conditions). Error bars denote SEM.






 Fig. 3.10 Lipid anchorage of mEos3.2 constructs determines antigen-induced recruitment to IgE/FcεRI and the effects of cytoskeletal perturbation. Representative two-color super-resolution images (A) and average cross-correlation function fit parameters for fits to Eqn. 2 (B) for cells expressing PM-mEos3.2 or mEos3.2-GG sensitized withDy654 IgE. (A) Representative images of Dy654 IgE (top), PM-mEos3.2 (middle, left) or mEos3.2-GG (middle, right), and merged images (bottom) in cells stimulated for 6 min. (B) Average PM/IgE-FcεRI and GG/IgE-FcεRI cross-correlation fit parameters Amplitude and ξ as a function of stimulation time in RBL-2H3 cells. Cells were stimulated for 1, 3, 6, or 12 min for PM-mEos3.2-expressing cells or 0, 1, 3, 6, or 12 min for GG-mEos3.2-expressing cells with and without pre-treatment with and stimulation in the presence of 1 µM latrunculin. Fit parameters are averaged over multiple cells for each timepoint (n=7 cells per timepoint for cells expressing both constructs and for both treatment conditions). Error bars denote SEM. 
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CHAPTER THREE



ANTIGEN-STIMULATED NANOSCALE CO-LOCALIZATION OF IgE RECEPTOR WITH LYN KINASE IS REGULATED BY THE ACTIN CYTOSKELETON



SUMMARY 

	Allergic signaling in mast cells is initiated by phosphorylation of the receptor for immunoglobulin E (IgE), FcεRI, when IgE-FcεRI complexes are cross-linked by binding of multivalent antigen. Lyn tyrosine kinase is the Src family kinase that is chiefly responsible for this initiation of FcεRI signaling. Using two-color super-resolution localization microscopy, we measure the distributions of IgE-FcεRI and Lyn on the plasma membrane of fixed cells with 20-25 nm resolution. By applying quantitative pair-correlation analysis, we detect spatial co-localization of Lyn with IgE within 1 min following antigen stimulation. The resolution afforded by our imaging technique gives us access to early time points during the initiation of signaling, when stimulated changes in membrane organization occur on length scales too small to be detectable by other optical methods. With this improved sensitivity, we investigate the role of the actin cytoskeleton in regulating interactions of Lyn with FcεRI. Cells treated with agents that inhibit actin polymerization exhibit enhanced antigen-stimulated coupling to Lyn in mast cells. In fixed cell imaging experiments, inhibition of actin polymerization causes enhancement of Lyn co-localization with FcεRI at time points soon after antigen addition, accompanied by augmented tyrosine phosphorylation of receptor clusters. Based on comparison with differently anchored analogues, the lipid environment of Lyn is implicated as a mediator of this regulation by F-actin. Our results are consistent with the idea that IgE receptor signaling is negatively regulated by the actin cytoskeleton via modulation of the spatial association of Lyn with FcεRI that is mediated by plasma membrane lipids. Implementation of super-resolution microscopy has allowed us to visualize this spatial regulation of Lyn coupling to FcεRI on the scale of molecular complexes.



INTRODUCTION

	In mast cells, cellular signaling that results in the allergic immune response depends on the spatial rearrangement of signaling molecules on the plasma membrane. Cross-linking of immunoglobulin E (IgE) bound to its high-affinity receptor, FcεRI, by multivalent antigen causes the formation of receptor clusters at the plasma membrane. Receptor clustering promotes phosphorylation of immunoreceptor tyrosine-based activation motifs (ITAMs) on the β and γ2 subunits by the Src family kinase Lyn, which is independently anchored to the plasma membrane, followed by recruitment and activation of Syk kinase. Through phosphorylation of multiple Syk substrates, downstream signaling responses are initiated, including Ca2+ mobilization and release from the cell of secretory granules containing pro-inflammatory molecules (1–3). Lyn-mediated phosphorylation of FcεRI is the first biochemical step in the signaling response following receptor cross-linking (4–6). The stimulated capacity of Lyn to spatially associate with clustered IgE-FcεRI, such as through a shared lipid environment in the plasma membrane, is likely to be a crucial factor in its capacity to phosphorylate FcεRI and produce a signaling response. The mechanisms by which receptor clustering initiates co-localization of Lyn with FcεRI and how this association is dynamically regulated before and during signaling continue to be open questions in the field. 

	 Lyn may weakly associate with FcεRI β in the absence of receptor cross-linking (2, 7, 8), and this association increases via protein-protein and lipid-mediated interactions when receptors are clustered (9). Mutation of FcεRI-binding domains or inhibition of Lyn kinase activity result in a partial loss of Lyn association with cross-linked FcεRI when antigen is presented on patterned substrates (10, 11). There is also a large body of evidence that a shared preference of cross-linked FcεRI and Lyn for association with ordered lipids is a mechanism of association of clustered FcεRI (12–16). The order-preferring N-terminal sequence of Lyn that contains its palmitoylation and myristoylation sites has been found to be sufficient for co-localization with cross-linked receptor (10, 17, 18). Conversely, disruption of ordered lipids through depletion of membrane cholesterol prevents stimulated co-localization (9, 15). Co-compartmentalization of FcεRI with Lyn in ordered regions of the plasma membrane has been shown to be not only important for localization of Lyn at receptor clusters, but is also crucial for positive regulation of receptor phosphorylation and Lyn activity through protection from transmembrane phosphatases (14, 19, 20).

	The cortical actin cytoskeleton can influence the organization of cell membrane components in general and has been implicated as a regulator of FcεRI signaling. Receptor cross-linking causes a stimulated increase in actin polymerization (21). Inhibition of actin polymerization with drugs such as latrunculin A and cytochalasin D enhances stimulatory responses at both early and late stages of the signaling cascade (22–28), suggesting a negative regulatory role for the actin cytoskeleton. Of interest to us, actin appears to influence even the initial steps following receptor cross-linking, including Lyn co-localization to clustered receptors (10, 26, 29) and receptor phosphorylation (25, 26, 28). The molecular mechanism of how actin might regulate signaling on the level of receptor clustering and association with Lyn is unknown, but in several cases a relationship has been established between the cytoskeleton and ordered membrane lipids. For example, inhibition of actin polymerization caused by either cytochalasin treatment or antigen stimulation causes changes in the lipid composition of ordered membranes (30). One hypothesis is that through regulation of ordered membrane domains or interaction with order-preferring species, actin modulates the co-localization of Lyn with receptors to suppress an inappropriate signaling response (25, 26). Based on this existing evidence, a theoretical framework has been developed that describes how the actin cytoskeleton might facilitate nanoscale compartmentalization of the plasma membrane through interaction with lipid phase heterogeneity (31, 32), and thereby regulate membrane signaling processes such as coupling of Lyn and FcεRI. 

	The ability to measure the co-localization of Lyn and IgE-FcεRI on the nanoscale at early stimulation timepoints would enable investigation the spatial regulation of Lyn/FcεRI interactions and how it contributes to the initiation of signaling and the dynamic regulation of the response. Lyn association with IgE receptors has been measured by a number of biochemical techniques (7, 8, 12), but these approaches are severely limited in capturing the spatial component of signaling. Thus, direct visualization of Lyn coupling to IgE receptor during the initiation of signaling has proven difficult. At the resolution obtainable in standard optical microscopy experiments, the distribution of immunolabeled Lyn or a transiently transfected fluorescent Lyn construct appears relatively uniform, appears unaffected by receptor cross-linking at physiological or room temperatures, and does not exhibit robust co-localization with IgE-FcεRI aggregates (26). Lyn co-localization with IgE-FcεRI has been observed under somewhat specialized stimulation conditions that stabilize large patches of cross-linked receptor at the membrane and inhibit receptor internalization, such as cross-linking at 4°C or in the presence of cytochalasin (15, 17, 18, 26), or presentation of antigen on micron-scale patterned substrates (10, 33). More sensitive optical techniques such as multiphoton FCS have also detected Lyn interactions with IgE receptor in living cells at room temperature (29). Even in these cases, Lyn co-localization or co-diffusion with IgE receptor is only observed at micron length scales after relatively long periods of receptor cross-linking for many minutes at room temperature, while receptor phosphorylation is observable at shorter timescales within a few minutes of antigen stimulation. 

	Direct imaging of Lyn/FcεRI co-localization has posed a challenge likely due to the small length scales of antigen-stimulated co-redistribution of Lyn and IgE-FcεRI. The dimensions of IgE-FcεRI clusters at the earliest stages of signaling are well below the diffraction limit of light (34–36), and local Lyn enrichment in clusters less than 100nm in dimension could be too subtle to detect by conventional fluorescence microscopy. Additionally, Lyn coupling to IgE-FcεRI could be controlled within compartmentalized structures of plasma membrane lipids and the actin cytoskeleton, the dimensions of which are also sub-diffraction (31, 32).

	To image the co-localization of Lyn with IgE-FcεRI that occurs within minutes of receptor cross-linking with sufficient sensitivity to simultaneously assess the potentially subtle effects of the actin cytoskeleton, we require spatial resolution on the length scale of receptor clusters or smaller. This chapter describes our quantitative characterization of antigen-stimulated Lyn recruitment to IgE-FcεRI complexes and resulting phosphorylation of receptor clusters using two-color super-resolution localization microscopy. This recently developed fluorescence microscopy technique affords spatial resolution improved by an order of magnitude compared to conventional fluorescence imaging (37–39). We quantify the nanoscale co-redistribution of Lyn with clustered FcεRI and test for effects of actin cytoskeleton perturbation using the actin polymerization inhibitors latrunculin A and cytochalasin D. These experiments demonstrate a regulatory role for F-actin in the spatial coupling of Lyn to FcεRI during the first few minutes of stimulation, and they clarify the mechanism of signaling enhancement caused by inhibition of actin polymerization. Through our use of super-resolution localization microscopy, we are able to contribute a picture of Lyn-IgE-FcεRI coupling at sufficiently high resolution to characterize the interaction between these proteins by direct imaging in cells stimulated with soluble antigen at physiological temperature. These advances bring us closer our goal of uncovering the physical mechanisms that give rise to the spatial regulation of FcεRI signaling, including the role of the actin cytoskeleton in regulation of membrane organization. 



MATERIALS AND METHODS



Chemicals and reagents 

Cell culture reagents, including Minimum Essential Medium (MEM), Trypsin-EDTA, and gentamicin sulfate, were acquired from Life Technologies (Carlsbad, CA). Fetal bovine serum (FBS) was purchased from Atlanta Biologicals (Atlanta, GA). Cell culture dishes were purchased from MatTek (Ashland, MA) and 125nm Tetraspeck fluorescent beads were purchased from Life Technologies. The amine reactive fluorophore Dy654 was purchased from Dyomics GmbH (Jena, Germany). Dy654-IgE was prepared by conjugating purified mouse monoclonal anti-2,4-dinitrophenyl (DNP) IgE with AF532 Dy654, as previously described (29, 40). Dy654-IgE was measured to have a dye:protein ratio of 2.7:1. Multivalent antigen, dinitrophenyl-conjugated BSA (DNP-BSA), with an average of 15 DNP molecules per BSA was prepared as described previously (41). Latrunculin A was purchased from both Life Technologies and Sigma-Aldrich (St. Louis, MO), and cytochalasin D was purchased from Sigma-Aldrich. Glutaraldehyde (25% stock) was purchased from Ted Pella (Redding, CA). Para-formaldeyde was purchased from Electron Microscopy Services (Hatfield, PA). Fish gelatin was purchased from Sigma. Supplies for the super-resolution buffer including β-mercaptoethanol, glucose oxidase, catalase, and Tris-HCl were acquired from Sigma. Antiphosphotyrosine clone 4G10 antibody was obtained from Millipore (Billerica, MA), and the AlexaFluor 488-conjugated anti-mouse IgG2b secondary antibody was purchased from Life Technologies. 



Fluorescent constructs and variant RBL cell lines

Lyn-mEos3.2 and mEos3.2-LifeAct constructs were prepared through site-directed mutagenesis to incorporate I102N, H158E, and Y189A mutations into mEos2 (42). Lyn-mEos2 and mEos2-LifeAct constructs were generous gifts from Dr. Sarah Veatch (University of Michigan). PM-mEos3.2 and mEos3.2-GG constructs were prepared through restriction enzyme excision of EGFP from PM-EGFP and EGFP-GG constructs followed by insertion and ligation of the mEos3.2 sequence. PM-EGFP and EGFP-GG were described previously (17). RBL 1C1C8 and Syk-negative RBL TB1A2 cell lines were gifts from Dr. Reuben Siraganian (NIH). 



Preparation of fixed RBL-2H3 samples for imaging

Cell culture and plating

MatTek culture dishes were prepared to receive cell samples with addition of fiduciary markers. Dishes were oxygen plasma-cleaned for 3-5 minutes. Immediately following plasma-cleaning, a dilute solution (2:100-5:1000 in phosphate-buffered saline (PBS)) of Tetraspeck fluorescent nanospheres was applied to the glass coverslip surface in each dish. The Tetraspeck solution was incubated in the dishes for 30 min before they were rinsed three times with cell culture medium. Rat basophilic leukemia-2H3 (RBL-2H3) cells were maintained in culture using medium containing MEM 20% FBS, and 10 μg/ml gentamicin sulfate at 37°C and 5% CO2 as described previously (40). 1C1C8 and TB1A2 RBL cell lines were cultured under identical conditions. RBL-2H3, 1C1C8, and Syk-negative TB1A2 cells were harvested using Trypsin-EDTA and were either plated onto prepared MatTek coverslip dishes or transiently transfected (RBL-2H3 or 1C1C8 cells) with a fluorescent construct before plating as described below. When cells were plated immediately after harvesting, 0.15 x 106 cells were added to the coverslip dishes to achieve a sparse distribution for imaging before incubation overnight at 37°C.



Transient transfection

RBL-2H3 or 1C1C8 cells were transiently transfected with Lyn-mEos3.2, mEos3.2-LifeAct, PM-mEos3.2, or mEos3.2-GG fluorescent constructs using an electroporation procedure. Approximately 1.0 x 107 cells were harvested using Trypsin-EDTA, pelleted and resuspended in 500 µl cold electroporation buffer (137 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, 1 mg/ml glucose, and 20 mM HEPES, pH 7.4), and added to electroporation cuvettes on ice containing 10-30 µg of DNA plasmid in solution. Cuvettes were then pulsed using a Bio-Rad GenePulser Xcell (exponential decay, 280 V, 90 μF). Cells were immediately resuspended in medium and plated in MatTek dishes prepared with fiducial markers. Medium was exchanged after 1 hour, and the cells were left in the incubator overnight for recovery and expression of the construct. 



Sensitization, stimulation, and fixation

Cells were sensitized with 3g/ml Dy654-labeled IgE in HEPES-buffered RBL medium (80% MEM, 20% fetal bovine serum, 50 mg/L gentamicin, and 30 mM HEPES) for 45 min at room temperature. Following sensitization, IgE-containing medium was replaced with warm RBL medium and left at 37°C for 5 min. For experiments involving latrunculin A or cytochalasin D treatment, cells were then incubated with 1µg/ml latrunculin or cytochalasin in medium for 5 additional minutes. The cells were then stimulated with multivalent antigen (500 ng/ml DNP-BSA in medium or 500ng/ml DNP-BSA with 1µg/ml latrunculin or cytochalasin in medium for latrunculin/cytochalasin treatments) for 0, 1, 3, 6, or 12 minutes at 37ºC. Dishes were then rinsed with warm PBS and chemically fixed (4% paraformaldehyde and 0.1% glutaraldehyde in PBS) for 10 minutes at room temperature. The fix was then quenched with blocking buffer (10 mg/ml BSA in PBS) for 10 minutes. Fixed samples were rinsed three more times in blocking buffer before imaging. When imaging did not directly follow sample preparation, the samples were stored in blocking buffer with azide (10mg/ml BSA, 0.03% sodium azide in PBS) at 4 ºC. 



Phosphotyrosine immunolabeling

Phosphotyrosine was labeled in RBL-2H3, 1C1C8, and TB1A2 fixed samples using an anti-phosphotyrosine mouse monoclonal (clone 4G10) antibody. Cells were plated, sensitized, stimulated, and fixed as described above. After fixation and repeated rinsing with blocking buffer, dishes were incubated with a solution of the 4G10 antibody with TritonX-100 for cell permeablization in blocking buffer (5 μg/ml 4G10 antibody, 0.1% TritonX-100, and 10mg/ml BSA in PBS) for 1 hour at room temperature. Dishes were rinsed five times with blocking buffer and incubated with A488-conjugated anti-mouse IgG2b (10 μg/ml A488 anti-mouse antibody, 0.1% TritonX-100, and 10 mg/ml BSA in PBS) for 1 hour. Dishes were rinsed five times with blocking buffer before imaging or storage in blocking buffer with azide. 



Super-resolution imaging

Imaging setup

Labeled samples were imaged on an inverted microscope (Leica DM-IRB, Wetzlar, Germany) under illumination through a 1.42 numerical aperture 100X Leica TIRF objective lens. The microscope is equipped with epi-fluorescence illumination via a mercury arc lamp as well as 50mW 405, 100W 488, 100mW 561nm, and 100mW 642 diode-pumped solid state lasers (Coherent , Santa Clara, CA) for TIRF imaging. Lasers are outfitted with cleanup filters (Chroma Technology Inc., Burlington, VT) and are attenuated with neutral density filters (ThorLabs, Newton, NJ) as needed for the illumination requirements of the experiment. Multi-bandpass excitation, polychroic, and emission filters (Chroma Technology Inc.) admit excitation from all four lasers and simultaneously pass emission from multiple channels. The emission path is coupled through a two-channel Optosplit emission splitter (Cairn Optics, Faversham, UK), which separates the channels onto two distinct regions of the camera CCD, enabling simultaneous recording of two color channels on the same camera. Images are recorded with an Andor iXon 897 EM-CCD camera (Andor, Belfast, UK) using custom image acquisition code written in Matlab (The MathWorks, Natick, MA). 



Data acquisition

Fixed cells were imaged in the presence of an oxygen-scavenging and reducing imaging buffer (100mM Tris, 10mM NaCl, 10% w/w glucose, 500 μg/mL glucose-oxidase, 40μg/mL catalase, and 1% β-mercaptoethanol at pH 8.5). For mEos3.2/Dy654 two-color imaging, epi-fluorescence illumination was used to locate cells expressing mEos3.2 constructs in the green emission channel. Cells were selected based on moderate expression of the fluorescent construct, while highly overexpressing cells were avoided. Once a transfected cell was selected, the illumination was switched to TIRF mode using the 561nm and 642nm lasers. mEos3.2 and D654 emission were simultaneously monitored using the Optosplit outfitted with a dichroic mirror and emission filters to split and isolate the red and far-red channels. Laser powers were then increased to induce photoswitching of Dy654 and enable imaging of mEos3.2. TIRF illumination intensity by the 405 laser was initiated and slowly increased to produce mEos3.2 photoswitching. Lasers were attenuated as needed to modulate the density of activated fluorescent probes as well as the probe emission intensity. Data from Dy654/A488 samples was collected using a similar approach, with illumination from 488 and 642 lasers and imaging in the green and far-red channels. For both Dy654/mEos3.2 and Dy654/A488 imaging, data were acquired at 32 frames per second with an exposure time of 10ms, with variable EM-CCD gain settings and illumination intensity. Data were acquired in a series of 500-frame movies. A given super-resolution image was reconstructed from at least 15 of these movies, or 7500 individual frames. 



Analysis of imaging data

Channel alignment

Before and after imaging of each cell in a two-color experiment, images of an alignment sample were collected to enable precise registration of the two channels. This sample was prepared by incubation of a solution of Tetraspeck fluorescent nanospheres on the glass coverslip surface of a plasma-cleaned MatTek dish to achieve a dense random array of Tetraspecks. Tetraspecks contain multiple fluorescent dyes and emit in the blue, green, red-orange, and far-red channels. The alignment sample was imaged with TIRF illumination simultaneously in the two color channels used for the imaging experiment. Approximately 75-100 images were collected as the alignment sample was translated across the microscope field of view. The images were separated in two, corresponding to the two color channels, and the diffraction-limited Tetraspecks were localized in each channel through least-squares fitting of their emission to a two-dimensional Gaussian function as described below for super-resolution image reconstruction. Because the same set of fluorescent nanospheres is imaged simultaneously in two color channels, localizations in each color channel that correspond to the same nanosphere could be identified. The set of paired localizations was used as a set of control points to infer a transformation that could spatially map one channel onto the other, allowing for registration of the super-resolution images collected in each channel. This transformation was obtained using the built-in MatLab function cp2tform() with the "local weighted mean" option for transformation calculation. Details of two-color alignment procedure are described in Appendix B. 



Super-resolution image reconstruction 

Super-resolution data were analyzed using routines that have been previously described in detail in (34, 35) and Chapter 2. Single-molecule probe emission was localized in movies of Dy654, mEos3.2, or A488 photoswitching by least-squares fitting of diffraction-limited spots to a two-dimensional Gaussian function. Outliers in spot intensity, aspect ratio, width, and fitting error are culled from the population of localizations. Localization of the same probe in sequential frames (defined by sequential localization within a distance of twice the localization precision) results in merging of the two localizations. For registration of the two-color image, probe localizations in one color channel are transformed using the spatial transformation generated from the Tetraspeck alignment sample following the culling step. Image misalignment due to stage drift is corrected using the fiducial marker Tetraspecks that are adhered to the coverslip before the cells are plated. During super-resolution imaging, several fiducial markers in the field of view are tracked to determine displacement due to stage drift during super-resolution. Probe localizations in both channels are then corrected to prevent image offset caused by these displacements. The localization precision was calculated from correlation functions as described in (35). Typical values for the calculated localization precision were approximately 20 nm for the Dy654 probe, 23 nm for mEos3.2, and 25 nm for A488. The map of localizations that is used for further image analysis is generated through incrementing the pixel value at the coordinates where a given probe is localized, where the pixel size is set to be comparable to the image resolution. This image is convolved with a Gaussian filter for display. The number of localizations used to reconstruct a given fixed cell image varies based on factors such as labeling density in the case of the 4G10 images or expression levels in the case of mEos3.2 images, and differs inherently between probes due to differences in probe photophysics. Dy654  super-resolution images of IgE-FcεRI are generated from approximately 300,000 to 600,000 localizations, mEos3.2 images of Lyn or LifeAct are generated from 350,000 to 500,000 localizations, and A488 images of 4G10 are generated from 100,000 to 700,000 localizations. 



Correlation function analysis of super-resolution images:

The distribution of proteins imaged in a super-resolution experiment is quantified through statistical analysis of the spatial map of localizations generated by the experiment. Pair auto-and cross-correlation functions are used to measure the extent of protein clustering and co-localization in super-resolution images. The specifics of this analysis are described in detail in (34), (35), and Chapter 2. In short, reconstructed  super-resolution images are masked using the MatLab function roipoly() to isolate the cell membrane for further analysis and exclude edge effects. The autocorrelation function g(r) is calculated using the Fast Fourier transforms (FFT) of the localizations within the mask normalized by the FFT of the mask itself. Cross-correlation functions are calculated from the FFT of masked regions in both color channels, again normalized by the FFT of the mask. Auto- and cross-correlation functions are interpreted as described the Results and Discussion section. 

Auto-correlation functions for super-resolution images of Dy654 IgE-FcεRI are corrected for the effects of protein over-counting as described in (34, 35) and Chapter 2. IgE auto-correlations are fit to the form:

gmeas(r) = gPSF(r) *(1/ρ)+ gPSF(r) * g(r>0) 	                            (1)

where the first term represents the contribution to gmeas(r) of over-counting. The over-counting term arises from the value at r=0 of the correlation function of single molecule centers associated with labeled proteins of interest, which is inversely proportional to the density of proteins of interest ρ. This value at r=0 is convolved with gPSF, the contribution to the correlation function that arises from the point spread function (or finite resolution) of the measurement, which is assumed to have a Gaussian form 

	gPSF(r) = exp{-r2/4σ2}/(4π σ2).

gPSF is estimated by comparing the auto-correlation of images reconstructed from all identified single molecule centers to those of images where localizations of probes identified in multiple sequential frames are merged as described previously (35). gPSF is then fit to a two-dimensional Gaussian function to determine σ. We assume a surface density (ρ) of FcεRI to be 200 molecules/μm2 (43). The measured correlation function is then fit to Eqn 1 to determine the correlation function due to the real distribution of labeled molecules at r greater than 0, g(r>0). g(r>0) is approximated by an exponential function, 1+Aexp(-r/ξ) (35), and Eqn. 1 becomes: 

	gmeas(r) ≈ exp{-r2/4σ2}/(4π σ2 ρ)+ exp{-r2/4σ2}/(4π σ2)* [1+ (Aexp(-r/ξ))].	    

A and ξ are extracted as fit parameters. 

	Auto-correlation functions of Lyn-mEos3.2 are not corrected for over-counting due to uncertainty in density (ρ) of the transfected fluorescent fusion protein on the membrane. Instead, reported auto-correlations include contributions from over-counting and are fit to a single filtered exponential function that does not include a correction term for over-counting:

	gFit(r) = gPSF(r)*[1+ (Aexp(-r/ξ))] 				      (2)

where gPSF(r) is determined as described above from the auto-correlation function of probes localized in consecutive frames. Cross-correlation functions generated from two-color images do not contain artifacts from over-counting and are also fit to the filtered exponential function, Eqn 2. 

	Absolute values of the cross-correlation amplitude are measurements of the relative co-enrichment of two species with respect to the average density of each species on the membrane. It is possible that overexpression of fluorescent constructs such as Lyn-mEos3.2 could lead to a situation where the overall average density of Lyn is higher without a proportional increase in the amount of Lyn interacting with IgE-FcεRI. A similar effect could be generated by additional 4G10 labeling density caused by non-specific binding of the 4G10 primary or fluorescent secondary antibodies. If this is the case, then our measurements may underestimate cross-correlation amplitudes. We have attempted to mitigate these possible effects by selecting transfected cells with consistent, moderate expression levels and by choosing immunolabeling conditions that minimize non-specific antibody labeling. Additionally, we can make direct comparisons of correlation function amplitudes between samples that were labeled in the same way (e.g. either by 4G10 labeling or by Lyn-mEos3.2 transfection) because the effects of labeling on the correlation function are the same. 



RESULTS AND DISCUSSION



Two-color super-resolution imaging measures spatial co-localization of IgE-FcεRI and Lyn kinase 

	Using two-color super-resolution microscopy, we are able to characterize the nanoscale coupling of Lyn kinase with IgE-FcεRI receptor complexes as a function of receptor cross-linking with the multivalent antigen DNP-BSA. To label these two proteins of interest, we use a combination of an organic fluorophore and a transfectable fluorescent fusion protein. Dinitrophenyl (DNP)-specific IgE is directly conjugated with the far-red dye Dyomics 654 (Dy654) and used to sensitize RBL-2H3 cells that have been transiently transfected with a fluorescent construct consisting of mEos3.2 fused to the C terminus of Lyn, which is expressed in addition to endogenous Lyn. Cells are stimulated with DNP-BSA for defined time intervals before chemical fixation and super-resolution imaging as described in the Materials and Methods. For these fixed-cell imaging experiments, we are able to achieve lateral resolution of approximately 20nm for Dy654 and 25nm for mEos3.2. 

	  Fig. 3.1 shows super-resolution images of IgE-bound to FcεRI (shown in red) and Lyn (shown in green) in whole cells and magnified regions (insets) for representative cells stimulated for 0, 1, 3, 6, and 12 minutes. Examining the far-red Dy654-IgE channel alone, we see that the distribution of IgE-FcεRI clearly changes with stimulation time. IgE-FcεRI accumulates into clusters beginning at the 1 min stimulation time point that become more pronounced with continued exposure to antigen. After 12 minutes, the majority of receptors on the membrane are organized in dense clusters. Conversely, there is no obvious antigen-dependent rearrangement of Lyn observed in the mEos3.2 channel. 

	The distributions of IgE-FcεRI in unstimulated cells and Lyn at all stimulation timepoints appear weakly clustered in single color super-resolution images. Individual labeled proteins are over-counted in these experiments, leading to the visual impression of clusters in super-resolution images. This artifact arises whenever a single protein of interest can be labeled with multiple fluorescent molecules, either through direct conjugation of multiple dyes, binding of primary and secondary antibodies, or when single fluorescent molecules can be localized multiple times during data collection due to reversible photoswitching. In this case, IgE is labeled with an average of 2.7 Dy654 molecules during dye conjugation, and both Dy654 and mEos3.2 are known to blink reversibly. These effects are commonly encountered with most  super-resolution localization techniques, and we expect some degree of artifactual clustering to appear in super-resolution images (35). 

	Alignment of the two color channels allows precise registration of protein distributions in each channel, and we determine typical registration errors to be approximately 10-15nm. The alignment procedure is described in the Materials and Methods and Appendix B. Merged images in  Fig. 3.1 show the relative distributions of IgE-FcεRI and Lyn. We can identify fields of view in images of stimulated cells where receptor clusters co-localize with concentrated areas of Lyn, but overall the effect of antigen stimulation on Lyn/IgE-FcεRI co-localization is too subtle to interpret by eye. 

	Instead, we turn to a quantitative method, pair-correlation analysis, to characterize the organization of IgE-FcεRI and Lyn and measure their co-localization. Pair-correlation functions are calculated from the spatial map of single-molecule localizations collected in super-resolution images. The pair-correlation function measures the normalized probability of finding another probe a radius r away from a given probe and is averaged over all probes. Pair auto-correlation functions measure this probability for two like probes, in this case two probes in the same color channel, whereas cross-correlation functions measure this probability for probes of two different colors in a two-color image. A random distribution of probes yields a correlation function equal to 1 at all radii. When probes are clustered, they are spatially correlated at short distances, and the correlation function takes on values larger than 1 at small radii. Likewise, when two distinguishable species are co-clustered, their cross-correlation function is larger than 1 at radii that correspond to size of correlated structures. We use methodology for calculating and analyzing pair correlation functions that has been described in detail in past studies and was recently used to quantify single-color images of IgE-FcεRI (34, 35). 

	trunculiCross-correlation functions calculated from multiple two-color images of IgE-FcεRI and Lyn at each of the stimulation timepoints are shown in  Fig. 3.2 A. The value of cross-correlation functions at small radii are larger at longer stimulation times, indicating that co-localization of Lyn with IgE-FcεRI increases with stimulation time. Cross-correlation functions are fit to a single filtered exponential function (Eqn. 2) as described in the Materials and Methods. The amplitude and correlation length (ξ) of the exponential fit to the cross-correlation function of the exponential fit are extracted. The amplitude quantifies the co-enrichment of the two species in correlated structures relative to their average density on the membrane. It measures the increased probability of finding one species co-localized with the other in clusters compared to a random relative distribution. ξ, the correlation length, is a measurement of the average radius of correlated structures. Fits are shown with cross-correlations plotted in  Fig. 3.2, A. 

	Auto-correlations are also tabulated to measure changes in IgE-FcεRI and Lyn distributions upon antigen addition (  Fig. 3.2 B). When over-counting is present in super-resolution images, the auto-correlation function contains a contribution from over-counting on the length scale of the localization precision of the fluorescent probe (approximately 20 nm), unlike cross-correlations, which are unaffected by over-counting (35). IgE-FcεRI autocorrelations are fit to Eqn. 1, which includes terms that correct for over-counting as has been described previously (34, 35) and as outlined in the Materials and Methods. Lyn auto-correlations are not corrected due to inherent uncertainties in the density of the transfected construct on the membrane and cannot be fit to Eqn. 1. Instead, Lyn auto-correlation functions are fit without over-counting correction to Eqn. 2 but are likely dominated by over-counting artifacts at radii less than approximately 30 nm, which leads to large overestimates of the value of the amplitude and underestimates of ξ when the data are fit. Nonetheless, we report Lyn auto-correlation function fit parameters to Eqn. 2 for comparison of values before and after antigen stimulation.

	Cross- and auto-correlation functions are calculated for IgE-FcεRI and Lyn in multiple cells at each stimulation time point and fit parameters are extracted. The amplitude and ξ are averaged for each time point to generate mean values as a function of stimulation time. Average amplitude and ξ are shown for IgE-FcεRI/Lyn cross-correlation functions and for IgE-FcεRI and Lyn autocorrelation functions in  Fig. 3.2. In unstimulated cells, IgE-FcεRI and Lyn appear weakly cross-correlated at relatively long distances, illustrated by small values of amplitude and large values of ξ. After stimulation, the amplitude of cross-correlations increases in a time-dependent manner and the correlation length falls, indicating that correlated structures of IgE-FcεRI and Lyn become smaller and denser. The increase in amplitude with stimulation time observed here by localization microscopy shows a similar trend as cross-correlation amplitudes obtained in a previous study using scanning electron microscopy, although in that case cross-correlation amplitudes are systematically larger (9). This could be due to differences in the dorsal membrane imaged in SEM studies and the ventral surface of the cell, in terms of the kinetics or extent of formation of large co-clusters of IgE-FcεRI and Lyn. The fact that different labeling schemes were used for these two experiments, which include expression of non-endogenous Lyn in super-resolution imaging experiments, could also account for quantitative differences in the measured cross-correlation. The IgE-FcεRI auto-correlation amplitude increases with stimulation time, consistent with the visual impression of increased cluster density from super-resolution images of IgE-FcεRI and with previously published characterization of receptor clustering (34). ξ increases on average with stimulation time, similar to what we have seen previously in single-color fixed cell experiments (34). Lyn autocorrelation amplitude and ξ do not exhibit robust stimulation-dependent changes, possibly because Lyn auto-correlations are dominated by over-counting artifacts that are independent of cell stimulation, or because higher levels of Lyn expression obscure subtle differences in the distribution of Lyn associated with IgE-FcεRI. Together measurements of cross- and auto-correlation fit parameters describe a conversion from weak Lyn/IgE-FcεRI co-localization that occurs over long length scales before antigen addition to co-localization of a sub-population of Lyn with cross-linked IgE receptor that grows with stimulation time as antigen-stimulated receptor clusters become increasingly dense. 

	We observe a sustained increase in Lyn/FcεRI co-localization over 12 minutes of antigen stimulation. Previous immunoprecipitation-based biochemical experiments that measured the time course of antigen-stimulated association of Lyn with FcεRI and resulting changes in Lyn kinase activity showed a rapid increase in Lyn bound to FcεRI that peaks within one or two minutes of antigen stimulation, followed by a gradual decline (7, 44). On the other hand, studies that use standard confocal or multiphoton microscopy do not detect Lyn/FcεRI co-localization until after at least 10 minutes of antigen stimulation (10, 29). A possible explanation for this discrepancy is that these optical methods are insensitive to Lyn/IgE co-localization that occurs on length scales well below the diffraction limit, whereas biochemical methods utilize chemical cross-linkers and immunoprecipitation that may not detect Lyn that is not directly or stably bound to FcεRI. Our improved resolution compared to other optical techniques enables detection of co-localization that takes place on length scales in the tens of nanometers. As a consequence, we are able to measure Lyn/IgE-FcεRI co-localization that occurs on the less than 5 min time scale of association reported by cross-linking and immunoprecipitation (7). Lyn coupling to clustered IgE-FcεRI at these short stimulation times has been shown by electron microscopy experiments (9, 36), but because of the sub-diffraction dimensions of these structures, detection of Lyn association at early times after stimulation has so far been a challenge for fluorescence imaging approaches. At the same time, we observe cross-correlations at longer stimulation times (12 min). The biochemical immunoprecipitation data indicates that Lyn is not directly associated with FcεRI at the plasma membrane at these longer stimulation times. Comparison to our results suggests that the association we observe is mediated by less specific interactions, possibly through lipid-mediated membrane domains. 



The initiation of signaling correlates with Lyn/IgE-FcεRI spatial co-localization

	Our results demonstrate that this approach using super-resolution imaging and cross-correlation function analysis are effective at measuring antigen-stimulated co-redistribution of Lyn with clustered IgE-FcεRI. To determine whether the Lyn/IgE-FcεRI cross-correlation that we observe is concurrent with a functional response, we extend our approach to measure tyrosine phosphorylation correlated with FcεRI before and after cross-linking by antigen. Receptor phosphorylation is a consequence of Lyn association with cross-linked receptors and is an early step in the signaling cascade. Cells are sensitized with Dy654 IgE, stimulated, and fixed as in Lyn/IgE-FcεRI two-color experiments above. Phosphotyrosine on the plasma membrane is then labeled using the anti-phosphotyrosine antibody clone 4G10 followed by an AlexaFluor 488 (A488)-labeled secondary antibody.  Fig. 3.3 A shows representative super-resolution images of Dy654 IgE and A488 anti-phosphotyrosine 4G10 in an unstimulated cell and a cell stimulated for 6 min. In unstimulated cells, 4G10 signal can be attributed to basal phosphorylation and non-specific background labeling. IgE and phosphotyrosine do not appear cross-correlated in unstimulated cells, but in stimulated cells, there is a clear concentration of 4G10 label in areas that spatially correspond with IgE-FcεRI clusters. 

	We quantify the labeling of IgE-FcεRI clusters with 4G10 by calculating their cross-correlation function. We interpret changes in 4G10/IgE-FcεRI cross-correlation amplitudes to reflect changes in the absolute amount of tyrosine phosphorylation localized to receptor clusters. 4G10/IgE-FcεRI cross-correlations follow similar trends as a function of stimulation time as Lyn/IgE-FcεRI cross-correlation functions ( Fig. 3.3 B). Prior to antigen stimulation, cross-correlation functions fit to Eqn. 2 have very small amplitudes, close to 0, and long correlation lengths over 300nm, suggesting a nearly random relative distribution of 4G10 and IgE receptor. In stimulated cells, the amplitude increases steadily, with time dependence similar to that of the Lyn/IgE-FcεRI cross-correlation amplitude. ξ quickly drops with stimulation to values that match Lyn/IgE-FcεRI correlation lengths.

	Thus, receptor-localized phosphotyrosine and receptor-localized Lyn are organized in structures that are both spatially correlated with IgE-FcεRI clusters, that have similar dimensions, and that form with similar time dependence after addition of antigen. Comparison of 4G10/IgE and Lyn/IgE cross-correlation function parameters as a function of stimulation time implies a positive correlation between the co-localization of Lyn with cross-linked IgE-FcεRI and phosphorylation of receptor clusters that we observe in separate imaging experiments. These results are consistent with the view that Lyn association with FcεRI precedes or occurs concurrently with the initiation of receptor phosphorylation, as was earlier suggested by immunoprecipitation experiments (7, 8). Moreover, our results show that increasing 4G10/IgE-FcεRI cross-correlation amplitudes can be interpreted as a functional consequence of Lyn/IgE-FcεRI co-localization. 4G10/IgE-FcεRI cross-correlation functions measure the catalytic activity of Lyn, whereas Lyn/IgE-FcεRI cross-correlation functions measure the stoichiometric accumulation of Lyn with FcεRI. However, we do note that, due to the ubiquity of tyrosine phosphorylation sites on signaling molecules, we do not measure receptor phosphorylation specifically in this experiment. Phosphotyrosines labeled by 4G10 could belong to ITAMs on FcεRI or to signaling molecules that co-redistribute with clustered receptors, including LAT, Syk, or Lyn itself (9). Thus, stimulation-induced increases in receptor-correlated phosphotyrosine consist of contributions from receptor phosphotyrosine as well as receptor-associated signaling molecules that are also phosphorylated in an antigen-dependent fashion. The fact that 4G10 is not specific to receptor phosphotyrosine may account for the differences that we observe in the time dependence of 4G10/IgE-FcεRI co-localization and past measurements of FcεRI β and γ chain phosphorylation by Western blot, which have shown transient behavior where receptor phosphorylation peaks within a few minutes and decays (15, 26, 45, 46). 

	In principle the absolute values of cross-correlation amplitudes for 4G10/IgE-FcεRI and Lyn/ IgE-FcεRI can be compared directly to evaluate differences in the degree of co-enrichment of 4G10 and Lyn with clustered receptors. In doing so, it is important to keep in mind that correlation amplitudes represent a relative enrichment of 4G10 or Lyn with clustered receptors compared to the average surface density of these species. Any effect that increases the average density of label without necessarily increasing receptor-localized label, such as detection by 4G10 antibodies of other phosphorylation events accompanying signaling that are not co-localized with clustered receptors, could have the effect of decreasing the cross-correlation amplitude. With this in mind, we focus on comparison of the time dependence of stimulated changes in Lyn/ IgE-FcεRI and 4G10/ IgE-FcεRI cross-correlation amplitudes. 



The actin cytoskeleton is dynamic during early stages of cell activation, but bulk association with IgE receptors does not detectably change with stimulation. 

	Numerous previously published studies have demonstrated a role for actin in the regulation of FcεRI signaling, and antigen-stimulated actin polymerization has been well documented (21, 25, 47, 48). Live cell TIRF imaging of cortical actin labeled through transient transfection with EGFP fused to LifeAct, an F-actin binding peptide, also shows that cortical actin undergoes dramatic remodeling at the ventral surface of RBL-2H3 cells shortly after antigen stimulation ( Fig. 3.4). Prior to antigen addition, actin is distributed across the ventral surface with some areas of punctuate actin concentration. Approximately 30 seconds after antigen is added, actin fluorescence rapidly disappears from the ventral surface, leaving a weak, relatively uniform signal on the interior of the cell footprint with a slight concentration of actin around the periphery. Within 60 seconds, actin puncta begin to reappear. Puncta increase in number over the course of the next minute and form and vanish dynamically. Actin puncta continue to form and disappear over the course of the next few minutes as the cell spreads. 

	TIRF imaging is consistent with previous findings that the F-actin content of detergent-extracted membranes decreases during approximately the first 30 seconds after antigen addition, then increases beyond pre-stimulation levels (21). This striking antigen-stimulated actin remodeling that occurs soon after antigen addition may be involved in regulating signaling at these early stimulation times. However, we do not detect stimulated co-localization of labeled actin structures with IgE-FcεRI clusters by 2-color TIRF (data not shown) or super-resolution imaging ( Fig. 3.5). IgE-FcεRI association with labeled actin is weak before antigen stimulation and remains weak at time points corresponding to depolymerization of actin at the ventral surface (30s) and formation of actin puncta (60s and 3 min). This could be because actin does not directly couple to clustered FcεRI after stimulation or because the fraction of actin that does so is small enough to be undetectable in our experiment. Although previous imaging studies show co-localization of F-actin with cross-linked IgE (10, 26, 49), in these cases large regions of cross-linked IgE-FcεRI were stabilized on the membrane and co-localization could be mediated through some other membrane species. Actin was shown to co-cluster with Lyn 2 minutes following antigen stimulation in electron microscopy experiments (36), although these studies have some limitations in their interpretation due to sample preparation using membrane sheets that are ripped from intact adherent cells, which may perturb cytoskeletal interactions. Further, receptor phosphorylation by Lyn, which also occurs during the first stages of the signaling response concurrent with actin remodeling, is sensitive to actin polymerization (25, 26, 28). Actin could regulate antigen-induced signaling via its direct or indirect interactions with Lyn by controlling the localization of Lyn on the membrane. We test this hypothesis in super-resolution imaging experiments. 



The actin cytoskeleton regulates stimulated coupling of Lyn to IgE-FcεRI. 

	The regulation of antigen-stimulated degranulation by the actin cytoskeleton is likely to be mediated through a number of signaling molecules including Lyn. We evaluate the effects of the actin cytoskeleton on the regulation of Lyn/IgE-FcεRI coupling in super-resolution experiments where cells are treated with drugs that disrupt actin polymerization. Samples are prepared for Lyn-mEos3.2/ Dy654 IgE 2-color imaging as described above, with the addition of a 5-min incubation with 1µM cytochalasin or latrunculin preceding antigen stimulation in the presence of the actin-disrupting drug. Two-color super-resolution images of cells stimulated for 6 min in the presence and absence of latrunculin or cytochalasin ( Fig. 3.6, A) do not show obvious differences in Lyn/IgE-FcεRI co-localization. However, comparison of Lyn/IgE-FcεRI cross-correlations for the various treatment conditions as a function of stimulation time reveal that Lyn/IgE-FcεRI interactions are enhanced when actin polymerization is inhibited ( Fig. 3.6, B). Latrunculin and cytochalasin inhibit actin polymerization by different mechanisms, latrunculin sequesters actin monomers while cytochalasin caps the barbed end of filaments, and these two drugs have slightly different effects on stimulated Lyn/IgE- FcεRI cross-correlations. Cytochalasin treatment causes a sustained enhancement of cross-correlation amplitudes for the first 6 minutes after stimulation. Enhancement due to latrunculin is more short-lived, extending through 3 min, but is also larger in magnitude at this time point. Interestingly, latrunculin also causes a small but significant increase in Lyn/IgE-FcεRI interaction in unstimulated cells as measured by the cross-correlation amplitude. Lyn and IgE-FcεRI are weakly correlated over longer distances in unstimulated cells for both cytochalasin and latrunculin treatments as indicated by ξ, which is increased compared to untreated cells. In stimulated cells, Lyn/IgE correlated structures have similar dimensions regardless of cytoskeletal perturbation, i.e., ξ is not significantly different in treated vs. untreated cells. Inhibition of actin polymerization does not seem to have robust effects on IgE-FcεRI or Lyn autocorrelations, except for a slight enhancement of IgE- FcεRI autocorrelations, which are shown in  Fig. (3.7, A).

	Evidence from ours and previous studies suggests that the modulation of the spatial distribution of Lyn can be a mechanism for actin regulation of stimulated responses in mast cells. Pervanadate is a pharmacological inhibitor of tyrosine phosphatases that stimulates degranulation responses which bypass receptor clustering by activating kinases, including Lyn. Latrunculin has no effect on pervanadate-stimulated degranulation (25), which shows that latrunculin acts upstream of receptor phosphorylation. Although cytochalasin does have some effects on downstream signaling evidenced by its enhancement of pervanadate stimulation, its effects on early signaling are similar to latrunculin (25, 28). Under the stimulation conditions used here, enhanced Lyn recruitment occurs in actin-disrupted RBL-2H3 cells without robust changes in IgE-FcεRI autocorrelations, indicating that latrunculin and cytochalasin do not affect receptor oligomerization caused by antigen stimulation under these conditions. Given that Lyn itself remains in an enzymatically active state in the presence of F-actin perturbation (25, 28, 50) enhanced access of Lyn to its substrate is a compelling hypothesis for the mechanism of increased signaling caused by F-actin perturbation and is supported by the enhanced spatial coupling to IgE-FcεRI that we observe at relatively early time points after stimulation. That latrunculin causes a more rapid but transient enhancement of Lyn recruitment to FcεRI is consistent with its intervention primarily in the initial steps of signaling and with the fact that it inhibits actin polymerization more effectively than cytochalasin for the first few minutes after antigen stimulation (25). Interestingly, latrunculin leads to depletion of actin from the Triton-insoluble, membrane associated pool of actin, while also causing weak phosphorylation of FcεRI β and Syk (25, 50). We observe a small but significant increase in the amplitude of Lyn/IgE-FcεRI cross-correlation in unstimulated latrunculin-treated cells, implying that Lyn recruitment to FcεRI could account for these effects. 

	For both latrunculin and cytochalasin treatment, enhancement of Lyn/IgE cross-correlation amplitudes occur transiently at time points soon after antigen stimulation. Amplitudes peak 3 and 6 min after stimulation for latrunculin and cytochalasin, respectively, before falling to levels that are not significantly different from untreated cells. The timing and direction of the effects of cytochalasin and latrunculin on Lyn/IgE-FcεRI co-localization are different than the behavior observed using antigen presented on patterned substrates (10) or recorded in FCS measurements (29). In those cases, Lyn/IgE-FcεRI co-localization was only detectable after 10 min of antigen stimulation, well after peak receptor phosphorylation, and was inhibited by pretreatment with cytochalasin while phosphorylation was enhanced. It is possible that recruitment of Lyn to clustered IgE-FcεRI at relatively long (>10 min) stimulation times is related to a negative-regulatory pathway that limits the extent of the degranulation response, and such a negative regulatory role has been proposed for Lyn (44, 51, 52). If this is the case, the fact that cytochalasin prevents Lyn recruitment to FcεRI (10, 29) is evidence that the pathway is also actin-dependent. Consistent with this, cytochalasin converts transient phosphorylation of FcεRI β to a much more long-lived response (26). 

	In contrast, we record antigen-stimulated Lyn recruitment to IgE-FcεRI that is concomitant with the initiation of receptor-correlated phosphotyrosine ( Fig. 3.3,  Fig. 3.8) and, like receptor phosphorylation ( Fig. 3.6), is enhanced by inhibition of actin polymerization ( Fig. 3.8). Live cell  super-resolution experiments have shown that DNP-BSA-induced IgE-FcεRI clustering sufficient for the initiation of Ca2+ mobilization occurs in the first few minutes after antigen addition (Chapter 2 and ref. (34), and enhancement of Lyn co-localization also occurs during this time frame. These data indicate that the cross-correlation we observe is related to the initiation of signaling and is negatively regulated by actin. In this situation, actin could act to physically segregate Lyn from receptor clusters, possibly via cytoskeletal interactions with ordered lipids that modulate the lipid environment of clustered receptors, to negatively regulate signaling. There is evidence for this segregation phenomenon from electron and fluorescence microscopy (26, 36) which has been supported by additional biochemical data (25, 28). It is possible that, using our imaging approach, we could measure Lyn recruitment at later stimulation time points that is reduced by inhibition of actin polymerization. In fact, for latrunculin-treated cells, the cross-correlation amplitude begins to dip below that of untreated cells at the 12 min stimulation time point, but this difference is not significant. We do not examine stimulation time points in our experiments that are late enough to assess this question. 

	Consideration of our results along with previous reports (10, 29) suggests separate interpretations of Lyn/IgE-FcεRI co-localization and its regulation by actin at early vs. late times after antigen stimulation. At early stimulation times, Lyn co-localizes with cross-linked IgE-FcεRI as part of the initiation of signaling. This association is limited through an actin polymerization-dependent process. At later times, Lyn association with IgE-FcεRI is possibly related to a negative regulatory process and is promoted by actin. In both cases, actin polymerization would lead to negative regulation of signaling. Physical shuttling of Lyn to and away from receptor clusters could occur through direct interaction with actin or, more likely, through an adapter protein such as the focal adhesion protein paxillin or the Src-family regulatory kinase Cbp/PAG. Considerable evidence exists that implicates each of these proteins in negative regulation of signaling via Lyn and association with the cytoskeleton. Paxillin is bound and phosphorylated by Lyn upon antigen stimulation and has been shown to negatively regulate early steps in the signaling cascade (2, 49, 50, 53–57). It also spatially localizes to antigen patches on patterned surfaces in an actin-polymerization- and Lyn-dependent manner (49), and may provide a direct link to the cytoskeleton (58). Cbp/PAG is strongly associated with ordered lipids and is both activated by and negatively regulates Lyn through recruitment of Csk, providing a feedback loop for Lyn signaling. Cpb/PAG can also interact with the cytoskeleton via linkage to Epb50 and ezrin. Lyn regulation by Cpb/PAG-Csk has been shown to be relevant in FcεRI signaling (52, 59), and in particular we note that Lyn association with immunoprecipitated FcεRI is decreased in stimulated cells over expressing Cbp/PAG (59). While there is currently no demonstrated role for ezrin for antigen-stimulated signaling in mast cells, ezrin is phosphorylated in an antigen- and actin polymerization-dependent manner (50). Ezrin does have a demonstrated role in coupling ordered membranes to the cytoskeleton via its attachment to Cbp/PAG as part of the regulation of B cell signaling (60). 



Regulation by actin is evident in a signaling-defective variant RBL cell line.	

	We conducted two-color imaging experiments analogous to experiments shown in Fig. 3.7 A and B in a variant RBL cell line, 1C1C8 cells. In these cells, antigen-stimulated receptor phosphorylation, Ca2+ responses, and degranulation are significantly delayed compared to RBL-2H3 cells, but IgE-FcεRI ligand binding and expression of FcεRI and Lyn are normal (R.P. Siraganian personal communication). There is evidence that the mechanism of inhibition of signaling in these cells involves overactive actin polymerization; treatment with cytochalasin accelerates antigen-stimulated Ca2+ responses to become comparable to RBL-2H3 kinetics without altering antigen binding (D. Holowka unpublished data). 

	As in RBL-2H3 cells, the amplitude of Lyn/IgE-FcεRI cross-correlations in 1C1C8 cells increases with time after antigen stimulation (Fig. 3.6 C). The absolute value of the amplitude in 1C1C8 cells is significantly reduced for the later time points measured in the experiment compared to RBL-2H3 cells (Fig. 3.6 B). Cytoskeletal perturbation has robust effects on the strength of Lyn co-localization with IgE-FcεRI that exhibit similar trends as latrunculin- and cytochalasin-induced changes we observe in RBL-2H3 cells. Both cytochalasin and latrunculin treatment cause enhancement of Lyn/IgE-FcεRI association. Cross-correlation amplitudes in cytochalasin-treated cells are larger for stimulated time points between 3 and 12 after antigen addition. Values of the cross-correlation amplitude for latrunculin-treated cells are enhanced in unstimulated cells and for time points 1 and 3 min after antigen addition, consistent with effects in RBL-2H3 cells. Unlike results from RBL-2H3 cells, the cross-correlation length ξ is also affected by cytoskeletal perturbation in 1C1C8 cells. ξ is not significantly different with and without cytochalasin or latrunculin in unstimulated cells, but latrunculin treatment delays the antigen-induced collapse of the size of Lyn/IgE-FcεRI correlated structures. ξ is significantly larger for cytochalasin-treated cells than untreated cells for time points following 1 min after stimulation. Overall, cytoskeletal perturbation appears to enhance coupling between Lyn and IgE-FcεRI in a more pronounced fashion in 1C1C8 cells compared to RBL-2H3 cells. Maximum differences in cross-correlation amplitude are larger in the case of latrunculin treatment and persist to longer stimulation times for cytochalasin-treated cells. Lyn/FcεRI cross-correlation lengths also appear to be sensitive to cytoskeletal perturbation in 1C1C8 cells. 

	For 1C1C8 cells, IgE-FcεRI autocorrelation amplitudes are largely unchanged, with the exception that cytochalasin-treated cells have larger values for the cross-correlation amplitude at the 12 minute stimulated timepoint compared to latrunculin-treated or untreated cells ( Fig. 3.7 B). Autocorrelation amplitudes are smaller in general for 1C1C8 cells compared to RBL-2H3 cells. ξ for IgE-FcεRI autocorrelations is also sensitive to cytoskeletal perturbation in 1C1C8 cells ( Fig. 3.7 B).

	Unlike the situation in RBL-2H3 cells, the size of IgE-FcεRI aggregates as measured by ξ is sensitive to actin depolymerization. Receptor clustering is also relatively weak compared to RBL-2H3 cells, and together these data suggest that mutations in these cells that suppress signaling may interfere with formation of large or dense clusters, or may lead to their rapid internalization. Inhibition of actin polymerization causes larger-magnitude cross-correlation amplitude enhancement in 1C1C8 cells mainly due to relatively low antigen-stimulated co-localization in untreated cells. Based on our interpretation of the data from RBL-2H3 cells, this is consistent with the hypothesis that overactive actin regulation of Lyn/IgE-FcεRI coupling contributes to suppressed signaling in these cells. 



Inhibition of actin polymerization amplifies antigen-dependent tyrosine phosphorylation correlated with IgE-FcεRI. 

	In two-color phosphotyrosine/IgE-FcεRI imaging experiments, we measure a functional outcome of cytoskeletal perturbation. We stimulate Dy654-sensitized RBL-2H3 cells, fix, and label for phosphotyrosine using the same methodology described for the data presented in Fig. 3.3, where this time the cells are first treated with cytochalasin or latrunculin as in the experiments shown in Fig. 3.6. As with Lyn/ IgE-FcεRI two-color images of actin-disrupted cells (Fig. 3.6, A), the organization of 4G10 and IgE-FcεRI does not appear to be dramatically altered by cytochalasin or latrunculin treatment by visual inspection of 2-color super-resolution images (Fig. 3.8, A).

 	Analysis of cross-correlation functions show that perturbation of the cytoskeleton leads to relative increases in receptor-correlated phosphotyrosine that are qualitatively similar to observed changes in Lyn/IgE co-localization under the same conditions of stimulation and latrunculin or cytochalasin treatment (Fig. 3.6 B). 4G10 label and IgE-FcεRI are more correlated in latrunculin and cytochalasin treated cells for all stimulated time points except for the 1 min time point in the case of cytochalasin treatment (Fig. 3.8, B). The effects of latrunculin are more prominent at earlier stimulated time points, whereas the differences between cytochalasin-treated and untreated cells are greater at the later stimulated time points measured in this experiment, consistent with trends observed for Lyn/IgE-FcεRI cross-correlations (Fig. 3.6, B). 

	To further clarify whether cytochalasin- and latrunculin-induced enhancement of stimulated IgE-FcεRI-localized phosphorylation depend on Lyn, we measure 4G10/IgE-FcεRI cross-correlation functions in a Syk-negative variant of the RBL-2H3 cell line. These cells do not express Syk kinase at a detectable level and do not exhibit antigen-stimulated Ca2+ or degranulation responses. IgE-FcεRI aggregation elicits receptor phosphorylation in Syk-negative cells, albeit at slightly lower levels. This difference is possibly due to protection of γ chains from de-phosphorylation by Syk binding in normal cells (61). Cells are stimulated with antigen for 6 min with and without pre-treatment with latrunculin or cytochalasin and labeled for phosphotyrosine. Super-resolution images of stimulated Syk-negative cells that are treated with latrunculin or cytochalasin look qualitatively similar to untreated cells (Fig. 3.9, A), but cross-correlation functions computed from these images have larger amplitudes ( Fig. 3.9, B). ξ is slightly larger in cytochalasin-treated cells compared to the other treatment conditions but is equivalent for latrunculin-treated and untreated cells. Data shown in  Fig. 3.9 was collected in an initial experiment and will need to be reproduced in order to confirm these results. Although these data are preliminary, they indicate that the difference we observe in IgE-FcεRI-correlated phosphotyrosine is present in the absence of signaling that depends on Syk activation and cannot be attributed to feedback inhibition caused by Syk-dependent processes. In Syk-negative cells, antigen-stimulated phosphorylation localized to IgE-FcεRI clusters depends on Lyn signaling, and so inhibition of actin polymerization enhances phosphorylation through a net decrease in the negative regulation of Lyn. This suggests that in normal RBL-2H3 signaling, at least one component of regulation by actin is negative regulation of Lyn. 

	Measurements of 4G10/IgE-FcεRI cross-correlations in cells treated with cytochalasin and latrunculin show that receptor-correlated phosphorylation is enhanced, with time dependence that matches Lyn/IgE-FcεRI co-localization enhancement for each drug (Figs. 3.6 B and 3.8 B). This correlative result supports the hypothesis that the latrunculin and cytochalasin-dependent increase in coupling of Lyn to clustered receptors observed at early stimulation times is associated with the initiation of signaling and can be responsible for the amplification of downstream signaling responses caused by treatment with these drugs. It also provides evidence that F-actin perturbation leads to an elevated response to antigen even in the first steps of IgE receptor signaling, in agreement with experiments that have demonstrated enhanced phosphorylation of FcεRI and other downstream signaling proteins such as Syk and LAT when actin polymerization is inhibited (10, 25, 26, 28, 50). Here we are additionally able to show this enhancement of signaling through direct, high-resolution imaging of signaling moieties in situ on the plasma membrane. 

	Our preliminary finding that receptor-correlated phosphotyrosine is also elevated in stimulated Syk-negative cells is consistent with the idea that cytoskeletal perturbation causes enhanced receptor-correlated phosphotyrosine in RBL-2H3 cells through removal of negative regulation of Lyn coupling to IgE-FcεRI by actin. It has been demonstrated that while total phosphorylation is dramatically reduced in Syk-negative cells, phosphorylation of the FcεRI β, and to lesser extent γ, is still observed, confirming that Lyn causes antigen-stimulated receptor phosphorylation in the absence of Syk (61). 

	Whereas Lyn recruitment to IgE-FcεRI in actin-disrupted cells is enhanced compared to untreated cells for only the first few minutes after stimulation, the effects of actin depolymerization on elevation of receptor-correlated phosphotyrosine are more long-lived, extending through the longest stimulation timepoint measured in this experiment (6 min) for both latrunculin and cytochalasin treatment. This indicates that either the increase in phosphorylation induced at earlier stimulation times is long-lived and/or dephosphorylation by phosphatases is inhibited by F-actin perturbation. In relation to Lyn/IgE-FcεRI cross-correlation in the presence and absence of actin perturbation (Fig. 3.6), we have discussed the possibility that the continued accumulation of Lyn with clustered receptors at later stimulation times is somehow related to negative regulation of signaling. If this is the case, enhanced phosphorylation of receptor clusters at these later time points for cells where actin polymerization is inhibited compared to untreated cells would be consistent with similar or lower levels of Lyn co-localization. For example, phosphorylation is enhanced over receptor clusters on patterned substrates even when cytochalasin prevents the accumulation of Lyn in these regions (10).



Lipid anchor type plays a role in the magnitude and actin-dependence of stimulated co-localization of lipid-anchored proteins with IgE-FcεRI.

	Localization of Lyn with ordered lipids mediated by its order-preferring lipid anchorage is thought to be important for its phosphorylation of IgE-FcεRI upon receptor cross-linking (14, 16), and has been shown to partially mediate co-localization with FcεRI on patterned substrates (10) and cells cross-linked at 4°C (17). To test the hypothesis that the lipid anchorage of Lyn can be a structural factor that participates in actin-based regulation of Lyn-receptor interaction, we used the fluorescent construct PM-mEos3.2. PM-mEos3.2 consists of mEos3.2 and the N-terminal tail of Lyn that includes its palmitoylation and myristoylation sites, but does not retain its kinase or protein-binding domains. We imaged stimulated cells transfected with this construct in conjunction with Dy654-IgE ( Fig. 3.10). From two-color images, we observe a distribution of PM-mEos3.2 that is qualitatively similar to that of Lyn with respect to Dy654 IgE in stimulated cells ( Fig. 3.10, A). Also like Lyn, PM-mEos3.2 becomes increasingly correlated with IgE receptors with increasing stimulation time as measured by the cross-correlation amplitude ( Fig. 3.10, B), and PM-mEos3.2 association with IgE receptor is enhanced by treatment with latrunculin. Trends in the stimulation time-dependent increase of PM/IgE-FcεRI cross-correlation and the effect of latrunculin treatment match the behavior observed for Lyn/IgE-FcεRI cross-correlations, except that PM/IgE-FcεRI co-localization grows at a slower rate than Lyn/IgE-FcεRI with respect to stimulation time in both untreated and latrunculin-treated cells. PM/IgE-FcεRI correlation lengths also decrease with stimulation time. Values of ξ are slightly larger than for Lyn/IgE-FcεRI cross-correlations, but this difference is not significant for several stimulated time points. 

	For comparison to the PM lipid anchor, we measured the co-localization of IgE-FcεRI with a second lipid-anchored mEos3.2 construct, mEos3.2-GG. Here, mEos3.2 is associated with the plasma membrane via the lipid anchorage of K-Ras, which consists of a geranylgeranyl modification and a polybasic sequence. In two-color images, mEos3.2-GG seems to form structures that are correlated with IgE-FcεRI clusters less frequently than PM-mEos3.2 ( Fig. 3.10, A). There is a small antigen-induced increase in GG/IgE-FcεRI interaction after 1 min of antigen stimulation, but the cross-correlation amplitude quickly plateaus and does not reach levels comparable to PM/IgE-FcεRI or Lyn/IgE-FcεRI cross-correlations during the stimulation times measured ( Fig. 3.10, B). GG/IgE-FcεRI coupling is not significantly affected by latrunculin treatment. GG and IgE-FcεRI are correlated over fairly consistent distances before and after stimulation that are not affected by latrunculin treatment as measured by ξ. 

	From these data, it appears that the PM anchor is sufficient to cause nanoscale co-localization of PM-mEos3.2 with clustered IgE-FcεRI. This co-localization is consistent with previous reports of PM co-localization with receptor in cells cross-linked at 4°C (17, 18) and stimulated on antigen-patterned surfaces (10), and here we also observe PM recruitment at high spatial resolution, at early stimulation times relevant to the initiation of signaling, and with stimulation at physiological temperature. We also show that targeting to ordered lipids is relevant for actin destabilization-dependent enhancement of co-localization which has been suggested by fluorescence imaging experiments (26).The kinetics of PM recruitment to IgE-FcεRI are slowed compared to Lyn, as they are for recruitment of PM to patterned antigen (10). This is suggests a joint contribution of Lyn binding to FcεRI via its SH2 domain (11, 62) and Lyn association with ordered lipids to its co-localization with cross-linked IgE-FcεRI (9, 10, 63) . 	

	In contrast to PM-mEos3.2, mEos3.2-GG co-redistribution with clustered receptors is much more modest and is not significantly affected by inhibition of actin polymerization. The GG lipid anchor associates with ordered lipids to a lesser extent than PM (64). When RBL-2H3 are subjected to receptor cross-linking at low temperatures GG co-localizes more weakly than PM to receptor patches (17). Comparison of GG and PM diffusion in this situation suggests that GG does not strongly interact with components within the receptor patch, whereas PM becomes substantially confined (18) . 

	The cytoskeleton itself can cause dramatic changes in the ordered lipid environment of the membrane through the antigen-stimulated actin remodeling exemplified in the TIRF images shown in  Fig. 3.4 (30). These changes are apparently caused by the initial antigen-stimulated depolymerization of actin that is evident in these TIRF images, and accordingly also occurs with cytochalasin or latrunculin treatment (30). This is a compelling reason to think that actin regulation of antigen-stimulated processes can occur through membrane lipids, and in this context, our data is suggestive of negative regulation of signaling by actin via Lyn is mediated through association of Lyn with ordered lipids. Super-resolution fluorescence localization microscopy allows us to assess these questions at high resolution through direct imaging of the plasma membrane. With this tool in hand, we are in a position to test models of actin cytoskeleton-induced organization of plasma membrane lipids.
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 Fig. 3.1 Two-color super-resolution imaging measures distributions of IgE receptor and Lyn as a function of antigen stimulation. Cells expressing Lyn-mEos3.2 and sensitized with Dy654 IgE are stimulated with 500ng/ml DNP-BSA for 0, 1, 3, 6, or 12 min, fixed, and imaged as described in the Materials and Methods. Representative cell images are shown for each stimulation time point, including the Dy654 super-resolution image represented in red (top row), the mEos3.2 image in green (middle row), and the overlaid image (bottom row). Regions indicated by white boxes are magnified in the insets. The map of single-probe localizations obtained through super-resolution imaging is convolved with two-dimensional Gaussian functions with radii of 50nm in whole images and 20nm in insets for display.  
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 Fig. 3.2 Pair-correlation analysis shows stimulation time-dependent nanoscale co-localization of IgE-FcεRI and Lyn. Individual and average pair-correlation functions (A) and average fit parameters (B) for the set of Lyn-mEos3.2 and Dy654 IgE images collected of cells stimulated for 0, 1, 3, 6, or 12 min as in  Fig. 3.1. (A) Individual Lyn/IgE-FcεRI cross-correlation functions (left), IgE-FcεRI auto-correlation functions (middle), and Lyn auto-correlation functions (right) calculated from two-color images, Dy654 images, and mEos3.2 images, respectively, are plotted with fits. Individual Lyn/IgE-FcεRI cross-correlation functions and Lyn auto-correlation functions are fit to Eqn. 2, gfit(r) = gPSF(r)*[1+ (Aexp(-r/ξ))], where gPSF is determined from the resolution of the measurement as described in the Materials and Methods. The measured IgE-FcεRI autocorrelations shown are fit to Eqn. 1, gmeas(r) = exp{-r2/4σ2}/(4π σ2 ρ)+ g(r>0) *gPSF(r). The first term includes contributions from over-counting. σ, ρ, and gPSF are determined as described in the Materials and Methods, and g(r>0) is approximated with the exponential function, 1+ Aexp(-r/ξ). Fits of these individual auto- and cross-correlation functions to Eqns. 1 or 2 are used to extract the fit parameters A (Amplitude) and ξ for each correlation function. Average correlation functions for the group of cells at each time point (n=8 or 9 for each time point) and are plotted in black-outlined circles. The fit of average correlation functions to Eqn. 1 or 2 for IgE auto-correlations or Lyn/IgE-FcεRI cross correlations and Lyn auto-correlations, respectively, are plotted in bold lines. (B) Fit parameters Amplitude and ξ generated by the fit of individual Lyn/IgE-FcεRI cross-correlation functions (left), IgE-FcεRI auto-correlation functions (middle), and Lyn auto-correlation functions (right) are averaged and plotted as a function of stimulation time. Error bars represent SEM. 
















 Fig. 3.3 4G10/IgE-FcεRI cross-correlation amplitude increases with stimulation time. (A)Two-color  super-resolution fixed cell images of A488 4G10 immunolabeled phosphotyrosine and Dy654 IgE in cells stimulated for 0 min (left) or 6 min (right). Regions indicated by white boxes are magnified in the insets. The map of single-probe localizations obtained through super-resolution imaging is convolved with two-dimensional Gaussian functions with radii of 50nm in whole images and 20nm in insets for display purposes. (B) Cross-correlation fit parameters Amplitude and ξ as a function of stimulation time for A488 4G10/Dy654 IgE-labeled cells that were stimulated for 0, 1, 3, or 6 min. averaged over multiple cells for each timepoint (n = 6 cells per timepoint for A488 4G10/Dy654 IgE experiments and n=8 or 9 cells per timepoint for Lyn-mEos3.2/Dy654 IgE experiments). Lyn/IgE-FcεRI cross-correlation function fit parameters are also plotted and were reproduced from  Fig. 3.2. 




















 Fig. 3.4 Cortical actin undergoes dynamic reorganization in the first minutes after antigen addition. Live cell TIRF imaging of an RBL-2H3 cell transfected with LifeAct GFP shows antigen-induced changes in the cortical actin cytoskeleton. Cells were imaged at approximately 35°C. The time in seconds after addition of 500ng/ml DNP-BSA is shown for each image, where antigen is added at t = 0s. Before stimulation, actin fluorescence is distributed across the footprint of the cell, with some areas of higher concentration punctuate actin structures. Around 30sec after stimulation, the actin signal is depleted from the ventral surface across most of the cell footprint , however the cell periphery is relatively enriched in polymerized actin. Within 1 minute after antigen addition, punctate actin structures reappear and become more numerous over the course of the next several minutes. An expanded series of images depicting the first 60 seconds after antigen addition clearly shows the rapid depletion of cortical actin from the ventral membrane followed by the development of actin puncta. 
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 Fig. 3.5 Antigen-stimulated coupling of IgE-FcεRI to actin is not readily detectable by two-color super-resolution imaging. (A) Representative two-color images of Dy654 IgE and mEos3.2 LifeAct in cells stimulated for 0 (left), .5 (middle), or 3 (right) min. Regions indicated by white boxes are magnified in the insets. The map of single-probe localizations obtained through super-resolution imaging is convolved with two-dimensional Gaussian functions with radii of 50nm in whole images and 20nm in insets for display purposes. (B) Average amplitude of the fit to Eqn. 2 of cross correlation functions of LifeAct/IgE-FcεRI images as a function of stimulation time (n = 4 or 5 cells for each time point). Error bars represent SEM. 
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 Fig. 3.6 Inhibition of actin polymerization enhances Lyn/IgE-FcεRI cross-correlation amplitude. Representative Lyn-mEos3.2/Dy654 IgE two-color super-resolution images (A) and average cross-correlation function fit parameters for fits to Eqn. 2 (B, C) for cells that were stimulated for 0, 1, 3, 6, or 12 min with and without pre-treatment with 1µM latrunculin or cytochalasin and stimulation in the presence of the drug. (A) Representative images of cells stimulated for 6 min without (top) or with treatment with cytochalasin (middle) or latrunculin (bottom). (B) Lyn/IgE-FcεRI cross-correlation fit parameters Amplitude and ξ as a function of stimulation time for RBL-2H3 cells expressing Lyn-mEos3.2 and sensitized with Dy654 IgE that were stimulated for 0, 1, 3, 6, or 12 min with and without treatment with actin-disrupting drugs. Fit parameters are averaged over multiple cells for each timepoint (n=8 or 9 cells per timepoint for untreated cells, n = 9 cells per timepoint for cytochalasin-treated cells, and n = 7 cells per timepoint for latrunculin-treated cells). Lyn/IgE-FcεRI cross-correlation function fit parameters are also plotted and were reproduced from  Fig. 3.2. Error bars denote SEM. (C) Average cross-correlation function fit parameters for 1C1C8 cells labeled, treated (or not) with cytochalasin or latrunculin, and stimulated under the same conditions as RBL-2H3 cells in (B). n = 7 cells per timepoint for all treatment conditions. Error bars denote SEM.



 Fig. 3.7 Lyn mEos3.2 and Dy654 IgE auto-correlation fit parameters for cells treated with actin polymerization inhibitors. Average auto-correlation function fit parameters Amplitude and ξ extracted from fits to Eqn. 1 for IgE auto-correlation functions and Eqn. 2 for Lyn auto-correlation functions as a function of stimulation time for the cells whose average cross-correlation function fit parameters are shown in  Fig. 3.6. (A) Average Lyn and IgE-FcεRI auto-correlation function fit parameters for RBL-2H3 cells expressing Lyn-mEos3.2 and sensitized with Dy654 IgE that were stimulated for 0, 1, 3, 6, or 12 min with and without treatment with actin-disrupting drugs. Fit parameters are averaged over multiple cells for each timepoint (n=8 or 9 cells per timepoint for untreated cells, n = 9 cells per timepoint for cytochalasin-treated cells, and n = 7 cells per timepoint for latrunculin-treated cells). Error bars denote SEM. (B) Average auto-correlation function fit parameters for 1C1C8 cells labeled, treated (or not) with cytochalasin or latrunculin, and stimulated under the same conditions as RBL-2H3 cells in (A). n = 7 cells per timepoint for all treatment conditions. Error bars denote SEM.





Fig. 3.8 Receptor-correlated phosphotyrosine is enhanced due to inhibition of actin polymerization. Representative A488 4G10/Dy654 IgE two-color super-resolution images (A) and average cross-correlation function parameters for fits to Eqn. 2 (B) for RBL-2H3 cells that were stimulated for 0, 1, 3, or 6 min with and without pre-treatment with 1µM latrunculin or cytochalasin. Treated cells were also stimulated in the presence of the drug. (A) Selected images of cells stimulated for 6 min without (top) or with treatment with cytochalasin (middle) or latrunculin (bottom). (B) 4G10/IgE-FcεRI cross-correlation fit parameters Amplitude and ξ as a function of stimulation time for RBL-2H3 cells sensitized with Dy654 IgE and immunolabled with A488 4G10 anti-phosphotyrosine that were stimulated for 0, 1, 3, or 6 min with and without treatment with actin-disrupting drugs. Fit parameters are averaged over multiple cells for each timepoint (n=6 cells per timepoint for untreated cells, n = 7 cells per timepoint for cytochalasin and latrunculin-treated cells ). 4G10/IgE-FcεRI cross-correlation function fit parameters are also plotted and were reproduced from  Fig. 3.3. Error bars denote SEM. 

 

 Fig. 3.9 Increased receptor phosphorylation due to cytochalasin and latrunculin is mediated by Lyn. Representative A488 4G10/Dy654 IgE two-color super-resolution images (A) and average cross-correlation function parameters for fits to Eqn. 2 (B) for Syk-negative TB1A2 cells that were stimulated for 6 min with and without pre-treatment with 1µM latrunculin or cytochalasin. Treated cells were stimulated in the presence of the drug. (A) Selected images of cells stimulated for 6 min without (top) or with treatment with cytochalasin (middle) or latrunculin (bottom). (B) Average 4G10/IgE-FcεRI cross-correlation fit parameters Amplitude and ξ at for A488 4G10/Dy654 IgE two-color images of Syk-negative cells that were stimulated for 6 min with and without treatment with actin-disrupting drugs. Fit parameters are averaged over multiple cells for each treatment condition (n=4 cells for all treatment conditions). Error bars denote SEM.






 Fig. 3.10 Lipid anchorage of mEos3.2 constructs determines antigen-induced recruitment to IgE/FcεRI and the effects of cytoskeletal perturbation. Representative two-color super-resolution images (A) and average cross-correlation function fit parameters for fits to Eqn. 2 (B) for cells expressing PM-mEos3.2 or mEos3.2-GG sensitized withDy654 IgE. (A) Representative images of Dy654 IgE (top), PM-mEos3.2 (middle, left) or mEos3.2-GG (middle, right), and merged images (bottom) in cells stimulated for 6 min. (B) Average PM/IgE-FcεRI and GG/IgE-FcεRI cross-correlation fit parameters Amplitude and ξ as a function of stimulation time in RBL-2H3 cells. Cells were stimulated for 1, 3, 6, or 12 min for PM-mEos3.2-expressing cells or 0, 1, 3, 6, or 12 min for GG-mEos3.2-expressing cells with and without pre-treatment with and stimulation in the presence of 1 µM latrunculin. Fit parameters are averaged over multiple cells for each timepoint (n=7 cells per timepoint for cells expressing both constructs and for both treatment conditions). Error bars denote SEM. 
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