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 Due to the complexity of cellular life, model systems are often utilized to simplify 

multifaceted biological processes, and questions, into their most simple components. Much of 

what we understand about life, and its associated diseases, has come from studying cellular 

processes in model systems such as bacteria, yeast, flies, worms, mice, and cell lines. RBL-2H3 

cells are a model system used for studying the characteristics and functions of mast cells in vitro. 

Mast cells are a type of white blood cell traditionally known for controlling the allergic immune 

response, and more recently appreciated for their role in both innate and adaptive immunity, 

autoimmune diseases, and cancer.  

 RBL-2H3 cells are a particularly powerful model system for studying receptor-stimulated 

Ca
2+

 responses, a critical component of mast cell signaling. Cells invest much of their energy to 

maintain an ~20,000 fold gradient between the concentration of extracellular and intracellular 

Ca
2+

. This enables minor changes in intracellular Ca
2+

 levels to regulate a wide range of 

physiological processes, including the Ca
2+

 response that triggers life at fertilization, the Ca
2+

 

response that often triggers cell death, and the majority of cellular processes in between. In this 

thesis we investigate the puzzling, yet fascinating, phenotype of Ca
2+

 oscillations, a process by 

which cells rapidly increase, and then subsequently decrease, intracellular Ca
2+

 levels enough to 

signal, without triggering apoptosis. We report that Ca
2+

 oscillations are controlled, in part, by 



 

 

the Rho GTPase Cdc42 which plays a critical role in regulating levels of PIP2, the necessary 

phosphoinositide cleaved to initiate Ca
2+

 oscillations. 

 In addition we report that RBL-2H3 cells are also a useful tool for studying processes 

regulated by alpha-synuclein, a protein long implicated in the pathology of Parkinson’s disease. 

The physiological function of alpha-synuclein is poorly understood and here we describe that 

this protein is a regulator of stimulated recycling endosomal exocytosis and endocytosis, and that 

the capacity to control these processes changes depending on alpha-synuclein expression levels 

in cells. In summary, using RBL-2H3 cells as a model system has enabled us to improve our 

understanding of the processes that regulate receptor-stimulated Ca
2+

 oscillations, 

phosphoinositide synthesis, and alpha-synuclein function.
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Chapter 1: Introduction 
 

Part 1: The Role of Antigen-Stimulated Ca
2+

 Signaling, Rho GTPase Activation,  

and PIP2 Synthesis in Mast Cell Degranulation  

 

1.1 Why Ca
2+

 is a Dynamic Regulator of Cellular Signaling 

 To adapt to frequently changing environments cells must internally send messages based 

on information received from external stimuli. This process of cellular communication is referred 

to as signaling, and to effectively signal, cells need messengers whose concentration can be 

variable over time. Over millions of years calcium ions (Ca2+) evolved into one such messenger, 

in large part because of the evolution of cellular membranes, which maintain an approximate 

20,000 fold gradient between the concentration of extracellular and intracellular Ca2+. In contrast, 

the concentration of magnesium (Mg2+), an ion closely related to Ca2+, varies only slightly across 

the plasma membrane (Clapham 2007). Cells invest much of their energy to maintain this Ca2+ 

concentration gradient and even small changes in intracellular Ca2+ levels lead to a wide range of 

physiological processes, from the sub-second release of synaptic neurotransmitters, to the 

regulation of gene expression over months or years (Thul et al. 2008). As a result, it is well 

established that Ca2+ plays a crucial role in essential cellular events that include, but are not 

limited to, motility, fertilization, proliferation, and exocytosis.  

 Cells have evolved a variety of methods to regulate both Ca2+ influx and efflux. At 

physiological levels agonists stimulate increases in cytoplasmic Ca2+, which is then followed by 

rapid or gradual expulsion of Ca2+ from cells because, despite being an essential component of 

cell signaling, a sustained increase in cytoplasmic Ca2+ also has the capacity to trigger apoptosis 

and necrosis (Thul et al. 2008). To avoid initiating cell death, non-excitable cells often undergo 

Ca2+ oscillations, a well-studied, yet poorly understood phenomenon where external stimulants 
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lead to rapid Ca2+ influx into the cytoplasm, followed by rapid Ca2+ efflux from the cytoplasm 

out of the cell, or into the endoplasmic reticulum (ER) or into mitochondria. Despite being 

stimulated by an agonist only once, the cell then repeats this Ca2+ mobilizing process in an 

oscillatory manner, sometimes for seconds, sometimes for minutes, and sometimes for hours. 

 Figure 1.1 depicts many of the receptors, pumps, and second messengers that cells have 

evolved to regulate the flow of Ca2+ between the extracellular space, cytoplasm, mitochondria, 

and the ER, which is known to be a large storage site for intracellular Ca2+, capable of storing up 

to mM concentrations (Bygrave and Benedetti 1996). Figure 1.1 also depicts one of the most 

common ways that Ca2+ signaling is initiated. Receptor simulation leads to a phosphorylation 

cascade that activates the protein phospholipase C (PLC), which then cleaves the 

phosphoinositide phosphatidylinositol 4,5-bisphosphate (PIP2) at the plasma membrane, 

producing the second messenger inositol-trisphosphate (IP3). IP3 then activates its receptor 

located on the ER, which results in release of Ca2+ into the cytoplasm. This initial release of Ca2+ 

from the ER is known to generate the initial Ca2+ oscillation in the cytoplasm (Prince WT 1973; 

Woods, Cuthbertson, and Cobbold 1986), although there is still much controversy over the exact 

processes that enable Ca2+ oscillations to continue. Ca2+ oscillations play a critical role in many 

non-excitable cell types and this thesis will explore the mechanisms that govern Ca2+ oscillations 

as they pertain to the activation and subsequent signaling of mast cells. Specifically, it will 

address how the regenerative discharge of stored intracellular Ca2+ (Dupont et al. 2011) from the 

ER drives stimulated mast cell exocytosis and leads to an allergic response. 

1.2 Ca
2+

 in Mast Cell Signaling and Degranulation.  

Mast cells are a type of white blood cell originally described in the late 1800’s in a doctoral  
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Figure 1.1. Receptors, pumps, and channels important for maintaining Ca
2+

 gradients. 

From: Clapham, 2007. 
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thesis written by future Nobel Laureate Paul Ehrlich. Identified for their unique staining 

characteristics and large granules, Dr. Ehrlich named these cells Mastzellen, incorporating the 

German word Mast, meaning fattening, because he incorrectly believed these cells function was 

to nourish surrounding tissues. This observation, although misinterpreted, was correct in part 

because, unlike some white blood cell types that circulate in the blood, such as basophils, mast 

cells typically remain closely affiliated with mucosal and connective tissues (Beaven 2009). 

Over 70 years later, in the mid-1900’s, a correct biological function was discovered for mast 

cells when it was recognized that their granules were repositories for the chemical mediator 

histamine, the secretion of which leads to allergic inflammatory responses. Shortly thereafter, 

mast cells became one of the first experimental cellular models for studying Ca2+ signaling, as 

influx of extracellular Ca2+ was revealed to be essential for histamine secretion and the allergic 

response that followed (Beaven 2009). 

 In addition to allergic responses, mast cells also play critical roles in innate and adaptive 

immune responses to infections, inflammatory autoimmune diseases, and incipient tumors 

(Abraham and St John 2010; Galli, Maurer, and Lantz 1999; Metz, Siebenhaar, and Maurer 

2008). Mast cells assist in these responses in part by undergoing a signaling process known as 

degranulation, which is the release of histamine and other preformed chemical mediators such as 

serine proteases and proteoglycans. These mediators are released in response to antigen binding 

and crosslinking of immunoglobulin E (IgE) bound to the unique FcRI receptor highly 

expressed on the mast cell surface. Crosslinking of IgE-FcRI complexes leads to their 

association with detergent resistant plasma membrane domains, more commonly referred to as 

lipid rafts (Field et al., 1995). Crosslinking leads to the phosphorylation of immunoreceptor 
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tyrosine-based activation motifs (ITAMs) on FcRI receptors by the Src family kinase Lyn and 

ultimately leads to the activation of phospholipase C (PLC) (Gilfillan and Rivera 2009). 

Phosphorylation of these ITAMs only occurs after IgE-FcRI complexes have become associated 

with lipid rafts and their components (Kenneth A. Field, Holowka, and Baird 1997; K A Field, 

Holowka, and Baird 1999).  

 When PLC is activated, it cleaves PIP2 localized at the inner leaflet of the plasma 

membrane and produces diacylglycerol (DAG), which remains membrane-associated, and IP3 

which binds to its receptors on the ER and induces depletion of Ca2+ from ER stores. This 

depletion of Ca2+ from the ER activates influx of extracellular Ca2+, a process now commonly 

referred to as store operated Ca2+ entry (SOCE). The increase and sustained elevation of Ca2+ 

levels within the cytoplasm that result from SOCE are essential for mast cell activation and 

degranulation. 

 Within the last 10 years it has been demonstrated that the underlying mechanism for 

SOCE is the interaction between the ER Ca2+ sensor, stromal interaction molecule-1 (STIM1) 

and a pore-forming subunit of the Ca2+ release-activated Ca2+ (CRAC) channel, Orai1, which is 

located at the plasma membrane (Soboloff et al. 2006). Depletion of Ca2+ from the ER leads to 

the oligomerization of STIM1, which then interacts with Orai1, allowing influx of extracellular 

Ca2+. This influx of Ca2+ then leads to granules fusing with the plamsa membrane, and 

exocytosis, resulting in histamine secretion. This Ca2+ influx via stimulated STIM1-Orai1 

coupling is also necessary to refill intraceullular Ca2+ stores such as the ER. This refilling is 

critical for sustained Ca2+ oscillations to occur. If SOCE is blocked, or if extracellular Ca2+ is  
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Figure 1.2. Antigen-mediated Ca
2+

 signaling and degranulation pathways in mast cells. 

From: Holowka et al., 2015. 
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removed from the cellular environment, preventing refilling of stores, initial Ca2+ oscillations 

will still be triggered, although they will prematurely stop, and exocytosis of histamine 

containing granules will not occur. The mast cell degranulation process, as currently understood, 

is depicted in Figure 1.2. Although well-studied, there are still many unanswered questions as to 

how certain steps in this signaling cascade are controlled, and many questions specifically 

revolve around the fundamental regulation of Ca2+ mobilization, signaling, and oscillations. 

Chapter 2 of this thesis addresses some of these important questions.  

 To further investigate stimulated Ca2+ signaling and degranulation responses in mast cells, 

scientists have taken advantage of a model mammalian cell line known as Rat Basophilic  

Leukemia-2H3 (RBL-2H3) cells. Basophils are white blood cells that are similar in both 

appearance and function to mast cells, despite developing from different hematopoietic lineages. 

The original designation of RBL cells as basophils is a mis-identification of these mucosal-type 

mast cells (Seldin et al. 1985). RBL-2H3 cells express the FcRI receptor which is activated by 

crosslinking, making this mammalian cell line a valuable tool for investigating the biochemical 

pathways necessary for mast cell activation. Even scientific studies that claim RBL-2H3 cells are 

an imprecise model for many mast cell responses (Passante et al. 2009) conclude that RBL-2H3 

cells are an accurate and reliable model for mast cell degranulation, which is the primary 

biological function evaluated in this thesis.  

1.3 Rho GTPases and Mast Cell Degranulation 

 Using RBL-2H3 cells as a model system, the Baird-Holowka Research Group has made 

several contributions to our understanding of mast cell signaling. One particular discovery 

recognized proteins known as Rho GTPases as playing an important role in stimulated Ca2+ 
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signaling and degranulation.  Rho GTPases are a family of small signaling G proteins that are 

homologous to the -subunit of large heterotrimeric G proteins. The most highly conserved 

members of this family, RhoA, Rac, and Cdc42, are frequently referred to as molecular switches 

due to their capacity to shift between active GTP-bound and inactive GDP-bound forms. Rho 

GTPases are activated by guanine nucleotide exchange factors (GEFs), and inactivated by 

GTPase-activating proteins (GAPs). When bound to GTP, Rho GTPases interact with many 

downstream effector proteins, stimulating a variety of processes such as microtubule dynamics, 

changes in gene transcription, chemotaxis, axonal guidance, cell cycle progression, cell adhesion, 

and oncogenic transformation ((Jaffe and Hall 2005; Heasman and Ridley 2008). Historically, it 

is through their regulation of actin cytoskeletal dynamics that Rho GTPases are thought to play a 

central role in many of these diverse biological processes.  

 Rho GTPases have conserved functions across many eukaryotic species and were first 

implicated in mast cell signaling over 20 years ago (Norman et al. 1994; Price et al. 1995). 

However, despite many studies and contributions from several different research groups, the 

mechanism by which Rho GTPases regulate mast cell signaling has yet to be elucidated. 

Previous research demonstrated that antigen stimulation results in activation of Cdc4β and Rac1 

(El-Sibai and Backer β007), and that expression of constitutively active Cdc4β and Rac1 in 

RBL-βHγ cells enhances antigen-stimulated Caβ+ responses and degranulation (Elizabeth Hong-

Geller and Cerione β000). Subsequent research demonstrated that expression of these same 

constitutively active Cdc4β and Rac1 mutants in a mutant RBL-βHγ cell line, referred to as 

B6A4C1, deficient in antigen stimulated Caβ+ responses and degranulation, reconstituted both 

Caβ+ mobilization and degranulation (E Hong-Geller et al. β001). However, despite in vitro 
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results demonstrating that Rho GTPases could interact with and enhance activation of PLC, 

potentially explaining the mechanism by which Rho GTPases enhance Caβ+ and therefore 

degranulation responses, this finding was never observed in stimulated RBL-βHγ cells. More 

recent studies, described in Chapter β of this thesis, also demonstrate that constitutively active 

Cdc4β enhances antigen-mediated Caβ+ mobilization in B6A4C1 cells. However, new insights 

from this study indicate that Cdc4β may regulate Caβ+ signaling indirectly, by stimulating 

synthesis of PIPβ, whose hydrolysis is essential for Caβ+ mobilization.        

1.4 Phosphoinositides and Ca2+ Signaling 

 Beginning with their discovery in the 1970’s, phosphoinositides have come to be 

recognized as powerful pleiotropic regulators of cell signaling, despite making up only a small 

portion of cellular phospholipids. Over the last 15 years it has been recognized that in 

eukaryotes, not only do phosphoinositides play a fundamental role in transducing signals 

received from cell receptors, but they also play critical roles in shaping cellular membranes, 

controlling vesicular trafficking, and regulating events such as exocytosis and endocytosis (Balla 

β01γ).  

 Phosphoinositides are phosphorylated forms of phosphatidylinositol, and Figure 1.γ 

shows the important shape of these molecules that enables their phosphorylation at positions γ, 4, 

and 5 of the inositol ring. Figure 1.γ also depicts many of the kinases and phosphatases known to 

regulate the different phosphoinositide species, all of which have unique, yet important cellular 

functions. 

 The phosphoinositide PIPβ plays a fundamental role in Caβ+ signaling. PIPβ hydrolysis 

following PLC activation is an essential Caβ+ signaling step in non-excitable cells (Figure 1.1) 
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 Figure 1.γ. Phosphoinositide basics. A: Agranoff's turtle demonstrating the orientation 

of the hydroxyl groups in myo-inositol. B: interconversions between various phosphoinositides 

and the enzymes catalyzing these reactions. The yeast enzymes are listed in parentheses. Where 

there is some ambiguity it is indicated by “??”. *It is worth pointing out that contrary to their 

designation, PIP5K2s are 4-kinases that act on PtdIns5P. From: Balla, 2013.  
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such as mast cells (Figure 1.β), and it can also play an important role in Caβ+ signaling in 

excitable neuronal cells. PIPβ makes up only a small fraction of the total phosphoinositide found 

in cells and so its necessary, and frequent, hydrolysis suggests that a mechanism must exist to 

constantly replenish a pool of PIPβ at the plasma membrane. In addition, the hydrolysis and 

cleavage of PIPβ directly results in the production of IPγ, whose binding to its receptor at the ER 

initiates Caβ+ mobilization and Caβ+ oscillations. Thus, not only must PIPβ be replenished, but it 

must be replenished rapidly in order for Caβ+ oscillations to occur over the time course of several 

minutes, often with durations of several hours.  

 A previous study suggests that the entire pool of PIPβ at the plasma membrane is depleted 

and replenished several times over a ten minute stimulation (Creba et al. 198γ). A mechanism 

must exist to control the constant replenishment of a pool of PIPβ at the plasma membrane for as 

long as PLC remains activated and functional. Based on previous literature and our recent results, 

we now hypothesize that the Rho GTPase Cdc42, and potentially Rac1 and RhoA, regulates mast 

cell Ca2+ mobilization and degranulation, at least in part, through facilitation of antigen-

stimulated PIP2 synthesis. We begin to evaluate this hypothesis at the end of Chapter β and 

revisit it more fully in Chapter γ as we aim to uncover the specific mechanism by which Rho 

GTPases regulate receptor-stimulated PIPβ synthesis. 

1.5 Rho GTPases and PIP2 Synthesis 

  The first evidence implicating Rho GTPases in PIPβ synthesis was published in 1994 

when it was shown that the inhibitor lovastatin, which inhibits modification of small-GTPase 

binding proteins like Rho GTPases, decreased PIPβ levels in Swiss γTγ and the CγH 10 ½ cell 

lines (Chong et al. 1994). This manuscript also described how reduced PIPβ levels leads to 
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decreased stimulated Caβ+ mobilization in these cell lines. A later study demonstrated that 

overexpression of RhoA, Rac1, and Cdc4β in human embryonic kidney β9γ cells also increases 

PIPβ levels (Weernink et al. β004). This study also shows that overexpression of RhoA, Rac1, 

and Cdc4β increases expression of three type 1 phosphatidylinositol 4-phosphate 5-kinases 

(PIP5-kinase), which stimulate the production of PIPβ from its precursor phosphatidylinositol 4-

phosphate (PI4P). However this study shows that although RhoA and Rac1 increase type 1 PIP5-

kinase levels, and therefore PIPβ levels, through a direct interaction, Cdc4β does not appear to 

directly bind to these PIP5-kinases, despite its overexpression also leading to increased PIP5-

kinase and PIPβ levels.  

 Although these findings strongly implicate a role for Rho GTPases in regulation of PIPβ 

synthesis, both studies only quantify PIPβ levels following overexpression of Rho GTPases in 

cells, and not by looking at PIPβ levels following receptor stimulation. As we are particularly 

interested in how PIPβ is rapidly re-synthesized following receptor stimulation, PIPβ hydrolysis, 

and onset of Caβ+ oscillations, we searched the literature to determine a potential mechanism by 

which Cdc4β regulates PIPβ synthesis, and also searched for potential methods that we might 

employ to evaluate receptor-stimulated PIPβ synthesis in RBL-βHγ cells. 

1.6 Potential Mechanisms for Rho GTPase Regulation of PIP2 Synthesis 

 A 1995 manuscript from a previous Baird-Holowka lab collaborator quantified receptor-

stimulated PIPβ synthesis using RBL-βHγ cells as a model system. The author of this study, Dr. 

John Apgar, discovered that antigen-stimulation of crosslinked IgE-receptor complexes resulted 

in increased PIPβ synthesis that could be quantified for several minutes following biosynthetic 

labeling with PIPβ precursors and mast cell stimulation. This study also demonstrated that direct 
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activation of protein kinase C (PKC) by a phorbol ester resulted in PIPβ synthesis in mast cells 

(Apgar 1995).  

 PKC has long been known to be involved in mast cell signaling, although its function was 

not clearly understood. A recent study from our lab demonstrated that, in RBL-βHγ cells, the 

protein known as myristoylated alanine-rich protein kinase C substrate (MARCKS) binds to 

negatively charged phospholipids at the inner leaflet of the plasma membrane, particularly PI4P 

and PIP2 (Gadi et al. 2011). Following antigen stimulation and PIP2 hydrolysis, the second 

messenger DAG is produced and assists in the activation of PKC, which phosphorylates three 

essential serine residues on MARCKS, causing the protein to disassociate from the 

phosphoinositides it sequesters. This then allows for the previously sequestered PIP2 to be 

available to participate in exocytosis, which is known to be a PIP2 dependent process 

(Kabachinski et al. 2014). This process also makes available PI4P, the precursor for PIP2, 

making this a potential point for the recruitment of PIP5-kinases and replenishment of PIP2 at the 

plasma membrane. It is summarized in Figure 1.4, which depicts mast cell signaling immediately 

following PLC activation. Previous studies have identified some PKC isoforms as Cdc42 

effector proteins (Cook et al. 2006; Coghlan, Chou, and Carpenter 2000), suggesting a possible 

mechanism by which Cdc42 could activate these isoforms. Another study in RBL-2H3 cells 

demonstrated that the PKC inhibitor bisindolylmaleimide I (BIM) does not inhibit Cdc42 

activation (El-Sibai and Backer 2007), suggesting that Cdc42 is activated and acts upstream of 

PKC activation. Based on these findings and the research of Gadi  et al. (Gadi et al. 2011) and 

Apgar (Apgar 1995), we hypothesized that Cdc42 regulates PKC activation, and it is through  
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Figure 1.4. Role of PKC in regulating PIP2 availability and, possibly, PIP2 synthesis. 
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this indirect mechanism that Cdc42 regulates receptor-stimulated PIP2 synthesis. Our findings 

exploring this hypothesis are described in Chapter 3.   

 Two other studies recently observed that, following antigen stimulation in RBL-2H3 cells, 

not only did Ca2+ levels oscillate, but many proteins known to be important for mast cell 

signaling events oscillate as well (Wollman and Meyer 2012; Wu, Wu, and De Camilli 2013). 

These studies discovered that by expressing the fluorescent construct PH-PLC-EGFP in RBL-

2H3 cells, PIP2 levels at the plasma membrane could be monitored in real time to oscillate 

synchronously but out of phase with Ca2+ oscillations in the cytoplasm. Using a method similar 

to those described in these manuscripts, we show in Chapter 2 that B6A4C1 cells, which are 

deficient in antigen stimulated Cdc42 and Rac1 activation, are also deficient in antigen-

stimulated PIP2 oscillations. However, PIP2 oscillations are reconstituted when constitutively 

active Cdc42 is expressed in B6A4C1 cells. We continue to use this method in Chapter 3 as we 

further investigate the mechanism by which Cdc42 regulates PIP2 synthesis in a receptor 

stimulation-dependent manner. Although through PKC, or a direct interaction with PIP5-kinases 

are two possible mechanisms by which Cdc42 regulates PIP2 synthesis following receptor 

stimulation, a third intriguing group of Cdc42 effectors that could be relevant to these processes 

are PI3-kinases.  

1.7 Rho GTPases and PI3-Kinases 

 Over 20 years ago it was first demonstrated that Cdc42 could directly bind to PI3-kinases 

(Tolias, Cantley, and Carpenter 1995). It was later shown that PI3-kinases plays an important, 

yet not well-understood, role in antigen-stimulated Ca2+ responses in mast cells (Ching et al. 

2001). In 2013 it was again confirmed that Cdc42 can bind directly to PI3-kinase isoforms, and 
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that this interaction is mediated by a GEF protein that belongs to the atypical DOCK GEF family. 

However, Dbl GEF family members, the canonical Rho GTPase activating GEF family, did not 

mediate a Cdc42-PI3-kinase interaction (Fritsch et al. 2013). This finding is particularly 

interesting because in Chapter 2 of this thesis we show that an atypical DOCK GEF family 

member, DOCK7, capable of activating both Cdc42 and Rac, reconstitutes Ca2+ oscillations in 

B6A4C1 cells to normal RBL-2H3 levels. However, a member of the more canonical Dbl GEF 

family, the protein Cool2, showed no reconstitution effects (Wilkes et al. 2014). Based on these 

results we compared the effect of the known PI3-kinase inhibitor wortmannin for mast cell 

signaling (Yano et al. 1993), to a geranylgeranyl transferase inhibitor, DU40, that inhibits Rho-

GTPase anchoring to the plasma membrane, a step needed for Rho GTPase activation and 

function (Peterson et al. 2006). Our findings and interpretations of this data are described in 

Chapter 3. Although PIP2 is the substrate for PI3-kinase, there are known phosphatases which 

convert phosphatidylinositol 3,4,5-triphosphate (PIP3) back to PIP2, shown in Figure 1.3, and it 

is potentially through regulating this type of process that Cdc42 could affect total PIP2 levels 

(Balla 2013). 

 In chapter 3 we also begin to further investigate whether DOCK7, or another DOCK 

family member, is mutated or deficient in B6A4C1 cells, and whether this defect leads to 

inhibition of degranulation. As both constitutively active Cdc42 and Rac1 reconstitute Ca2+ 

mobilization and degranulation in B6A4C1 cells, we suspect that a GEF defective in activating 

both of these Rho GTPases is responsible for loss of signaling. Other members of the DOCK 

GEF family are also capable of activating both Cdc42 and Rac1, and we begin to compare one of 

these GEFs, DOCK8, with DOCK7 in Chapter 3 as we attempt to further elucidate a mechanism 
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by which Cdc42 regulates PIP2 synthesis. An alternative hypothesis to a defective GEF in 

B6A4C1 cells is that an overactive GAP immediately switches off activated Cdc42 and Rac1 

following antigen stimulation before they can interact with necessary effectors. However, data in 

Chapter 3 shows that, following antigen stimulation, Cdc42 does not appear to be become 

activated in the mutant B6A4C1 cells, leading us to further believe that the defect in B6A4C1 

cells is with a specific GEF.  

1.8 Part 1 Conclusion 

 Antigen-stimulated activation of Rho GTPases is a critical step for mast cell signaling 

and degranulation. Although Rho GTPases are implicated in many cellular events, their capacity 

to regulate PIP2 synthesis is often overlooked, despite this being an evolutionarily conserved 

function (Cotteret and Chernoff 2002). This key function of Rho GTPases is overlooked partially 

because receptor-stimulated PIP2 synthesis is technically difficult to study, and partially because 

a clear mechanism by which Rho GTPases activate PIP2 synthesis has yet to be established. Even 

regulation of the actin cytoskeleton, one of the most well-known functions attributed to Rho 

GTPases, may be regulated in part because Rho GTPases have the capacity to regulate 

phosphoinositide levels (Tolias, Cantley, and Carpenter 1995). This thesis describes our key 

findings exploring the connection between antigen-stimulated Rho GTPase activation, Ca2+ 

oscillations, and PIP2 synthesis, and it begins to make clear the important connection between 

receptor-stimulated Rho GTPase activation and PIP2 synthesis, an event that most likely plays an 

essential signaling role in many different cell types. 
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Part 2: RBL-2H3 Cells as a Model Mammalian System for Investigating a 

Physiological Function for Alpha-Synuclein 

 
1.9 Model Systems in Biological Research 

 

 As described in Part I of this introduction, RBL-2H3 cells are most commonly used as a 

model system for studying mast cell activation and signaling. RBL-2H3 cells are mucosal-type 

mast cells (Seldin et al. 1985), and their characteristics offer many advantages as a model system 

over other mast cell subtypes, such as bone marrow-derived mast cells (BMMCs), that are closer 

in subtype to serosal mast cells. These advantages include RBL-2H3 cells being an adherent cell 

line, and more stable in biological tissue culture, making them easier for in vitro experimentation. 

BMMCs, on the other hand, lack adherence, which causes additional technical difficulties for 

biological research, and have more variable expression of the FceRI receptor. RBL-2H3 cells 

also have a measurable IgE-mediated degranulation response, making them an ideal model 

system for studying mast cell degranulation.    

 The principle of using models to simplify and understand complex problems is common 

throughout many academic disciplines. In biology, model cell lines, and more broadly model 

organisms, are an essential part of research because they allow scientists to simplify complex 

organisms, and their complex cellular processes, into more basic and fundamental components. 

Many of these biological processes are essential for life and therefore are highly conserved from 

the simplest to the most complex eukaryotic organism (Tugendreich et al. 1994). Fundamental 

principles learned from simple models are often directly applicable to more complex systems. In 

biology the majority of what we know and understand about cellular processes was discovered 

because of basic research using model organisms such as yeast, flies, worms, fish, and mice. 

Three benefits of using model organisms for research are, first, these organisms are typically less 
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expensive than complex organisms. Second, model systems are more ethically justifiable, and 

thirdly, model organisms often grow and develop faster than complex organisms, especially 

when compared to humans. This is a huge advantage when it comes to studying diseases which 

often take many years to develop in humans, but may only take weeks or months to develop in a 

model organism.  

1.10 Model Organisms and Cell Lines in Disease-Oriented Research 

 Studying complex diseases is both difficult, and sometimes unethical, in human patients. 

Model systems are frequently used to try to simplify the disease process, to hasten the onset of 

disease, and to identify key proteins or genes that are essential for disease progression. However, 

because of technological advancements that now enable the sequencing of entire genomes, the 

manner by which scientists and doctors identify and recognize disease-related genes is changing 

(Gonzaga-Jauregui, Lupski, and Gibbs 2012). In response to new technological advancements, 

and because of the known short comings of model cell lines and model organisms, some have 

speculated that simplified model systems may become irrelevant in the near future (Hunter 2008). 

However, most in the scientific community recognize that new technological advances, coupled 

with intelligent use of model organisms, will strengthen and improve disease-focused biological 

research (Aitman et al. 2008; Aitman et al. 2011). 

 Model organisms have become even more relevant in disease-related research with the 

advancement of genetic techniques that allow scientists to knockdown, or completely knockout, 

specific genes within animal models. Specific phenotypes are now more easily attributed to one 

specific gene of interest, offering new insight into the physiological roles of many previously 

poorly understood proteins. However, despite the many advances that have come from the 
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development of Cre-Lox knockout mice (Sauer 1998), and more recently CRISPR-Cas9-

mediated genome editing (O’Connell et al. β014), model systems, no matter the disease of 

interest, have limitations (Hunter 2008; Kamb and Kamb 2005; Crawley 2007).  

 Model systems have proven particularly difficult to develop for neurodegenerative 

diseases, in part because an animal such as a mouse, with a lifespan of approximately only two 

years, is not an ideal candidate for recreating disease phenotypes that typically take five to six 

decades to manifest in humans. An alternative to using model organisms that is commonly used 

with all disease-related research is the use of cellular models which allow studies to be 

conducted more quickly and with less complex variables (Dawson, Ko, and Dawson 2010). Use 

of a cellular model can be particularly insightful when knockout or knockdown animal models 

are inconclusive in their findings. This was the case initially for many knockout mice created for 

the purpose of studying Alzheimer’s and Parkinson’s disease (PD) because genetically modified 

mice failed to develop clear phenotypes that mimicked disease states and behaviors observed in 

humans (Harvey, Wang, and Hoffer 2008; Taymans and Cookson 2010; Ke et al. 2012). 

However, researchers have learned from earlier mistakes and many animal models for 

neurodegenerative diseases now exist (Lim and Ng 2009; Bilkei-Gorzo 2014). Unfortunately, 

much of the data gleaned from neurodegenerative animal models has been difficult to interpret. 

Hence, scientists are frequently returning to cellular based systems in an attempt to improve 

understanding of the basic mechanisms that lead to onset of neurodegenerative diseases. One 

such cellular based strategy has recently proven insightful in Alzheimer’s research (Choi et al. 

2014) and these authors suggest that researchers consider using novel cellular based approaches 

for other neurodegenerative diseases. Chapter 4 of this thesis details a unique cell-based 
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approach taken by the Baird-Holowka lab using RBL-2H3 cells as a non-traditional model 

system to investigate the physiological role of a protein known as alpha-synuclein (a-syn), which 

has long been implicated in onset and progression of PD. 

1.11 Alpha-synuclein in Parkinson’s Disease 

 A-syn is a small, 140 amino acid protein (Figure 1.5) with an unknown function found 

predominantly in neurons, although its expression has also been detected in red blood cells and 

other tissues (Barbour et al. 2008). It is expressed in the nucleus and in the cytosol, making up 

approximately 1% of all cytosolic proteins in neurons (Iwai et al. 1995). A-syn was named after 

it was found to localize to synaptic vesicles and on nuclear envelopes isolated from the Torpedo 

electric organ (Maroteaux, Campanelli, and Scheller 1988). Shortly thereafter, this protein was 

characterized in studies investigating Alzheimer’s patients, and a-syn was identified as the non-

amyloid component of -amyloid plaques (Uéda et al. 1993). Since its discovery over 20 years 

ago, synuclein has been linked to a group of overlapping neurodegenerative disorders, known as 

alpha-synucleinopathies, which include PD, PD dementia, dementia with Lewy bodies, multiple 

system atrophy, as well as many other less extensively studied conditions (Kim, Kågedal, and 

Halliday 2014; Burré 2015). Pathological identification of -amyloid plaques, or tau aggregates, 

is typically used to identify Alzheimer’s disease. However, a-syn aggregates have also been 

found in the brains of ~50% of all Alzheimer’s disease patients (Lippa et al. 1998; Arai et al. 

2001; Marsh and Blurton-Jones 2012). Despite this, a-syn is most commonly associated with PD, 

as a-syn is the primary component of Lewy bodies, the pathological hallmark of PD, and 

synucleinopathies in general (Spillantini 1999; Irwin, Lee, and Trojanowski 2013; Norris, 

Giasson, and Lee 2004). 
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Figure 1.5. Structural characteristics of a-syn. From: Xu & Chan 2015. Biomolecules, 5(2), pp. 

1122-1142 
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 A-syn has also been intensely studied because, in some cases, onset of PD appears to be 

hereditary. A genetic link between a-syn and PD was first established in 1997, and several rare 

mutations, as well as duplications and triplications to the SNCA gene, which encodes for a-syn, 

have since been discovered. Families with these mutations are said to have autosomal dominant 

familial PD, which frequently leads to early disease onset (Polymeropoulos et al. 1997; Hope et 

al. 2004).  Despite this genetic link, mutations to the SNCA gene are quite rare, accounting for 

less than 10% of all PD cases (Schulte and Gasser 2011). However, elevated levels of a-syn are 

observed in many patients who develop sporadic, not genetic, forms of PD, suggesting a critical 

role for this protein in either form of the disease (Chiba-Falek, Lopez, and Nussbaum 2006; 

Murphy et al. 2014).  

1.12 The Physiological Role of A-syn 

 For over two decades, a-syn and its associated synucleinopathies have been intensively 

studied, yet the normal cellular function of this protein remains elusive. Alpha-synucleinopathies 

are typically toxic to cells, although it is not clear whether this toxicity results from a loss of 

normal a-syn function, or a toxic gain of function due to a-syn oligomerization and aggregation 

(Snead and Eliezer 2014). What is clear is that overexpression of a-syn is toxic in both humans 

and animal models, having a more severe effect than knockout or knockdown of a-syn (Masliah 

et al. 2000; Abeliovich et al. 2000; Cabin et al. 2002). Recent studies have recognized that two 

alternative isoforms of synuclein, beta and gamma, may compensate for a loss of a-syn function, 

and mice lacking all three synuclein isoforms show age-dependent neuronal dysfunction to a 

stronger extent than a-syn knockout alone (Greten-Harrison et al. 2010; Burré et al. 2010). These 

and other recent results suggest that, although synucleinopathies often exhibit toxic gain of 



 

 

 

24 

function effects, a-syn displacement from synapses due to aggregation and misfolding, may also 

result in a loss of function effect that is equally responsible for neuronal toxicity (Collier et al. 

2016)        

 Part of the difficulty in studying a-syn function comes from its unique structure and 

intrinsically disordered state when free in solution (Weinreb et al. 1996; Eliezer et al. 2001; 

Mantsyzov et al. 2014). The a-syn protein can be divided into three distinct parts, as shown in 

Figure 1.5. Region 1 consists of N-terminal residues 1-60 that encode for a lipid binding domain 

that contains 7 imperfect 11-residue repeats each centered on a variation of a KTKEGV core 

consensus sequence (Snead and Eliezer 2014; Bussell, Ramlall, and Eliezer 2005). All known a-

syn familial genetic mutations, A30P, E46K, H50Q, G51D, and A53T, are located within this N-

terminal region. Despite being disordered in solution, this N-terminal domain adopts an 

amphipathic helical structure in the presence of membranes. The second distinct region of a-syn 

contains the N-terminal residues 61-95 which forms a hydrophobic domain referred to as the 

non-amyloid B component (NAC), and this region is essential for a-syn aggregation and 

oligomerization (Pfefferkorn, Jiang, and Lee 2012). The third distinct region of the protein is the 

final ~40 residues that constitute the acidic C-terminus that remains disordered even in the 

presence of membranes. In Chapter 4, we evaluate the essential roles that the N-and C-terminal 

regions play in regulating stimulated cellular responses, specifically investigating exocytosis and 

endocytosis.  

1.13 A-syn and Synaptic Vesicle Trafficking 

 Although the physiological function of a-syn in neurons has yet to be established, several 

studies suggest it could play an important role in many cellular processes, as depicted in Figure 



 

 

 

25 

1.6.  While many processes have been implicated, strong evidence suggests that a-syn plays a 

critical role in the regulation of synaptic vesicle trafficking and homeostasis, although it is not 

clear at which step in this process a-syn acts (docking, priming, fusion, exocytosis, endocytosis, 

etc.). One previous study demonstrated that overexpression of wild type a-syn (Wt a-syn), or 

A30P a-syn, inhibited stimulated dopamine release in PC-12 cells, a chromaffin cell line used to 

model neuronal dopamine release. This study also showed evidence that this inhibitory 

mechanism occurs downstream of Ca2+ mobilization, but before Ca2+-dependent membrane 

fusion of vesicles, most likely interfering with a late exocytic step such as docking or priming 

(Larsen et al. 2006). Stimulated dopamine release is essential for movement in humans, and PD 

is classified primarily as a movement disorder. The neurons that are responsible for stimulated 

dopamine release and movement are located in the substantia nigra region of the brain, and in PD 

patients the majority of these neurons die, and the neurons that remain are unhealthy and filled 

with Lewy bodies.  

 When healthy and functioning, neurons release neurotransmitters at presynaptic terminals, 

often thousands of times per minute, and evidence points to this location as a prime target for 

initiation of neurodegeneration (Kramer and Schulz-Schaeffer 2007). Tightly coordinated 

membrane fusion machinery is necessary for frequent neurotransmitter exocytosis, and recent 

studies indicate that a-syn as a key regulator of this machinery. Soluble N-ethylmaleimide-

sensitive factor attachment protein receptor (SNARE) proteins are essential for synaptic vesicle 

fusion, which is mediated by formation of a SNARE complex consisting of three proteins: 

syntaxin-1, SNAP-25, and synaptobrevin-2. Recent evidence suggests a-syn binds directly to 

synaptobrevin-2, acting as a chaperone for SNARE complex assembly (Burré et al. 2010),  
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Figure 1.6: Potential physiological roles for a-syn. From: Snead & Eliezer 2014. 
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although other studies suggest a-syn does not directly bind synaptobrevin-2, but regulates 

SNARE complex assembly indirectly (Darios et al. 2010). Despite conflicting data, both of these 

studies point to a-syn regulating key synaptic vesicle exocytic events. Understanding 

mechanistically how, and if, a-syn regulates synaptic vesicle exocytosis physiologically, 

pathologically, or both, is necessary for understanding onset of PD, and potentially for 

developing more effective treatments and therapeutics against disease onset and progression. 

1.14 Part 2 Conclusion 

Despite progress made over the past ten years, understanding how a-syn regulates 

synaptic vesicle trafficking in neurons remains difficult.  The rapid kinetics by which neurons 

undergo stimulated exocytosis and subsequent endocytosis makes studying, and distinguishing, 

between these two major cellular events difficult. Many studies recognize that overexpression of 

a-syn inhibits synaptic vesicle trafficking, but the majority focus on a-syn’s effect on endocytosis 

(Busch et al. 2014; Vargas et al. 2014). In Chapter 4 we demonstrate that, by using RBL-2H3 

cells as a non-conventional model system to study a complex, neurological process, we can 

monitor the effect of a-syn on stimulated exocytosis independently from endocytosis. This 

allows us to offer unique insights into questions that scientists have struggled to answer for 

decades (Bolker 2012). We demonstrate that a-syn regulates exocytosis and endocytosis 

inversely, in a concentration dependent manner, strengthening the proposal that PD-causing 

neuronal toxicity stems from a combination of both gain and loss of function events.        
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Chapter 2 

Activation of Cdc42 is Necessary for Sustained Ca
2+

 and PIP2 Oscillations  

Stimulated by Antigen in RBL Mast Cells
1
 

2.1 ABSTRACT 

Antigen stimulation of mast cells via FcRI, the high-affinity receptor for IgE, triggers a 

signaling cascade that requires Ca
2+

 mobilization for exocytosis of secretory granules during the 

allergic response. To characterize the role of Rho GTPases in FcRI signaling, we utilized a 

mutant RBL cell line, B6A4C1, that is deficient in antigen-stimulated Cdc42 activation 

important for these processes. In response to antigen, we find that B6A4C1 cells exhibit severely 

attenuated Ca
2+

 oscillations that are restored to wild type RBL-2H3 levels by expression of 

constitutively active Cdc42 G12V or by a GEF for Cdc42, DOCK7, but not when the C-terminal 

di-arginine motif of active Cdc42 is mutated to di-glutamine. Antigen-stimulated FcRI 

endocytosis is also defective in B6A4C1 cells, and Cdc42 G12V reconstitutes this response as 

well, indicating that activation of Cdc42 is critical for both Ca
2+

 responses to antigen and 

receptor endocytosis. To account for these multiple functional consequences, we show that 

Cdc42 G12V reconstitutes antigen-stimulated oscillations of phosphatidylinositol 4,5-

bisphosphate (PIP2) at the plasma membrane in mutant B6A4C1 cells, implying a role for Cdc42 

in the regulation of stimulated PIP2 synthesis.  

2.2 INTRODUCTION 

 Antigen-mediated crosslinking of the high affinity receptor for IgE, FcRI, stimulates 

Ca
2+

 mobilization that is essential for most aspects of mast cell function, including stimulated 

exocytosis of both secretory granules/lysosomes (degranulation) and recycling endosomes 
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(Holowka et al., 2012). These secretory responses depend on Ca
2+

 influx in a process known as 

store-operated Ca
2+

 entry (SOCE). In this process, antigen-stimulated hydrolysis of PIP2 by 

phospholipase C (PLC) results in production of inositol 1,4,5-trisphosphate (IP3) to cause 

release of Ca
2+

 from the endoplasmic reticulum (ER), which initiates direct coupling of the ER 

membrane protein STIM1 with the plasma membrane channel protein Orai1 to activate Ca
2+

 

entry (Vig and Kinet, 2009). Defects in this Ca
2+

 mobilization process result in mast cells that 

fail to undergo exocytosis of secretory granules that contain mediators important for the allergic 

response (Vig and Kinet, 2009; Vig et al., 2006).  

 Previous studies provided evidence that antigen stimulation of FcRI in RBL-2H3 mast 

cells results in activation of the Rho-GTPases Cdc42 and Rac1 (El-Sibai and Backer, 2007) that 

participate in Ca
2+

 mobilization leading to exocytosis of secretory granules (Hong-Geller and 

Cerione, 2000). Subsequently, we showed that Cdc42 G12V, an activated form of Cdc42, 

reconstitutes full Ca
2+

 mobilization and degranulation in response to antigen in a mutant RBL 

cell line, designated as B6A4C1, that is defective in these responses (Field et al., 2000; Hong-

Geller et al., 2001). These studies suggested that Cdc42 acts upstream of IP3 production in the 

Ca
2+

 mobilization process. However, questions remain as to the molecular mechanism by which 

Cdc42 regulates these mast cell Ca
2+

 responses. A recent study provided evidence that 

oscillations in antigen-stimulated Cdc42 activation are coupled to oscillations in PIP2 and Ca
2+

 

concentrations important for stimulated exocytosis (Wu et al., 2013). Furthermore, Johnson et al. 

(2012) demonstrated that a conserved di-arginine motif located near its carboxyl terminus is 

important for Cdc42 binding to PIP2-containing membranes and for Cdc42-dependent cell 

transformation, but not for the role of Cdc42 in actin cytoskeleton-dependent filopodia 

formation.  
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To better understand the roles of Rho proteins in FcRI signaling, we investigated 

whether the C-terminal di-arginine motif is needed for Cdc42 to mediate Ca
2+

 responses and 

exocytosis in mast cells. In the course of these studies, we determined that activation of Cdc42 is 

necessary for antigen-stimulated Ca
2+

 oscillations and exocytosis in RBL mast cells, and its C-

terminal di-arginine motif is required for its role in these processes. We further provide evidence 

that activation of Cdc42 is necessary for antigen-stimulated endocytosis of FcRI, a Ca
2+

-

independent process, as well as for stimulated PIP2 synthesis manifested as oscillations in plasma 

membrane PIP2. 

2.3 RESULTS 

 B6A4C1 cells are deficient in antigen stimulated Cdc42 activation. B6A4C1 is a 

chemically mutagenized RBL mast cell subline that was originally selected for deficiency in 

stimulated degranulation and the expression of a mast cell-specific ganglioside, galactosyl 

GD1b (Stracke et al., 1987; Oliver et al., 1992). Previous studies demonstrated that robust 

antigen-stimulated Ca
2+

 mobilization and degranulation are reconstituted in mutant B6A4C1 

cells by expressing constitutively active forms of Cdc42 or Rac1 (Field et al., 2000; Hong-Geller 

et al., 2001). To determine directly if these cells are defective in the activation of Cdc42 by 

IgE/FcRI crosslinking we used a colorimetric assay to evaluate basal and antigen-stimulated 

Cdc42-GTP levels in both RBL-2H3 and B6A4C1 cells. As summarized in Figure 2.1, antigen 

stimulates a ~2.0-fold increase in Cdc42-GTP in RBL-2H3 cells after 1 min that declined to 

~1.4-fold increase after 3 min, consistent with a previous study (El-Sibai and Backer, 2007). 

Under these conditions, B6A4C1 cells showed somewhat higher basal Cdc42-GTP levels when 

compared to RBL-2H3 cells (~ 15 %), and only a very small increase due to antigen stimulation  
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Figure 2.1. B6A4C1 cells are deficient in antigen stimulated Cdc42 activation. RBL-2H3 and 

B6A4C1 cells were sensitized with IgE, stimulated with 0.2 g/ml multivalent DNP-BSA for 

one or three minutes, lysed, and analyzed using a colorimetric G-LISA assay. Error bars indicate 

± standard error of the mean (s.e.m.) of six independent experiments. (** represents P-values 

<.01). 
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that is not statistically significant. These results confirm that B6A4C1 cells are defective in 

FcRI-mediated activation of Cdc42.  

 Carboxyl terminal di-arginine motif of Cdc42 is necessary for reconstituting Ca
2+

 

mobilization in B6A4C1 cells. In previous studies, Rho family GTPases were expressed in RBL 

cells using vaccinia infection (Hong-Geller and Cerione, 2000; Field et al., 2000; Hong-Geller et 

al., 2001). In our current experiments, Cdc42 cDNA constructs were transfected into these cells 

together with a genetically encoded Ca
2+

 indicator, GCaMP3, using electroporation.  As shown 

in representative experiments in Figure 2.2A and 2.2B, addition of an optimal dose of antigen, in 

the absence of extracellular Ca
2+

, stimulates transient increases in cytoplasmic Ca
2+

 due to 

release from ER stores in both the RBL-2H3 and B6A4C1 cells. This response in B6A4C1 cells 

is faster and more transient than in 2H3 cells. Subsequent addition of 1.8 mM extracellular Ca
2+

 

results in SOCE that is reduced in B6A4C1 cells compared with the response in 2H3 cells (Fig. 

2.2A,B). B6A4C1 cells transfected with Cdc42 G12V and GCaMP3 show enhanced Ca
2+

 release 

from stores and SOCE when compared to B6A4C1 cells expressing GCaMP3 with empty vector 

pcDNA 3.0 (Fig. 2.2C vs. 2.2A), consistent with previous results using the vaccinia expression 

system (Hong-Geller et al., 2001).  

The previous study by Johnson et al. (2012) provided evidence for a critical role for the 

C-terminal di-arginine motif of Cdc42 in cell transformation by an activated mutant of this 

protein, but a short-term assay for the functional role of this motif was lacking. To evaluate the 

effect of charge neutralization of the di-arginine motif, we compared the capacity of Cdc42 

G12V with the di-arginine motif mutated to di-glutamines (Cdc42 G12V/QQ) to substitute for  
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Figure 2.2 Carboxyl terminal di-arginine motif of Cdc42 is necessary for reconstituting 

Ca
2+

 mobilization in B6A4C1 cells. IgE-sensitized RBL-2H3 mast cells expressing pcDNA and 

GCaMP3 (A), and B6A4C1 mast cells expressing pcDNA and GCaMP3 (B), Cdc42 G12V and 

GCaMP3 (C), or Cdc42 G12V/QQ and GCaMP3 cells (D) were stimulated in Ca
2+

-free BSS 

with 0.2 g/ml of DNP-BSA (Ag) at 100 sec, then 1.8 mM Ca
2+

 was added at 200 sec. The 

resulting responses represent Ca
2+

 release from stores and store operated Ca
2+

 entry (SOCE), 

respectively. E and F: Summary of four independent experiments monitoring changes in 

GCaMP3 fluorescence due to stimulated Ca
2+

 release from stores (E) and SOCE (F). Error bars 

indicate ± s.e.m. (** represents P-values <0.01). 
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Cdc42 G12V in our Ca2+ experiments. Expression of Cdc42 G12V/QQ in B6A4C1 cells failed 

to reconstitute the 2H3-level Ca
2+

 response for antigen-stimulated Ca
2+

 release from stores and 

to reconstitute the 2H3-level Ca
2+

 response for antigen-stimulated Ca
2+

 release from stores and 

for SOCE observed with Cdc42 G12V (Fig. 2.2D). These trends are summarized for multiple 

experiments in Figure 2.2E and 2.2F: they show that the capacity of Cdc42 G12V to reconstitute 

normal antigen-stimulated Ca
2+

 responses in mutant B6A4C1 cells depends critically on the C-

terminal di-arginine motif. These results further establish a straight-forward short term assay in 

which the molecular basis for the role of this di-arginine motif can be investigated. 

The di-arginine motif of Cdc42 is important for FcRI-stimulated exocytosis in RBL mast 

cells. Exocytosis of secretory granules requires sustained increases in cytoplasmic Ca
2+

 levels 

that depend on influx of extracellular Ca
2+

 via SOCE (Ma and Beaven, 2011). A previous study 

showed that activated Cdc42 enhances FcRI-mediated granule exocytosis in RBL-2H3 cells 

(Hong-Geller and Cerione, 2000). Because of limited signal-to noise in B6A4C1 cells, we used a 

pH-sensitive pHluorin-labeled member of the SNARE protein family, vesicle-associated 

membrane protein-8 (VAMP8) to monitor stimulated exocytosis in RBL-2H3 cells co-

transfected with different Cdc42 constructs (Fig. 2.3). This VAMP8-pHluorin protein localizes to 

both recycling endosomes and secretory granules, where its fluorescence is very low due to 

reduced pH environments. Upon exocytosis of these VAMP8-pHluorin labeled vesicles, the 

fluorescence increases markedly due to exposure to neutral pH at the cell surface.  Under the 

conditions of this experiment, Cdc42 G12V enhanced antigen-stimulated exocytosis by 54% 

(Fig. 2.3B,D). By comparison, Cdc42 G12V/QQ enhanced exocytosis by only 22% (Fig. 

2.3C,D), a level not statistically greater than the vector control (Fig. 2.3A,D). These results, all 

together, are  
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Figure 2.3. The di-arginine motif of Cdc42 is important for FcεRI-stimulated exocytosis in 

RBL-2H3 mast cells. IgE-sensitized RBL-2H3 cells co-transfected with VAMP8-pHluorin and 

pcDNA (A), VAMP8-pHluorin and Cdc42 G12V (B), or VAMP8-pHluorin and Cdc42 

G12V/QQ were stimulated by 0.2 g/ml Ag in the presence of 2 M cytochalasin D, and 

exocytosis was monitored as increased pHlourin fluorescence via steady-state fluorimetry.  (D) 

Summary of percent increase in Vamp8-mediated exocytosis normalized to RBL-2H3 cells 

expressing pcDNA vector control. Error bars indicate ± s.e.m. of four independent experiments. 

(** represents P-values <.01, * represents P-values <.05, N.S. indicates values are not 

significantly different).  
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consistent with an important role for the di-arginine motif in FcRI-mediated Ca
2+

 mobilization 

that is necessary for exocytosis. 

 Cdc42 is essential for maintaining sustained Ca
2+

 oscillations in mast cells.  Antigen-

stimulated Ca
2+

 oscillations are a hallmark of FcRI signaling responses (Millard et al., 1989; 

Parekh and Putney, 2005), and these have been shown to play an important role in granule 

exocytosis (Kim et al., 1997). Upon addition of antigen, most RBL-2H3 cells exhibit sustained 

Ca
2+

 oscillations lasting more than 5 min in imaging experiments (representative results in Fig. 

2.4A and Supplementary Movie 1). In contrast, B6A4C1 cells typically exhibit only a few 

oscillations before returning to baseline Ca
2+

 levels, very similar to the response of 2H3 cells in 

the absence of extracellular Ca
2+

 (Fig. 2.4B,C, and Supplementary Movie 2). Remarkably, 

expression of Cdc42 G12V in these cells restores sustained Ca
2+

 oscillations with periodicities 

similar to that of 2H3 cells (Fig. 2.4D). Consistent with its incapacity to restore sustained Ca
2+

 

responses in B6A4C1 cells in fluorimetry experiments (Fig. 2.2), Cdc42 G12V/QQ fails to 

restore sustained Ca
2+

 oscillations in these cells (Fig. 2.4E).  

 Dock7, a DHR2-containing GEF for Cdc42 and Rac, restores sustained Ca
2+

 oscillations 

in B6A4C1 mutant mast cells. Although Cdc42 G12V and Rac1 G12V restore normal antigen-

stimulated Ca
2+

 responses in B6A4C1 cells, wt Cdc42 and wt Rac1 do not reconstitute this 

response (Hong-Geller et al., 2001), suggesting that these cells are deficient in a guanine 

nucleotide exchange factor (GEF) capable of activating both Cdc42 and Rac1. We showed 

previously that expression of o-Dbl, a prototype Rho GEF containing a plekstrin homology 

domain and a Dbl-homology domain essential for GEF catalytic activity, only partially 

reconstitutes antigen-stimulated Ca
2+

 responses (Hong-Geller et al., 2001), and we found that a 

structurally similar GEF, Cool2, also shows only minimal reconstitution (Fig. 2.4G). Because of 
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Figure 2.4. Activation of Cdc42 by antigen is necessary for sustained Ca
2+

 oscillations in 

RBL mast cells. RBL-2H3 mast cells were co-transfected with GCaMP3 and pcDNA  (A and C) 

or dominant negative Cdc42 T17N (H). B6A4C1 cells were co-tranfected with GCaMP3 and 

pcDNA (B) Cdc42 G12V (D), Cdc42 G12V/QQ (E), or the Rho family GEFs DOCK7 (F) or 

Cool2 (G). Ag (0.2 g/ml) was added at t = 0, and representative examples of Ca
2+

 responses are 

shown. (I) Summary of quantification of Ca
2+

 oscillations stimulated by 0.2 g/ml multivalent 

DNP-BSA. Dark grey histograms are the number of oscillations occurring in the first two 

minutes following the initial Ca
2+

 spike, and light grey segments are the number of oscillations 

that occur in the last three minutes of the five minute stimulation time period. 2H3: RBL-2H3 

cells; C1: B6A4C1 cells. Error bars refer to the total five minute responses and indicate ± s.e.m. 

for 110 individual cells for each condition shown (*** represents P-values <.001). 
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these results, we investigated whether a Dock GEF family protein might more effectively 

reconstitute the Ca
2+

 response to antigen in B6A4C1 cells, and in these initial studies we chose to 

evaluate Dock7 due to its capacity to activate both Cdc42 and Rac. In contrast to Cool2, Dock7 

consistently enhanced the number of Ca
2+

 oscillations in B6A4C1 cells to levels similar to RBL-

2H3 cells (Fig. 2.4F vs 2.4A). Dock 7 shares almost no sequence homology with Dbl GEFs, but 

contains instead a DHR2 domain for its catalytic activity and a DHR1 domain thought to be 

important for GEF localization (Meller et al., 2005). We also tested the dominant negative form 

of Cdc42, Cdc42 T17N in a loss-of-function assay. As represented in Figure 2.4H, this construct 

attenuates Ca
2+

 oscillations in RBL-2H3 cells under our experimental conditions.  

Results from these real-time imaging experiments for >100 cells for each construct are 

summarized in Figure 2.4I. Whereas similar numbers of Ca
2+

 oscillations are observed in all 

cases during the first 2 min, both in the presence and absence of extracellular Ca
2+

 (4.1-5.7), 

numbers of oscillations in the time interval from 2 to 5 min vary widely, from 0.1 to 7.0. Most 

striking is the full reconstitution of Ca
2+

 oscillations during this time period in B6A4C1 cells 

with both Cdc42 G12V and Dock 7, and the minimal effect of Cdc42 G12V/QQ in this regard. 

Cdc42 G12V enhances a Ca
2+

-independent process, FcRI endocytosis, in B6A4C1 cells.  

Results described above demonstrate that Cdc42 G12V reconstitutes normal antigen-stimulated 

Ca
2+

 mobilization in mutant B6A4C1 cells. To distinguish whether this is a direct effect on Ca
2+

 

mobilization or on an upstream event, we examined whether Cdc42 G12V reconstitutes a Ca
2+

-

independent response in B6A4C1 cells. Antigen-mediated FcRI endocytosis was originally 

determined to be independent of Ca
2+

 in RBL cells (Furuichi et al., 1984), and a recent study 

shows that a B6A4C1-related cell line is deficient in this process (Mazucato et al., 2011). We 

confirmed that antigen-stimulated IgE/FcRI endocytosis occurs independently of Ca
2+
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Figure 2.5. Cdc42 G12V reconstitutes antigen-stimulated FcRI endocytosis in B6A4C1 

cells. (A-D) Representative confocal images of antigen-stimulated IgE receptor endocytosis.  

RBL-2H3 and B6A4C1 mast cells expressing mRFP to mark positively transfected cells were 

labeled with Alexa488-conjugated IgE and stimulated with 0.2 g/ml DNP-BSA for 15 min, then 

fixed and labeled with Alexa 647-conjugated anti-Alexa488 Ab to monitor endocytosis. 

Endocytosed Alexa488-IgE is not accessible to Alexa 647-anti-Alexa488 Ab. E, quantified 

results of the number of cells undergoing antigen-stimulated IgE receptor endocytosis. Error bars 

indicate ± s.e.m. for 4 individual experiments. 300 cells were counted for each individual 

experiment for a total of 1200 cells quantified for each condition shown (*** represents P-values 

<.001). Scale bar equals 20 m. 
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mobilization in RBL-2H3 cells, such that >90% of these cells undergo this process in the 

presence and absence of extracellular Ca
2+

 (Fig. 2.5A,B,E). Under the same conditions, we found 

that most B6A4C1 cells fail to undergo antigen-stimulated IgE/FcRI endocytosis, and these 

complexes were retained as puncta at the plasma membrane in all but ~12% of these cells (Fig. 

2.5C,E). In contrast, expression of Cdc42-G12V in these cells substantially increased the 

percentage of cells undergoing this process. In four separate experiments, 61% of B6A4C1 cells 

co-expressing Cdc42-G12V together with the transfection marker mRFP exhibited antigen-

dependent IgE/FcRI endocytosis (Fig. 2.5D,E). These results show that activated Cdc42 

contributes to antigen-mediated FcRI endocytosis in RBL cells, and they suggest that its 

fundamental role in FcRI signaling is the activation of an early cellular event that is upstream of 

Ca
2+

 mobilization and degranulation.  

Cdc42 G12V reconstitutes antigen stimulated PIP2 oscillations in B6A4C1 cells. Recent 

studies demonstrated that, in addition to Ca
2+

 oscillations, antigen stimulation of RBL-2H3 cells 

results in oscillating levels of PIP2 at the plasma membrane that are synchronous with Ca
2+

 

oscillations but out of phase (Wu et al., 2013; Wollman and Meyer, 2012). Using PH-PLC-GFP 

to monitor levels of PIP2 (Stauffer et al., 1998; Varnai and Balla, 1998), we investigated whether 

activation of Cdc42 is important for the generation of these PIP2 oscillations. We verified that 

antigen-stimulated PIP2 oscillations are frequently observed in RBL-2H3 cells, such that >80% 

of RBL-2H3 cells examined exhibited sustained oscillations that are typically evident after 200-

300 s (Fig. 2.6A,D). In contrast, addition of antigen to B6A4C1 cells causes a time-dependent 

increase in cytoplasmic PH-PLC-GFP fluorescence, presumably due to PLC-mediated PIP2 

hydrolysis, but <15% of these cells exhibit stimulated PIP2 oscillations (Fig. 2.6B,D). Expression 

of Cdc42 G12V in these cells markedly increased the percentage of cells that exhibit antigen- 
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Figure 2.6. Cdc42 G12V reconstitutes antigen stimulated PIP2 oscillations in B6A4C1 cells. 

IgE-sensitized RBL-2H3 mast cells expressing pcDNA and PH-PLC-GFP (A), and B6A4C1 

mast cells expressing pcDNA and PH-PLC-GFP (B), or Cdc42 G12V and PH-PLC-GFP (C), 

were stimulated with 0.2 g/ml of DNP-BSA (Ag) at ~20 sec in the presence of 2 M 

cytochalasin D. (D) Quantified results for the percentage of cells undergoing antigen-mediated 

PIP2 oscillations. Error bars indicate ± s.d. for 3 individual experiments. 16-17 cells were 

analyzed for each individual experiment for a total of 50 cells monitored for each condition 

shown (*** represents P-values <.001). 
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stimulated PIP2 oscillations, such that ~66% of cells have sustained PIP2 oscillations in three 

separate experiments (Fig. 2.6C,D). As for the wild type RBL-2H3 cells, PIP2 oscillations begin 

200-300 sec after antigen addition, suggesting that PIP2 hydrolysis is the dominant process 

activated prior to this time. These findings suggest that antigen-mediated activation of Cdc42 is 

important for replenishment of PIP2 at the plasma membrane during hydrolysis by PLC, 

resulting in cycles of PIP2 hydrolysis and synthesis that results in sustained Ca
2+

 oscillations in 

antigen-stimulated mast cells. 

 

2.4 DISCUSSION 

 It has long been recognized that mast cells play an essential role in allergic responses, and 

there is now evidence that these cells also play critical roles in both innate and adaptive immune 

responses to infections, inflammatory autoimmune diseases, and incipient tumors (Abraham and 

St John, 2010; Galli et al., 1999; Metz et al., 2008). Mast cells assist in these responses in part by 

undergoing the process of degranulation, in which preformed mediators such as histamine, serine 

proteases, and proteoglycans are released after stimulation by antigen binding and crosslinking 

of IgE bound to FcRI receptors at the cell surface. Despite previous studies establishing the 

importance of Rho GTPases in mast cell signaling (Hong-Geller and Cerione, 2000; Field et al., 

2000; Hong-Geller et al., 2001), the mechanism by which they regulate these responses has yet 

to be elucidated.  

 We compared normal antigen-stimulated RBL-2H3 cell responses to those of a mutant 

RBL-2H3 cell line that we have shown to be defective in antigen stimulated Cdc42 activation 

(Fig. 2.1). Our results demonstrate that in the absence of Cdc42 activation, mast cells undergo 

attenuated Ca
2+ 

mobilization responses to antigen, showing both reduced Ca
2+

 release from stores 
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and reduced SOCE (Fig. 2.2B). Cdc42 G12V reconstitutes both phases of antigen stimulated 

Ca
2+

 mobilization, and the polybasic di-arginine motif located at the C-terminus of Cdc42 is 

important for this capacity (Fig. 2.2C, D). This motif also appears to be important for antigen-

stimulated exocytosis, a process that occurs downstream of Ca
2+

 mobilization in these cells (Fig. 

2.3). We hypothesize that electrostatic interactions between the positively charged di-arginine 

motif of Cdc42 and negatively charged phospholipids at the plasma membrane are important for 

the capacity of Cdc42 to regulate mast cell signaling.  

 Because Ca
2+

 oscillations are important for antigen-stimulated exocytosis in mast cells, 

we evaluated the participation of Cdc42 in regulating antigen stimulated Ca
2+

 oscillations. In 

contrast to the sustained Ca
2+ 

oscillations observed in stimulated RBL-2H3 cells, B6A4C1 cells 

undergo only limited initial oscillations, similar to those in RBL-2H3 in the absence of 

extracellular Ca
2+ 

(Fig. 2.4B,C). We found that Cdc42 G12V reconstitutes sustained Ca
2+

 

oscillations in the B6A4C1 cells to wild type RBL-2H3 levels (Fig. 2.4D,I), and we conclude 

that activation of Cdc42 is necessary for these sustained oscillations and for maximal granule 

exocytosis. Furthermore, we also find that the GEF DOCK7 reconstitutes this oscillatory Ca
2+

 

behavior in B6A4C1 cells (Fig. 2.4F,I), strengthening the conclusion that the activation of Cdc42 

is deficient in the mutant RBL cells. 

  Two distinct families of GEFs have been identified for Rho GTPase activation: the 

conventional Dbl-family (Hart et al., 1991) and the more recently identified DOCK180 family 

(Takai et al., 1996; Hasegawa et al. 1996; Erickson and Cerione, 2004), which is divided into 

four subclasses. DOCK7 belongs to the DOCK-C subfamily, which activates both Cdc42 and 

Rac (Cote and Vuori, 2007). Although functionally similar to the Dbl-GEF family, DOCK-GEFs 

do not contain the Dbl-homology domain to mediate GTP-GDP exchange; instead they are 
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characterized by a DOCK homology region 2 (DHR-2) domain to stimulate nucleotide exchange 

leading to Rho GTPase activation. We note that recent studies have demonstrated participation of 

several DOCK GEF family members in immune regulatory functions (Nishikimi et al., 2013), 

including an important role for DOCK8, which, like DOCK7, activates both Cdc42 and Rac. 

Mutations or deletions of DOCK8 lead to a form of T and B cell immunodeficiency 

characterized by recurrent viral infections, greater susceptibility to cancer, and elevated serum 

levels of IgE (Nishikimi et al., 2013). Another family member, DOCK2, has been shown to be 

involved in forming the immunological synapse between antigen presenting cells and T 

lymphocytes following recruitment of this GEF by PIP3 (Le Floc'h A et al. 2013). Our DOCK7 

findings add to this growing body of literature supporting the view that DOCK GEFs play 

critical roles in regulating various immune responses.  

 It is unclear why a Dock GEF and not a Dbl-GEF reconstitutes Ca
2+

 responses as 

demonstrated in our experiments, especially considering in vitro data which suggest that Dbl-

GEFs have better nucleotide exchange efficiency than DOCK GEF family members (Kulkarni et 

al., 2011; Miyamoto et al., 2007; Watabe-Uchida et al., 2006; Yamauchi et al., 2008). One 

possible explanation is that, in addition to mediating GTP-GDP exchange, DOCK7, which is 

very large (~240 kDa), also acts as an adaptor protein: DOCK7 may recruit and bind specific 

effector proteins necessary to regulate mast cell responses and thereby mediate essential 

interactions between Cdc42 and its effectors. This hypothesis is consistent with our findings that 

the fast cycling mutant Cdc42 F28L, which undergoes spontaneous activation without the 

assistance of GEF proteins, does not reconstitute Ca
2+

 mobilization in B6A4C1 cells (M.M.W., 

unpublished observations). Future studies will evaluate previously characterized DOCK7 

mutants (Zhou et al., 2013) to determine if structural elements in addition to the nucleotide 
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exchanging DHR-2 domain of DOCK7 are involved in regulating Ca
2+

 mobilization in mast cells. 

DOCK6 and DOCK8, the two other DOCK family members capable of activating Cdc42 and 

Rac, will also be evaluated to determine whether DOCK7 is unique in its capacity as a Rho GEF 

to reconstitute sustained Ca
2+

 oscillations in the B6A4C1 cells. 

 Our findings that constitutively active Cdc42, as well as DOCK7, reconstitute antigen-

stimulated Ca
2+

 oscillations offer new insights into the mechanism by which Cdc42 regulates 

Ca
2+

 mobilization in mast cells. Sustained Ca
2+

 oscillations depend on SOCE, as well as on IP3 

generation (Hajnoczky and Thomas, 1997; Meyer and Stryer, 1991). Thapsigargin, which 

stimulates SOCE and degranulation in both RBL-2H3 and B6A4C1 cells (Field et al., 2000), 

initiates these responses by inhibiting the SERCA pump necessary for maintaining ER Ca
2+ 

levels. Thapsigargin causes cytoplasmic Ca
2+ 

to be elevated in a sustained manner (Cohen et al, 

2009; Wollman and Meyer, 2012). Normally, however, replenishment of the PIP2 pool being 

hydrolyzed by activated PLC to generate IP3 must be maintained for mast cells to sustain Ca
2+

 

oscillations accompanying SOCE. We hypothesized that Cdc42 promotes mast cell signaling by 

acting upstream of IP3 production by PLC and Ca
2+

 release from stores. To test this hypothesis, 

we evaluated the capacity of Cdc42 to regulate a PIP2-dependent process that is independent of 

Ca
2+

 mobilization.  

 A previous study reported that endocytosis is a Ca
2+

 independent process in RBL-2H3 

cells (Furuichi et al, 1984), and because it is also common that endocytosis is a PIP2-dependent 

process (Santos et al., 2013), we investigated whether B6A4C1 cells are deficient in stimulated 

IgE receptor endocytosis, in addition to their Ca
2+

 mobilization defects. We found that B6A4C1 

cells are deficient in this endocytic process, and that expression of Cdc42 G12V in mutant RBL 

cells results in a significant increase in the number of cells capable of undergoing IgE/FcRI 
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endocytosis. These results confirm that Cdc42 regulates an event independent and upstream of 

Ca
2+

 mobilization.  

 Initial characterization of the B6A4C1 cell line demonstrated defects in Ca
2+

 mobilization 

mediated by both PLC and PLC-activating receptors (Field et al., 2000). Although it is 

possible that activated Cdc42 reconstitutes Ca
2+

 responses in B6A4C1 cells via a direct 

interaction with PLCPLC is activated downstream of an adenosine-specific G-protein 

coupled receptor in RBL cells, and its structure and mechanism of activation are very different 

from FcRI-mediated activation of PLC (Rhee, 2001). Thus, it seems unlikely that defective 

signaling in B6A4C1 cells stems from a specific deficiency in stimulated PLC activity. Although 

in vitro data initially suggested some physical interaction between Cdc42 and PLC in RBL-2H3 

cells, this was not enhanced by FcRI activation (Hong-Geller and Cerione, 2000). Furthermore, 

antigen-stimulated activation of PLC detected as stimulated tyrosine phosphorylation of this 

protein, occurs equally well in both B6A4C1 and RBL-2H3 cells (Field et al., 2000). As PLC 

and PLC share a common substrate (PIP2), the hydrolysis of which leads to Ca
2+

 mobilization, 

we hypothesized that a defect in stimulated PIP2 synthesis is a more likely deficiency in the 

B6A4C1 cell line. A model summarizing possible mechanisms is presented in Figure 2.7. 

 A critical step in PIP2 synthesis is phosphorylation of phosphatidylinositol 4-phosphate 

(PI4P) at the D-5 position of the inositol ring, by type I phosphatidylinositol 4-phosphate 5-

kinases (PIP5K) (Van den Bout and Divecha, 2009). RhoA was the first member of the Rho 

GTPase family shown to stimulate PIP5K activity (Chong et al., 1994), and subsequent studies 

revealed that overexpression of either wt Rac1 or wt Cdc42 resulted in positive regulation of 

specific PIP5-kinase isoforms, leading to increased levels of cellular PIP2 (Weernink et al., 

2004). RhoA and Rac1 both bind directly to PIP5-kinase isoforms in a nucleotide-independent 
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Figure 2.7. Model for the mechanism by which Cdc42 regulates Ca
2+ 

mobilization in RBL 

mast cells. Antigen crosslinks IgE/FcRI complexes to initiate a tyrosine phosphorylation 

cascade that results in the activation of both PLC and Cdc42. Hydrolysis of PIP2 by PLC 

produces IP3 that mediates Ca
2+

 release from ER stores to cause SOCE, which facilitates 

degranulation. Our results demonstrate that activation of Cdc42 is important for a sustained Ca
2+ 

response to antigen, including sustained Ca
2+

 oscillations.  Reconstitution of antigen-stimulated 

PIP2 oscillations in B6A4C1 cells by Cdc42 G12V suggests that this Rho protein maintains 

elevated PIP2 levels during ongoing hydrolysis by PLC 
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manner, suggesting an important functional role for these Rho family GTPases in recruiting 

PIP2-forming kinases to specific cellular compartments (Chatah and Abrams, 2001). Rac1 has 

been shown to bind to PIP5-kinase isoforms through an RKR motif located in its C-terminal 

sequence immediately preceding its CAAX motif (van Hennik et al., 2003), and this motif is 

positioned similarly to the di-arginine motif of Cdc42 that is critical for Ca
2+

 signaling in RBL 

mast cells (Figs. 2.2, 2.3, and 2.4), as well as for transformation of NIH 3T3 cells by activated 

Cdc42 (Johnson et al., 2012). Cdc42 and Rac1 share high sequence homology, and these results 

emphasize the importance of this polybasic motif for this pathway of Rho-family GTPase-

mediated signaling. Our results in Figure 2.6 provide evidence that the regulation of PIP2 levels 

at the plasma membrane by antigen activation of Cdc42 is the crucial upstream process that is 

defective in the B6A4C1 cells and necessary for stimulation of sustained Ca
2+

 oscillations and 

receptor endocytosis. 

 In summary, our results support a critical role for the activation of Cdc42 in FcRI 

signaling in mast cells. Activated Cdc42 reconstitutes normal antigen-stimulated Ca
2+

 

mobilization and consequent exocytosis in mutant B6A4C1 cells, including sustained Ca
2+

 and 

PIP2 oscillations, and the conserved polybasic di-arginine motif of Cdc42 is important for this 

function. Cdc42 G12V, as well as the Rho GEF DOCK7, restores sustained Ca
2+

 oscillations in 

mutant B6A4C1 cells to normal RBL-2H3 levels. Restoration by activated Cdc42 of 

crosslinking-dependent FcRI endocytosis in B6A4C1 cells, a Ca
2+

 independent process, 

suggests that this Rho family GTPase regulates Ca
2+ 

mobilization in mast cells by acting on an 

event upstream of PLC activation, possibly by mediating stimulated synthesis of 

phosphatidylinositol 4,5-bisphosphate (Fig. 2.7). Future studies will evaluate the molecular 

mechanism by which activated Cdc42 regulates PIP2 levels under conditions of FcRI signaling. 
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2.5 MATERIALS AND METHODS 

Cell Culture: RBL-2H3 and B6A4C1 cells were cultured as monolayers in minimal essential 

medium (Invitrogen Corp., Carlsbad, CA) with 20% fetal bovine serum (Atlanta Biologicals, 

Atlanta, GA) and 10 µg/ml gentamicin sulfate (Invitrogen) as previously described (Gosse et al., 

2005).  

Reagents and Chemicals: Cytochalasin D and other chemicals were purchased from Sigma-

Aldrich (St. Louis, MO). 

Expression Plasmids: The genetically encoded calcium indicator, GCaMP3, previously 

described (Tian et al., 2009), was purchased from Addgene (plasmid #22692). DNA plasmids 

pcDNA3.0, Cdc42 G12V, Cdc42 G12V/QQ, Cdc42 T17N, Dock7, and Cool2 were generously 

provided by Dr. Richard Cerione (Cornell University, Ithaca, NY). Super-ecliptic pHluorin, as a 

fusion with transferrin receptor (human) in the vector jPA5 (Merrifield et al., 2005), was 

obtained from Dr. P. De Camilli (Yale University, New Haven, CT). 

To create the VAMP8-pHluorin-fusion construct, the transferrin receptor sequence was 

removed from the jPA5 construct using EcoRI and AgeI sites and replaced with cDNA encoding 

VAMP8 (mouse, Open Biosystems). PH-PLC-GFP (Varnai and Balla, 1998) was from Dr. 

Tamas Balla (National Institutes of Health). 

Transfection: Both RBL-2H3 and B6A4C1 cell lines were transfected by electroporation under 

identical conditions for fluorimetry-based Ca
2+

 and exocytosis experiments, and for imaging-

based Ca
2+

 and PIP2 oscillation experiments. Cells were harvested three to five days after 

passage and ~ 1 x 10
7
 cells were electroporated in 0.5 ml of cold electroporation buffer (137 mM 

NaCl, 2.7 mM KCl, 1 mM MgCl2, 1 mg/ml glucose, 20 mM HEPES (pH 7.4) using 10 g of 

reporter plasmid DNA (GCaMP3 for Ca
2+

measurements, VAMP8-pHluorin for exocytosis 
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measurements, or PH-PLC-GFP for PIP2 measurements) together with 30 g of effector 

plasmid DNA (Cdc42 G12V, Cdc42 G12V/QQ, Cdc42 T17N, Dock7, Cool2, or pcDNA 3.0) at 

280 V and 950 μF using Gene Pulser X (Bio-Rad). For fluorimetry-based experiments, cells 

were then plated in 100 mm dishes. For Ca
2+

 and PIP2 oscillation experiments, electroporated 

cells were resuspended in 6 mls of medium and plated in three different MatTek dishes (2 

ml/dish) (MatTek Corporation, Ashland, MA). For all experiments, cells were allowed to recover 

for 24 hours, then sensitized with 0.5 μg/ml anti-2,4-dinitrophenyl (DNP) IgE (Posner et al., 

1992) for ~12 hours (total recovery time of 36 hours). 

Cdc42 Activation Assay: Relative Cdc42 activities were measured using a colorimetric G-LISA 

assay (Cytoskeleton, Denver, CO). RBL-2H3 and B6A4C1 cells were plated in 35 mm dishes 

(Greiner Bio One Cellstar) at a density of 1 X 10
5
 cells/ml and sensitized with IgE. Cells were 

then washed once with buffered saline solution (BSS: 135 mM NaCl, 5 mM KCl, 1 mM MgCl2, 

1.8 mM CaCl2 5.6 mM D(+) glucose, 20 mM HEPES, pH 7.4) and cells were stimulated for 

either one or three minutes at 37
o
C with 0.2 g/ml multivalent DNP-BSA (Posner et al., 1992), 

then processed according to the manufacturer’s instructions, except that  a lysis buffer containing 

25mM Tris, pH7.4, 100mM NaCl, 1mM EDTA, 1% (v/v) Triton 100, 1 mM sodium 

orthovanadate, 1 mM -glycerol phosphate, 1 g/mL leupeptin, and 1 g/ml aprotinin was used. 

Ca
2+

 Measurements: Cytoplasmic Ca
2+

 levels were measured using an SLM 8100C steady-state 

fluorimeter (SLM Instruments, Urbana, IL). Cells previously electroporated with GCaMP3 and 

the effector plasmid DNA of interest were allowed to recover as described above and then 

harvested using PBS/EDTA and resuspended in 1.8 ml BSS devoid of Ca
2+

. Cells were then 

incubated and stirred at 37ºC for 5 minutes, and GCaMP3 levels were monitored (excitation 490 

nm, emission 520 nm). Following addition of 5 M EGTA to chelate trace amounts of 
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extracellular Ca
2+

 that remain, cells were stimulated with 0.2 µg/ml DNP-BSA to monitor 

Ca
2+

 release from stores. 1.8 mM CaCl2 was then adder to monitor SOCE. To compare 

magnitudes of Ca
2+

 responses, cells were then lysed by 0.1% Triton X-100 to obtain the 

maximum value of GCaMP3 fluorescence, then 5 mM EGTA was added to determine 

background fluorescence, and this differential was used to normalize Ca
2+

 responses.  

Integrated values for antigen-stimulated Ca
2+ 

release from stores were determined using 

GraphPad-Prism software. SOCE was quantified 100 s after addition of 1.8 mM Ca
2+

 to avoid 

the transient increase in Ca
2+

 that is observed upon Ca
2+

 addition even in the absence of 

stimulation (Cohen et al., 2009).  

 For imaging analysis of Ca
2+

oscillations, cells expressing GCaMP3 were washed into 

BBS and incubated for 5 minutes at 37ºC within a confined heating chamber prior to live cell 

imaging. GCaMP3 fluorescence was monitored for twenty seconds prior to addition of 0.2 g/ml 

DNP-BSA, and Ca
2+

 oscillations were monitored over a time interval of 10 m using a 40X H20 

heated objective on a Zeiss 710 confocal microscope. GCaMP3 was excited using the 488-nm 

line of a krypton/argon laser and viewed with a 502-551 nm band-pass filter.  

 Offline image analysis was conducted using ImageJ (National Institutes of Health). 

Changes in GCaMP3 fluorescence were normalized by dividing the maximum GCaMP3 

fluorescence value by the initial fluorescence basal level monitored before DNP-BSA addition. 

Transient increases in GCaMP3 fluorescence were scored as oscillations if the transient peak was 

at least half of the maximum GCaMP3 fluorescence peak response observed for an individual 

cell.  
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Statistical analysis of Ca
2+

 oscillations was conducted by counting and averaging the 

number of oscillatory peaks over a 5 minute time interval, beginning immediately following the 

initial calcium transient.  

Exocytosis Measurements: Antigen-stimulated exocytosis was monitored as time-dependent 

increases in VAMP8-pHluorin fluorescence using the SLM 8100C steady-state fluorimeter. 

RBL-2H3 cells were electroporated with VAMP8-pHluorin and an effector plasmid DNA 

(Cdc42 G12V, Cdc42 G12V/QQ or pcDNA 3.0), then allowed to recover for 24 hours, sensitized 

as described above, and resuspended in 1.8 ml of BSS as for measurements of Ca
2+

 responses. 

Cells were preincubated at 37ºC with 0.2 M of cytochalasin D for 6 minutes, then exocytosis 

was stimulated by addition of 0.2 µg/ml DNP-BSA, and increases in VAMP8-pHluorin 

fluorescence levels were monitored over a 10 min time interval. 50 mM NH4Cl was then added 

to rapidly neutralize the acidic environment of endosomes, resulting in a dequenching of 

VAMP8-pHluorin and revealing total values for VAMP8-pHluorin fluorescence. Net exocytosis 

was typically observed ~5 min following DNP-BSA addition. 

Endocytosis Measurements: As described above, ~ 1 x 10
7
 RBL-2H3 or B6A4C1 cells were 

electroporated with 10 g of mRFP and 30 g of pcDNA 3.0 or 10 g of mRFP and 30g of 

Cdc42 G12V. Cells were allowed to recover for approximately 24 hours, then sensitized with 2 

g/ml Alexa-488 IgE for 1.5 hours, washed in BSS, and stimulated with 800 ng/ml DNP-BSA at 

37ºC for 15 minutes +/- 1.8 mM CaCl2. Cells were then fixed with 4% paraformaldehyde + 0.1% 

glutaraldehyde, labeled with an anti-Alexa Fluor 488 primary antibody (Invitrogen) followed by 

Alexa 647-anti-rabbit IgG secondary antibody in PBS with 1 mg/ml BSA, and imaged on a Zeiss 

710 confocal microscope using a 63x oil objective. 300 positively transfected cells (detected by 

mRFP) were scored for IgE receptor endocytosis. 
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PH-PLC-GFP Measurements: ~ 1 x 10
7
 RBL-2H3 or B6A4C1 cells were electroporated with 

PH-PLC-GFP and either pcDNA 3.0 or Cdc42 G12V. Cells were allowed to recover for 

approximately 24 hours, washed into BBS, and preincubated with 2 M cytochalasin D for 5 

minutes at 37ºC prior to live cell imaging to prevent stimulated cell ruffling and spreading. PH-

PLC-GFP fluorescence was monitored for twenty seconds prior to addition of 0.2 g/ml DNP-

BSA, and PH-PLC-GFP oscillations were monitored over a time interval of 15 min using a 40X 

water objective in a confined heating chamber on a Zeiss 710 confocal microscope. Images were 

analyzed by selecting a region of interest within the cytoplasm of positively transfected cells 

using ImageJ and normalized to baseline fluorescence prior to antigen addition. 16-17 cells were 

analyzed for each individual experiment, and cells were scored as to whether or not they 

exhibited at least 5 antigen-stimulated PIP2 oscillations during the time period of 100 to 1000 

seconds following addition of antigen.  

Statistical Analyses: Statistical analysis was performed with Prism software (Graphpad) and 

Microsoft Excel. All bar graphs display mean ± SEM unless otherwise noted. For the Cdc42 

activation assay statistical significance was determined by a Two-Way ANOVA (Analysis of 

Variance) with replication followed by Tukey’s post test. The statistical significance of all other 

figures was determined by a One-Way ANOVA (Analysis of Variance) followed by Tukey's post 

test. Level of significance is denoted as follows: *P < 0.05, **P< 0.01, ***P < 0.001. 
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Chapter 3 

PIP3, Cdc42 and PKC play critical roles in antigen-stimulated PIP2 synthesis, Ca
2+

 

oscillations, and degranulation in RBL mast cells 

3.1 ABSTRACT 

Phosphatidylinositol 4,5-bisphosphate (PIP2) is essential for many cellular processes, despite 

being a minor phospholipid component of the plasma membrane. As receptor stimulation often 

results in hydrolysis and depletion of PIP2, a mechanism must exist to synthesize PIP2 following 

receptor activation. Rho GTPases are implicated in PIP2 synthesis, as well as in FcRI mast cell 

degranulation, although the mechanisms by which they regulate these processes remain unclear. 

In this study we utilize RBL-2H3 mast cells, as well as a mutant RBL cell line, B6A4C1, that is 

deficient in antigen-stimulated Cdc42 activation and degranulation, to investigate the connection 

between Rho GTPase activation, PIP2 synthesis, and degranulation. We find that antigen 

stimulation of RBL-2H3 cells results in increased PIP2 levels and activation of Cdc42, which 

oscillates on and off the plasma membrane in response to stimulation. Increases in PIP2, and 

Cdc42 activation are not observed in antigen-stimulated B6A4C1 cells. Pharmacological 

inhibitors of Cdc42, PI3-kinase, and PKC strongly inhibit both antigen and thapsigargin-

stimulated degranulation in RBL-2H3 cells. Cdc42 and PI3-kinase inhibition is bypassed by 

direct pharmacological activation of PKC. Antigen-stimulated PKC activation, as monitored by 

disassociation of MARCKS-ED-mRFP from the plasma membrane, is partially inhibited in 

B6A4C1 cells. Constitutively active Cdc42-G12V reconstitutes antigen-stimulated MARCKS 

dissociation from the plasma membrane. Finally, we demonstrate that the atypical Rho GTPase 

GEF, DOCK8, reconstitutes stimulated exocytosis in B6A4C1 cells, suggesting that it is through 

the DOCK GEF family that Cdc42 is activated to regulate PIP2 synthesis. DOCK GEFs contain 
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PIP3 binding domains, suggesting a novel hypothesis for why a PI3-kinase specific concentration 

of wortmannin inhibits degranulation in mast cells.   

 

3.2 INTRODUCTION 

 Inositol lipids, constructed from a diacylglycerol (DAG) backbone linked to an inositol 

ring, and reversibly phosphorylated at positions 3, 4, and 5, transduce important signals from 

cellular receptors, and serve as the source of many second messengers (Tóth et al. 2016). These 

lipids are essential for many cellular functions, and misregulation leads to a variety of disease 

states, making their regulation an intense area of research (Di Paolo and Kim 2011; Di Paolo and 

De Camilli 2006). However, the rapid dynamics and low abundance of many inositol lipids 

makes studying their function and regulation difficult. 

 Phosphatidylinositol 4,5-bisphosphate (PIP2) is one such phosphoinositide species, 

comprising less than 1% of all lipids found at the plasma membrane (Wenk et al. 2003; Ferrell 

and Huestis 1984). Despite its low abundance, PIP2 is appreciated as a master regulator of 

cellular membranes and cellular signaling, in part, because it is important for endocytosis and 

exocytosis, and it acts as the substrate for phosphoinositide 3-kinases, as well as the substrate for 

phospholipase C (PLC) isoforms, which hydrolyze PIP2 and generate Ca
2+

 mobilization in non-

excitable cells (Raucher et al. 2000). Originally appreciated in G-protein coupled receptors, 

hydrolysis of PIP2 occurs following stimulation of many different receptor types, including B-

cell receptors, T-cell receptors, some neuronal receptors (Micheva, Holz, and Smith 2001), and 

many other immune cell specific receptors (Balla 2013). The high-affinity receptor for 

immunoglobulin E (IgE), FcRI, highly expressed on the mast cell surface, is one such receptor, 

and antigen-mediated crosslinking of FcRI/IgE complexes leads to a signaling cascade that 
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results in PIP2 hydrolysis, Ca
2+

 mobilization, and exocytosis of secretory granules and recycling 

endosomes (Holowka et al. 2012). 

 An interesting aspect of Ca
2+

 mobilization in mast cells and many other cell types is the 

generation of sustained Ca
2+

 oscillations (Millard et al. 1988; Ryan, Millard, and Webb 1990). 

These oscillations result as the direct byproduct of PIP2 hydrolysis, inositol 1,4,5- trisphosphate 

(IP3) production, and Ca
2+

 release from the endoplasmic reticulum (ER) (Prince WT 1973; 

Woods, Cuthbertson, and Cobbold 1986). How sufficient PIP2 is generated to produce sustained 

Ca
2+

 oscillations, despite its low abundance and constant receptor-stimulated hydrolysis, remains 

poorly understood. Rho GTPases Rho A, Rac1, and Cdc42 are interesting candidates for 

regulating receptor-stimulated PIP2 synthesis, as their over-expression has been shown to 

increase PIP2 synthesis by increasing the activity of type 1 phosphoinositide 5-kinase (PIP5-

kinase) isoforms l, l, and l(Chong et al. 1994; Weernink et al. 2004). Cdc42 is particularly 

interesting, as its over-expression has been shown to increase PIP2 synthesis despite not directly 

interacting with PIP5-kinases, as Rho A and Rac1 have been demonstrated to do (Weernink et al. 

2004)  

 To better understand the role of Cdc42 in receptor stimulated PIP2 synthesis we 

compared RBL-2H3 mast cells with B6A4C1 cells, a chemically mutagenized RBL-2H3 cell line 

selected for deficiency in stimulated degranulation (Stracke et al. 1987; Oliver et al. 1992), and 

later characterized as deficient in receptor-stimulated Cdc42 activation (Wilkes et al. 2014). Over 

the course of this study, we determined that antigen stimulation results in an increase in PIP2 

levels in RBL-2H3 cells, whereas an increase in PIP2 is not observed in stimulated B6A4C1 cells. 

To further characterize this difference we confirmed that receptor-mediated Cdc42 activation 

does not occur in B6A4C1 cells, and we now demonstrate that activation of protein kinase C 
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(PKC) is partially inhibited in this cell line. PKC activation can be reconstituted in these cells by 

expression of constitutively active Cdc42-G12V. PKC activation has previously been indicated 

to be important for PIP2 production (Apgar 1995; Tóth et al. 2016), and this finding suggests an 

indirect mechanism by which Cdc42 may regulate receptor-mediated PIP2 synthesis. 

3.3 RESULTS  

 Antigen stimulation results in PIP2 synthesis in RBL-2H3, but not in B6A4C1 cells. 

Although it has long been recognized that RBL mast cell activation results in sustained Ca
2+

 

oscillations, recent studies demonstrated that antigen-stimulation also results in oscillations of 

PIP2 at the plasma membrane (Wollman and Meyer 2012; Wu, Wu, and De Camilli 2013). 

However, in contrast to Ca
2+

 oscillations, which typically appear within 15-45 seconds following 

stimulation, PIP2 oscillations are frequently not observed until several minutes post stimulation. 

To determine if PIP2 synthesis begins soon after antigen stimulation, or only at later time points 

when PIP2 begins to oscillate, we expressed the PIP2 marker, PH-PLC-EGFP, in RBL-2H3 cells, 

and monitored changes in stimulated PIP2 levels using total internal reflection fluorescence 

(TIRF) microscopy. As shown in Figure 3.1A, and Supplementary Video 3.1, antigen-

stimulation of RBL-2H3 cells results in the appearance of transient, bright puncta at the plasma 

membrane during the first several minutes of stimulation, which are not oscillatory at these time 

points. B6A4C1 cells, previously demonstrated to lack antigen-stimulated PIP2 oscillations 

(Wilkes et al. 2014), also appear deficient in antigen-stimulated PIP2 synthesis, as no new puncta 

are produced following stimulation during the same time period (Figure 3.1B). The total 

percentage of RBL-2H3 and B6A4C1 cells that exhibit antigen-stimulated PIP2 synthesis as 

detected by this method is summarized in Figure 3.1C.  
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To quantify these observed differences by an independent method, we radiolabeled cells 

with [
3
H]-inositol and compared antigen-stimulated [

3
H]-PIP2 synthesis between RBL-2H3 and 

B6A4C1 cells using an HPLC separation protocol. Antigen stimulation resulted in an ~ 43% 

increase in PIP2 levels in RBL-2H3 cells, with no increase detected in B6A4C1 cells, as 

displayed in Figures 3.1D and E. These results confirm that B6A4C1 cells are not only deficient 

in antigen-stimulated degranulation and Cdc42 activation, but are also deficient in receptor-

mediated PIP2 synthesis.  

 DU40, BIM, and wortmannin inhibit antigen and thapsigargin-mediated RBL-2H3 

degranulation. To further explore the connection between stimulated Cdc42 activation, PIP2 

synthesis, and degranulation, we next employed a pharmacological approach in RBL-2H3 cells. 

DU40, a geranylgeranyl transferase inhibitor (Peterson et al. 2006), prevents Rho GTPase 

localization to the plasma membrane, and inhibits antigen and thapsigargin-stimulated 

degranulation by ~70% and ~60% respectively, in a standard -hexosaminidase degranulation 

assay (Figure 3.2A). However, addition of a PKC activating DAG analog, phorbol 12-myristate-

13-acetate (PMA), bypasses this inhibition. A chemically inactive analog of DU40, SN, shows 

no significant degranulation inhibition (Figure 3.2A). As PKC activation by PMA bypasses 

DU40 inhibition we further evaluated the role that PKC may play in degranulation. PKC is 

known to be important for RBL signaling (Gadi et al. 2011; Ozawa et al. 1993) and certain 

isoforms have been shown to be effectors of Cdc42 (Cook et al. 2006; Coghlan, Chou, and 

Carpenter 2000). Consistent with previous literature (Martiny-Baron et al. 1993) the PKC 

inhibitor bisindolylmaleimide I (BIM), which is an active site inhibitor of all PKC isoforms,  
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Figure 3.1.  Antigen stimulation results in PIP2 synthesis in RBL-2H3, but not B6A4C1 cells. 

A-B: RBL-2H3 and B6A4C1 cells were electroporated with PH-PLC-EGFP, sensitized with 

IgE, stimulated with 200 ng/ml multivalent DNP-BSA and monitored using TIRF microscopy. 

C: Percentage of RBL-2H3 or B6A4C1 cells undergoing stimulated PIP2 synthesis, as 

determined by formation of new PIP2 puncta at the plasma membrane. Video was taken for 15 

min for the RBL-2H3 cell. As stimulated PIP2 synthesis was strongly observed within 3 min of 

stimulation, future videos were taken for 7-10 min. The B6A4C1 video here was taken for 7.5 

min. Error bars indicate ± standard error of the mean of 6-8 independent experiments (n=10 cells 

for both cell lines) (** represents P-values <.01). D and E: RBL-2H3 and B6A4C1 cells were 

labeled with [
3
H]-inositol, in inositol free medium for 24 hours, sensitized with IgE, and 

stimulated with 200 ng/ml DNP-BSA for 5 min at 37°. Perchloric acid was added to stop 

stimulation and precipitate lipids, following which cells were harvested and lipids were extracted 

and % total [3H]-inositol detected as phosphatidylinositol 4,5-bisphosphate (PIP2) was quantified 

using HPLC. Unstimulated cells were then normalized to 100% and percent PIP2 increase caused 

by antigen addition is displayed in D for RBL-2H3 cells and E for B6A4C1 cells. Error bars are 

± standard deviation for 3 separate experiments.  
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strongly inhibits antigen-stimulated degranulation by greater than 90% and thapsigargin-

mediated degranulation by ~85% (Figure 3.2B). As expected, PMA does not overcome 

inhibition by BIM. PI3-kinases have also been previously shown to be important for RBL-2H3 

signaling (Ching et al. 2001; Gilfillan and Tkaczyk 2006), although the exact mechanism by 

which they participate is unclear. Figure 3.2B demonstrates that 200 nM wortmannin, selective 

for PI3-kinase inhibition at this concentration, also inhibits antigen and thapsigargin-mediated 

degranulation, and this inhibition is also bypassed by addition of PMA, indicating PIP3 is 

necessary for RBL mast cell degranulation upstream of PKC activation. 

 BIM enhances stimulated Ca
2+

 responses, but suppresses Ca
2+

 oscillations, whereas 

DU40 and wortmannin inhibit sustained Ca
2+

 oscillations. Rho GTPases have previously been 

shown to affect Ca
2+

 responses in mast cells (Hong-Geller et al. 2001; Field et al. 2000; Wilkes 

et al. 2014). We next investigated the effect of BIM, DU40, and wortmannin on antigen-

stimulated Ca
2+

 responses to determine if their capacity to inhibit stimulated degranulation was a 

direct result of suppressing Ca
2+

 mobilization. RBL-2H3 cells were electroporated with the 

genetically encoded Ca
2+

 indicator, GCaMP3, and stimulated with antigen in the presence or 

absence of inhibitors and monitored via fluorimetry. An optimal dose of antigen leads to an 

initial peak in cytoplasmic Ca
2+

, dominated by Ca
2+

 release from intracellular stores (R.S), as 

well as a more sustained phase following the initial peak that lasts for many minutes, indicative 

of store operated Ca
2+

 entry (SOCE), as displayed in Figure 3.3A. Despite its complete inhibition 

of degranulation, BIM shows no inhibition of Ca
2+

 responses, rather causing a small 

enhancement of the R.S. response and an ~40% enhancement of SOCE (Figure 3.3B, I, J) when 

compared to untreated cells. Wortmannin treatment inhibits the peak response and SOCE by  
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Figure 3.2. DU40, BIM, and wortmannin inhibit antigen and thapsigargin-mediated RBL-

2H3 degranulation. Degranulation of RBL-2H3 cells treated with DU40 and SN (A), or BIM 

and wortmannin (B). RBL-2H3 cells were sensitized overnight with IgE. DU40 and SN were 

added at a concentration of 10M for 24 hours prior to stimulation. BIM was added at a final 

concentration of 5M, and wortmannin was added at 200nM concentration, for 5 min before 

stimulation. Cells were then stimulated with 200ng/ml DNP-BSA (Ag), 250nM Thapsigargin 

(Thaps), or 250nM Thapsigargin plus 80nM phorbol 12-myristate-13-acetate (PMA), or not 

stimulated to determine spontaneous degranulation (Spon) for 45 min at 37°, as indicated. 

Cellular supernatants were collected and analyzed for -hexosaminidase release. Degranulation 

is expressed as a percent of the total -hexosaminidase released by TX-100 lysis of cells plated 

under identical conditions. 
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~30% and 50% respectively (Figure 3.3C, I, J). DU40 shows no statistical significant inhibition 

of the peak response, but does show some small (~16%) inhibition of SOCE (Figure 3.3D, I, J). 

 To further evaluate these inhibitor’s effect on Ca
2+

 responses, we again electroporated 

GCaMP3 into RBL-2H3 cells, and monitored stimulated Ca
2+

 oscillations, which are not 

discernable in bulk cell fluorimetry assays, on a cell by cell basis using confocal microscopy. A 

representative trace of stimulated Ca
2+

 oscillations in the absence of inhibitor is displayed in 

Figure 3.3E. Treatment with BIM completely inhibits all Ca
2+

 oscillations that follow the one or 

two initial oscillations due to R.S. (Figure 3.3F). Wortmannin does not inhibit the capacity of 

cells to oscillate, but, rather, sustained oscillations are consistently suppressed, beginning ~3 

minutes following antigen stimulation (Figure 3.3G). DU40 also begins to inhibit late stage Ca
2+

 

oscillations, although not as strongly as wortmannin (Figure 3.3H). The total number of Ca
2+

 

oscillations were quantified and averaged over 30 cells from 3 separate experiments for all 

conditions, and results are summarized in Figure 3.3K. While the inhibitory effects of 

wortmannin on stimulated R.S. and SOCE are substantial and might be sufficient to explain its 

capacity to inhibit degranulation, Ca
2+

 results obtained using BIM and DU40 suggest that these 

inhibitors may inhibit a process independent of their effect on Ca
2+

, as BIM enhances Ca
2+

 

responses (although suppressing Ca
2+

 oscillations), and DU40 shows only modest inhibitory 

effects on Ca
2+

 signaling.    

 BIM, Wortmannin, and DU40 inhibit antigen stimulated PIP2 synthesis in RBL-2H3 cells. 

BIM, wortmannin, and DU40 all inhibit thapsigargin-mediated degranulation (Figure 3.2), 

suggesting they have effects downstream of IP3-dependent Ca
2+

 release from ER stores. Because 

of this, we evaluated whether the stimulated PIP2 synthesis described in Figure 1 depends on 

Ca
2+

 mobilization and SOCE. RBL-2H3 cells were electroporated with the PIP2 reporter, 



85 

 

Figure 3.3. BIM enhances stimulated Ca
2+

 responses, but suppresses Ca
2+

 oscillations, 

whereas DU40 and wortmannin inhibit sustained Ca
2+

 oscillations. Ca
2+

 responses of RBL-

2H3 cells treated with BIM, DU40, and wortmannin. A-D: IgE-sensitized RBL-2H3 cells 

expressing GCaMP3 were stimulated in BSS with 200 ng/ml of DNP-BSA (Ag) at 100 sec. Cells 

were either untreated with inhibitor (A), treated for 5 min stimulation with 5M BIM (B) or 

200nM wortmannin (C), or treated for 24 hours with 10M DU40, prior to stimulation. Initial 

fluorescent peak represents Ca
2+

 release from stores (R.S.), and the more sustained fluorescent 

increase represents store operated Ca
2+

 entry (SOCE). R.S was calculated at peak fluorescence 

following antigen addition, and SOCE was calculated at 150 seconds following this peak. I and 

J: Summary of 4 independent experiments monitoring changes in (I) peak GCaMP3 fluorescence 

due primarily to stimulated Ca
2+

 release from stores and (J) sustained SOCE after 2.5 min of 

stimulation. Error bars indicate ± s.d. for 3 separate experiments. E-H: RBL-2H3 cells were 

electroporated with GCaMP3, plated in MatTek dishes, sensitized with IgE, and treated with the 

various inhibitors identically as described in A-D. 200 ng/ml DNP-BSA was at ~t=20 seconds 

for all conditions. Representative responses of individual cells are shown. Summary of Ca2+ 

oscillations is described in K. Error bars indicate ± s.e.m. for 30 individual cells from 3 separate 

experiments for each condition shown (*** represents P-values <.001, ** represents P-values 

<0.01, * represents P-values <.05).  

 

 

 

 

 



86 

 

 

 

 

 

 

 

 

 

 

 

 

 



87 

 

PH-PLC-EGFP, allowed to recover overnight, and were then placed in Ca
2+

 free buffer, 

stimulated and monitored using TIRF. Even in the absence of extracellular Ca
2+

, RBL-2H3 cells 

undergo stimulated PIP2 synthesis as shown in Figure 3.4. We next evaluated the effects of BIM, 

wortmannin, and DU40 on stimulated PIP2 synthesis using this method. As shown in Figure 3.4, 

all 3 of these inhibitors strongly suppress the number of cells undergoing antigen-stimulated PIP2 

synthesis, such that PIP2 puncta formation was not observed in any of the cells treated with BIM, 

and wortmannin and DU40 inhibited this process in 80% and 82% of all cells, respectively.  

 Constitutively active Cdc42-G12V reconstitutes antigen-mediated PKC activation in 

B6A4C1 cells. As B6A4C1 cells are deficient in PIP2 synthesis (Figure 1B, C, E), we 

investigated whether these cells are deficient in stimulated PKC activation. Upon activation, 

PKC is known to phosphorylate the protein myristoylated alanine-rich C-kinase substrate 

(MARCKS), which sequesters phosphatidylinositol 4-phosphate (PI4P) and PIP2 at the plasma 

membrane in the absence of stimulated phosphoryation. RBL-2H3 and B6A4C1 cells were 

electroporated with the effector domain of MARCKS, fluorescently tagged with mRFP 

(MARCKS-ED-mRFP), which is sufficient for sequestering phosphoinositides at the plasma 

membrane in the absence of stimulated phosphorylation (Gadi et al. 2011). Cells were then 

stimulated and imaged using TIRF microscopy. In 85% of monitored RBL-2H3 cells, antigen 

stimulation results in displacement of MARCKS-ED-mRFP from the plasma membrane, 

resulting in decreased PM fluorescence. Following this initial displacement, MARCKS-ED-

mRFP begins to oscillate on and off the membrane, as demonstrated in Figure 3.5A. In contrast, 

in 53% of all B6A4C1 cells observed, stimulation did not result in displacement of MARCKS-

ED-mRFP from the membrane (Figure 3.5B, E), and the minor fluorescence decline observed is 

due to photobleaching. In the other 47% of stimulated B6A4C1 cells, MARCKS-ED-mRFP was  
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Figure 3.4. BIM, wortmannin, and DU40 inhibit antigen stimulated PIP2 synthesis in RBL-

2H3 cells, which is a Ca
2+

 independent process. Percentage of RBL-2H3 or B6A4C1 cells 

undergoing stimulated PIP2 synthesis, as determined by formation of new PIP2 puncta at the 

plasma membrane. RBL-2H3 were electroporated with PH-PLC-EGFP, sensitized with IgE, 

stimulated with 200 ng/ml multivalent DNP-BSA and monitored using TIRF microscopy. Cells 

were placed in Ca
2+

-free BSS immediately prior to stimulation for no Ca
2+

 condition. Error bars 

indicate ± standard error of the mean of 6-8 independent experiments (n=10 cells for all 

conditions, except for DU40 where n=11) (*** represents P-values <.001. ** represents P-values 

<.01). 
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displaced, although subsequent oscillations were typically not observed (Figure 3.5C). 

Expression of the constitutively active mutant Cdc42-G12V increases the number of B6A4C1 

cells that undergo stimulated MARCKS-ED-mRFP displacement from the plasma membrane to 

~75% (Figure 3.5D, E). These results suggest that B6A4C1 cells are partially deficient in 

stimulated PKC activation, and Cdc42 may regulate degranulation and PIP2 synthesis, in part, by 

regulating the activation of PKC. 

 Stimulated Cdc42 activation is an oscillatory process that is inhibited by wortmannin and 

is independent of extracellular Ca
2+

. Wortmannin has previously been shown to reduce antigen-

stimulated IP3 production (Barker et al. 1995) and thapsigargin-stimulated degranulation (Cissel, 

Fraundorfer, and Beaven 1998) in RBL-2H3 cells, consistent with our results shown in Figures 

3.2B and 3.3C, I, and J. Although mechanisms have been proposed to explain these effects, the 

inhibitory mechanism of wortmannin remains controversial. To determine if wortmannin 

treatment inhibits antigen-stimulated Cdc42 activation, we expressed a Crib Binding Domain-

GFP construct (CBD-GFP), which binds to endogenous Cdc42 when the latter is activated, and 

we monitored stimulated changes in PM association of CBD-GFP in TIRF. Upon antigen 

stimulation, Cdc42 activation is observed in RBL-2H3 cells, as Cdc42 is recruited and activated 

at the plasma membrane as detected by CBD-GFP association. The activation and deactivation of 

Cdc42 occurs in a sustained, oscillatory manner as shown in Figure 3.6B. In the absence of 

antigen stimulation, no changes in the behavior of CBD-GFP are observed, as shown in Figure 

3.6A. Stimulated Cdc42 oscillations are observed even in the absence of extracellular Ca
2+

, as 

shown in Figure 3.6C. Activation of Cdc42 is not observed in B6A4C1 cells (Figure 3.6D). 

DU40 inhibits Cdc42 activation (Figure 3.6E), as does wortmannin (Figure 3.6F), suggesting it 

acts upstream of Cdc42 activation. These results are summarized in Figure 3.6G. 
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Figure 3.5. Constitutively active Cdc42-G12V reconstitutes antigen-mediated PKC 

activation in B6A4C1 cells. RBL-2H3 were electroporated with pcDNA and MARCKS-ED-

mRFP (A). B6A4C1 cells were electroporated with MARCKS-ED-mRFP and pcDNA (B, C) or 

Cdc42-G12V (D), sensitized with IgE, and stimulated with 200ng/ml DNP-BSA at ~t=20 sec for 

all conditions. Cells were imaged using TIRF microscopy. E, Summary graph of % of cells with 

MARCKS-ED-mRFP displaced from the membrane following antigen stimulation. Error bars 

represent ± s.e.m from 15-20 independent experiments. For RBL-2H3 cells n=33, for B6A4C1 

cells n=34, and for B6A4C1 cells expressing Cdc42-G12V n=17. 
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 VAMP8-mediated exocytosis is inhibited by BIM, is deficient in B6A4C1 cells, and 

reconstituted by DOCK8. Recent studies point to a role for the atypical Rho GTPase DOCK GEF 

family in mast cell signaling (Wilkes et al. 2014; Ogawa et al. 2014). These GEFs contain a 

DHR-1 domain which binds to phosphatidylinositol 3,4,5-trisphosphate (PIP3), essential for 

DOCK localization to the plasma membrane, as well as a DHR-2 domain necessary for 

activation of both Cdc42 and Rac1 (Côté and Vuori 2007). As B6A4C1 cells are deficient in 

antigen-stimulated Cdc42 activation and probably Rac1 activation (Hong-Geller et al.), it is 

possible that the primary defect of these cells is the absence of a GEF capable of activating both 

Cdc42 and Rac1. Although we have previously shown that DOCK7, which is capable of 

activating Cdc42 and Rac, reconstitutes Ca
2+

 oscillations in B6A4C1 cells, we have never 

demonstrated the capacity of any GEF, Dbl or DOCK, to reconstitute stimulated exocytosis in 

mutant B6A4C1 cells. Using VAMP8-pHluorin as a marker for recycling endosomes, which are 

exocytosed upon antigen stimulation, we investigated whether DOCK8, recently shown in a 

shRNA mast cell screen to be a potential regulator of degranulation (Bambouskova et al. 2016), 

could reconstitute stimulated exocytosis in B6A4C1 cells. In RBL-2H3 cells, antigen stimulates 

VAMP8-pHluorin exocytosis. This process manifests as an increase in fluorescence, as the 

pHluorin tag, initially quenched in the acidic environment of the recycling endosome, becomes 

dequenched upon encountering the neutral pH environment of the extracellular space, as shown 

in Figure 3.7A. As B6A4C1 cells are partially defective in PKC activation, we explored whether 

BIM inhibited VAMP8-mediated exocytosis in RBL-2H3 cells. As shown in Figure 3.7B, BIM 

strongly inhibits this exocytic response. B6A4C1 cells do not undergo stimulated VAMP8-

pHluorin exocytosis (Figure 3.7C). However, expression of DOCK8 in B6A4C1 cells fully 

reconstitutes antigen-stimulated VAMP8-phluorin exocytosis, as described in Figure 3.7D. 
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Figure 3.6. Stimulated Cdc42 activation is an oscillatory process inhibited by wortmannin 

and is independent of extracellular Ca
2+

. A-F: RBL-2H3 and B6A4C1 cells were 

electroporated with a Crib-Binding-Domain-GFP (CBD-GFP) construct, sensitized with IgE, and 

stimulated with 200 ng/mL DNP-BSA at ~t=20 sec for all conditions, except for A where no 

DNP-BSA was added, to monitor spontaneous changes in Cdc42 activation in TIRF. C, cells 

were placed in Ca
2+

 free BSS prior to stimulation. E, RBL-2H3 cells were treated with 10M 

DU40 for 24 hours prior to stimulation. F, RBL-2H3 cells were treated with 200 nM wortmannin 

for 5 minutes prior to DNP-BSA addition. G, summary of results from 7-10 different 

independent experiments. Error bars represent ± s.e.m from 10-14 cells for each condition 

quantified (RBL-2H3, B6A4C1, RBL-2H3 + Wort n=14 cells; RBL-2H3 no Ca
2+

, RBL-2H3 + 

DU40 n=10 cells). (*** represents P-values <.001). 
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However, the catalytically inactive mutant DOCK8 V/A, with a valine essential for GEF activity 

mutated to an alanine, did not reconstitute VAMP8-mediated exocytosis in B6A4C1 cells 

(Figure 3.7E). A summary of these responses, averaged over 50-60 cells for each of these 

conditions is summarized in Figure 3.7F. 

3.4 DISCUSSION   

 Our findings reveal roles for PIP3, Cdc42, and PKC in regulating antigen-stimulated PIP2 

synthesis and, as a result, for sustained Ca
2+

 oscillations and degranulation in RBL mast cells. A 

schematic depicting our main findings is shown in Figure 3.8. RBL-2H3 cells undergo 

stimulated PIP2 synthesis, as determined by live cell TIRF microscopy and by HPLC 

fractionation following [
3
H]-inositol radiolabeling and stimulation of RBL-2H3 cells. B6A4C1 

cells have previously been characterized as deficient in antigen-stimulated Cdc42 activation and 

degranulation, although the connection between these two deficiencies was unclear. Here we 

identify antigen-stimulated PIP2 synthesis as a novel deficiency in this mutant RBL cell line, 

suggesting, for the wild type RBL-2H3 cells, a clear connection between receptor-mediated 

Cdc42 activation, PIP2 synthesis and degranulation.  

 To further elucidate the signaling pathways that connect these cellular events, we 

pharmacologically inhibited Cdc42, along with Rho A and Rac1, using the geranylgeranyl 

transferase inhibitor DU40, in RBL-2H3 cells. Previous studies have demonstrated that antigen-

stimulation results in activation of both Cdc42 and Rac1, with Cdc42 activation occurring 

upstream of PKC activation, as BIM does not inhibit Cdc42 activation (El-Sibai and Backer 

2007). Constitutively active Cdc42 and Rac1 have both been shown to reconstitute degranulation 

in B6A4C1 cells (Hong-Geller et al. 2001), suggesting they have some overlapping functions in  
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Figure 3.7. VAMP8-mediated exocytosis is inhibited by BIM, is deficient in B6A4C1 cells, 

and reconstituted by DOCK8. Representative traces taken from fields of 5-6 RBL-2H3 cells 

expressing VAMP8-pHluorin (A-B) and B6A4C1 cells expressing VAMP8-pHluorin and 

pcDNA (C), DOCK8 (D), or DOCK8 V/A (E). Cells were sensitized with IgE and stimulated in 

BSS with 200 ng/ml DNP-BSA at 20 sec. 50 mM NH4Cl was added at ~400 sec to neutralize the 

cellular environment and dequench VAMP8-pHluorin to determine total amount of VAMP8-

pHluorin expressed, enabling the calculation of percent exocytosis values. For RBL-2H3 cells 

treated in the presence of BIM (B), 5M BIM was added 5 minutes prior to DNP-BSA addition. 

F: Summary of three independent experiments monitoring changes in VAMP8-pHluorin 

fluorescence due to DNP-BSA stimulation. Error bars indicate ± s.e.m for 55-60 cells for each 

condition tested (*** represents P-values <0.001) 
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RBL signaling. However, Rac1 does not reconstitute all defects in these mutant cells, despite 

reconstituting degranulation (Field et al. 2000). Recognizing that Rac1 activity may compensate 

for Cdc42 inhibition alone, we opted for a pharmacological approach that inhibited both Cdc42 

and Rac1.  

 Using this approach we observed that DU40 treatment strongly inhibits antigen and 

thapsigargin-mediated degranulation, although this inhibition can be bypassed by direct 

activation of PKC with PMA, a trend also observed with wortmannin treatment. As a result, the 

effect of BIM, a PKC inhibitor, was evaluated and shown to strongly inhibit degranulation. 

Degranulation depends on Ca
2+

 mobilization, however, BIM actually enhances stimulated SOCE, 

suggesting the mechanism of inhibition is different. PKC activation has been shown to 

phosphorylate Orai1 and suppress SOCE; knockdown or inhibition of PKC conversely enhanced 

SOCE (Kawasaki et al. 2010), potentially explaining why we observe this enhancement. Our 

finding that BIM suppresses Ca
2+

 oscillations provides strong evidence that PKC is regulating 

PIP2 availability, as PIP2 hydrolysis is necessary to generate Ca
2+

 oscillations. Our findings that 

wortmannin and DU40 also inhibit sustained Ca
2+

 oscillations suggest that these inhibitors also 

affect PIP2 levels. In a recent study conducted in RBL cells, stimulation by a leukotriene via a G-

protein coupled receptor shows that reducing PIP2 levels directly suppresses sustained Ca
2+

 

oscillations (Alswied and Parekh 2015), consistent with our interpretation of our current results. 

Alswied and Parekh’s findings also support the idea that studying stimulated Ca
2+

 oscillations is 

a useful, albeit indirect, readout of PIP2 availability, and it can provide novel mechanistic 

insights not gleaned from more typical fluorimetry Ca
2+

 assays, which obscure oscillations in 

individual cells. We next showed that BIM, DU40, and wortmannin all strongly inhibit receptor-

stimulated PIP2 synthesis in RBL-2H3 cells using TIRF microscopy and PLC PH-EGFP to  
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Figure 3.8. Summary depicting DOCK GEFs and Cdc42 signaling through PKC to increase 

PIP2 levels necessary for sustained Ca
2+

 oscillations and degranulation. Antigen stimulation 

results in the activation of Cdc42 and PKC, leading to increased levels of PI4P and PIP2, 

necessary steps for exocytosis, PIP2 resynthesis, and sustained PIP2 hydrolysis. Wortmannin, in 

addition to inhibiting PLC, potentially inhibits mast cell signaling by disrupting DOCK GEF 

DHR1 interactions with PIP3, preventing DOCK translocation to the plasma membrane, and 

preventing Cdc42 activation by DOCK GEF DHR2, Ca
2+

 oscillations, and degranulation. The 

dotted black arrow pointing to PIP5K, representing PIP5K activation, is an important step in this 

pathway that is poorly understood and needs further investigation, although Rho GTPases are 

strong candidates for regulating this event, as described in text. Adapted from Wilkes et al., 2014.  
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monitor PIP2 levels at the plasma membrane. BIM showed strongest inhibition of these three 

compounds, consistent with it being the most potent inhibitor of Ca
2+

 oscillations and 

degranulation. To explore whether Cdc42 might signal through PKC to regulate PIP2 synthesis, 

we demonstrated that B6A4C1 cells are partially deficient in PKC activation, as MARCKS-ED-

mRFP was not displaced from the plasma membrane in >50% of cells observed. Cdc42-G12V 

reconstituted this defect when expressed in B6A4C1 cells, providing evidence that Cdc42 signals, 

at least in part, through PKC activation in this signaling pathway. 

 PKC consists of a family of at least 10 different Thr/Ser kinases that are typically divided 

into three categories, conventional (or classical), novel, and atypical (Gadi et al. 2011; Newton 

2010; Nishizuka 1995). DAG is necessary for the activation of both conventional and novel PKC 

isoforms through binding to a C1 domain. Conventional isoforms require the presence of Ca
2+

 

for activation through a C2 domain, although Ca
2+

 is not necessary for activation of novel 

isoforms. Atypical isoforms require neither Ca
2+

 nor DAG for activation. RBL-2H3 cells have 

been shown to express PKC isoforms and  (Kumada et al. 1995). PKC isoforms 

and (conventional) and  (novel) have all been shown to play a role in mast cell signaling 

(Ozawa et al. 1993; Nechushtan et al. 2000; Abdel-Raheem et al. 2005), however, it is possible 

other isoforms, yet to be investigated, also participate.  

 PKC activation is thought to be essential for mast cell degranulation, in part, because it 

phosphorylates the protein MARCKS at the plasma membrane in RBL cells and this in turn 

releases sequestered PIP2 to be available for exocytosis (Gadi et al. 2011). However, in addition 

to increasing available PIP2 for this purpose, we now hypothesize that MARCKS 

phosphorylation is likely a critical event for synthesis of PIP2, from substrate, following its 

hydrolysis. MARCKS sequesters not only PIP2, but also the more abundant phospholipid PI4P, 
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at the plasma membrane (McLaughlin and Murray 2005). MARCKS displacement by PKC 

makes PI4P available for phosphorylation, a necessary step in the resynthesis of PIP2. Our 

hypothesis is consistent with results from other studies that indicate that PKC regulates PIP2 

synthesis (Field et al. 2000; Tóth et al. 2016), although, until recently, it has been unclear how 

PKC regulates this important cellular event.  

 As many isoforms of PKC exist, it is possible that overlapping functions explain why we 

see inhibition of PKC activation in only 53% of B6A4C1 cells. The conventional PKC isoform 

(Cook et al. 2006, and atypical isoforms and  (Coghlan, Chou, and Carpenter 2000) have 

been shown to be effectors of Cdc42. Future studies are necessary to identify the PKC isoform, 

or isoforms, that Cdc42 interacts with in RBL signaling. 47% of B6A4C1 cells did undergo 

displacement of MARCKS-ED-mRFP following antigen stimulation. However, consistent with 

our findings that B6A4C1 cells are deficient in PIP2 synthesis, subsequent MARCKS-ED-mRFP 

oscillations were typically not observed following MARCKS displacement in these cells. This 

suggests that additional defects preventing receptor-stimulated PIP2 synthesis may exist in 

B6A4C1 cells, and that Cdc42 activation may also directly regulate PIP5-kinases, in addition to 

PKC activation, to regulate PIP2 synthesis. Future studies will be necessary to further explore 

this possibility. 

 Our finding that pretreatment with wortmannin inhibits antigen-stimulated Ca
2+

 release 

from stores and SOCE is consistent with previous studies that show wortmannin reduces IP3 

production and PLC1 activation (Ching et al. 2001; Gilfillan and Tkaczyk 2006; Barker et al. 

1995; Sil et al. 2007), although it is likely that the dose of DNP-BSA used determines the extent 

of this inhibitory effect. We now propose a novel hypothesis that wortmannin acts to inhibit 

DOCK GEF signaling by preventing DOCK DHR-1 domains from interacting with PIP3 at the 
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plasma membrane. Our discovery that DOCK8, capable of activating both Cdc42 and Rac1, fully 

reconstitutes stimulated VAMP8-mediated exocytosis in B6A4C1 cells, whereas the catalytically 

inactive mutant DOCK8 V/A does not, supports the idea that DOCK GEFs play a critical role in 

RBL-2H3 signaling, consistent with previous evidence (Wilkes et al. 2014; Ogawa et al. 2014). 

Our results do not demonstrate that DOCK8 is the defective GEF in B6A4C1 cells, but rather it 

is likely that DOCK8, or a closely related DOCK GEF isoform, is necessary for antigen-

stimulated signaling in mast cells. Future studies will further characterize the roles of specific 

DOCK GEFs in these cells and identify differences between these proteins in RBL-2H3 and 

B6A4C1 cells. 

 In conclusion, the resynthesis of PIP2 following its receptor-mediated hydrolysis, is an 

important signaling event. This study provides strong evidence that Cdc42 activation is critical 

for receptor-stimulated PIP2 synthesis, an event necessary for sustained Ca
2+

 oscillations and 

degranulation. Cdc42 activates PKC, and inhibition of this process suppresses Ca
2+

 oscillations 

and strongly inhibits degranulation, although the exact PKC isoform involved is yet to be 

identified. Activation of Cdc42 and PKC are also critical for increasing the accessible PIP2 

necessary for exocytic events. DOCK8 reconstitutes stimulated exocytosis in B6A4C1 cells, 

adding to the growing understanding that DOCK GEFs play an important role in mast cell 

signaling. Whether DOCK GEFs play a more general role in regulating PIP2 synthesis requires 

further investigation. 

 

3.5 MATERIALS AND METHODS 

Cell Culture: RBL-2H3 and B6A4C1 cells were cultured as monolayers in minimal essential 

medium with Earle’s salts (Invitrogen Corp., Carlsbad, CA), 20% fetal bovine serum (Atlanta 
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Biologicals, Atlanta, GA), and 10 µg/ml gentamicin sulfate (Invitrogen) as previously described 

(Gosse et al. 2005) 

Reagents and Chemicals: Thapsigargin, Bisindolylmaleimide I, wortmannin, phorbol 1,2-

dibutyrate, and phorbol 12-myristate-13-acetate were purchased from Sigma-Aldrich (St. Louis, 

MO). DU40 and SN were generous gifts from Dr. Patrick Casey (Duke-National University of 

Singapore Medical School, Singapore).    

Expression Plasmids: The genetically encoded calcium indicator, GCaMP3, previously 

described (Tian et al., 2009), was purchased from Addgene (plasmid #22692). VAMP8-

pHluorin-fusion was created as previously described (Wilkes et al. 2014). PH-PLC-EGFP 

(Varrnai & Balla 1998) was a gift from Dr. Tamas Balla (National Institutes of Health). DOCK8-

YFP, and DOCK8-V/A-YFP, were gifts from Dr. Daniel Billadeau (Mayo Clinic Cancer Center, 

Rochester, MN). Crib-Binding-Domain-GFP was a gift from Dr. Min Wu (National University 

of Singapore, Mechanobiology Institute) and Dr. Pietro De Camilli (Yale University School of 

Medicine, New Haven, NY). 

Transfection: Both RBL-2H3 and B6A4C1 cell lines were transfected by electroporation under 

identical conditions for fluorimetry-based Ca
2+

 and exocytosis experiments, and for imaging-

based Ca
2+

 and PIP2 synthesis experiments. Cells were harvested three to five days after passage 

and ~ 5 x 10
6
 cells were electroporated in 0.5 ml of cold electroporation buffer (137 mM NaCl, 

2.7 mM KCl, 1 mM MgCl2, 1 mg/ml glucose, 20 mM HEPES (pH 7.4) using 10 g of  GCaMP3 

for Ca
2+ 

experiments, 5 g of VAMP8-pHluorin for exocytosis measurements, or 10 g PH-

PLC-EGFP for PIP2 measurements, at 280 V and 950 μF using Gene Pulser X (Bio-Rad). For 

fluorimetry-based Ca
2+ 

experiments (Figure 3), cells were then plated in 100 mm dishes. For 

Ca
2+

 oscillation, PIP2 synthesis, MARCKS-ED-mRFP, and VAMP8-pHluorin experiments, 
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electroporated cells were resuspended in 6 mls of medium and plated in three different MatTek 

dishes (2 ml/dish) (MatTek Corporation, Ashland, MA). For all experiments, cells were allowed 

to recover for 24 hours and sensitized overnight with 0.5 μg/ml anti-2,4-dinitrophenyl (DNP) IgE 

(Posner et al. 1992) during this recovery time. 

PH-PLC-EGFP Measurements: ~ 5 x 10
6
 RBL-2H3 or B6A4C1 cells were electroporated 

with 10 µg PH-PLC-EGFP then treated with 0.1 M phorbol 1,2-dibutyrate for 1-2 hours, 

which reduces the number of pre-existing PIP2 domains at the plasma membrane of cells. Cells 

were allowed to recover for approximately 24 hours, washed into buffered saline solution (BSS: 

135 mM NaCl, 5 mM KCl, 1 mM MgCl2, 1.8 mM CaCl2 5.6 mM D(+) glucose, 20 mM HEPES, 

pH 7.4), and PH-PLC-EGFP fluorescence was monitored initially for twenty seconds, then 200 

ng/ml DNP-BSA was added and PH-PLC-EGFP fluorescence was observed for 7-10 minutes 

using a 100X oil objective on a Zeiss Elyra super resolution microscope. Stimulated PIP2 

synthesis was analyzed by monitoring appearance of new puncta following antigen addition. 

Lateral movements of PIP2 puncta were not counted as new PIP2 synthesis. Antigen stimulated- 

puncta were also distinguished from pre-existing PIP2 puncta by the following criteria: new PIP2 

puncta typically diffused rapidly or were hydrolyzed following DNP-BSA addition, and their 

presence was more transient than preexisting-PIP2 puncta undergoing lateral or minor vertical 

movements (See supplementary video 1). Antigen-stimulated synthesis of PIP2 puncta was more 

readily observed in cells strongly expressing PH-PLC-EGFP, so bright, fluorescent cells were 

analyzed for all conditions tested.   

[
3
H]-inositol labeling: RBL-2H3 and B6A4C1 cells were plated in 100 mm dishes at a density 

of 1 x 10^
6
  cells for 24 hours, then washed with and placed in inositol-free DMEM (Invitrogen) 

medium and radiolabeled with inositol, Myo,-[2-3H(N)] (Perkin Elmer, NET114A005MC) for 
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24 hours. Cells were then washed two times with BSS, stimulated with 200 ng/ml DNP-BSA, 

and incubated for 5 minutes at 37°. Cells were then precipitated in 4.5% perchloric acid and 

lysates were washed in 100mM EDTA. The phospholipids contained within each cell precipitate 

were deacylated by treatment with methylamine.1 ml of methylamine reagent (10.7% 

methylamine, 45.7% methanol, 11.4% 1-butanol) was added to each cell precipitate, incubated 

for 30 min at room temperature, and then incubated in a 53°C heat block for 1 hour. Unreacted 

methylamine was then removed in vacuo, and the dried pellet was resuspended in 300 l sterile 

water. After a second sequence of drying in vacuo, and resuspension in 300 l sterile water, an 

equal volume of 1-butanol/ethylether/formic acid ethyl ester (20:4:1) was added. The samples 

were vortexed for 5 min and centrifuged for 2 min. The aqueous phase containing the 

[
3
H]glycero-phosphoinositides was transferred to new tubes and the extraction repeated once 

more with 1-butanol/ethylether/formic acid ethyl ester (20:4:1). Finally, the aqueous phase was 

collected and dried in vacuo. Samples were then resuspended in sterile water and 5 million 

counts of each sample were separated by HPLC (Shimadzu) using a partisphere SAX column 

(GE healthcare) and measured by a 610TR radiomatic detector (PerkinElmer), as previously 

described (Manford et al. 2012; Rudge, Anderson, and Emr 2004).   

Degranulation: RBL-2H3 cells were sensitized with IgE and plated in triplicate at a density of 5 

× 10
5
/well and incubated overnight. DU40 and SN were added at a concentration of 10 M for 

24 hours prior to stimulation. The next day BIM and wortmannin were added to cells at a 

concentration of 5 M and 200 nM, respectively, for 5 minutes, then all cells were washed three 

times with BSS and β-hexosaminidase release in response to 200 ng/ml DNP-BSA, 250 nM 

thapsigargin, and 250 nM thapsigargin + 80 nM PMA was assessed as described previously 

(Naal et al. 2004). 
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Ca
2+

 Measurements: Cytoplasmic Ca
2+

 levels were measured using an SLM 8100C steady-state 

fluorimeter (SLM Instruments, Urbana, IL). Cells previously electroporated with GCaMP3 were 

allowed to recover as described above, harvested using PBS/EDTA, and resuspended in 1.8 ml 

BSS. Cells were then incubated and stirred at 37ºC for 5 minutes, and GCaMP3 levels were 

monitored (excitation 490 nm, emission 520 nm). BIM and wortmannin inhibitors were then 

added for ~5 minutes, and cells were then stimulated with 200 ng/ml DNP-BSA to monitor 

Ca
2+

 release from stores and SOCE. Cells were then lysed by 0.1% Triton X-100 to obtain the 

maximum value of GCaMP3 fluorescence, then 5 mM EGTA was added to determine 

background fluorescence, and this differential was used to normalize Ca
2+

 responses. Ca
2+

 

release from stores was quantified at the fluorescence peak immediately following antigen 

addition. SOCE was quantified 150 s after DNP-BSA addition.  

 For imaging analysis of Ca
2+

oscillations, cells expressing GCaMP3 were washed into 

BSS and incubated for 5 minutes at 37ºC within a confined heating chamber prior to live cell 

imaging. GCaMP3 fluorescence was monitored for twenty seconds prior to addition of 200 ng/ml 

DNP-BSA, and Ca
2+

 oscillations were monitored over a time interval of ~400 sec using a 40X 

H2O, heated objective on a Zeiss 710 confocal microscope. GCaMP3 was excited using the 488-

nm line of a krypton/argon laser and viewed with a 502-551 nm band-pass filter.  

 Offline image analysis was conducted using ImageJ (National Institutes of Health). 

Changes in GCaMP3 fluorescence were normalized by dividing the maximum GCaMP3 

fluorescence value by the initial fluorescence basal level monitored before DNP-BSA addition. 

Transient increases in GCaMP3 fluorescence were scored as oscillations if the transient peak was 

at least half of the maximum GCaMP3 fluorescence peak response observed for an individual 

cell. Statistical analysis of Ca
2+

 oscillations was conducted by counting and averaging the 
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number of oscillatory peaks over a 400 second time interval, beginning immediately following 

the initial calcium transient.  

MARCKS-ED-mRFP Measurements: RBL-2H3 and B6A4C1 cells were electroporated as 

described above with 20 g of MARCKS-ED-mRFP and B6A4C1 cells were also electroporated 

with 10 g of pcDNA or Cdc42-G12V and plated and sensitized overnight in MatTek dishes. 

Cells were then stimulated with 200 ng/ml DNP-BSA, and monitored for 7-10 minutes using the 

Zeiss Elyra super resolution microscope.    

CBD-GFP Measurements: RBL-2H3 and B6A4C1 cells were electroporated with 10 g of 

CBD-GFP. DU40 was added to cells 24 hours prior to stimulation at 10M concentration. 

Wortmannin was added at a 200 nM concentration 5 min prior to stimulation. RBL-2H3 cells 

monitored in the absence of extracellular Ca
2+

 were washed and placed in Ca
2+

-free BSS 

immediately prior to imaging. Cells were then stimulated with 200 ng/ml DNP-BSA and 

monitored for 7-10 minutes using the Zeiss Elyra super resolution microscope.    

VAM8-Exocytosis Measurements: Antigen-stimulated exocytosis was monitored as time-

dependent increases in VAMP8-pHluorin fluorescence using a Zeiss 710 confocal microscope. 

RBL-2H3 cells were electroporated with VAMP8-pHluorin and B6A4C1 cells were 

electroporated with VAMP8-pHluorin and 10 g DOCK8, plated in MatTek dishes, and then 

sensitized with IgE and allowed to recover for 24 hours, as described above. Cells were 

incubated at 37ºC for 5 min and in indicated cases, 5 µM BIM DNP-BSA was added for this 

time period. Cells were then stimulated with 200 ng/ml DNP-BSA and increases in VAMP8-

pHluorin fluorescence levels were monitored over a ~400 second time interval. 50 mM NH4Cl 

was then added to rapidly neutralize the acidic environment of endosomes, resulting in a 

dequenching of VAMP8-pHluorin and revealing total values for VAMP8-pHluorin fluorescence.  
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Statistical Analyses: Statistical analysis was performed with Prism software (Graphpad) and 

Microsoft Excel. All bar graphs display mean ± SEM unless otherwise noted. The statistical 

significance of all figures was determined by a One-Way ANOVA (Analysis of Variance) 

followed by Tukey's post test. Level of significance is denoted as follows: *P < 0.05, **P< 0.01, 

***P < 0.001. 
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Chapter 4 

Physiological and Pathological Functions of Alpha-Synuclein in a Mammalian Cell Model 

4.1 ABSTRACT 

The intrinsically disordered protein alpha-synuclein (a-syn) is genetically and pathologically linked 

to Parkinson’s disease (PD). In a highly aggregated form a-syn is the major constituent of Lewy 

bodies, the pathological hallmark of PD, and single-point mutations or changes in expression levels 

of a-syn often lead to early onset or sporadic forms of the disease. The physiological role of a-syn is 

thought to be disrupted in patients with PD. However, despite intensive research, the normal 

function of a-syn in healthy neurons remains to be defined. Utilizing RBL-2H3 mast cells as a 

mammalian model system we investigated the capacity of transfected a-syn to modulate stimulated 

processes of exocytosis and endocytosis. Exocytosis can be stimulated by the multivalent antigen 

DNP-BSA, or by the SERCA inhibitor thapsigargin, and monitored using the recycling endosomal 

marker VAMP8-pHluorin. Here we demonstrate that low expression levels of human a-syn inhibit 

exocytosis in these cells. Inhibition occurs with both Wt and with several mutants of a-syn, after 

stimulation by either DNP-BSA or thapsigargin, revealing inhibition downstream of IP3-initiated 

Ca
2+

 mobilization. A-syn loses capacity to inhibit exocytosis when expressed at higher levels, 

suggesting that aggregation reduces the inhibitory species for this process. Conversely, we find that 

stimulated endocytosis of fluorescently labeled immunoglobulin E is inhibited when a-syn is 

expressed only at the higher levels in RBL-2H3 cells. Expression of a-syn at low levels in PC-12 

cells, a dopamine releasing cell line, also inhibits stimulated exocytosis.  Together, our results show 

that transfected a-syn interferes with stimulated endosomal trafficking, depending on expression 

levels within cells. The phenotype we have characterized in these model systems points to disruption 

of normal cellular function caused by dysregulation of a-syn expression, such as may occur in PD.      
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4.2 INTRODUCTION 

 Parkinson’s disease (PD) is the most common neurodegenerative movement disorder (Irwin, 

Lee, and Trojanowski 2013). With increased risk of diagnosis after age 60, PD onset strongly 

correlates with age, affecting ~1-2% of the population over age 65 (Langston 2006). Clinically, PD 

symptoms (tremors, rigidity, bradykinesia, postural dysfunction) are associated with death of 

dopaminergic neurons in the substantia nigra, coupled with the presence of abnormal protein 

aggregates, known as Lewy bodies, in surviving neurons (Sulzer 2007; Langston 2006). The primary 

component of these intraneuronal aggregates is the presynaptic protein alpha-synuclein (a-syn) 

(Spillantini 1999).  

 A-syn is a 140 amino acid protein with ill-defined function found predominantly in neurons, 

although its expression is also detected in other cell types (Barbour et al. 2008). In addition to being 

the primary component of Lewy bodies, a-syn has been genetically linked to autosomal dominant 

familial PD, often causing early disease onset (Polymeropoulos et al. 1997; Petrucci, Ginevrino, and 

Valente 2016). Despite this genetic link, autosomal dominant familial PD is not common, accounting 

for less than 10% of all PD cases (Schulte and Gasser 2011). However, elevated levels of a-syn are 

observed in many patients who develop sporadic, not genetic, forms of PD, suggesting a critical role 

for this protein in the majority of PD cases (Chiba-Falek, Lopez, and Nussbaum 2006; Murphy et al. 

2014). A recent genome wide-association study has also identified the gene which encodes for a-syn, 

SNCA, as one of the strongest risk loci for sporadic forms of PD (Nalls et al. 2014). As a result, a-

syn has been the focus of intense research with the aim of understanding the relationship between a-

syn function, aggregation, and PD pathology. Despite over two decades of research this connection 

is still poorly understood. 

 Neurons release neurotransmitters at presynaptic terminals, often thousands of times per 

minute, and evidence points to this location as a prime target for initiation of neurodegeneration 
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(Kramer and Schulz-Schaeffer 2007). Several studies implicate a critical role for a-syn in regulation 

of synaptic vesicle trafficking and homeostasis (Snead and Eliezer 2014). Understanding 

mechanistically if, and how, a-syn regulates synaptic vesicle trafficking is necessary for improving 

our understanding of PD onset and pathology.  Recycling endosomes are essential for synaptic 

vesicle exocytosis and endocytosis (Hoopmann et al. 2010). In this study we utilize the SNARE 

protein Vesicle-Associated Membrane Protein 8 (VAMP8), a marker for recycling endosomes 

(Marshall et al. 2015; van Ijzendoorn 2006; Wilson et al. 2016), to monitor stimulated recycling 

endosomal trafficking in mammalian RBL-2H3 cells, which serve as a model for secretory cells. 

RBL-2H3 responses are stimulated via antigen-mediated crosslinking of the high affinity receptor 

(FcRI) for immunoglobulin E (IgE), which results in exocytosis of both secretory lysosomes 

(degranulation) and recycling endosomes (Holowka et al. 2012; Naal et al. 2003). These exocytic 

processes can also be triggered by thapsigargin, which inhibits the sarco/endoplasmic reticulum 

Ca
2+

-ATPase (SERCA) pump and thereby circumvents receptor-mediated signaling to cause an 

increase in cytoplasmic Ca
2+

. 

 Over the course of these studies we discovered that expressing low concentrations of human 

Wt a-syn, or human a-syn mutants genetically linked to PD, inhibits exocytosis of recycling 

endosomes stimulated by either antigen or thapsigargin in RBL cells. Interestingly, expression of 

high concentrations of a-syn causes not only loss of this inhibition, but enhancement of stimulated 

exocytosis compared to control cells. In addition, we found that high concentrations of human a-syn 

partially inhibit stimulated endocytosis of antigen-crosslinked IgE-FcRI in RBL-2H3 cells, and 

inhibition of this process is not detected when human a-syn is expressed at lower concentrations. We 

further found that the capacity to inhibit stimulated exocytosis depends on membrane interaction 

mediated by the N-terminus of a-syn, whereas inhibition of endocytosis at high concentrations of a-

syn depends on the acidic C-terminus.   
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4.3 Results 

 Wt, A53T, and E46K human a-syn inhibit antigen-stimulated exocytosis of recycling 

endosomes, but not exocytosis of secretory granules/lysosomes. RBL-2H3 is a model cell line often 

used to study stimulated mast cell responses. The hapten 2,4-dinitrophenyl multiply conjugated to 

bovine serum albumin (DNP-BSA) is often used as an antigen to stimulate RBL-2H3 cells that are 

sensitized with anti-DNP IgE. DNP-BSA crosslinks IgE/FcεRI on the cell surface to initiate a 

signaling cascade, triggering Ca
2+

 release from intracellular stores, store operated Ca
2+

 entry from 

the extracellular medium, and consequent exocytosis of secretory lysosomes and recycling 

endosomes. Using this cell line we investigated the possible role for a-syn in regulating stimulated 

exocytosis. RBL-2H3 cells were co-transfected with human a-syn and the reporter VAMP8-pHluorin, 

with fluorescence that is quenched when localized to the acidic environment of the recycling 

endosome. VAMP8-pHluorin fluorescence increases markedly after trafficking to, and exocytosis at, 

the plasma membrane, thereby encountering the neutral pH environment of the extracellular medium. 

This change in fluorescence allows analysis and quantification of stimulated exocytosis in live cells. 

 As shown in Figures 4.1A and C, cells expressing an empty pcDNA vector, together with 

VAMP8-pHluorin, and stimulated with a low dosage of DNP-BSA (1 ng/ml) results in increased 

fluorescence at the plasma membrane. However, human Wt a-syn co-expressed with VAMP8-

pHluorin strongly inhibits this stimulated exocytosis (Figures 4.1B and D). We found that human a-

syn mutants A53T and E46K, genetically linked to PD, also inhibit stimulated exocytic responses 

(Figures 4.1E and F, respectively). Quantification of many replicates of these experiments is 

summarized in Figure 4.1G. All human a-syn constructs inhibit stimulated, but not spontaneous, 

exocytic responses. When spontaneous values are subtracted Wt a-syn (67% inhibition), A53T (85% 

inhibition), and E46K (81% inhibition) all strongly inhibit stimulated exocytosis of recycling 
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endosomes. The calculated difference in percent inhibition among Wt, A53T, and E46K a-syn is not 

statistically significant. 

 As activation of RBL-2H3 cells results in exocytosis of both secretory granules/lysosomes 

and recycling endosomes we next investigated whether, under identical conditions, human a-syn 

inhibits both of these exocytic processes, or if the inhibition is specific for stimulated recycling 

endosomal trafficking. Using Vesicle-Associated Membrane Protein 7 (VAMP7) as a secretory 

granule marker (Hibi, Hirashima, and Nakanishi 2000; Wernersson and Pejler 2014) we observed 

that human Wt a-syn does not significantly inhibit antigen-mediated degranulation (Figure 4.1H), 

potentially suggesting that under these conditions, inhibition appears to be specific to recycling 

endosomal trafficking, although a-syn may inhibit stimulated degranulation under other conditions. 

 To determine if the inhibitory effect of Wt human a-syn is maintained at a higher dose of 

DNP-BSA we next set up a sensitivity assay, stimulating RBL-2H3 cells first with a low dosage of 

antigen (1ng/ml DNP-BSA), followed by a higher dose (200 ng/ml DNP-BSA). Under these 

conditions RBL-2H3 cells expressing Wt human a-syn inhibited stimulated exocytosis at the low 

dose of antigen, but inhibition was lost at the higher dose (I). RBL-2H3 cells expressing only 

pcDNA and VAMP8-pHluorin show normal stimulated exocytosis (J). That RBL-2H3 cells are able 

to undergo full, stimulated exocytosis at a higher dosage of antigen, suggests that the inhibition 

observed by expressing Wt human a-syn is not a toxic effect, but represents a physiological function 

of a-syn, that is overcome under certain conditions.   

 All known familial human PD a-syn mutants inhibit thapsigargin-mediated recycling 

endosomal trafficking, when expressed at lower concentrations. PD patients often have elevated 

levels of a-syn (Chiba-Falek, Lopez, and Nussbaum 2006; Murphy et al. 2014), and fibrillation and 

aggregation of a-syn is thought to depend on concentration (Wood et al. 1999). We expressed human 

Wt a-syn at concentrations lower than those for Figure 4.1, to test whether this affected inhibition of 
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stimulated recycling endosomal exocytosis. We stimulated cells with thapsigargin, as a previous 

study suggests that a-syn inhibition of dopamine exocytosis occurs downstream of stimulated Ca
2+

 

responses (Larsen et al. 2006). Figure 4.2A demonstrates that thapsigargin also stimulates VAMP8-

mediated recycling endosomal exocytosis, although at a rate slower than that stimulated by DNP-

BSA. This difference may be  because thapsigargin activates protein kinase C, an essential step in 

stimulated exocytosis, more slowly than DNP-BSA (Gadi et al. 2011). Expressed at the lower 

concentrations (Figure 4.1), Wt, A53T, and E46K human a-syn all maintain the capacity to inhibit 

stimulated exocytosis of recycling endosomes (Figures 4.2B-D). We tested two recently discovered 

autosomal dominant familial PD-linked a-syn mutants, H50Q (Supplemental Figure 4.1) and G51D 

(Figure 4.2E), and these also inhibit thapsigargin-mediated exocytosis.  

Previous studies reported that the disordered C-terminus of a-syn mediates interactions with 

proteins involved in exocytosis (Fan et al. 2004; Chutna et al. 2014; Breda et al. 2015), including 

Rab 11 which participates in stimulated RBL-2H3 exocytosis (Wilson et al, 2016), These results 

suggest a role for the C-terminus in mediating the inhibition we observe (Figures 4.2 B-E). However, 

we found that truncated a-syn 1-102 (C-terminal residues 103-140 deleted) also inhibits 

thapsigargin-mediated exocytosis of recycling endosomes (Figure 4.2F). We also tested Wt a-syn 

tagged with mRFP on its C-terminus (Wt-syn-mRFP). As a-syn is a small protein (~14 kDa) a 

fluorescent tag the size of mRFP (~27 kDa) may disrupt its physiological function. However, Wt-

syn-mRFP maintains full capacity to inhibit stimulated exocytosis (Supplemental Figure 4.2), further 

supporting the idea that the C-terminus is not involved in this inhibition.     

 The N-terminus of a-syn has been shown to be necessary for membrane binding (Burre, 

Sharma, and Sudhof 2012), and we evaluated whether this is involved in the inhibition we observe. 

The genetically linked mutant A30P has weakened membrane affinity (Bodner et al. 2010), but this 

mutant still shows inhibition under our conditions (Figure 4.2G). To further reduce a-syn membrane 
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Figure 4.1. Wt, A53T, and E46K human a-syn inhibit antigen-stimulated exocytosis of 

recycling endosomes, but not exocytosis of secretory granules/lysosomes. RBL-2H3 cells 

expressing VAMP8-pHluorin and pcDNA (A) and VAMP8-pHluorin and human Wt a-syn (B) were 

sensitized with anti-DNP IgE and stimulated with 1ng/ml DNP-BSA at 20 sec. 50 mM NH4Cl was 

added at ~300 sec to neutralize the cellular environment and dequench VAMP8-pHluorin.. Increased 

fluorescence around the perimeter of cells represents DNP-BSA induced VAMP8-mediated 

exocytosis. C-F: Representative traces integrated from multiple fields of 5-6 cells, similar to those 

shown in A and B, showing average change in fluorescence levels following DNP-BSA addition. G 

and H: Summary of three independent experiments monitoring changes in either VAMP8-pHluorin 

fluorescence (G) or VAMP7-pHluorin (H) fluorescence, in individual cells, due to DNP-BSA 

stimulation. Error bars indicate ± s.e.m (*** represents P-values <0.001, N.S. indicates values are 

not significantly different). I-J: RBL-2H3 cells expressing VAMP8-pHluorin and Wt human a-syn 

(I) or pcDNA (J) were sensitized with anti-DNP IgE and stimulated with 1ng/ml DNP-BSA at 20 

sec, and 200ng/ml DNP-BSA at 360 seconds. 50 mM NH4Cl was added at 550 seconds. 
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binding affinity we introduced a valine to proline mutation at residue 70 within the A30P mutant 

(A30P/V70P). The V70P mutation was previously shown to prevent membrane binding when 

introduced with another alanine to proline mutant  (A11P/V70P) (Burré, Sharma, and Südhof 2015; 

Burre, Sharma, and Sudhof 2012). Expression of the A30P/V70P mutant did not inhibit 

thapsigargin-mediated exocytosis in our assay (Figure 4.2H), suggesting that membrane binding is 

essential for the inhibition we observe. A summary of inhibition caused by all human a-syn mutants 

we tested is shown in Figure 4.2I and in Supplemental Figure S4.1C. 

 High expression of human a-syn results in loss of inhibition and an enhanced response. We 

evaluated the concentration dependence of human a-syn effects on exocytosis of stimulated 

recycling endosomes. We transfected cells with the same amount of VAMP8-pHluorin as in Figure 

4.2, together with five times the amount of pcDNA or human a-syn. Surprisingly, cells expressing 

pcDNA at this high concentration do not undergo exocytosis stimulated by thapsigargin (Figure 

4.3A), and the mechanism for this inhibition is not clear. In contrast, RBL-2H3 cells expressing high 

concentrations of Wt, A53T, G51D, and 1-102 human a-syn show robust thapsigargin-stimulated 

exocytosis, suggesting these forms of a-syn at this higher expression level have lost the capacity to 

inhibit stimulated responses (Figures 4.3C-3F). However, not only are these responses significantly 

higher than the pcDNA control (Figure 4.3A), they also show consistent enhancement over the 

thapsigargin-stimulated exocytic response observed at low expression levels of pcDNA (Figure 

4.2A).  

 Data collected for cells transfected with low concentrations (Figure 4.2) and high 

concentrations (Figure 4.3) of different a-syn constructs were typically collected on the same day, 

with pcDNA expressed at low concentrations always used as a positive control. As a result, direct 

comparison between averaged % exocytosis from pcDNA expressed at low concentrations, and the  



126 

 

Figure 4.2. Wt and familial PD human a-syn mutants inhibit thapsigargin-stimulated 

exocytosis of recycling endosomes. RBL-2H3 cells were co-transfected with VAMP8-pHluorin and 

low concentrations of the following: pcDNA (A), Wt a-syn (B); familial PD a-syn mutants A53T (C), 

E46K (D), G51D (E), A30P (G); structural a-syn mutants with either a truncated C-terminus, 1-102 

(F), or a double proline mutant that prevents membrane binding, A30P/V70P (H). All conditions 

were stimulated with thapsigargin (250 nM) at t=20 sec, followed by addition of 50 mM NH4Cl at t= 

~400 sec to neutralize the cellular environment. The representative traces of stimulated exocytic 

responses shown in A-H are average fluorescence levels over time integrated from microscopic 

fields containing 5-6 cells (similar to images shown in Figure 4.1A and 4.1B). (I) Summary of 3-4 

independent experiments monitoring changes in VAMP8-pHluorin fluorescence, in individual cells, 

are displayed as percent exocytosis values for all conditions tested.   Error bars indicate ± s.e.m for 

55 individual cells for each condition shown (*** represents P-values <0.001). 
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various a-syn constructs tested at high concentrations, can be directly compared. Comparing the 

average exocytosis response stimulated by thapsigargin in cells transfected with pcDNA at low 

levels (Figure 4.2I; 26.4% exocytosis), with the average values in Figure 4.3G, show that expression 

at high levels of Wt (35.9% exocytosis), A53T (31.5% exocytosis), G51D (34.8% exocytosis), and 

1-102 (37.6% exocytosis) cause enhancement by 36%, 19%, 32%, and 42% respectively. This 

enhancement of thapsigargin-stimulated exocytosis of recycling endosomes may represent a gain of 

function occurring only at high concentrations of the expressed human a-syn. Enhancing effects at 

these high expression levels are especially striking when compared to cells transfected with pcDNA 

transfected at the same concentration, which show no stimulated response (Figure 4.3A). Wt-syn-

mRFP also loses the capacity to inhibit exocytosis when expressed at higher concentrations (Supp. 

Figure S4.2). Consistent with the enhancement observed when Wt, A53T, G51D, and 1-102 a-syn 

are expressed at high levels, Wt-syn-mRFP expressed at high concentration shows an ~20% increase 

in stimulated exocytosis when compared to mRFP expressed at high concentrations (Supp Figure 

4.2E). 

 In contrast to Wt and other mutants tested at high expression levels (Figure 4.3C-F), A30P a-

syn does not exhibit loss of inhibition under these conditions (Figure 4.3B and G). A30P has been 

shown to undergo slower fibrilization kinetics when compared to Wt and other mutant forms of a-

syn (Lemkau et al. 2012), which may explain this difference from loss of inhibition observed for Wt, 

A53T, and G51D. In our experiments RBL-2H3 cells express a-syn for only 24 hours before being 

stimulated; suggesting more time may be necessary for fibrils and aggregates to form following 

A30P a-syn expression. To test this hypothesis A30P and VAMP8-pHluorin were expressed for 40 

hours, and under these conditions A30P no longer inhibits stimulated exocytosis, although it does 

not appear to enhance exocytosis (compared to pcDNA control) to the same extent as Wt, A53T, and 

G51D a-syn (Supplementary Figure S4.3).  
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 Low and high concentration levels of expressed human a-syn can be imaged and quantified 

using fluorescence microscopy and flow cytometry. Because of the concentration dependence we 

observed in Figures 4.2 and 4.3 we further investigated a-syn expression levels, recognizing that the 

relationship between transfected DNA and expressed protein does not always correlate (Maier, Güell, 

and Serrano 2009). Using conditions identical to those in Figures 4.2 and 4.3, RBL-2H3 cells were 

electroporated with VAMP8-pHluorin and with either low or high concentrations of pcDNA or 

human a-syn. After 24 hours cells were fixed and labeled with a monoclonal a-syn primary antibody, 

followed by labeling with an Alexa-647-labeled secondary antibody. We detected no a-syn labeling 

in pcDNA expressing cells (Figure 4.4A and 4.4B). However, at low expression levels, Wt a-syn 

labeling was clearly visible (Figure 4.4C), and this fluorescence was substantially brighter for Wt a-

syn expressed at high concentrations (Figure 4.4D). Figure 4.4C and D also demonstrate that 

VAMP8-pHluorin is a good reporter for positively transfected cells, as >90% of all cells expressing 

VAMP8-pHluorin also express a-syn. 

 To quantify differences in expression levels, electroporated cells were harvested, fixed, 

labeled, and then analyzed using flow cytometry. VAMP8-pHluorin expressing cells were gated, and 

Alexa-647 fluorescence levels from these positively transfected cells were quantified. Figure 4.4E 

displays a representative histogram comparing Alexa-647 fluorescence levels, measured from only 

VAMP8-pHluorin expressing cells, comparing samples expressing either low or high concentrations 

of pcDNA or human Wt a-syn. This histogram confirms differences in human a-syn expression 

levels, with the higher human Wt a-syn transfection concentration exhibiting an ~4 fold increase in 

mean Alexa-647 fluorescence when compared to the lower human Wt a-syn transfection 

concentration. Figure 4.4F shows mean Alexa-647 fluorescence values from control or a-syn 

mutants analyzed in Figures 4.2 and 4.3; low concentrations of H50Q and E46K human a-syn are 

quantified in supplementary Figure S4.1. 
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Figure 4.3. High expression of human a-syn results in loss of inhibition and enhanced 

exocytosis. RBL-2H3 cells co-transfected with VAMP8-pHluorin and high concentrations of 

pcDNA (A), A30P (B), Wt (C), A53T (D), G51D (E), or 1-102 (F) human a-syn. All conditions 

were stimulated identical to experiments in Figure 4.2, with addition of thapsigargin (250 nM) at 

t=20 sec, followed by addition of 50 mM NH4Cl at ~t=400 sec to neutralize the cellular environment. 

Results from 3 independent experiments for each condition are summarized and represented as 

percent exocytosis in G. Error bars indicate ± s.e.m for 55 individual cells for each condition shown 

(*** represents P-values <0.001). 
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 Low expression of human a-syn inhibits stimulated exocytosis of recycling endosomes in PC-

12 cells. Dopamine releasing neurons are particularly susceptible to damage in PD patients, with 60-

80% of dopamine-containing neurons from the substantia nigra lost in PD patients (Cheng, Ulane, 

and Burke 2010). Therefore, we investigated whether trends observed in RBL-2H3 cells were more 

general. PC-12 is a dopamine secreting chromaffin cell line often used as a model for neuronal 

signaling. We expressed VAMP8-pHluorin and pcDNA or human a-syn in PC-12 cells, which were 

then stimulated with thapsigargin and phorbol 12-myristate-13-acetate (PMA), which was necessary 

to stimulate exocytosis in this cell line. Stimulated cells expressing VAMP8-pHluorin and pcDNA 

showed an ~25% exocytic response (Figure 4.5A). We found strong inhibition by human Wt a-syn 

expressed at low concentrations, corresponding to an average inhibition of ~71% when spontaneous 

values are subtracted (Figures 4.5B, 4.5C).  

 Stimulated endocytosis is inhibited by higher concentrations of human a-syn, depending on 

the C-terminus. Although several studies have implicated a-syn as an important regulator of synaptic 

vesicle trafficking, most of these have focused on endocytosis, rather than exocytosis (Busch et al. 

2014; Vargas et al. 2014). Therefore, we evaluated whether a-syn affects stimulated endocytosis in 

RBL-2H3 cells, and its possible concentration dependence. Cells were transfected with mRFP as a 

reporter for positively transfected cells, together with either pcDNA or human a-syn constructs at 

high or low concentrations. Cells were then labeled with IgE conjugated to fluorescein 

isothiocyanate (FITC-IgE), which displays bright fluorescence at the plasma membrane upon 

binding to the FcεRI receptor. Antigen crosslinking causes FITC-IgE/FcεRI to be endocytosed, and 

the FITC fluorescence becomes quenched as it moves from the neutral pH environment of the 

extracellular space to the more acidic environment of the endosome. Transfected cells were placed in 

a flow cytometer and stimulated with an anti-IgE antibody, which causes quenching of FITC-IgE 

due to endocytosis, as shown in Figures 4.6A-D. Averaged data corresponding to Figures 4.6 A-D   
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Figure 4.4. Low and high concentration levels of expressed human a-syn can be imaged and 

quantified using fluorescence microscopy and flow cytometry. A-D: Representative confocal 

images of a-syn expression levels in RBL-2H3 cells (scale bar equals 20 m). Cell co-expressing 

VAMP8-pHluorin and low concentrations of pcDNA (A) or Wt human a-syn (C), or high 

concentrations of pcDNA (B) or human Wt a-syn (D) were fixed and labeled with a primary 

monoclonal a-syn antibody, followed by labeling with an Alexa-647 secondary antibody, and 

imaged with confocal microscopy. Cells expressing the conditions described in A-D were harvested, 

fixed, labeled with a monoclonal a-syn antibody, labeled with an Alexa-647 secondary antibody and 

analyzed using flow cytometry. Alexa-647 fluorescence was then measured in RBL-2H3 cells 

expressing VAMP8-pHluorin, so that only positively transfected cells were quantified. A 

representative histogram of Alexa-647 fluorescence from VAMP8-pHluorin expressing cells is 

shown in E, with 5,000-6,000 VAMP8-pHluorin expressing cells analyzed for each condition. F, 

quantified results are averaged and summarized for all conditions tested at both high and low 

concentration in Figures 4.2 and 4.3. Error bars indicate coefficient of variance for 3 independent 

experiments, with between 15,000 and 20,000 total VAMP8-pHluorin expressing cells analyzed for 

each condition shown.       
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are summarized in Figure 4.6E. We found that human Wt a-syn expressed at low concentrations 

showed only minor inhibition of stimulated FITC-IgE endocytosis that was not statistically 

significant (Figure 4.6A).In contrast, expression of human Wt a-syn at high concentrations shows 

increased inhibition of stimulated FITC-IgE endocytosis (Figure 4.6B), suggesting concentration 

dependence. Unlike the case with exocytosis (Figure 4.3) A30P expressed at high concentrations 

caused inhibition of stimulated endocytosis similar to that caused by Wt a-syn (Figure 4.6C). To 

investigate whether this inhibition is related to the aggregation state of a-syn, we tested the 1-102 

mutant, which lacks the C-terminus and is also known to form aggregates rapidly (Murray et al. 

2003). The 1-102 mutant did not inhibit stimulated endocytosis (Figure 4.6D), suggesting an effect 

of aggregation alone is not sufficient for this observed inhibition, but a functional C-terminus 

participates. We found that Wt-syn-mRFP, which is C-terminally tagged, also fails to inhibit 

stimulated endocytosis (data not shown), supporting the view that the unperturbed C-terminus of a-

syn is involved in inhibition of stimulated endocytosis. 

4.4 Discussion 

 For over two decades a-syn and its associated synucleinopathies have been intensively 

studied, yet the normal cellular function of this protein, as well as how disruption of this function 

relates to onset of PD, remain poorly understood. Our studies reveal that exogenous expression of 

human a-syn inhibits antigen- and thapsigargin-stimulated exocytosis in RBL-2H3 cells (Figure 4.1 

and 4.2), as well as stimulated exocytosis in PC-12 cells (Figure 4.5). This inhibition appears to be 

specific to stimulated recycling endosomal exocytosis (Figure 4.1G-H) (Wilson et al. 2016), which is 

of interest as abnormal endocytic trafficking is observed in many neurodegenerative disorders, 

including PD (Wang et al. 2014). Our findings also add to a growing body of literature showing that  
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Figure 4.5. Low expression of human a-syn inhibits stimulated exocytosis of recycling 

endosomes in PC-12 cells. Traces of stimulated exocytosis averaged from 5-6 individual PC-12 

cells expressing VAMP8-pHluorin and either pcDNA (A), or Wt human a-syn (B). 80 nM phorbol 

12-myristate-13-acetate (PMA) was added at t=20 sec to activate protein kinase C, 250 nM 

thapsigargin was added at t=300 sec to stimulate exocytosis, and 50mM NH4Cl was added at t=600 

sec to neutralize the cells and determine total VAMP8-pHluorin expressed. C, average stimulated 

percent exocytosis determined from 3 independent experiments, with error bars representing ± s.e.m 

for 25 individual cells for each condition shown (*** represents P-values <0.001). 
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a-syn regulates stimulated, as well as homeostatic, endocytic trafficking (Cooper et al. 2006; 

Thayanidhi et al. 2010; Busch et al. 2014; Xu et al. 2016). 

 Although addition of 1ng/ml DNP-BSA stimulates exocytosis in RBL-2H3 cells (Figure 

4.1J), this concentration of antigen is lower than what is commonly used to stimulate maximal 

degranulation in mast cells (Wilkes et al. 2014; Shelby et al. 2013). Although it is unclear why 

exogenous expression of human a-syn inhibits antigen-stimulated exocytosis only at a low (1 ng/ml) 

but not high (200 ng/ml) concentration of DNP-BSA, several possible explanations exist. First, it is 

possible that 1 ng/ml DNP-BSA stimulates a stronger recycling endosomal response compared to a 

secretory lysosomal response. This explanation is supported by the ~36% overall increase in percent 

recycling endosomal exocytosis in Figure 4.1G (21.8%) vs secretory lysosomal degranulation in 

4.1H (15.9%). 200 ng/ml DNP-BSA is often used as an optimal antigen dose to stimulate maximum 

degranulation in our experiments, and it is possible that a-syn inhibition of recycling endosomal 

exocytosis is masked at this higher concentration of antigen, which may favor degranulation.  

 Another possible explanation regards the stabilization, and subsequent break down, of the 

syntaxin-1, SNAP-25, and synaptobrevin-2 SNARE complex, the formation of which is necessary 

for synaptic vesicle fusion. A-syn has been shown to stabilize this complex (Burré et al. 2010), and it 

is possible that addition of a low concentration of human a-syn to a rat cell line containing no, or 

extremely low amounts of, a-syn, not detectable by the monoclonal a-syn antibody used in our 

experiments (Figure 4.4A-D), stabilizes the SNARE complex to the point that its disassociation is 

prevented at 1ng/ml DNP-BSA antigen. However the higher 200 ng/ml DNP-BSA concentration 

may overcome this stabilization, resulting in a normal exocytic response. Although it remains 

unclear why a-syn inhibits at lower but not higher doses of antigen, this result demonstrates that the 

inhibitory effect we observe is not toxic to RBL-2H3 cells. Lack of toxicity suggests that this  
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Figure 4.6. Higher concentrations of human a-syn inhibit stimulated endocytosis, depending on 

the C-terminus.  RBL-2H3 cells were co-transfected with mRFP, to mark positively transfected 

cells, and low concentrations of pcDNA or Wt human a-syn (A ), or high concentrations of pcDNA 

and human Wt a-syn (B), A30P (C), or 1-102 (D). Cells were labeled with fluorescein isothiocyanate 

conjugated to anti-DNP IgE (FITC-IgE), incubated at 37°, and stimulated with anti-IgE antibody. 

Stimulation results in endocytosis of FITC-IgE, which becomes quenched as it moves from the 

neutral pH environment of the extracellular space to the acidic environment of the recycling 

endosome. End point fluorescence values were normalized to 100% for pcDNA control cells, and % 

endocytosis for a-syn conditions was then calculated relative to this internally normalized 100% 

pcDNA value. These results are summarized in E. Error bars represent ± s.d. from 3 independent 

experiments. (** represents P-values <0.01, * represents P-values <.05, N.S. means not statistically 

significant).   
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inhibitory phenotype may represent a physiological function of a-syn, detectable because of our 

unique, experimental conditions, which introduce human a-syn into cells containing little, or no, 

endogenous  a-syn.    

 The concentration of a-syn within cells is known to be a critical factor in the capacity of 

human a-syn to aggregate and develop into toxic species (Narkiewicz, Giachin, and Legname 2014). 

Our results show clear evidence that the function of human a-syn in RBL-2H3 cells strongly depends 

on concentration and membrane binding (Figure 4.2H-I). In contrast to the inhibition observed at 

lower concentrations of exogenously expressed human a-syn, higher concentrations show no 

inhibitory effects, even enhancing the percent stimulated exocytosis (Figure 4.3). Higher 

concentrations of a-syn are typically correlated with genetic and sporadic PD, and high 

concentrations are associated with aggregation into Lewy bodies (Kim 2013). At present we lack a 

clear readout to determine if human a-syn is aggregating when expressed at higher concentrations. 

However, a schematic depicting our interpretation of our concentration-dependent results is 

displayed in Figure 4.7, suggesting that higher concentrations of a-syn begin to aggregate, displace 

monomeric a-syn from the plasma membrane, and prevent inhibition of recycling endosomal 

exocytosis. 

 Our study also finds that a-syn affects stimulated endocytosis of IgE/FcRI in RBL-2H3 cells 

(Figure 4.6). Our finding that low expression levels of human a-syn have no detectable impact on 

stimulated endocytosis, whereas high expression levels do, further demonstrates that the function of 

human a-syn depends on concentration in RBL cells. In addition, reduced endocytosis, coupled with 

enhanced exocytosis, would also result in a bigger apparent exocytosis, as observed in our 

experiments. The inhibition of stimulated IgE/FcRI endocytosis most likely represents an effect on 

stimulated secretory granule endocytosis, although this inhibition may also affect recycling 

endosome endocytosis. Future experiments will aim to directly test the effects of overexpressed a- 
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Figure 4.7. Potential functions of human alpha-syn.
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syn on stimulated recycling endosome endocytosis. Previous studies report that expression of high 

levels of human a-syn prevents neurotransmitter release due to inhibition of synaptic vesicle 

recycling, following exocytosis. This reduces the number of readily releasable synaptic vesicles and 

therefore the size of the synaptic vesicle recycling pool (Gaugler et al. 2012; Nemani et al. 2010; 

Lundblad et al. 2012; Scott and Roy 2012; Busch et al. 2014; Xu et al. 2016). Our studies support 

this hypothesis, as increased human a-syn levels partially impair stimulated endocytosis in our 

system. However, our data suggest that a reduced synaptic vesicle pool may also be observed 

because stimulated exocytosis has initially been enhanced. Under conditions where human a-syn is 

highly expressed, as in our experimental setup, an initial enhancement of stimulated endosomal 

exocytosis, coupled by partial inhibition of subsequent endocytosis, would also result in a reduced 

synaptic vesicle pool in the cytoplasm over time, as depicted in Figure 4.7.    

 In conclusion, using RBL-2H3 cells as a model system to study the function of a protein 

known to play a critical role in neurological processes, has allowed us to identify human a-syn as a 

regulator of stimulated recycling endosomal exocytosis and IgE/FcRI endocytosis, processes 

thought to be highly susceptible to neurodegeneration due to aging. We found that human a-syn 

inhibits stimulated exocytosis and endocytosis, inversely, in a concentration dependent manner. 

Future experiments will aim to validate our results in neurons, with the goal of further clarifying the 

physiological function of human a-syn in healthy and dysregulated neuronal cells.  
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4.5 Materials and Methods 

Cell Culture: RBL-2H3 cells were cultured as monolayers in minimal essential medium (Invitrogen 

Corp., Carlsbad, CA) with 20% fetal bovine serum (Atlanta Biologicals, Atlanta, GA) and 10 µg/ml 

gentamicin sulfate (Invitrogen) as previously described (Gosse et al. 2005). PC-12 cells were 

cultured in Dulbecco’s modified eagle medium (Invitrogen Corp., Carlsbad, CA) with 10% fetal 

bovine serum and 10 µg/ml gentamicin.  

Reagents and Chemicals: Thapsigargin and phorbol 12-myristate-13-acetate were purchased from 

Sigma-Aldrich (St. Louis, MO). 

Expression Plasmids: DNA plasmids Wt a-syn, A53T a-syn, and E46K a-syn were generously 

provided by Dr. David Eliezer (Weill Cornell Medical College, NYC, NY). All other a-syn mutants 

were created by site directed mutagenesis using Phusion High-Fidelity DNA Polymerase (New 

England Biolabs). VAMP8-pHluorin was created as previously described (Wilson et al. 2016; 

Wilkes et al. 2014). To create the Wt-syn-mRFP construct, the cDNA encoding human Wt a-syn was 

introduced into a clontech vector containing mRFP sequence, using Hind III and Kpn I restriction 

sites.  

Transfection: Both RBL-2H3 and PC-12 cell lines were transfected by electroporation under 

identical conditions for stimulated exocytosis experiments. Cells were harvested three to five days 

after passage and ~ 5 x 10
6
 cells were electroporated in 0.5 ml of cold electroporation buffer (137 

mM NaCl, 2.7 mM KCl, 1 mM MgCl2, 1 mg/ml glucose, 20 mM HEPES (pH 7.4) using 5 g of 

reporter plasmid DNA (VAMP8-pHluorin, VAMP7-pHluorin, or mRFP) together with 5 g of 

effector plasmid DNA (pcDNA 3.0, Wt, A53T, E46K, A30P, G51D, H50Q, 1-102, A30P/V70P) for 

“low” concentration experiments or 25 g of effector plasmid for “high” concentration experiments. 
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For experiments in Figure 4.1, 5 g of VAMP8-pHluorin or VAMP7-pHluorin was electroporated 

with 12.5 g of Wt, A53T, or E46K a-syn. mRFP and Wt-syn-mRFP were expressed in a Clontech 

vector which was found to express more efficiently than the pcDNA 3.0 vector that untagged a-syn 

constructs were cloned into. For these constructs we expressed 1.5 g of mRFP or Wt-syn-mRFP for 

“low” and 10 g of mRFP or Wt-syn-mRFP a-syn for “high” concentration experiments with 5 g of 

VAMP8-pHluorin. We found that 10 g of empty Clontech vector does not inhibit exocytosis when 

expressed at higher concentrations, unlike pcDNA 3.0.  

  For all conditions cells were electroporated at 280 V and 950 μF using Gene Pulser X (Bio-

Rad). Following electroporation, cells were immediately resuspended in 6 ml of medium and plated 

in three different MatTek dishes (2 ml/dish) (MatTek Corporation, Ashland, MA). Cells in Figure 

4.1 were sensitized with 0.5 μg/ml anti-2,4-dinitrophenyl (DNP) IgE overnight after being plated in 

MatTek dishes (Posner et al. 1992). For all experiments, cells were allowed to recover for 24 hours. 

For experiments in Supplementary Figure S4.3, RBL-2H3 cells were electroporated with 10 g of 

VAMP8-pHluorin and 25 g of A30P or pcDNA 3.0 and were allowed to recover for 40 hours 

before imaging. 

Stimulated Exocytosis Assays: 24 hours after electroporation cells were washed once with buffered 

saline solution (BSS: 135 mM NaCl, 5 mM KCl, 1 mM MgCl2, 1.8 mM CaCl2 5.6 mM D(+) glucose, 

20 mM HEPES, pH 7.4) and then placed in BSS and incubated for 5 minutes at 37ºC within a 

confined heating chamber prior to live cell imaging. For RBL-2H3 cells VAMP8-pHluorin or 

VAMP7-pHluorin fluorescence was monitored for twenty seconds prior to addition of either 1 ng/ml 

DNP-BSA, or 250nM thapsigargin, followed by the addition of 50 mM NH4Cl 6-8 min after 

stimulation. For our sensitivity assay described in Figure 4.1 I and J, cells were first stimulated with 

1 ng/ml DNP-BSA and then, after ~340 seconds, stimulated with 200 ng/ml DNP-BSA. PC-12 cells 
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were stimulated with 100 nM PMA at 20 sec, and 250 nM thapsigargin at 300 sec. Cells were 

monitored using a 40X H20 heated objective on a Zeiss 710 confocal microscope. VAMP8-pHluorin 

and VAMP7-pHluorin was excited using the 488-nm line of a krypton/argon laser and viewed with a 

502-551 nm band-pass filter.   

 Offline image analysis was conducted using ImageJ (National Institutes of Health). Changes 

in VAMP7-pHluorin or VAMP8-pHluorin fluorescence were normalized to a 0-1 scale using the 

following equation: (value-minimum)/(maximum-minimum) with value being the measured 

pHluorin fluorescence at a given time point, minimum being the lowest monitored fluorescent value, 

and maximum being the value observed following NH4Cl addition. Percent exocytosis is calculated 

by the following equation: ((stimulated fluorescence-basal fluorescence)/(Cl fluorescence-basal 

fluorescence)*100). Data normalized in this manner is presented in Figure 4.1 C-F; Figure 4.2 A-H; 

Figure 4.3 A-F; Figure 4.5 A-B.     

Immunofluorescence: For immunofluorescence imaging cells were electroporated as described 

above, plated in MatTek dishes, allowed to recover for ~24 hours then fixed with 4% 

paraformaldehyde + 0.1% glutaraldehyde. Fixed cells were then labeled with an a-syn monoclonal 

primary antibody (BD Biosciences # 610787) followed by labeling with goat-anti mouse Alexa 647 

IgG1 secondary antibody in PBS with 10 mg/ml BSA and imaged on a Zeiss 710 confocal 

microscope using a 40x H20 objective. 

Flow Cytometry and Immunofluorescence. Samples were electroporated as described above 

except that following electroporation, cells were plated in 60 mm dishes. After 24 hours cells were 

harvested using PBS/EDTA, washed and centrifuged in BSS, and then fixed with 4% 

paraformaldehyde + 0.1% glutaraldehyde. Samples were then labeled with a-syn monoclonal 

primary antibody (BD Biosciences) followed by labeling with a goat-anti mouse Alexa 647 IgG1 



147 

 

secondary antibody in PBS with 10 mg/ml BSA. Samples were analyzed using a BD FACSAria 

Fusion Fluorescence Activated Cell Sorter, and data were analyzed using FCS Express 5 Flow 

Research software. Analysis was gated to include single cells on the basis of forward and side light-

scatter, and cells were then gated to identify positively transfected cells (VAMP8-pHluorin or 

mRFP). For quantification of expression levels (Figure 4.4) Alexa-647 fluorescence was measured 

only for VAMP8-pHluorin expressing cells. For endocytosis experiments mRFP expressing cells 

were gated and quenching of FITC-IgE was monitored from that subset of cells.  

Endocytosis: RBL-2H3 cells were co-transfected via electroporation with 5 g of mRFP, to identify 

positively transfected cells, and 5g of pcDNA or 5g Wt a-syn (for low concentrations). For high 

concentrations, RBL-2H3 cells were electroporated with 5 g of mRFP and 25 g of pcDNA or 25 

g of Wt a-syn, A30P a-syn, or 1-102 a-syn. Cells were allowed to recover for ~24 hours and were 

then harvested, placed in suspension, and sensitized with 3µg/ml FITC-IgE for 45 min at 37°C. 

Sensitized cells were then placed in the BD FACSAria Fusion Fluorescence Activated Cell Sorter at 

37°C, and IgE/FcεRI complexes were crosslinked by addition of anti-IgE antibody at t = 0 sec. 

Acidification of internalized complexes was monitored by FITC-IgE fluorescence quenching, 

monitored from cells positively expressing mRFP. Data were collected for ~1500 seconds, following 

which they were analyzed using FCS Express 5 Flow Research software and Microsoft Excel.  

Statistical Analyses: Statistical analysis was performed with Prism software (Graphpad) and 

Microsoft Excel. Statistical significance was determined by a One-Way ANOVA (Analysis of 

Variance) followed by Tukey's post test. Level of significance is denoted as follows: *P < 0.05, 

**P< 0.01, ***P < 0.001. 
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Supplementary Figure 4.1. H50Q human a-syn also inhibits stimulated recycling endosome 

exocytosis. A-C: RBL-2H3 cells transfected with VAMP8-pHluorin and pcDNA or H50Q and 

stimulated with thapsigargin. D, quantification of low concentrations of H50Q and E46K a-syn 

analyzed by flow cytometry (compare to Figure 4.4F). Supp. Figure 4.1A and pcDNA response for 

4.1C and 4.1D are identical to pcDNA responses shown in Figure 4.2A, 4.2I, and 4.4F and are 

included to show the control compared to H50Q stimulated response, or control vs H50Q and E46K 

expression levels.   
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Supplementary Figure 4.2. Wt-syn-mRFP inhibits stimulated exocytosis at low, but not high 

concentrations. A-C: RBL-2H3 cells transfected with VAMP8-pHluorin and low or high 

concentrations of mRFP or Wt-syn-mRFP and were stimulated with thapsigargin. Summary results 

from 3 indepdent experiments are displayed in E.  
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Supplementary Figure 4.3. A30P human a-syn no longer inhibits stimulated exocytosis after 40 

hours of expression. RBL-2H3 cells expressing VAMP8-pHluorin and high concentrations of 

pcDNA or A30P human a-syn were stimulated with thapsigargin 40 hours after being transfected.  
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Chapter 5: Summary and Outlook 

 Summary Part 1. Human life begins with the fertilization of a single cell. Over time this 

cell multiplies and divides, eventually developing, and differentiating, into all the specialized cell 

types necessary for life. The majority of the processes required for cellular maturation are 

controlled by Ca
2+

. It is Ca
2+ 

that triggers life at fertilization. It is Ca
2+

 that regulates 

differentiation of cells into specialized cell types. It is Ca
2+

 that regulates much of cell signaling, 

and it is Ca
2+

 that will ultimately signal cell death (Berridge, Bootman, and Lipp 1998). How a 

single ion can control so many cellular processes is a fascination of many scientists, and the 

focus of much research. 

 The Baird-Holowka lab has long been interested in Ca
2+

 signaling, particularly its role in 

regulating the allergic immune response. As a rotation student I began my first project, which 

developed into Chapter 2 of this thesis, investigating the importance of the C-terminal di-

arginine motif of Cdc42, and its importance for Ca
2+

 signaling. From that rotation project, which 

began as a follow-up to a study conducted by Dr. Jared Johnson, a former student in the Cerione 

lab (Johnson, Erickson, and Cerione 2012), I too have developed a fascination, and appreciation, 

for the role that Ca
2+

 plays in cellular signaling.  

 Over the course of my Chapter 2 studies we determined that the di-arginine motif was 

important for Cdc42 to regulate stimulated Ca
2+

 responses. We also began to recognize the 

important role that Cdc42 plays in regulating sustained Ca
2+

 oscillations, and began to suspect 

that Cdc42 may regulate mast cell signaling, in part, by controlling Ca
2+

 oscillations indirectly 

through regulation of PIP2. We showed that Cdc42 can regulate a Ca
2+

 independent process, 

stimulated endocytosis, and then showed that Cdc42-G12V can reconstitute stimulated PIP2 

oscillations in mutant B6A4C1 cells.  
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 Building on this work, we attempted to identify a mechanism by which Cdc42 might 

regulate PIP2 synthesis in mast cells (Chapter 3). With the help of our collaborator, Dr. Chris 

Stefan, we demonstrated that antigen-stimulation of RBL-2H3 cells results in an ~40% increase 

in PIP2 levels, whereas stimulated-PIP2 synthesis is not observed in B6A4C1 cells. Stimulated 

PIP2 synthesis was also observed in RBL-2H3 cells by using TIRF microscopy to monitor the 

appearance of PIP2 puncta, marked with the reporter PH-PLC-EGFP, following stimulation. By 

this method, B6A4C1 cells, again, appeared to be deficient in stimulated PIP2 synthesis.  

 Next, we showed that pharmacological inhibitors of Cdc42 (DU40), PKC (BIM), and 

PI3-kinase (wortmannin), all strongly inhibit antigen and thapsigargin-stimulated degranulation. 

However, activation of PKC, using PMA, bypassed the inhibition by DU40 and wortmannin. We 

then investigated if these strong inhibitors of degranulation also showed strong inhibition of 

stimulated Ca
2+

 responses. DU40 showed only minor inhibition of SOCE, suppressing late, 

sustained Ca
2+

 oscillations. Wortmannin reduced both stimulated Ca
2+

 release from stores and 

SOCE, and began to strongly suppress Ca
2+

 oscillations 2-3 min following stimulation. BIM, 

despite being the strongest inhibitor of degranulation, was found to enhance Ca
2+

 responses, 

while simultaneously suppressing Ca
2+

 oscillations. We then showed that all three inhibitors 

decrease the number of RBL-2H3 cells undergoing stimulated PIP2 synthesis, suggesting that all 

of these inhibitors can act, at least in part, by controlling levels of PIP2, the substrate needed for 

Ca
2+

 signaling. B6A4C1 cells, again showed to be deficient in antigen-stimulated Cdc42 

activation by a novel method in Chapter 3, were shown to be partially inhibited in stimulated 

PKC activity, which can be reconstituted by active Cdc42-G12V. Finally, we showed that low 

concentrations of wortmannin inhibits stimulated Cdc42 oscillations, and suggest a potential 
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mechanism for this inhibition, as DOCK GEFs need PIP3 at the plasma membrane in order to 

dock, and activate, Rho GTPases. These low concentrations of wortmannin inhibit PIP3 synthesis. 

 Future Directions Part 1: Despite the advances we have made over the past several 

years, many important questions must be addressed to further clarify the role of Cdc42, and other 

Rho GTPases, in mast cell degranulation and Ca
2+

 signaling. The most pertinent questions arise 

from our results described in Chapter 3. Many of these results have only recently been obtained. 

First, as described in Chapter 3, although we have evidence that Cdc42 signals through PKC, the 

many different PKC isoforms make finding the specific Cdc42 effector difficult. The most 

straightforward approach to answer this question is to biochemically probe for a stimulated 

Cdc42-PKC interaction using a pull down assay, and then identifying the PKC isoform, or 

isoforms, interacting with Cdc42. Realistically, this will be a technically challenging endeavor 

for many reasons. First, many PKC isoforms exist. Second, because Cdc42 activation is 

oscillatory in nature, it will, potentially, be easy to miss the time point that Cdc42 and PKC 

interact. However this could be overcome by expressing the Cdc42-G12V constitutively active 

mutant in RBL-2H3 cells and performing a pull down assay to probe for a Cdc42-PKC 

interaction. Finally, it is unclear how strong these two proteins interact, making detecting a 

protein-protein interaction hypothetically difficult. Despite these challenges, attempting these 

experiments is a worthwhile pursuit, especially if a novel Cdc42-PKC interaction can be detected. 

In the case that an interaction can be detected, and a PKC isoform identified in RBL-2H3 cells, 

B6A4C1 cells could then be probed to verify that this Cdc42-PKC interaction is deficient in the 

mutant cell line. Knock-downs of Cdc42 or specific PKC isoforms, such as PKC, a known 

Cdc42 effector activated independent of Ca
2+

 influx, are other options for probing a Cdc42-PKC 
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interaction in RBL-2H3 cells. Cdc42 knock-down will also verify the specificity of DU40, as 

many proteins, not just Rho GTPases, undergo geranylgeranylation.   

 An additional explanation as to why we only see partial inhibition of stimulated PKC 

activation in B6A4C1 cells is that Cdc42 regulates PIP2 synthesis directly through regulation of 

PIP5-kinases (Weernink et al. 2004), in addition to its role in PKC activation. Under this 

circumstance, a redundant PKC isoform might rescue part of the B6A4C1 deficiency, hence we 

only see partial inhibition of PKC activation, but the capacity to resynthesize PIP2 would still be 

lost. This interpretation is supported, in part, by Figure 3.5, which shows that even in the case 

that MARCKS-ED-mRFP is displaced from the plasma membrane, subsequent MARCKS 

oscillations are typically suppressed. A recently published study, also conducted in RBL-2H3 

cells, demonstrated the importance of constant PIP2 replenishment for sustained Ca
2+

 oscillations, 

following G-protein coupled receptor stimulation. This study concludes by asking the question, 

“How Ca
2+

 influx activates PIP5-kinase and whether this is driven by local Ca
2+

 entry requires 

further investigation” (Alswied and Parekh 2015). A previous study demonstrated that in order 

for Cdc42, and Rac1, to be activated, the presence of intracellular Ca
2+

 was necessary (El-Sibai 

and Backer 2007).  Exploring whether receptor-stimulated Ca
2+

 mobilization activates Cdc42, 

Rho A, and Rac1, which then increase PIP5-kinase activity, leading to PIP2 synthesis, is a 

question, whose answer, is of interest to many researchers. Using the CBD-GFP construct we 

can now explore in live cells, using TIRF microscopy, the timing of these signaling events. We 

can determine if Cdc42 activation is occurring before or after Ca
2+

 release from stores. In 

addition future experiments should also probe the effect of receptor-stimulated Rho GTPase 

activation on PIP5-kinase activity. 
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 Further investigation is also necessary to understand the importance of DOCK GEF 

proteins in mast cell signaling. Results from both Chapter 2 and Chapter 3 demonstrate that 

DOCK GEFS most likely play a prominent role in mast cell signaling. However, future 

experiments are needed to clarify the function of these DOCK GEFs. In Chapter 3 DOCK8 was 

used to reconstitute stimulated VAMP8-mediated exocytosis in B6A4C1 cells, even though 

DOCK7 was able to reconstitute Ca
2+

 signaling in Chapter 2. In contrast to DOCK8, DOCK7, in 

initial experiments, has failed to reconstitute stimulated VAMP8-mediated exocytosis in 

B6A4C1 cells (data not shown). These initial experiments are being verified, and expression 

levels of DOCK7 are being confirmed, and final results will be included in a published version 

of Chapter 3. Assuming this result is true, this finding begs the question, why is DOCK7 capable 

of reconstituting Ca
2+

 oscillations but not degranulation? Further experiments will probe this 

question and examine fundamental differences between DOCK8 and DOCK7 in mast cell 

signaling. One possible explanation is that DOCK GEFs play multiple roles in stimulated 

exocytosis, some that rely on GEF activity, and others that depend on DOCK proteins as 

adaptors. A previous study of DOCK5 in RBL-2H3 cells showed that its effect on mast cell 

signaling was independent of GEF activity, giving credence to the notion that DOCK GEFs can 

play an important role as adaptors in RBL-2H3 cells. One of the main limitations in conducting 

reconstitution studies in B6A4C1 cells is consistently obtaining positive transfection. The 

B6A4C1 cells are notoriously difficult to transfect, and the DOCK7 and DOCK8 plasmids are 

both large (~14kb). To improve consistency with these studies stable B6A4C1 cell lines, 

expressing DOCK7 and DOCK8 should be created, potentially using viral transfection systems, 

which have previously been useful in studying the function of Rho GTPases in  B6A4C1 cells 

(Hong-Geller et al. 2001). Finally, expression levels of DOCK7, DOCK8, and other DOCK 
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GEFs can be compared between B6A4C1 cells and RBL-2H3 cells using western blotting or 

immunofluorescence labeling. If differences are not observed, an attempt can be made to clone 

specific DOCK GEFs out of the RBL-2H3 and B6A4C1 cells to determine if a specific mutation, 

or mutations, is preventing the capacity of DOCK GEFs to activate Cdc42 and Rac1 in B6A4C1 

cells.  

Summary Part 2: In March of 2014 I began experiments to determine if the protein alpha-

synuclein (a-syn) affected stimulated exocytosis in RBL-2H3 cells. Originally, we had no 

expectations as to whether exogenous expression of Wt a-syn would increase, decrease, or have 

no effect on, stimulated responses. We initially discovered an interesting result, that expression 

of Wt a-syn inhibits stimulated VAMP8-mediated exocytosis (Chapter 4). However, this result 

was often difficult to reproduce, and sometimes would disappear for weeks at a time. It was only 

after several months that we finally understood the crucial role that concentration of a-syn played 

in affecting stimulated exocytosis. Our original experiments expressed a-syn at an intermediate 

concentration, between the low concentration, and high concentration, described in Chapter 4. 

Once we identified the importance of a-syn concentration, we were able to quickly optimize our 

protocol, and consistently see strong inhibition of stimulated VAMP8-mediated exocytosis when 

a-syn was expressed at low levels. In contrast, we also clearly demonstrate that expression of 

high levels of a-syn result in the loss of this inhibitory effect. We also demonstrate that Wt a-syn 

inhibits stimulated exocytosis in PC-12 cells, a dopamine releasing cell line. This suggests that 

the results observed in RBL-2H3 cells may be transferable to more neuronal like systems.   

 In Chapter 4 we also investigated whether genetically linked a-syn mutants also inhibit 

stimulated recycling endosomal exocytosis in RBL-2H3 cells. All of these known genetic 

mutants (A30P, E46K, G51D, H50Q, and A53T) inhibit stimulated exocytosis when expressed at 
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low concentrations, and all mutants tested also lose inhibition when expressed at higher levels. 

With the assistance of our collaborator, Dr. David Eliezer from Weill Cornell Medical College, 

we explored various structural mutants that could potentially disrupt the inhibitory effect of a-

syn at low concentrations. We first truncated the acidic, disordered C-terminus of a-syn, as this 

region is thought to control protein-protein interactions. However, a-syn still inhibited stimulated 

exocytosis. We then made a structural mutant, A30P/V70P, similar to other mutants which 

prevent the capacity of a-syn to bind to membranes (Burre, Sharma, and Sudhof 2012; Burré, 

Sharma, and Südhof 2015). This mutant does not inhibit stimulated recycling endosomal 

exocytosis, providing evidence that membrane binding is essential for the inhibitory effect we 

observe.  

 As a-syn has been shown to affect stimulated endocytosis in many different cellular 

systems, we next investigated the role of a-syn in regulating stimulated endocytosis in RBL-2H3 

cells. In contrast to our exocytosis results, a-syn did not show significant inhibition of 

endocytosis at low expression levels. However, at higher expression levels, a-syn begins to 

inhibit stimulated endocytosis, and this effect appears to be dependent on the C-terminus of a-

syn.  

 Our results, that low expression of a-syn affect stimulated exocytosis, not endocytosis, 

and that high expression of a-syn affects stimulated endocytosis, but not exocytosis, lead us to 

believe that we may be observing both physiological and pathological functions of synuclein, 

depending on concentration level. Future experiments are needed to determine if the differences 

we see are based on a-syn aggregation state, and if our observed results can also be observed in a 

neuronal cell line.   
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 Future Directions Part 2: A-syn is known to aggregate within neurons, eventually 

forming Lewy bodies in the brains of Parkinson’s disease (PD) patients. A-syn aggregation has 

been shown to be a time and concentration-dependent process (Narkiewicz, Giachin, and 

Legname 2014). As a result, the fact that we see differing results depending on whether we 

express high or low concentrations of a-syn, in both our exocytosis and endocytosis assays, 

suggests we may be observing aggregation-mediated signaling effects. However, we have yet to 

definitively show that high expression of a-syn in RBL-2H3 cells causes a-syn aggregates. Thus, 

finding an assay that can clearly distinguish a-syn aggregates, from monomeric a-syn, will be 

important for carrying this project forward.  

 Initially we performed western blotting experiments in an attempt to see differences in 

monomeric vs aggregated a-syn. Although interesting results were initially observed, these 

results proved to be inconsistent and unrepeatable (data not shown). We have reached out to a 

collaborator, Dr. Jacqueline Burre at Weill Cornell Medical College, who has suggested using 

Triton X-100 solubility, proteinase K treatment, or limited proteolysis assays, followed by 

immunoblotting, to detect a-syn aggregates. An alternative option would be to use native PAGE 

gel electrophoresis. Even with these methods, Dr. Burre admits that identifying and analyzing a-

syn aggregates is a tricky endeavor, as aggregates do not form in a consistent manner, varying 

from experiment to experiment. However these methods should be attempted so that we can 

definitively determine whether the concentration-dependent differences observed in RBL-2H3 

cells is due to a-syn aggregation. 

 Fluorescent recovery after photobleaching (FRAP) is an alternative method for observing 

differences in the state of a-syn when expressed at high or low concentrations. Initial 

experiments have proven promising. In RBL-2H3 cells expressing mRFP only, recovery after 
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photobleaching can be observed within the nucleus of cells, as shown in Figure 5.1A. However, 

when Wt-syn-mRFP is expressed at high concentrations, no recovery is observed after 

photobleaching. This protocol is currently being optimized as technical difficulties have 

prevented us from doing appropriate control experiments. Under current photobleaching 

conditions, dim or medium fluorescent cells, are completely photobleached with no recovery 

observed, for either mRFP or Wt-syn-mRFP. Once this technical difficulty is overcome we will 

compare FRAP between dim and bright Wt-syn-mRFP expressing cells to see if a difference can 

be observed. FRAP observed when Wt-syn-mRFP is expressed at low, but not high levels, would 

provide evidence that a-syn is aggregating when expressed at high concentrations, preventing a-

syn from diffusing, and recovering, following photobleaching. Future experiments will aim to 

improve photobleaching conditions, so that proper control experiments can be performed. 

 Finally, comparing and applying what we learn from RBL mast cell studies to neuronal 

systems is crucial for determining the relevance of our results. Our ability to show that low 

expression of a-syn in PC-12 cells inhibits stimulated recycling endosomal exocytosis was the 

first step in making this transition. However, even though PC-12 cells release dopamine upon 

stimulation, they are still not neuronal cells. We have begun growing N2A neuroblastoma cells, 

and in initial experiments have shown that VAMP8-pHluorin exocytosis can be stimulated and 

observed using 80 mM KCl (data not shown). Follow-up studies will investigate whether 

expression of Wt a-syn inhibits KCl-stimulated exocytosis in N2A cells, and whether differing 

concentrations of Wt a-syn affect this response. Making this transition to a neuronal cell line, and 

investigating the effect of a-syn on exocytosis induced with a more commonly used neuronal 

stimulant (KCl instead of thapsigargin + phorbol 12-myristate-13-acetate), is a critical step in 

moving this project forward. Hopefully, by conducting the experiments described in this 
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summary section, our lab will move closer to identifying the physiological function of a-syn and 

improve our understanding of why disruption of this function leads to onset of PD.               
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Figure 5.1. Expression of human Wt a-syn inhibits FRAP in RBL-2H3 cells. RBL-2H3 cells 

were transfected with high levels of mRFP or Wt-syn-mRFP. Cells were then photobleached 

using the Zeiss 710 confocal microscope, at 10 seconds, and fluorescent recovery was monitored 

over 300 seconds.  
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