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The MHC class I-related Fc receptor (FcRn) regulates the in vivo half-life of 

immunoglobulin G (IgG) and transports IgG across cell barriers. The intracellular 

trafficking of FcRn is central to its diverse functions. FcRn, like all receptors, is 

transferred to lysosomes for constitutive degradation to maintain a balance between 

synthesis and breakdown. Using live cell imaging, a novel lysosomal delivery pathway 

for FcRn has been observed. Unlike signaling receptors that enter the intraluminal 

vesicles in late endosomes, FcRn remains on the limiting membrane of late endosomes 

and is delivered to lysosomes through a selective, primarily tubule-mediated process. 

Following transfer, FcRn is rapidly internalized into the lysosomal lumen. By contrast, 

LAMP1 remains on the limiting membrane of lysosomes. Rab5 can persist on late 

endosomes, which can not only fuse with lysosomes, but can also give rise to 

tubulovesicular carriers that enter the recycling pathway. Thus, late endosomes are 

functionally plastic. These observations have relevance to understanding lysosomal 

delivery pathways. 

 

A combination of MUltifocal plane Microscopy (MUM) and localized 

photoactivation (‘LP-MUM’) has been developed to investigate the intracellular 

recycling pathway of FcRn. LP-MUM has been used to activate photoactivatable GFP 

(PAGFP) tagged proteins in individual sorting endosomes within cells, followed by 

imaging in two focal planes simultaneously. This approach has enabled the tracking of 

small, motile and dense transport carriers (TCs) that deliver FcRn to different 

destinations within the cell. The Rab GTPases, SNX4 and APPL1 play important roles in 

various steps of receptor trafficking pathways, and their associations with TCs has also 

been investigated. Four distinct itineraries taken by TCs at various stages of FcRn 

recycling have been characterized. In addition, the effectors associated with TCs on 

different pathways have been identified. APPL1+ TCs can transfer FcRn from the plasma 

membrane to pre-existing sorting endosomes. Interendosomal TCs migrate between 

sorting endosomes and are Rab4+/SNX4+ but Rab11-/APPL1-. Post-endosomal TCs that 

deliver FcRn to the plasma membrane are Rab11+ but Rab4-/SNX4-/APPL1-. 

Unexpectedly, a novel class of ‘looping’ TCs that leave a sorting endosome and return to 

the same endosome after several minutes has also been observed. The ‘looping’ TCs are 

Rab11+/Rab4+/SNX4+. The analyses of these TCs should have general relevance to 

other receptors and cargo on the recycling pathway. 
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CHAPTER 1 INTRODUCTION 

1.1 Overview 

This research project was directed towards using advanced fluorescence microscopy to 

investigate the intracellular trafficking pathways of the MHC class I-related Fc receptor, 

FcRn, and effector proteins that associate with these pathways. Investigation of the 

lysosomal delivery and recycling pathways of FcRn were the two foci of this research. A 

novel lysosomal delivery pathway has been observed. Multifocal plane microscopy and 

localized photoactivation techniques were used to track tubulovesicular transport carriers 

(TCs) and their effector proteins in the recycling pathway, resulting in novel insight into 

the recycling process. This chapter gives a brief overview of FcRn function, intracellular 

trafficking pathways and fluorescence microscopy.    

1.2 The MHC class I-related Fc receptor, FcRn 

The MHC class I-related Fc receptor (FcRn) is a type 1 transmembrane receptor which 

binds to the Fc region of IgG in a pH-dependent way (Ghetie and Ward, 2000; Roopenian 

and Akilesh, 2007; Simister and Mostov, 1989; Ward and Ober, 2009). FcRn is a 

heterodimer of an α-chain similar to the α-chains of the class I MHC molecules and a 

class I light chain, the β2-microglobulin (Burmeister et al., 1994). The FcRn α-chain 

consists of three extracellular domains (α1, α2 and α3), a transmembrane region and a 
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small cytoplasmic domain. The extracellular domains of the α-chain are non-covalently 

associated with β2-microglobulin. Several residues in the α2 domain, β2-microglobulin 

and the carbohydrate of rat FcRn are critical for the pH-dependent IgG binding (Martin et 

al., 2001).   

FcRn was first found in the intestinal epithelial cells of newborn rats and mediates IgG 

transport from milk to the bloodstream (Abrahamson and Rodewald, 1981; Brambell, 

1966). Subsequently FcRn has been shown to be expressed in many cell types, including 

monocytes, macrophages, dendritic cells, endothelial cells and epithelial cells, of various 

mammalian species (Ahouse et al., 1993; Borvak et al., 1998; Cauza et al., 2005; Story et 

al., 1994; Zhu et al., 2001). FcRn expression in endothelial cells of the microvasculature 

and hematopoietic cells is responsible for maintaining IgG homeostasis throughout adult 

life (Borvak et al., 1998; Ghetie et al., 1996; Israel et al., 1996; Junghans and Anderson, 

1996; Ober et al., 2004b). FcRn also mediates the transport of IgG and immune 

complexes across epithelial cells and other cell barriers through the transcytotic pathway 

(Antohe et al., 2001; Claypool et al., 2002; Dickinson et al., 1999; Firan et al., 2001; 

McCarthy et al., 2000; Yoshida et al., 2004; Yoshida et al., 2006). The FcRn-mediated 

transport of IgG and immune complexes across epithelial cells are important for mucosal 

immunity (Yoshida et al., 2006).  

FcRn binds to IgG more tightly at acidic pH relative to near neutral pH. In its steady 

state, FcRn is present on the limiting membranes of sorting and late endosomes of 

various cell types (Ober et al., 2004b). IgG is taken into cells through fluid phase 
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pinocytosis and delivered to sorting endosomes (Figure 1.1). In acidic sorting endosomes 

IgG encounters and binds to FcRn since the pH is permissive for high affinity binding. 

Consequently, the FcRn-IgG complex is either sorted into the recycling pathway or, for 

polarized cells, transcytosed across the cells. IgG is released from FcRn at the plasma 

membrane and returned back to the extracellular environment because of the neutral pH 

(lower affinity). Internalized IgG is hence salvaged from being degraded, whereas 

unbound IgG within endosomes is transferred to lysosomes for degradation. 

Consequently, IgGs that bind to FcRn have long in vivo persistence relative to those that 

fail to interact with FcRn within cells. In addition, FcRn might be used to deliver 

therapeutic antibodies to disease sites, since it transfers IgG within cells and across cell 

barriers.   

Because of its crucial functions in maintaining the in vivo persistence of IgG, FcRn can 

be used as a target for improving serum half-lives of therapeutic antibodies or for 

autoimmune diseases in which autoreactive IgGs play a role in pathogenesis (Patel et al., 

2011). Engineering the FcRn-binding residues in the Fc region of IgG has resulted in 

modified affinities of FcRn-IgG interactions (Ghetie et al., 1997; Vaccaro et al., 2005). 

Mutated IgGs with higher affinity FcRn binding at pH 6.0 than wild type IgG, with 

retention of very low affinity at near neutral pH, will have longer in vivo half-lives, 

because these mutants can be recycled by FcRn more efficiently (Ghetie et al., 1997). 

This strategy can be used to improve the half-lives of therapeutic antibodies (Ghetie et 

al., 1997; Presta, 2008; Roopenian and Akilesh, 2007; Ward and Ober, 2009). On the 

other hand, some mutated IgGs have higher affinity and less pH-dependent binding to 
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FcRn. Our lab has developed such mutated antibodies that can enhance IgG degradation 

(Abdegs) (Vaccaro et al., 2005). Abdegs can serve as effective FcRn inhibitors because 

of three reasons. Firstly, they can bind to FcRn on the cell surface and be taken into cells 

by receptor-mediated uptake, rather than the less efficient fluid phase pathway. Secondly, 

they can bind to FcRn in sorting endosomes more efficiently than wild type, lower 

affinity IgGs. Finally, they are not released from FcRn at the plasma membrane following 

exocytosis. Thus Abdegs can be used to treat IgG mediated autoimmunity (Patel et al., 

2011).  

Although the crucial functions of FcRn in regulating transport and levels of IgG are well 

understood, the precise processes and effector proteins that are involved in the 

intracellular trafficking of FcRn, such as the recycling and constitutive degradation 

pathways, remain to be fully established. The processes are particularly relevant to 

improving the pharmacokinetics of therapeutic antibodies and developing therapeutic 

antibodies that use FcRn as a target or delivery tool. It is also of interest to know how the 

recycling pathway and constitutive degradation pathway of recycling receptors are related 

to each other. Interestingly, Abdegs have shorter in vivo serum half-lives than wild type 

IgG (Dall'Acqua et al., 2002). The process that leads to lysosomal delivery of Abdegs for 

degradation is also one of the topics of investigation in this research project. 
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Figure 1.1 

FcRn salvages IgG from degradation. In endothelial cells, IgG enters cells through 

fluid phase pinocytosis and is delivered to sorting endosomes. IgG can bind to FcRn in 

sorting endosomes because of the acidic environment. Consequently, the FcRn-IgG 

complex is sorted back to the apical membrane in tubulovesicular transport carriers via 

the recycling pathway. At the plasma membrane, IgG is released from FcRn to the 

extracellular environment because of the near neutral pH. IgG is hence salvaged from 

being degraded in the lysosomes. 

 
Figure 1.2 

A model for the endocytic membrane/receptor trafficking pathways. 
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1.3 The endocytic membrane trafficking pathways 

1.3.1 Receptor endocytosis 

The endocytic membrane trafficking pathways, composed of transport carriers (TCs), 

early/sorting endosomes, recycling endosomes, late endosomes and lysosomes, regulate 

the internalization, sorting, recycling and degradation of membrane receptors and other 

macromolecules (Figure 1.2) (Grant and Donaldson, 2009; Maxfield and McGraw, 

2004). The organelles in these pathways are connected by a complex network of 

tubulovesicular TCs. The transmembrane receptors to be constitutively internalized, such 

as FcRn and transferrin receptor, are recruited to the clathrin-coated pits in the plasma 

membrane. This process is mediated by sorting signals of receptors and adaptor proteins. 

The invagination of the clathrin-coated pits and their fission from the plasma membrane, 

mediated by dynamin and actin, results in the delivery of membrane receptors, their 

ligands and lipids into endocytic vesicles (Grant and Donaldson, 2009). Signaling 

receptors, such as EGFR, are selectively internalized into endocytic vesicles through 

clathrin-coated pits upon ligand stimulation. The surface levels of the signaling receptors 

are finely regulated by this ligand-stimulated internalization process. This internalization 

process is triggered by ubiquitination, a post-translational modification that attaches 

ubiquitin to the lysine residues of the receptors catalyzed by enzymes E1, E2 and E3 

(Grant and Donaldson, 2009). In addition to the classical clathrin-dependent pathway, 

several clathrin-independent pathways exist for receptor endocytosis (Grant and 

Donaldson, 2009). After internalization, there are two models existing for the earlier step 
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of receptor endocytic pathways, i. e. how receptors are delivered to early/sorting 

endosomes after internalization. A classical model states that newly formed endocytic 

vesicles pinch off from the plasma membrane and fuse with preexisting, stable 

early/sorting endosomes to deliver cargo (Gruenberg, 2001; Mellman et al., 1986; Zerial 

and McBride, 2001).  This concept is challenged recently by another ‘maturation’ model 

in which endocytic vesicles mature directly into early/sorting endosomes by homotypic 

fusion (Zoncu et al., 2009). These two models may not be mutually exclusive, since 

vesicles on the vesicular transport model can also mature by the addition or removal of 

effectors.  

1.3.2 Receptor recycling 

From the early/sorting endosomes, receptors can be either recycled back to the cell 

surface for reuse or sorted into the lysosomal degradation pathway (Figure 1.2] (Grant 

and Donaldson, 2009; Maxfield and McGraw, 2004). Recycling receptors, such as the 

transferrin and LDL receptors, can be transported from early/sorting endosomes to the 

plasma membrane directly (the fast recycling pathway) or through intermediate, 

perinuclear recycling endosomes/endosomal recycling compartments (the slow recycling 

pathway). The kinetics of transferrin receptor recycling have been shown to have two 

phases, consistent with slow and fast recycling, and it accumulates in the perinuclear 

areas of cells after 15 min incubation (Daro et al., 1996; Grant and Donaldson, 2009; 

Hopkins and Trowbridge, 1983; Maxfield and McGraw, 2004). The sorting of recycling 

receptors into the early/sorting endosomes is believed to be geometry-based (Maxfield 
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and McGraw, 2004). Recycling receptors remain on the limiting membrane of 

early/sorting endosomes. Narrow-diameter tubules can extend from the early/sorting 

endosomes. Recycling receptors in the limiting membrane of early/sorting endosomes 

can move into the tubular extension regions. The higher surface area-to-volume ratios of 

the tubules result in sorting of the recycling receptors on the limiting membrane from the 

soluble molecules in the lumen of early/sorting endosomes. The tubules then pinch off 

from the early/sorting endosomes to form tubulovesicular TCs which deliver cargo to 

different destinations. These TCs are relatively small, crowded and highly motile, making 

them very difficult to track in live cells. Despite extensive studies of the endocytic 

pathways, how the TCs and endosomal compartments in this pathway are related to each 

other in both temporal and spatial terms remains to be established. Specifically, the 

subpopulations of TCs which deliver cargos to different destinations and their effector 

associations are not well defined. Furthermore, although the fast and slow recycling 

pathways have been reported, the intracellular trafficking steps that constitute these two 

pathways are still unclear. 

1.3.3 Lysosomal delivery 

In early/sorting endosomes, ligands may be released to the lumen from their receptors 

due to the low pH and subsequently transferred to lysosomes. On the other hand, 

internalized signaling receptors are modified by cytosol ubiquitin ligases and this triggers 

the delivery of the receptors into the intraluminal vesicles of endosomes, a process 

mediated by endosomal sorting complexes required for transport (ESCRTs) (Piper and 
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Katzmann, 2007). Late endosomes with intraluminal vesicles are also called 

multivesicular bodies (MVBs). In addition, several ubiquitin-independent pathways for 

the entry of endocytosed membrane receptors into intraluminal vesicles have been also 

reported (McNatt et al., 2007; Piper and Katzmann, 2007; Reggiori and Pelham, 2001). 

From these intraluminal vesicles, the receptors and ligands are finally delivered into the 

lysosomal lumen and degraded. Lysosomes are the primary site for the stimulated and 

constitutive degradations of membrane receptors (Luzio et al., 2007; Saftig and 

Klumperman, 2009). However, the mechanisms of lysosomal biogenesis and the 

lysosomal delivery of receptors are not fully understood. Different models, including 

vesicular transport, endosomal maturation and endo-lysosomal fusion, have been 

proposed for the content exchange between late endosomes and lysosomes. In addition, 

how the recycling receptors, such as the transferrin receptor and FcRn, are transported 

into lysosomes for constitutive degradation is unknown. These receptors, unlike signaling 

receptors, remain by default on the limiting membrane of endosomes and are not 

ubiquitinated. It is of interest to know if these receptors are also transported to the 

intraluminal vesicles of MVBs prior to lysosomal delivery.  

1.4 Rab GTPases  

1.4.1 The Rab GTPase protein family  

The Rab GTPases are a large family of small GTPases which control the intracellular 

membrane identity and serve as coordinators of membrane trafficking (Hutagalung and 
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Novick, 2011; Stenmark, 2009; Zerial and McBride, 2001). The Rab GTPases can be 

found either in the cytosol or associated with the limiting membranes of multiple cellular 

organelles (Figure 1.3). The Rab GTPases in the cytosol are bound to GDP and Rab 

GDP dissociation inhibitors (GDIs). The membrane-bound GDI displacement factors 

(GDFs) catalyze the dissociation of GDIs from Rabs, binding of GTP to Rabs and the 

insertion of Rabs into specific membranes. Therefore, Rab GTPases can switch between 

the GDP-bound ‘off’ form and the GTP-bound ‘on’ form. The GDP-bound Rabs are 

activated by releasing GDP and recruiting GTP, which requires the guanine nucleotide 

exchange factors (GEFs). The hydrolysis of GTP, which is catalyzed by GTPase-

activating proteins (GAPs), converts the GTP-bound Rabs back to the inactive GDP-

bound form.  

Rab GTPases can control membrane identity by regulating membrane lipid compositions 

(Stenmark, 2009; Zerial and McBride, 2001). Phosphoinositides (PIs) recruit Rab 

effectors to specific membranes and Rab effectors phosphorylate or dephosphorylate 

specific phosphatidylinositols in these membranes to maintain their identities. The GTP-

bound Rab GTPases regulate vesicular budding, motility of vesicles and organelles, and 

fusion by recruiting specific effector proteins (Stenmark, 2009; Zerial and McBride, 

2001). For example, Rab GTPases can recruit adaptor proteins to sort cargo to vesicles 

forming on the ‘donor’ membrane, mediate the dissociation of coat proteins after 

pinching off, recruit motor adaptors or bind directly to molecular motors and recruit 

tethering factors to facilitate fusion.  
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Figure 1.3 

The Rab GTPase cycle. Rab GTPases in the cytosol are bound to GDP and Rab GDP 

dissociation inhibitors (GDIs). The membrane-bound GDI displacement factors (GDFs) 

catalyze the dissociation of GDIs from Rabs and the insertion of Rabs into specific 

membranes. The GDP-bound Rabs are activated by releasing GDP and recruiting GTP, 

which require the guanine nucleotide exchange factors (GEFs). The hydrolysis of GTP, 

which is catalyzed by GTPase-activating proteins (GAPs), converts the GTP-bound Rabs 

back to the inactive GDP-bound form. 
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1.4.2 Rab4, Rab5, Rab7 and Rab11 are involved in the endocytic trafficking 

pathways 

Of about 70 human Rab GTPases, Rab5 is associated with early/sorting endosomes and 

regulates the fusion of endocytic vesicles and early/sorting endosomes (Christoforidis et 

al., 1999; Simonsen et al., 1998). The late endosome/lysosome associated Rab7 regulates 

late endosomal mobility and the formation of MVBs (Bucci et al., 2000; Progida et al., 

2007). A Rab conversion model has been proposed by Rink and co-workers in which 

Rab5 is gradually replaced by Rab7 during endosomal maturation (Rink et al., 2005). In 

the recycling pathway, Rab11 is associated with both recycling endosomes and 

early/sorting endosomes. Internalized transferrin colocalizes with Rab11 in the 

perinuclear areas of cells after 30 minutes incubation (Ren et al., 1998; Ullrich et al., 

1996). Rab11 regulates trafficking from early/sorting endosomes to recycling endosomes 

and from recycling endosomes to the plasma membrane (Lindsay and McCaffrey, 2004; 

Ren et al., 1998; Schonteich et al., 2008; Ullrich et al., 1996; Ward et al., 2005). An 

effector protein of Rab11, Rip11/Rab11-FIP5, binds to the molecular motor kinesin II to 

mediate receptor recycling (Schonteich et al., 2008). Other effector proteins, Rab11-FIP2 

and FIP3, have been shown to interact with myosin Vb and dynein, respectively (Hales et 

al., 2002; Horgan et al., 2010; Wang et al., 2008). Rab4, on the other hand, is associated 

with sorting endosomes and is partially depleted from recycling endosomes (Sheff et al., 

1999). Transferrin accumulates in the perinuclear compartments that are Rab4 negative 

after 15 minutes incubation (Daro et al., 1996). Rab4 regulates the formation of recycling 

vesicles and the fast recycling pathway through effectors such as Rabaptin-5 and Rabip4’ 
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that interact with γ1-adaptin (Deneka et al., 2003; Fouraux et al., 2004; McCaffrey et al., 

2001; Pagano et al., 2004; Sheff et al., 1999; Yudowski et al., 2009). Interactions 

between Rab4 and molecular motors kinesin and dynein have also been shown (Bielli et 

al., 2001; Imamura et al., 2003). Rab4 and Rab11 share a common effector, D-AKAP2 

(Eggers et al., 2009). However, Rab4 has been reported to not be involved in exocytic 

events (Ward et al., 2005).  

One goal of the work in the research project was to identify the associations of Rab 

GTPases in FcRn trafficking pathways. For example, at which point during Rab5 to Rab7 

conversion do endosomes no longer generate recycling TCs and gain competence to 

interact with lysosomes? How do Rab4 and Rab11 associate with different TCs in the 

recycling pathway of FcRn in spatiotemporal terms? These questions are particularly 

relevant to mechanisms regulating the constitutive degradation and recycling pathways of 

recycling receptors, such as FcRn and the transferrin receptor.  

1.5 The adaptor protein containing PH domain, PTB domain and leucine zipper 

motif, APPL 

Adaptor protein containing PH domain, PTB domain and Leucine zipper motif (APPL) is 

a Rab5 effector that was first identified as an interacting partner for inactive 

serine/threonine kinase AKT2 and the phosphatidylinositol 3-kinase p100α (Miaczynska 

et al., 2004; Mitsuuchi et al., 1999). The two homologous proteins, APPL1 and APPL2, 

both contain a Bin-Amphiphysin-Rvs (BAR) domain and localize to the same 
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compartments within cells (Miaczynska et al., 2004; Urbanska et al., 2011). The PH 

domain of APPL1 is insufficient for its membrane targeting (Miaczynska et al., 2004). 

Both the BAR and PH domains are necessary for Rab5 binding and the membrane 

association of APPL is dependent on Rab5. APPL1 is present in a subpopulation of early 

endosomes, which does not have another Rab5 effector EEA1. The APPL1+ early 

endosomes concentrate in the cell periphery and are smaller than the perinuclear EEA1+ 

sorting endosomes. The APPL1+ early endosomes are derived from clathrin-coated pits 

and can mature to EEA1+/PI(3)P+ early/sorting endosomes (Miaczynska et al., 2004; 

Zoncu et al., 2009). The maturation of APPL1+ early/sorting endosomes to EEA1+ 

endosomes requires PI(3)P. EGF can be internalized into APPL1+ early/sorting 

endosomes and bind to EGFR. Upon the delivery of EGF into APPL1+ early/sorting 

endosomes, APPL1 is transferred from the early/sorting endosomes to the nucleus to 

mediate cell proliferation by interacting with the nucleosome remodeling and histone 

deacetylase multiprotein complex NuRD/MeCP1, which regulates chromatin structure 

and gene expression (Miaczynska et al., 2004). The translocation of APPL1 upon EGF 

stimulation requires Rab5 hydrolysis. The APPL1+ early/sorting endosomes hence 

represent a subpopulation of early/sorting endosomes in the endocytic pathways where 

the signal transduction of EGFR can still occur.  

APPL1 has also been reported to interact with multiple proteins involved in signal 

transduction, such as two adiponectin receptors, the netrin-1 receptor DCC, TrkA, 

NMDA receptor, FISH receptor, Akt, Annexin A2 and GIPC (Husi et al., 2000; Liu et al., 

2002; Mao et al., 2006; Nechamen et al., 2004; Schenck et al., 2008; Urbanska et al., 
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2011; Varsano et al., 2006). On the other hand, transferrin has been reported to not 

associate with APPL1+ early/sorting endosomes (Miaczynska et al., 2004). Since FcRn is 

not a signaling receptor, it is interesting to know if or how FcRn passes through APPL1+ 

early/sorting endosomes following internalization from the plasma membrane.  

1.6 Sorting nexin 4 

All members of the sorting nexin (SNX) protein family contain a phospholipid binding 

motif, the phox domain (Cullen, 2008; Haft et al., 1998; Worby and Dixon, 2002). The 

phox domains of sorting nexins consist of 100-130 amino acids and bind to specific 

phosphatidylinositol phosphates. Sorting nexins associate with specific membranes 

through their phox domains and mediate diverse membrane trafficking processes, such as 

endocytosis and endosomal sorting. In addition to its phox domain, sorting nexin 4 

(SNX4) also contains a Bin-Amphiphysin-Rvs (BAR) domain which has a curved 

structure. The concave face of the BAR domain interacts with membranes and hence can 

sense the membrane curvature of small vesicles and tubules. The phox domain of SNX4 

binds specifically to phosphatidylinositol-3-monophosphate, which is enriched in 

endosomes (Cullen, 2008). Hence SNX4 associates with the vesicular and tubular 

extensions of endosomes through its phox and BAR domains. SNX4 mediates the 

recycling/retrieval pathways of Ste6 and Snc1p in yeast (Hettema et al., 2003; 

Krsmanovic et al., 2005). In mammalian cells, SNX4 interacts with the molecular motor 

dynein through Kidney and Brain Protein (KIBRA) to drive the tubulation of 

early/sorting endosomes and mediates the transport of transferrin receptor from the 
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early/sorting endosomes to recycling endosomes (Traer et al., 2007). Amphiphysin 2 

works together with SNX4 to mediate the intracellular trafficking of the transferrin 

receptor (Leprince et al., 2003). During the endosomal maturation process in which Rab4 

is replaced by Rab11, SNX4+ tubulation of endosomes has been observed (van Weering 

et al., 2012). The tubulation of sorting endosomes is believed to be important for 

geometric-based sorting of membrane receptors to the recycling pathway (Maxfield and 

McGraw, 2004). Furthermore, SNX4 has also been reported to bind to clathrin and 

mediate endosome to Golgi transfer of rasin in an hVps34 dependent way (Skanland et 

al., 2009; Skanland et al., 2007). The TC association of SNX4 in the intracellular 

trafficking of FcRn is therefore of interest, since this SNX is of particular relevance to the 

recycling pathway. 

1.7 Fluorescence microscopy 

1.7.1 The principle of fluorescence microscopy 

In fluorescence microscopy, the contrast of image is obtained by labeling objects, such as 

proteins with fluorophores. Green fluorescent protein (GFP) was first found in Aequorea 

Victoria decades ago (Shimomura et al., 1962). More recently, a large number of 

additional fluorescent proteins have been isolated or developed by protein engineering 

(Zhang et al., 2002). Genes encoding fluorescent proteins can be fused with the genes of 

proteins of interest by recombinant DNA techniques. The fusion proteins containing a 

fluorescent protein and the protein of interest can be expressed in live cells and observed 
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by fluorescence microscopy. This approach has revolutionized the microscopic analysis 

of fluorescently tagged proteins in live cells (Lippincott-Schwartz et al., 2001).  

The improvement in the sensitivity of charge-coupled device detectors also allows data 

acquisition at higher frame rates, thus rapid events can be monitored in real time. 

Consequently, current microscopy approaches combined with the use of different 

fluorophores can be used to analyze intracellular trafficking processes at unprecedented 

levels of temporal and spatial resolution. 

1.7.2 Multifocal plane microscopy 

Conventional wide-field fluorescence microscopy monitors cellular components in a 

single focal plane within cells. However, cells are three dimensional structures. When 

observing live cells with conventional fluorescence microscopy, the organelles of 

interest, such as TCs and sorting endosomes may move out of the focal plane and 

disappear. To track the organelles that move quickly in 3 dimensions, it is desirable to 

image multiple focal planes simultaneously within cells. Using focusing devices, such as 

piezos, different focal planes can be imaged sequentially. However, the frame rates are 

relatively slow due to the scanning. As a result, it is difficult to track the rapid, long-

distance moving organelles in multiple color channels (for different proteins). Multifocal 

plane microscopy (MUM), which can monitor live cells in 3 dimensions with relatively 

high frame rates, has been developed in our laboratory to overcome this technical barrier 

(Prabhat et al., 2007; Prabhat et al., 2004). In MUM, several cameras are attached to the  
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Figure 1.4 

A MUM setup. Fluorescence is split into two (or more) light paths. For each of the light 

paths, fluorescence is projected onto a camera by a tube lens. The distances between 

these cameras and the tube lenses are different hence distinct planes within the cell can be 

imaged simultaneously by the cameras. 
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sideport of the microscope through dual-view adaptors (Figure 1.4). Fluorescence 

emitted by the sample is split into several light paths by beam splitters. For each of the 

light paths, fluorescence is projected onto a camera through a tube lens. The cameras are 

placed at different distances from the tube lens, and therefore focus onto different planes 

within samples. Therefore multiple planes within cells can be imaged simultaneously 

with higher frame rates. Fast moving organelles which travel in 3 dimensions can be 

tracked using MUM (Prabhat et al., 2007; Prabhat et al., 2004; Ram et al., 2008).  

1.7.3 Localized photoactivation 

Photoactivatable fluorescent proteins (PA-FPs), whose emission spectral properties can 

be changed significantly upon illumination with light of specific wavelengths, have been 

developed and used for imaging protein dynamics, fluorescence pulse labeling,  

fluorescence resonance energy transfer and localization-based super resolution imaging 

(Betzig et al., 2006; Demarco et al., 2006; Kim et al., 2006; Lippincott-Schwartz et al., 

2003; Patterson and Lippincott-Schwartz, 2002; Schuster et al., 2011b). Some PA-FPs, 

such as PhotoActivatable GFP (PAGFP), emit little or no fluorescence under the original 

excitation wavelengths of GFP (488 nm). However, the emission of PA-GFP increases 

significantly upon transient photoactivation with UV light (Patterson and Lippincott-

Schwartz, 2002). Others, such as EosFP, switch peak emissions from one wavelength to 

another upon photoactivation (Wiedenmann et al., 2004). When labeling proteins with 

conventional fluorescent proteins, there are frequently too many labeled organelles 

containing these proteins in the field of view. Furthermore, some of these compartments 
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might be moving rapidly within the cell. The individual organelles of interest are difficult 

to distinguish from surrounding structures in sequential frames because of the high 

density and mobility. Tracking of single organelles or vesicles over relatively long time 

periods is therefore difficult due to loss of identities. The background fluorescence from 

out-of-focus, labeled structures also limits the capacity of identifying and tracking single 

structures within live cells. In some cases the proteins to be tracked, such as Rab 

GTPases, are also present in the cytosol and give rise to fluorescent haze.  

The use of PA-FPs facilitates the tracking of movement of proteins within cells, if PA-

FPs on one individual organelle can be specifically ‘switched on’ rapidly and efficiently, 

whereas PA-FPs in other structures within cells are left inactivated. Activated organelles 

are easy to identify throughout all frames, since other organelles within cells emit very 

low fluorescence and are almost invisible. For the same reason the background 

fluorescence is also very low. The quantification of fusion and fission events of TCs with 

endosomes or other organelles is difficult when using conventional fluorophores. For 

example, when smaller, low fluorescent intensity TCs fuse with bigger, brighter 

structures such as a sorting endosome, the intensity change in the sorting endosome is 

minor compared with its original intensity. Using PA-FPs and activating only one 

individual organelle in cells facilitates confirmation of merging events by quantification 

of intensity analyses because the ‘acceptor’ organelles will have lower fluorescence. 

Therefore the intensity changes in the organelles are significant in relation to its original 

intensity.  
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In this research project, a Localized Photoactivation-MUltifocal plane Microscopy (LP-

MUM) setup which combines both MUM and photoactivation has been developed to 

investigate the intracellular trafficking pathways of FcRn. in live cells. In particular, the 

use of LP-MUM, has enabled the tracking of small, motile TCs in the FcRn recycling 

pathway in three dimensions, leading to novel insight into the intracellular trafficking 

steps that contribute to FcRn recycling. 
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CHAPTER 2 MATERIALS AND METHODS 

The details of the sample preparations, experimental conditions and data processing are 

presented in this section. This project was a collaborative effort of the current and former 

members of Drs. E. Sally Ward/Raimund J. Ober lab. The cell culture, molecular cloning 

and transfection were done by Dr. E. Sally Ward, Z. Gan, C. Vaccaro, S. Gibbons, J. 

Zhou and A. Puig-Canto. Live and fixed cell imaging experiments and data analyses were 

conducted by Z. Gan.     

2.1 Media 

2.1.1 Tissue culture media 

MCDB 131 medium was prepared by mixing 500 mL of MCDB 131 (without L-

glutamine, Invitrogen, Carlsbad, CA), 50 mL of FCS, 5 mL of penn/strep and 5 mL of L-

glutamine. 

Ham’s F-12 K medium was prepared by mixing 7.14 grams of Ham’s powder (US 

Biological, Swampscott, MA), 1.25 grams of sodium bicarbonate, 500 mL of Milli-Q 

water, 50 mL of IgG-depleted FCS, 5 mL of penn/stryp, 5 mL of L-glutamine, 77.5 mg of 

calcium chloride, 50 mg of heparin salt and 15 mg of endothelial cell growth supplement. 
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2.1.2 Bacterial media 

No salt medium was prepared by mixing 20 grams of tryptone, 20 grams of yeast extract 

and 1 Liter of distilled water. The pH value of medium was adjusted to 7.2 with NaOH.  

4 x TY medium was prepared by mixing 20 grams of tryptone, 10 grams of NaCl, 20 

grams of yeast extract and 1 Liter of distilled water. The pH value of medium was 

adjusted to 7.2 with NaOH.  

2.2 Plasmid constructs 

2.2.1 Plasmid constructs obtained 

Plasmid constructs that are obtained from outside are listed in Table 2.1. 

2.2.2 Plasmid constructs made in our lab 

In this research project, FcRn with GFP appended to N-terminus is written as GFP-FcRn, 

and FcRn with GFP appended to C-terminus is written as FcRn-GFP etc. Plasmid 

constructs encoding human and mouse FcRn (hFcRn and mFcRn) fused at the C-terminus 

or N-terminus with enhanced GFP or mRFP, and human or mouse β2-microglobulin 

(β2m) have been described (Ober et al., 2004b; Vaccaro et al., 2005). The wild type 

hFcRn gene in hFcRn-GFP was replaced by a mutated variant of human FcRn (’79- 
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Table 2.1 Plasmid constructs obtained 

Constructs Description Generously provided by or 

purchased from 

LAMP-1-GFP rat LAMP-1 with GFP 

appended to C-terminus 

Professor P. Luzio 

(University of Cambridge, 

UK) 

GFP-Rab4 human Rab4a with GFP 

appended to N-terminus 

Professor M. Zerial (Max 

Planck Institute of 

Molecular Cell Biology and 

Genetics, Germany) 

GFP-Rab5 human Rab5a with GFP 

appended to N-terminus 

Professor M. Zerial (Max 

Planck Institute of 

Molecular Cell Biology and 

Genetics, Germany) 

GFP-Rab7 human Rab7a with GFP 

appended to N-terminus 

Professor M. Zerial (Max 

Planck Institute of 

Molecular Cell Biology and 

Genetics, Germany) 

GFP-Rab11 human Rab11a with GFP 

appended to N-terminus 

Professor M. Zerial (Max 

Planck Institute of 

Molecular Cell Biology and 

Genetics, Germany) 

GFP-SNX4 human SNX4 with GFP 

appended to N-terminus 

Prof. P. Cullen (University 

of Bristol, UK). 

mCherry-SNX4 human SNX4 with mCherry 

appended to N-terminus 

Prof. P. Cullen (University 

of Bristol, UK). 

GFP-APPL1 human APPL1 with GFP 

appended to N-terminus 

Addgene (Cambridge, MA) 

mRFP-APPL1 human APPL1 with mRFP 

appended to N-terminus 

Addgene (Cambridge, MA) 
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89/136-147’) that has higher affinity for binding to IgG (Zhou et al., 2005) to generate 

the hFcRn_mut-GFP construct. The plasmid construct encoding LP pHluorin-hFcRn 

(Miesenbock et al., 1998) has been described previously (Prabhat et al., 2007). The wild 

type FcRn gene in LP GFP-hFcRn and LP-mRFP-hFcRn was replaced by the mutated 

variant of human FcRn (’79-89/136-147’) as a Bglll-Sall fragment to make the LP GFP-

hFcRn_mut and LP mRFP-hFcRn_mut. The FcRn_mut-stop construct was generated by 

inserting a stop codon between the C-terminus of the FcRn_mut gene and the N-terminus 

of the GFP gene in the FcRn_mut-GFP construct. To make the hFcRn_mut-PAGFP, the 

hFcRn_mut gene in the hFcRn_mut-mRFP construct was recloned into the PAGFP-N1 

vector (generously provided by Dr. George Patterson, NIBIB) as an EcoRl fragment. In 

order to make the LP PAGFP-hFcRn, the PAGFP gene was recloned into the LP mRFP 

wt hFcRn to replace the mRFP gene as a Kpnl fragment. The wild type FcRn gene in this 

construct was then replaced with the mutated variant of human FcRn (’79-89/136-147’) 

as a Bglll-Sall fragment to make the LP PAGFP-hFcRn_mut. 

The plasmid constructs  encoding mRFP-Rab5 and mRFP-Rab7 have been described 

previously (Gan et al., 2009). Genes encoding human Rab11a and Rab4a were recloned 

into the mRFP-C1 vector that is made by replacing the EGFP gene in the pEGFP-C1 

vector (Clontech, Palo Alto, CA) with the mRFP gene as a NheI-Bgl II fragment, as 

KpnI-BamHI fragments to make the mRFP-Rab4 and mRFP-Rab11 constructs, 

respectively. To make PAGFP-Rab11 and PAGFP-Rab4, the human Rab11a and Rab4a 

genes in the mRFP-Rab4 and mRFP-Rab11 constructs were recloned into the PAGFP-C1 

vector as Kpnl-BamHl fragments, respectively. To make PAGFP-SNX4, the human 
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SNX4 gene from mCherry-SNX4 was recloned into the PAGFP-C1 vector (Dr. George 

Patterson) as a HindIII-Xmal fragment.  

2.3 Expression of PAGFP 

The PAGFP gene in a PAGFP-C1 vector was recloned into a pUC19 vector designed for 

periplasmic secretion (Ward, 1992; Ward et al., 1989) as an EcoRI-NcoI fragment to 

generate an E. coli. expression vector for the production of soluble PAGFP. The plasmid 

construct was transformed into E. coli. Transformed E. coli cells were grown for 14 hours 

in 4 x TY.  The protein expression was induced in no salt medium for 4.5-5 hours and the 

cells were osmotically shocked as described previously (Ward, 1992). The soluble 

PAGFP protein was then purified from the osmotic shocks fractions using Ni-NTA-

agarose resin (Qiagen, Valencia, CA). The purified protein was dialyzed against PBS 

with 0.02% NaN3 at 4 °C overnight, harvested and concentrated by centrifuging at 4 °C at 

2,300 rpm using Amicon 10,000 MWCO ultra filtration units (Millipore, Billerica, MA).  

2.4 Antibodies and reagents 

Alexa 488, 555, and 647-labeled dextran (10,000MW, anionic, fixable) were purchased 

from Invitrogen.  

MST-HN, an mutated human IgG1 (or ‘Abdeg’) that is engineered to bind with higher 

affinity and less pH-dependence to FcRn in the range pH 6.0–7.4 (Vaccaro et al., 2005) 
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was labeled with Atto 647N-NHS ester (Atto-Tec, Siegen, Germany) or Alexa fluor 555 

(Invitrogen) as recommended by the manufacturer’s methods. 

Mouse IgG2a anti-Rab5 and mouse IgG1 anti-EEA1 antibodies were purchased from BD 

Biosciences (San Jose, CA). Mouse IgG1 anti-LAMP-1 antibody (H4A3) was purchased 

from the Developmental Studies Hybridoma Bank (Iowa City, IA). The rabbit polyclonal 

anti human APPL antibody was purchased from Abcam (Cambridge, UK). Secondary 

antibody conjugates Alexa 647-labeled goat anti-rabbit IgG, Alexa 350-labeled donkey 

anti-rabbit IgG, Alexa 488-labeled goat anti-mouse IgG2a and Alexa 555-labeled goat 

anti-mouse IgG1 were purchased from Invitrogen.  

2.5 Cell culture and transfections 

The human endothelial cell line HMEC-1 is a dermal-derived microvasculature cell line 

(generously provided by F. Candal, CDC). HMEC-1 cells were maintained in MCDB131 

medium (Invitrogen) before transfection. HMEC-1 cells were transiently co-transfected 

with different combinations of expression constructs using nucleofector technology 

(Amaxa Biosystems, Cologne, Germany) and the protocol recommended for the 

transfection of human endothelial cells. Immediately after transfection, cells were plated 

in phenol red-free Ham’s F-12K medium on MatTek dishes (35-mm, glass-bottom, 10 

mm microwell dishes; MatTek, Ashland, MA) for live cell imaging experiments. In some 

experiments, the glass bottoms of MatTek dishes were substituted by coverglasses (part 

number 72224-01, Electron Microscopy Sciences, Hatfield, PA) using polymount 
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because HMEC-1 cells were found growing better on the EMS coverglasses after 

transfection. For fixed cell imaging experiments, transfected cells were plated on 

coverslips (size 1.5, 12 mm diameter; Fisher Scientific, Houston, TX) in a 24-well plate 

or MatTek dishes with EMS coverglasses. These combinations are: FcRn-GFP (human) 

(1 µg) and human β2m (1 µg); FcRn-GFP (mouse) (1 µg) and mouse β2m (1 µg); mRFP-

FcRn (human) (1 µg) and human β2m (1 µg); FcRn-mRFP (human) (1 µg) and human 

β2m (1 µg); LAMP-1-GFP (rat) (1 µg), mRFP-FcRn (human) (1 µg), and human β2m (1 

µg); GFP-Rab5 (0.5 µg), mRFP-FcRn (human) (1 µg), and human β2m (1 µg); GFP-Rab7 

(0.5 µg), mRFP-FcRn (human) (1 µg), and human β2m (1 µg); mRFP-Rab5 (0.5 µg) and 

GFP-Rab7 (0.5 µg); GFP-FcRn (1 µg) and human β2m (0.5 µg); FcRn-PAGFP (1 µg), 

human β2m (0.5 µg) and mRFP-Rab4 (0.2 µg); mRFP-FcRn (1 µg), human β2m (0.5 

µg) and GFP-APPL1 (0.2 µg); FcRn-stop (1 µg), human β2m (0.5 µg) and GFP-APPL1 

(0.2 µg); GFP-SNX4 (0.2 µg) and mRFP-Rab4 (0.2 µg); GFP-Rab11(0.2 µg) and 

mCherry-SNX4 (0.2 µg); mCherry-SNX4 (0.2 µg) and GFP-APPL1 (0.2 µg); mRFP-

Rab4 (0.05 µg); FcRn-stop (1 µg), human β2m (0.5 µg), GFP-Rab11 (0.2 µg) and 

mCherry-SNX4 (0.2 µg); GFP-SNX4 (0.2 µg), human β2m (0.5 µg) and mRFP-FcRn (1 

µg); mCherry-SNX4 (0.2 µg) and GFP-Rab11 (0.2 µg); mCherry-SNX4 (0.2 µg) and 

PAGFP-Rab4 (0.2 µg); mRFP-Rab4 (0.2 µg), human β2m (0.5 µg) and FcRn-PAGFP (1 

µg); PAGFP-Rab4 (0.2 µg) and mCherry-SNX4 (0.2 µg); mCherry-SNX4 (0.2 µg) and 

PAGFP-Rab11 (0.2 µg); PAGFP-Rab11 (0.2 µg), human β2m (0.5 µg) and mRFP-FcRn 

(1 µg); GFP-FcRn (1 µg), human β2m (0.5 µg) and mCherry-SNX4 (0.2 µg); pHluorin-

FcRn (1 µg), human β2m (0.5 µg) and mRFP-APPL1 (0.2 µg). 
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To ensure that the expression of Rab proteins and SNX4 does not affect the recycling 

pathway in transfected cells, HMEC-1 cells were co-transfected with different 

combinations of SNX4 and Rab proteins. Recycling rates of labeled transferrin were 

analyzed using flow cytometry as described previously (Ward et al., 2005). For cells co-

expressing Rab proteins and SNX4 at the levels used for imaging in this research project, 

no significant differences in the transferrin recycling rates were observed between 

transfected and untransfected cells.  

For live cell imaging experiments, cells were maintained at 35 – 37 °C using an objective 

heater. Experiments were carried out between 19–27 hours post-transfection. To mark 

lysosomes with labeled dextran, cells were incubated with Alexa 488, 555 or 647-labeled 

dextran (500 µg/ml in phenol red-free Ham’s F-12 K medium at ≈ pH 7.4) for 2 hours. 

Cells were then washed and chased in phenol red-free Ham’s F-12 K medium at ≈ pH 7.4 

for 1–6 hours. To label FcRn with Atto 647N or Alexa 555-labeled IgG (MST-HN 

mutant), cells were incubated with 5 µg/ml IgG conjugates in phenol red-free Ham’s F-12 

K medium at ≈ pH 7.4 for 2 min to 24 hours. 

For immunofluorescence staining, cells were fixed using 3.4% or 1.7% paraformaldehyde 

with 0.1% glutaraldehyde (10 min on ice) and permeabilized using 0.5 mg/ml saponin in 

phosphate buffered saline (PBS). Cells were then pre-blocked with 4% BSA in PBS and 

incubated with the primary antibody in 1% BSA in PBS for 25 min at room temperature. 

Cells were blocked with serum (100X dilution with 1% BSA in PBS) from the same host-

animal in which the secondary antibody was raised, and incubated with the secondary 
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antibody conjugate for 25 min at room temperature. If cells were on coverglasses in a 24-

well plate, cells were washed and the coverglasses were mounted on slides with Prolong 

(Invitrogen) and sealed with polymount. If the cells were on MatTek dishes, the 

mounting and sealing steps are not required. Instead, cells were immersed in 1.5 – 2 ml of 

1% BSA in PBS containing 0.05% sodium azide. 

2.6 Immobilization of recombinant PAGFP 

Mowiol (Calbiochem, La Jolla, CA) coverslip mounting solution was prepared by mixing 

6 g glycerol, 2.4 g Mowiol, 6 mL distilled water and 12 mL 0.2 M Tris (pH 8.5). The 

solution was stored at -20 °C. To immobilize recombinant PAGFP, the Mowiol solution 

was warmed to 37 °C and mixed with a solution of purified PAGFP. 100 µL mixed 

solution was transferred immediately to the microwell areas of MatTek dishes. The 

mixed solution was pipetted up and down to ensure good mixing on the microwells. 

The MatTek dishes were left in dark place overnight to allow the gel to solidify. 

The entire dishes were covered with 2.5 mL of 1X PBS before imaging.  

2.7 LP-MUM 

The details of the LP-MUM configuration and validation are described in APPENDIX A. 

For LP-MUM imaging, cells were maintained at 35 − 37
o
C using an objective heater. For 

PAGFP activation, individual sorting endosomes were identified in the mCherry/mRFP 

channel. A 405 nm laser beam was focused on the sorting endosomes and transiently 
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turned on to photoactivate PAGFP in sorting endosomes. The photoactivation resulted in 

the significant increase of PAGFP fluorescence. The cells were then continuously excited 

by a 488 nm and a 543 nm lasers during acquisition. The exposure time was 300 ms per 

frame for all 4 cameras.  

2.8 Wide field live cell imaging 

Cells were maintained at 35 – 37 °C using an objective heater. Data were collected using 

a Zeiss Axiovert S100TV inverted fluorescence microscope with a Zeiss (Thornwood, 

NY) 1.4 NA 100× Plan-APOCHROMAT objective and a Zeiss 1.6× Optovar. Three laser 

lines were used for wide field excitation with a custom-built, right side-facing filter cube. 

A 488-nm laser (Laser Physics, West Jordan, UT) was used for GFP excitation, a 543-nm 

laser (Research Electro-Optics, Boulder, CO) for mRFP or Alexa 555 excitation, and a 

633-nm laser (JDS Uniphase, San Jose, CA) for Atto 647N or Alexa 647 excitation. 

Images were acquired with an Andor (South Windsor, CT) iXon camera. A beamsplitter 

488/543/633 and emission filters Z488/543/633m, HQ590/50m, HQ525/50m, and 

HQ690/90m from Chroma Technology (Brattleboro, VT) were used. A filter wheel was 

used to mount and cycle the single band emission filters. Three shutters were used to 

cycle the three lasers sequentially. The exposure time for each color channel was 500 ms, 

and a set of images for all three color channels was acquired every 1.5 s.  
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2.9 Wide field fixed cell imaging 

Fixed cell images were acquired using a Zeiss Axiovert 200 M inverted fluorescence 

microscope with a Zeiss 1.4 NA100× Plan-APOCHROMAT objective or a Zeiss 1.4 NA 

63× Plan-APOCHROMAT oil DIC objective. In some cases, a Zeiss 1.6× Optovar was 

used. Exciter HQ 470/40x, dichroic Q495LP, and emitter HQ 525/50m were used for the 

GFP/Alexa 488 channel, exciter HQ 545/30x, dichroic 570LP and emitter HQ 593/40m 

were used for the mRFP/mCherry/Alexa 555 channel, exciter HQ 640/20x, dichroic 

Q660LP and emitter HQ 700/75m were used for the Atto 647N/Alexa 647 channel, and 

exciter D365/10X, dichroic 380 DCLP and emitter D460/50m were used for the Alexa 

350 channel. All filters and dichroics were purchased from Chroma Technology. Images 

were collected with a Hamamatsu Orca 100 CCD camera. 

2.10 Imaging analyses 

All data were processed and displayed using the custom-written Microscopy Image 

Analysis Tool (MIATool) software package (www4.utsouthwestern.edu/wardlab) in 

MATLAB (Mathworks, Natick, MA). For data presented in Chapter 3, the intensities of 

acquired data were linearly adjusted. Images from two or three color channels were 

overlaid and annotated. In overlay images, the intensities of the individual color channels 

were adjusted to similar levels. The final images were exported for presentation in 

Canvas 9 (ACD Systems, Miami, FL). For intensity analyses of sorting endosomes and 

lysosomes, regions of interest (ROIs) were segmented manually, and a threshold value 
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was applied to the ROIs to determine pixels belonging to analyzed compartments. A 

background intensity value was subtracted from each pixel. The resulting values were 

added together to obtain the total mRFP (FcRn), Atto 647N (IgG) or GFP (LAMP-1 or 

Rab7) fluorescence intensities of the analyzed compartments. For photobleaching 

analyses, a background intensity value was subtracted from each pixel. The average 

intensities per pixel of the complete image for each frame were multiplied by the 

maximum pixel numbers of the ‘donor’ compartments, and the resulting values were 

plotted over time. 

For (LP-)MUM data presented in Chapter 4, the first step of image processing is 

registration (Appendix A). After registration, the intensities of images from each camera 

were linearly adjusted to similar levels to properly display the events of interest. In some 

cases (e.g. relatively long time of imaging), photobleaching was compensated by 

applying different linear intensity adjustments to different time-contiguous segments of 

images from a given camera. For intensity analysis, the GFP-APPL1+ endosomes were 

manually segmented for each frame. A background intensity value was subtracted from 

each pixel. The resulting values were added together to obtain the total GFP fluorescence 

intensities of the compartments in each frame. For photobleaching analysis shown in 

Figure 4.10, a 141X141 ROI within the cell was selected and a background intensity 

value was subtracted from each pixel. The resulting values were added together to obtain 

the total GFP fluorescence intensities of the ROI in each frame. The total GFP 

fluorescence intensities of the endosome and ROI were normalized and plotted over time.  
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For core/annulus intensity analyses of exocytic events shown in Figure 4.29, methods 

analogous to those described previously (Prabhat et al., 2007) were used. This approach 

was used to determine the change in fluorescence intensity for two concentric ROIs 

encompassing the exocytic site. The total fluorescence intensity of each ROI was 

calculated for every frame, and the intensity of the smaller ROI designated the core 

intensity. The difference between the intensity of the larger and smaller (core) ROI was 

calculated to yield the annulus intensity.  
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CHAPTER 3 ANALYSES OF THE LYSOSOMAL DELIVERY PATHWAY 

THAT MEDIATES DEGRADATION OF FcRn AND ABDEGS 

3.1 Introduction 

Lysosomes are a primary site of protein degradation in cells. In the current Chapter, 

microscopy experiments have been conducted to investigate the lysosomal delivery of 

FcRn on the constitutive degradation pathway. In addition, the delivery of a class of 

engineered antibodies called Abdegs, that are known to have relatively short in vivo half-

lives (Vaccaro et al., 2005), to lysosomes has been analyzed. The results in this chapter 

have been published in Traffic (Gan et al., 2009). The temporal aspects and modes of 

lysosomal delivery of FcRn and Abdegs have been analyzed.  
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Figure 3.1 

mRFP-tagged FcRn can be detected in lysosomes. HMEC-1 cells were co-transfected 

with mRFP-FcRn and human β2m or FcRn-mRFP and human β2m. Cells were pulsed 

with Alexa 647-labeled dextran for 2 hours and chased for 6 hours. Compartments in the 

single color data for FcRn and dextran are highlighted with rectangles of the same color 

as the arrowheads in the overlay data. Scale bars = 5 µm. Yellow arrowheads in the 

overlay data indicate dextran+ lysosomes with mRFP-tagged FcRn in the intraluminal 

space. Both N- or C-terminally tagged FcRn can be detected in lysosomes.  

 

 

Figure 3.2 

FcRn is a type I transmembrane protein. For FcRn-mRFP fusion protein, the 

fluorescent protein mRFP is appended to the C terminus of FcRn and in the cytosol if 

FcRn is on the limiting membrane of endosomes. For mRFP-FcRn, mRFP is appended to 

the N terminus of FcRn and in the intraluminal space of endosomes. 
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3.2 Distribution of FcRn 

HMEC-1 cells were transfected with mRFP tagged FcRn (human) and pulse chased with 

Alexa 647-labeled dextran to label lysosomes (2 hours pulse, 6-24 hours chase). mRFP 

fluorescence could be clearly detected in the intraluminal space of the dextran+ 

lysosomes, in addition to being present on the limiting membrane of abundant early 

endosomes as described previously (Ober et al., 2004b) (Figure 3.1). FcRn is a type I 

membrane protein, so that C-terminal tagging results in the localization of the fluorescent 

protein in the cytosol if the receptor is on the limiting membrane of intracellular 

organelles (Figure 3.2). Importantly, the detection of mRFP in the intraluminal space is 

not due to cleavage of mRFP from FcRn on the limiting lysosomal membrane followed 

by release into the lumen, since it is observed for both N- and C-terminally tagged FcRn. 

In cells transfected with C-terminally tagged FcRn, 94% (n=50) of dextran+ lysosomes 

are mRFP+ and for N-terminally tagged FcRn, 96% (n=55) of dextran+ lysosomes are 

mRFP+, indicating that the fusion of mRFP to FcRn does not impact the intracellular 

trafficking pathway of FcRn.  However, from the analyses using mRFP tagged FcRn, 

whether FcRn is also present on the limiting membrane of lysosomes in addition to the 

intraluminal space could not be determined. Therefore experiments with FcRn tagged at 

the C-terminus with GFP (FcRn-GFP) were also carried out to investigate this. GFP has 

very low fluorescence at lysosomal pH (Katayama et al., 2008; Patterson et al., 1997) and 

is susceptible to proteolysis (Daniels and Amara, 1999; Delamarre et al., 2005; Katayama 

et al., 2008). It is therefore hypothesized that GFP fluorescence from C-terminally tagged 

FcRn would not be detectable if FcRn were rapidly internalized into the intraluminal 



 

38 

space following transfer to lysosomes. Although GFP-labeled FcRn could be seen on the 

limiting membrane of endosomes as described previously (Ober et al., 2004b), GFP is not 

observed in lysosomes when the fluorophore was linked to either the N- or C-terminus of 

FcRn (Figure 3.3, and data not shown). This suggests that the internalization of FcRn 

from the limiting membrane into the intraluminal space of lysosomes is relatively rapid, 

so that the steady state distribution is primarily within the lumen. The lysosomal 

accumulation of FcRn is most likely due to the constitutive turnover of this receptor.  
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Figure 3.3 

FcRn-GFP cannot be detected in lysosomes. HMEC-1 cells were co-transfected with 

FcRn-GFP and human β2m. Cells were pulsed with Alexa 647-labeled dextran for 2 hours 

and chased for 6 hours. Compartments in the single color data for FcRn and dextran are 

highlighted with rectangles of the same color as the arrowheads in the overlay data. Scale 

bar = 5 µm. Red arrowheads in the overlay data indicate dextran+ lysosomes without 

FcRn-GFP in the intraluminal space.  

 

Figure 3.4 

MST-HN IgG (Abdeg) serves as a FcRn tracer. MST-HN IgG can bind to FcRn on the 

plasma membrane of the cell. It also can be taken up through fluid phase pinocytosis and 

delivered to sorting endosomes. It can bind to FcRn in sorting endosomes because of the 

acidic environment. Consequently, the FcRn-IgG complex is sorted back to the plasma 

membrane via the recycling pathway. At the plasma membrane, unlike wild type IgG, 

MST-HN IgG is not released from FcRn into extracellular environment. MST-HN 

therefore serves as an intracellular marker for FcRn within the cell. 
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3.3 Temporal aspects of lysosomal delivery 

The constitutive expression of mRFP tagged FcRn in transfected cells precludes an 

analysis of the temporal aspects of lysosomal delivery of this receptor. A fluorescently 

labeled Abdeg IgG (‘MST-HN’)  that has been engineered to bind through its Fc region 

with high affinity to FcRn in the pH range 5-7.4 (Vaccaro et al., 2005) was therefore used 

to track receptor behavior over time periods that could be regulated by IgG delivery. In 

addition, to facilitate the use of labeled IgG as a tag for FcRn, a mutated variant of human 

FcRn (Zhou et al., 2005) that is engineered to have higher affinity for IgG was used 

throughout these studies. The relatively high affinity of the interaction of this mutated 

FcRn for binding to MST-HN in the range pH 6.0-7.2 (Kd at pH 6.0 = 1 nM; Kd at pH 

7.2 = 4.5 nM, (Prabhat et al., 2007)) reduces the possibility of dissociation of MST-HN 

from FcRn in endosomes and at the cell surface so that it can be used as a tracer for FcRn 

on both the recycling and endolysosomal pathways within cells (Figure 3.4). By contrast, 

wild type IgG1 binds with substantially lower affinity to FcRn (mutant) at pH 6.0 and 

with immeasurably low affinity at near neutral pH (Vaccaro et al., 2005; Zhou et al., 

2005) and is therefore unsuitable as a ligand for tracking FcRn.  

mRFP-FcRn transfected cells were pulse-chased with Alexa 488-labeled dextran (MW 

10,000 Da) to label lysosomes, followed by addition of 5 µg/ml Atto 647N-labeled IgG. 

Cells were imaged at different times up until 24 hours following IgG addition (Figure 

3.5). After a pulse time of ~1-3 hours with labeled IgG, the antibody shows extensive 

colocalization with mRFP-FcRn (Figure 3.5; or FcRn-mRFP, data not shown) in  
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Figure 3.5 

Temporal aspects of lysosomal delivery of FcRn.  HMEC-1 cells were co-transfected 

with mRFP-FcRn and human β2m. Cells were pulsed with Alexa 488-labeled dextran for 

2 hours and chased for 1 hour. Cells were then incubated with 5 µg/ml Atto 647-labeled 

IgG for different times as indicated. Compartments in the single color data for FcRn, IgG 

and dextran are highlighted with rectangles of the same colors as the arrowheads in the 

overlay data. Scale bars = 5 µm. White arrowheads indicate endosomes with mRFP-

FcRn+/IgG+ limiting membrane. Red arrowheads indicate mRFP-FcRn+/dextran+ 

lysosomes without detectable IgG following 3 hours of IgG incubation. Blue arrowheads 

indicate mRFP-FcRn+/dextran+/IgG+ lysosomes following 6 or 24 hours of IgG 

incubation. 
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endosomal structures or smaller tubulovesicular compartments (all of 50 mRFP-FcRn+ or 

FcRn-mRFP+ endosomes analyzed are IgG+), consistent with our earlier studies 

(Vaccaro et al., 2005) with little or no colocalization with lysosomes (2% of 51 

dextran+/FcRn+ lysosomes analyzed are IgG+). However, following 4-6 hours of IgG 

addition, significant amounts of labeled antibody are colocalized with dextran and mRFP 

in the intraluminal space of lysosomes (Figure 3.5; 85% of 46 dextran+/FcRn+ 

lysosomes analyzed are IgG+), although a substantial proportion of this antibody remains 

associated with FcRn in endosomes (Figure 3.5; all of 62 FcRn+ endosomes analyzed 

are IgG+). At later times (6-24 hours), the amount of IgG in lysosomes relative to 

endosomes increases, until about 16-24 hours when the majority is located in lysosomes 

(Figure 3.5; 98% of 50 dextran+/FcRn+ lysosomes analyzed are IgG+). Thus, within 

several hours of addition, IgG ligand and FcRn can be detected in the intraluminal space 

of lysosomes and the accumulation continues to increase thereafter.  The behavior of the 

MST-HN mutant contrasts with that of wild type IgGs which, due to their marked pH 

dependent binding to FcRn, are in general sorted into the recycling/transcytotic pathway 

and exocytosed (Ober et al., 2004a; Ober et al., 2004b). Since the MST-HN mutant is an 

effective tag of FcRn, this data establishes the timing of FcRn transfer to lysosomes. 
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3.4 Modes of FcRn transport from late endosomes to lysosomes 

To analyze the details of the dynamic processes that are involved in the transfer of FcRn 

to lysosomes, HMEC-1 cells were co-transfected with mRFP-FcRn and lysosomal 

associated membrane protein-1 (LAMP-1)-GFP to demarcate late endosomes (dim for 

LAMP-1, mannose-6-phosphate receptor (M6PR) positive and dextran negative; data not 

shown) and lysosomes (bright for LAMP-1, M6PR negative, dextran positive). The use 

of fluorescently labeled LAMP-1 allows the limiting membrane of the lysosomes to be 

demarcated. Consistent with the analyses using dextran pulsed cells (Figure 3.1), mRFP 

could be detected in the intraluminal space of LAMP-1+ (bright) lysosomes (Figure 3.6).  

Figure 3.6 shows the delivery of mRFP-labeled FcRn from a late endosome to a closely 

apposed lysosome via a tubule that extends from the late endosome (13.5 s), fuses with a 

lysosome and immediately separates from the ‘donor’ endosome within a time period of 

about 3 s. Subsequent to FcRn transfer, a smaller lysosome fuses with the first lysosome 

in a homotypic fusion event (28.5-30 s). In Figure 3.7, a FcRn+ tubule that is longer than 

that shown in Figure 3.6 is extended from a late endosome and delivers FcRn to the 

lysosome. This tubule merges with the lysosome (19.5 s) and disconnects from the 

lysosome 4.5 s following the merging event. The intensity changes for mRFP 

fluorescence in both the donor endosome (decrease in intensity) and the acceptor 

lysosome (increase in intensity) for these two transfer events are shown in Figure 3.8. 

For all intensity plots in this research project, to exclude the possibility that the intensity 

decreases in donor compartments are due to photobleaching, the average photobleaching  
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Figure 3.6 

Tubule-mediated transfer of FcRn from the limiting membrane of a late endosome 
to a lysosome. HMEC-1 cells were co-transfected with LAMP-1-GFP, mRFP-FcRn 

(human) and human β2m. Individual images are presented with the time (in seconds) at 

which each image was acquired (first image is arbitrarily set to time 0). Images on the left 

hand side show a complete cell, with the boxed region expanded as cropped images for 

the 0 second and later images. White arrows in the overlay images show the event of 

interest that are also indicated in the single color (mRFP-FcRn) data by yellow arrows. 

Images are individual frames of Movie 3.1. Scale bar = 1 µm. A mRFP-FcRn+ tubule 

extends from a late endosome (red arrowhead) to a lysosome (white arrowhead) from 

13.5–16.5 s. At 16.5 s, the tubule merges with the lysosome and separates from the late 

endosome. An additional lysosome (blue arrowhead, 0 s) merges with the first lysosome 

(white arrowhead at 0 s) at 28.5–30 s. 

 

 

 

 

 

 

 

 

 



 

45 

 

Figure 3.7 

Tubule-mediated transfer of FcRn from the limiting membrane of a late endosome 
to a lysosome. HMEC-1 cells were co-transfected with LAMP-1-GFP, mRFP-FcRn 

(human) and human β2m. Individual images are presented with the time (in seconds) at 

which each image was acquired (first image is arbitrarily set to time 0). Images on the left 

hand side show a complete cell, with the boxed region expanded as cropped images for 

the 0 second and later images. White arrows in the overlay images show the event of 

interest that are also indicated in the single color (mRFP-FcRn) data by yellow arrows. 

Images are individual frames of Movie 3.2. Scale bar = 1 µm. A mRFP-FcRn+ tubule 

extends from a late endosome (red arrowhead) towards a lysosome (white arrowhead) at 

0 s, merges with the lysosome at 19.5 s and breaks away from the recipient lysosome at 

24 s. 
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rates are determined. The average intensity decays are much less than the measured 

intensity decreases in donor compartments, indicating that intensity decreases in donor 

compartments are not due to photobleaching (Figure 3.9). In both examples of transfer 

events, the lysosomes already have substantial amounts of mRFP (FcRn) in their vacuole. 

Taken together with the absence of FcRn-GFP on the limiting membrane of lysosomes 

(Figure 3.3), this suggests that the internalization of FcRn into the intraluminal space is 

efficient.   

Due to the constitutive expression of mRFP in transfected cells, the ‘brightness’ of mRFP 

in the majority of recipient lysosomes limited our ability to detect relatively small 

changes in intensity due to transfer of FcRn (tagged with mRFP) to lysosomes. 

Therefore, to facilitate the analysis of such intensity changes, the pathways of late 

endosome to lysosome transfer were further investigated using labeled (Atto 647N) 

MST-HN IgG (Vaccaro et al., 2005), for which accumulation in lysosomes only started 

shortly following IgG addition to cultures. In a subset of analyses mouse FcRn instead of 

human FcRn was also used since, unlike human FcRn, it does not have a cytosolic tail 

lysine (Ahouse et al., 1993; Story et al., 1994) which could serve as an ubiquitination 

target (Figure 3.12, Figure 3.14 and Figure 3.16). Similar distribution and transport 

modes were observed for both mouse and human FcRn in HMEC-1 cells in this and other 

studies, indicating that the trafficking pathway of human FcRn from late endosomes to 

lysosomes is not ubiquitin dependent.  
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Figure 3.8 

Fluorescence intensity plots for mRFP in the interacting compartments in Figure 3.6 

and Figure 3.7. 

 

Figure 3.9 

mRFP Photobleaching analyses for Figure 3.6 and Figure 3.7 The average intensities 

per pixel of each frame were multiplied by the maximum pixel numbers of the ‘donor’ 

compartments, and the resulting values were plotted over time. The mean mRFP intensity 

decays (≈ 40000 and 20000 units, respectively) during the transfer events showed in 

Figure 3.6 and Figure 3.7 are less than the measured mRFP intensity decreases (≈ 

300000 and 100000 units, respectively) of the ‘donor’ compartments showed in Figure 

3.8.  These photobleaching analyses hence indicate that the intensity decreases shown in 

Figure 3.8 are not due to photobleaching. 
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In Figure 3.10, a FcRn+/IgG+ late endosome interacts with a dextran+/IgG+ lysosome 

over a time period of 67.5 s (until the data collection is stopped). During a three second 

period (43.5-46.5 s), detectable levels of IgG transfer can be observed. The intensity 

changes for Atto 647N fluorescence in both the donor endosome (decrease in intensity) 

and the acceptor lysosome (increase in intensity) for this transfer event are presented in 

Figure 3.11.  By contrast with Figure 3.10, Figure 3.12 shows IgG transfer between an 

adjacent late endosome and lysosome via a process that does not involve a detectable 

tubule and resembles kiss-and-linger events (Bright et al., 2005; Gandhi and Stevens, 

2003; Ryan, 2003; Storrie and Desjardins, 1996). In the example shown, detectable levels 

of IgG transfer occur over a time period of ~460 s (Figure 3.12).  An analysis of the 

intensity changes for Atto 647N fluorescence in the two compartments involved in this 

transfer event is presented in Figure 3.13. The intensity changes over time provide 

support for the transfer of material from the late endosome to lysosome. In another 

example of IgG transfer to lysosomes, we observed two tubules extending simultaneously 

from an FcRn+/IgG+ endosome (Figure 3.14): one tubule interacts with a lysosome for 

25.5 s and transfers detectable levels of IgG over a shorter period of 3 s (30-33 s). A 

second tubule appears to contact an endosome for about 46.5 s. FcRn(-GFP) and IgG 

could be detected in both tubules (Figure 3.14), and instead of separating from the donor 

endosome, both tubules retract following interaction with their partner organelles. The 

intensity changes for Atto 647N fluorescence in the donor and acceptor compartments in 

Figure 3.14 are consistent with the transfer of IgG (Figure 3.15). Subsequently, FcRn 

and IgG leave the donor endosome in a tubulovesicular transport container (Figure 3.16), 
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Figure 3.10 

Tubule-mediated transfer of IgG from an endosome to a lysosome. HMEC-1 cells 

were co-transfected with FcRn-GFP (human) and human β2m (A). Cells were pulsed 

with Alexa 555-labeled dextran for 2 hours, chased for 1 hour and incubated with 5 

µg/ml Atto 647N-labeled IgG for 7 hours. Individual images are presented with the time 

(in seconds) at which each image was acquired (first image is arbitrarily set to time 0). 

Images shown are individual frames of Movie 3.3. Scale bar = 1 µm. A dextran+/IgG+ 

lysosome (white arrowhead) interacts with an endosome (red arrowhead, FcRn+/IgG+ 

limiting membrane) for an extended time period (27-94.50 s, when data collection was 

stopped). Detectable levels of IgG are transferred from the endosome to the lysosome 

(43.5-46.5 s). The event of interest is indicated by white arrows. The boxed region 

marked at 39 s is subsequently presented as cropped, single color (IgG) images in the 

lower row, with red arrows indicating the same event. 
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Figure 3.11 

Photobleaching analysis and fluorescence intensity plots for Figure 3.10. The mean 

Atto 647N intensity decay (≈ 6,000 units) during the transfer event shown in Figure 3.10 

is significantly less than the measured  Atto 647N intensity decrease (≈ 150,000 units) of 

the ‘donor’ compartment. The photobleaching analysis indicates that the intensity 

decrease is not only due to photobleaching.  
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suggesting that late endosomes can both transfer FcRn and/or ligand to lysosomes and 

generate recycling compartments.  

Collectively, these analyses indicate that the majority (71%, n=24 from 24 different cells) 

of transfer events for FcRn involve tubular extensions from late endosomes to lysosomes, 

with the remainder resembling kiss-and-linger (five events) or rarely, full fusion to form 

hybrid compartments (two events; data not shown). However, the frequency of kiss-and-

linger might be an underestimate, since we frequently observed late endosomes and 

lysosomes in close proximity without detectable transfer of material. Of the 17 events for 

which tubular transfer could be observed, 88% involved long lived contacts between late 

endosomes and lysosomes (> 3 s). All five transfer events that did not occur via visible 

tubules involved contact between participating organelles that lasted for prolonged time 

periods (> 200 s).  
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Figure 3.12 

A lysosome and endosome interaction without tubules involved. HMEC-1 cells were 

co-transfected with FcRn-GFP (mouse) and mouse β2m. Cells were pulsed with Alexa 

555-labeled dextran for 2 hours, chased for 1 hour and incubated with 5 µg/ml Atto 

647N-labeled IgG for 5 hours. Individual images are presented with the time (in seconds) 

at which each image was acquired (first image is arbitrarily set to time 0). Images shown 

are individual frames of Movie 3.4. Scale bar = 1 µm. A FcRn+/IgG+ late endosome (red 

arrowhead) interacts with a dextran+/IgG+ lysosome (white arrowhead) for a prolonged 

period (58.5-517.50 s, when data collection was stopped) to transfer IgG without 

detectable tubular extension(s). 

 

Figure 3.13 

Photobleaching analysis and fluorescence intensity plots for Figure 3.12. The mean 

Atto 647N intensity decay (≈ 70,000 units) during the transfer event shown in Figure 

3.12 is significantly less than the measured  Atto 647N intensity decrease (≈ 700,000 

units) of the ‘donor’ compartment. The photobleaching analysis indicates that the 

intensity decrease is not only due to photobleaching. 
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Figure 3.14 

Tubule-mediated transfer of IgG from an endosome to a lysosome. HMEC-1 cells 

were co-transfected with FcRn-GFP (mouse) and mouse β2m. Cells were pulsed with 

Alexa 555-labeled dextran for 2 hours, chased for 1 hour and incubated with 5 µg/ml Atto 

647N-labeled IgG for 4 hours. Individual images are presented with the time (in seconds) 

at which each image was acquired (first image is arbitrarily set to time 0). Images shown 

are individual frames of Movie 3.5. Scale bar = 1 µm. A FcRn+/IgG+ tubule, indicated 

by white arrows, extends from a ‘donor’ endosome (red arrowhead) towards a 

dextran+/IgG+ lysosome (white arrowhead), and contacts this lysosome for 25.5 s (12-

37.5 s) before retracting. Detectable levels of IgG are transferred from this tubule to the 

lysosome (30-33 s). A second tubule, indicated by yellow arrows, extends from the 

‘donor’ endosome and interacts with another endosome (6-52.5 s) prior to retracting. The 

boxed region at 30 s is presented as cropped, single color (IgG) images in the lower row, 

with red arrows indicating IgG transfer from the ‘donor’ endosome to the lysosome. 
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Figure 3.15 

Photobleaching analysis and fluorescence intensity plots for Figure 3.14. The mean 

Atto 647N intensity decay (≈ 12,000 units) during the transfer event shown in Figure 

3.14 is significantly less than the measured Atto 647N intensity decrease (≈ 150,000 

units) of the ‘donor’ compartment. The photobleaching analysis indicates that the 

intensity decrease is not only due to photobleaching. 

 

Figure 3.16 

A recycling transport carrier is formed from the endosome shown in Figure 3.14. 

Later frames corresponding to Figure 3.14 show that an FcRn+/IgG+ tubule (white 

arrows) extends (205.5 s) and leaves (234 s) the ‘donor’ endosome after the same 

endosome has interacted with a lysosome (Figure 3.14). Individual images are presented 

with the time (in seconds) at which each image was acquired (first image is arbitrarily set 

to time 0).  



 

55 

3.5 Bifurcation of LAMP-1 and FcRn trafficking pathways at the endo-lysosomal 

transition 

LAMP-1 is colocalized with FcRn on the limiting membrane of late endosomes but, in 

contrast to FcRn, can also be clearly seen on this membrane of lysosomes (Figure 3.6). 

For comparative purposes, the behavior of LAMP-1 during late endosomal-lysosomal 

fusion events was therefore analyzed. These studies indicated that late endosomes 

(weakly LAMP-1+, FcRn+ and M6PR+) can interact with lysosomes (strongly LAMP-

1+, M6PR-) to transfer LAMP-1 through processes that involve tubular extensions from 

the late endosomes. In Figure 3.17, a tubule can be seen extending from the lower part of 

the late endosomes at 0 s. This tubule then appears to form a vesicular compartment that 

moves around the perimeter of the late endosome prior to extending as a tubule at 39 s to 

fuse with the lysosome to transfer LAMP-1 (40.5-43.5 s). This transfer event is followed 

by separation from the late endosome. The intensity changes for GFP fluorescence in 

both the donor endosome (decrease in intensity) and the acceptor lysosome (increase in 

intensity) for this transfer event are presented in Figure 3.18. Due to the limited 

resolution of fluorescence microscopy, it is impossible to conclusively rule out an 

alternative, less likely interpretation that this moving structure is a separated, small 

compartment that contacts and moves around the perimeter of the late endosome and 

subsequently bridges the late endosome and the lysosome.  

LAMP-1 can also migrate from a lysosome to a (late) endosome (Figure 3.19). In the 

example shown, transfers occur in stepwise fashion via two distinct tubules (12-18 and  
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Figure 3.17 

A transfer event of LAMP-1 involving a tubule from a late endosome to a lysosome. 
HMEC-1 cells were co-transfected with LAMP-1-GFP, mRFP-FcRn (human), and 

human β2m. Cells were incubated with Atto 647N-labeled IgG for 4.5 hours. Individual 

images are presented with the time (in seconds) at which each image was acquired (first 

image is arbitrarily set to time 0). The event of interest is indicated by white arrows. The 

boxed region at 39 seconds are presented as cropped, single color (LAMP-1) images in 

the lower row(s), with red arrows indicating the same events. Images shown are 

individual frames of Movie 3.6. Scale bar = 1 µm. A tubule (white arrows) extends (0 s) 

from the lower part of a late endosome (red arrowhead), forms a vesicular compartment 

on the limiting membrane (7.5 s), moves around the perimeter of the late endosome, 

extends a tubule (39 s) and contacts (40.5 s) the limiting membrane of a lysosome 

(LAMP-1+ limiting membrane; mRFP-FcRn+/IgG+ intraluminal space; white 

arrowhead), transfers LAMP-1 (40.5-43.5 s) and separates from the late endosome at 43.5 

s. The LAMP-1 single color data is presented in the middle row, with the yellow arrows 

indicating the same tubulovesicular compartment. 
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Figure 3.18 

Photobleaching analysis and fluorescence intensity plot for Figure 3.17. The mean 

GFP intensity decay (≈ 12,000 units) during the transfer event shown in Figure 3.17 is 

significantly less than the measured GFP intensity decrease (≈ 50,000 units) of the 

‘donor’ compartment. The photobleaching analysis indicates that the intensity decrease is 

not only due to photobleaching. 
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24-25.5 s). Each of these tubules extends, merges with the limiting membrane of the 

recipient late endosome and separates from the donor lysosome prior to the delivery of 

the next tubule. Subsequently, LAMP-1 appears to diffuse into the limiting membrane of 

the late endosome, although other interpretations are possible such as that this LAMP-1+ 

tubulovesicular compartment moves rapidly out of the focal plane. The intensity changes 

for GFP fluorescence in the donor and acceptor compartments are shown in Figure 3.20. 

This demonstrates that bidirectional movement between the limiting membranes of late 

endosomes and lysosomes can occur. In all LAMP-1 transfer events (n= 6 from 4 

different cells), tubular extensions were observed but neither FcRn nor IgG transfer was 

detected. Taken together with the distinct distribution of LAMP-1 and FcRn in 

lysosomes, this indicates that the transfer and internalization of FcRn into the interior of 

these organelles is a selective process. 
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Figure 3.19 

Two transfer events of LAMP-1 involving two tubules from a lysosome to a late 
endosome. HMEC-1 cells were co-transfected with LAMP-1-GFP, mRFP-FcRn 

(human), and human β2m. Cells were incubated with Atto 647N-labeled IgG for 3 hours. 

Individual images are presented with the time (in seconds) at which each image was 

acquired (first image is arbitrarily set to time 0). Events of interest are indicated by white 

arrows. The boxed region at 12 seconds are presented as cropped, single color (LAMP-1) 

images in the lower row(s), with red arrows indicating the same events. Images shown 

are individual frames of Movie 3.7. Scale bar = 1 µm. Two different tubules extend 

sequentially (starting at 12 s) from a lysosome (white arrowhead) to a late endosome (red 

arrowhead) and transfer LAMP-1 over two time windows (12-18 and 24-25.5 s), as 

indicated by white arrows. Subsequently, the LAMP-1 appears to diffuse into the limiting 

membrane of the late endosome. No transfer of mRFP-FcRn could be detected. 
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Figure 3.20 

Photobleaching analysis and fluorescence intensity plots for Figure 3.19. The mean 

GFP intensity decay (≈ 4,000 units) during the transfer events shown in Figure 3.19 is 

significantly less than the measured GFP intensity decrease (≈ 500,000 units) of the 

‘donor’ compartment. The photobleaching analysis indicates that the intensity decrease is 

not only due to photobleaching. 
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3.6 Persistence of Rab5 on fusion-competent, late endosomes 

Recent studies have shown that as early endosomes mature to form late endosomes, the 

Rab GTPase, Rab5, is gradually replaced by Rab7 (Rink et al., 2005). The observation 

that endosomal-lysosomal transfer events invariably involve FcRn+ endosomes, from 

which FcRn can still recycle (Figure 3.14, Figure 3.16, and data not shown), prompted 

me to characterize these compartments further. The Rab associations with endosomal 

compartments as they mature were therefore analyzed, with the overall aim of 

characterizing the endosomes that are ‘competent’ to transfer their contents to lysosomes.  

Cotransfection of Rab5-fluorescent protein (FP) with FcRn-FP constructs demonstrated 

that Rab5, consistent with its known function in earlier studies (Christoforidis et al., 

1999; Simonsen et al., 1998), can be detected on FcRn+ endosomes. Rab5+/FcRn+ 

compartments can transfer FcRn to lysosomes in tubule-mediated processes such as that 

shown in Figure 3.21. The tubule extends, contacts, and fuses with the lysosome and 

separates from the late endosome over a period of 12 s, with detectable transfer of mRFP-

FcRn occurring over a period of 3 s (12-15 s) (Figure 3.21; The intensity changes for 

mRFP fluorescence in the interacting compartments and the photobleaching analysis for 

mRFP are shown in Figure 3.22). Significantly, transfer of FcRn to lysosomes occurred 

without detectable transfer of Rab5 (Figure 3.21). To exclude the possibility that Rab5 

overexpression might result in mistargeting to late endosomes, Rab5 distribution in 

untransfected cells was analyzed using anti-Rab5 and anti-LAMP-1/anti-EEA1  
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Figure 3.21 

Rab5 is associated with a late endosome interacting with a lysosome. HMEC-1 cells 

were co-transfected with GFP-Rab5, mRFP-FcRn (human) and human β2m. Cells were 

pulsed with Alexa 647-labeled dextran for 2 hours and chased for 2 hours. Individual 

images are presented with the time (in seconds) at which each image was acquired (first 

image is arbitrarily set to time 0). Images shown are individual frames of Movie 3.8. 

Scale bar = 1 µm. A FcRn+/Rab5- tubule, as indicated by white arrows, extends (3 s) 

from an endosome (mRFP-FcRn+/Rab5+ limiting membrane; red arrowhead), contacts a 

lysosome (mRFP-FcRn+/dextran+ intraluminal space; white arrowhead) between 4.5 and 

6 seconds and transfers mRFP-FcRn over a period of 3 s (12-15 s). The boxed region at 3 

seconds is subsequently presented as cropped, single color (mRFP-FcRn) images in the 

lower two rows. 
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Figure 3.22 

Photobleaching analysis and fluorescence intensity plots for Figure 3.21. The mean 

mRFP decay (≈ 0 unit) during the transfer event shown in Figure 3.21 is significantly 

less than the measured mRFP intensity decrease (≈ 250,000 units) of the ‘donor’ 

endosome, indicating that the intensity decrease is not due to photobleaching. 
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antibodies. Rab5 was consistently observed associated with LAMP-1+ late endosomes 

but not LAMP-1+ lysosomes within cells (Figure 3.23; 58% (n=88) of Rab5+ 

compartments are LAMP-1+), indicating that Rab5 is not solely restricted to association 

with early endosomes. These late endosomes can be distinguished from lysosomes by the 

lower levels of LAMP-1 (Figure 3.17, and data not shown).  In these studies, 96% of 54 

late endosomes analyzed with lower LAMP-1 level are Rab5+, whereas 95% of 57 

lysosomes analyzed with brighter LAMP-1 are Rab5-. The accumulation of Rab5 into 

domains or clusters on these compartments was frequently observed (Figure 3.23). This 

is reminiscent of the accumulation of Rab GTPases into discrete domains that precede the 

formation of tubulovesicular transport containers on endosomes (de Renzis et al., 2002; 

Sonnichsen et al., 2000; Ward et al., 2005). As expected from earlier studies (Simonsen 

et al., 1998), the colocalization between Rab5 and EEA1 is also extensive (Figure 3.23; 

100% of 52 EEA1+ endosomes analyzed are Rab5+). Complete loss of Rab5 from (late) 

endosomes is therefore not a prerequisite for the transfer of FcRn from late endosomes to 

lysosomes.  

Whether fusion-competent endosomes were Rab7+, and also whether transfer of Rab7 to 

lysosomes could be detected were also investigated. HMEC-1 cells were therefore 

cotransfected with GFP-Rab7 and mRFP-FcRn. Figure 3.24 shows that Rab7 is present 

on both late endosomes and lysosomes, consistent with earlier observations (Bucci et al., 

2000; Soldati et al., 1995). Figure 3.25 shows the transfer of Rab7 to lysosomes. A 

Rab7+ tubule extends from a late endosome at 27 s, contacts a FcRn-mRFP+/dextran+  
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Figure 3.23 

Association of Rab5 with late endosomes. HMEC-1 cells were fixed, permeabilized and 

stained with anti-EEA1 or LAMP-1 and anti-Rab5 antibodies. Compartments in the 

single color data for Rab5, EEA1 and LAMP-1 are highlighted with polygons or squares 

of the same colors as the arrowheads. The red arrowhead in the upper left panel indicates 

a LAMP-1+/Rab5+ late endosome. The accumulation of Rab5 into discrete domains or 

clusters on the late endosome can be observed in the Rab5 single color and overlay data. 

White arrowheads in the upper left panel indicate lysosomes with higher LAMP-1 levels 

than the late endosome. There are no detectable levels of Rab5 in the lysosomes. Yellow 

arrowheads in the lower left panel indicate Rab5+/EEA1+ compartments. Scale bars = 1 

µm. 
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lysosome at 39 s and transfers Rab7 over the following 3 s. The intensity changes for 

GFP fluorescence in the interacting compartments and the photobleaching analysis for 

GFP are shown in Figure 3.26, respectively. Cotransfection of mRFP-Rab5 and GFP-

Rab7 constructs demonstrated that Rab5+/Rab7+ endosomes can interact with lysosomes 

over extended periods of time (~40 s) (Figure 3.27). A small Rab5+ compartment, that is 

most likely an endosome, is also associated with this lysosome. In all cases where 

endosomal-lysosomal interactions were observed (n= 22 from 11 different cells), Rab7 

was detectable on the endosomal compartment (Figure 3.27, data not shown). These data 

indicate that acquisition of Rab7 but not complete loss of Rab5 is necessary for late 

endosome-lysosome interactions. The accumulation of these Rab proteins into domains 

provides a mechanism whereby the late endosome can be compartmentalized into regions 

that have distinct intracellular fates. 

 

 

 



 

67 

 

Figure 3.24 

Rab7 is associated with a lysosome. HMEC-1 cells were co-transfected with GFP-Rab7, 

mRFP-FcRn (human) and human β2m. Cells were pulsed with Alexa 647-labeled dextran 

for 2 hours and chased for 5 hours. Scale bar = 1 µm. Yellow arrowheads indicate mRFP-

FcRn+/dextran+ lysosomes with Rab7 on the limiting membrane. 

 

Figure 3.25 

Rab7 is associated with a late endosome interacting with a lysosome. HMEC-1 cells 

were co-transfected with GFP-Rab7, mRFP-FcRn (human) and human β2m. Cells were 

pulsed with Alexa 647-labeled dextran for 2 hours and chased for 4 hours. Individual 

images are presented with the time (in seconds) at which each image was acquired (first 

image is arbitrarily set to time 0). Images are individual frames of Movie 3.9. Scale bar = 

1 µm. A Rab7+ tubule, indicated by white arrows, extends (27 s) from a late endosome 

(mRFP-FcRn+/Rab7+ limiting membrane; red arrowhead), contacts (39 s) a lysosome 

(mRFP-FcRn+/dextran+ intraluminal space; white arrowhead) and transfers Rab7 over a 

3 second period (39-42 s).  The boxed region at 33 seconds is presented as cropped, 

single color (Rab7) images in the lower row. 
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Figure 3.26 

The fluorescence intensity plots and the photobleaching analysis for Figure 3.25. The 

mean GFP decay (≈ 50,000 units) during the transfer event shown in Figure 3.25 is 

significantly less than the measured GFP intensity decrease (≈ 400,000 units) of the 

‘donor’ endosome, indicating that the intensity decrease is not only due to 

photobleaching. 

 

Figure 3.27 

Rab5 and Rab7 are associated with a late endosome interacting with a lysosome. 
HMEC-1 cells were co-transfected with mRFP-Rab5 and GFP-Rab7. Cells were pulsed 

with Alexa 647-labeled dextran for 2 hours and chased for 6 hours. Individual images 

presented with the time (in seconds) at which each image was acquired (first image is 

arbitrarily set to time 0). Scale bar = 1 µm. A lysosome (Rab7+ limiting membrane and 

dextran+ intraluminal space; white arrowhead) interacts with a Rab5+/Rab7+ endosome 

(red arrowhead) from 10.5 s onwards. The green arrowhead indicates a small Rab5+ 

endosome interacting with the lysosome. 
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CHAPTER 4 IDENTIFYING ITINERARIES TAKEN BY TRANSPORT 

CARRIERS IN THE RECYCLING PATHWAY OF FcRn USING LP-MUM 

4.1 Introduction 

An outstanding issue in cell biology is the lack of understanding of the contribution of 

tubulovesicular TCs to intracellular trafficking pathways within 3D cellular 

environments. This is primarily due to the challenges associated with the use of 

microscopy techniques to track these highly motile, small compartments. Here we have 

used MUM, combined with localized photoactivation (‘LP-MUM’), to overcome these 

limitations. This has resulted in several novel observations for the behavior of TCs on the 

recycling pathway. The experimental results are described in this Chapter. A detailed 

description of the set up and validation of the LP-MUM microscopy configuration is 

presented in Appendix A. The results described in this Chapter have been submitted for 

publication. 

4.2 Multifocal plane imaging enables the tracking of TCs 

FcRn is present on the limiting membrane of EEA1+ early/sorting endosomes of 1-2 µm 

in diameter, providing an identifier for these compartments (Gan et al., 2009; Ober et al., 

2004b) (Figure 4.1). Following endocytic uptake into cells, FcRn+ TCs fuse with these 

sorting endosomes (Ram et al., 2008). FcRn is subsequently sorted from the 
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Figure 4.1 

FcRn can be seen in sorting endosomes and TCs in transfected HMEC-1 cells. 
HMEC-1 cells were co-transfected with GFP-FcRn/human β2m. Individual images are 

presented with the time (in seconds) at which each image was acquired (first image is 

arbitrarily set to time 0). Images are individual frames of Movie 4.1. Scale bars = 5 µm. 

FcRn can be seen in 1-2 µm ring-like endosomes and tubulovesicular TCs. Schematic 

representation is shown on the right column. 

 

Figure 4.2 

TC can be tracked with MUM. HMEC-1 cells were co-transfected with GFP-

FcRn/human β2m. Individual images are presented with the time (in seconds) at which 

each image was acquired (first image is arbitrarily set to time 0). Red arrows show the 

event of interest. Scale bar = 5 µm. The most left column shows the MUM data for a 

complete cell, with the boxed region expanded as cropped images for the 0 second and 

later images. A FcRn+ TC moves between the two focal planes. Schematic representation 

is shown on the right column. 
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Figure 4.3 

A TC left a sorting endosome can be tracked with MUM. HMEC-1 cells were co-

transfected with GFP-FcRn/human β2m. Individual images are presented with the time (in 

seconds) at which each image was acquired (first image is arbitrarily set to time 0). Red 

arrows show the event of interest. Scale bar = 5 µm. The most left column shows the 

MUM data for a complete cell, with the boxed region expanded as cropped images for the 

0 second and later images. A FcRn+ TC leaves a sorting endosome in the upper plane at 

1.2 s and moves to the lower plane at 3 s. Schematic representation is shown on the right 

column. 
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endosomes in tubulovesicular TCs that bud off from the limiting membrane (Ward et al., 

2005). In Movie 4.1, the movement of large numbers of highly motile, small TCs that 

sometimes fuse with these sorting endosomes can be seen. The TCs frequently move in 

and out of the focal plane and, combined with their high density, this precludes 

unambiguous identification using single plane imaging. The use of MUM (Prabhat et al., 

2007; Prabhat et al., 2004) can overcome these problems (Figure 4.2, Figure 4.3). In 

Figure 4.2, a TC that moves between the two focal planes can be tracked for > 1 minute. 

In Figure 4.3, a TC leaves a sorting endosome and moves from the upper to the lower 

focal plane (2.7-3.0 s). This Chapter is directed towards using MUM and in some cases, 

localized photoactivation, to characterize TCs on the endocytic recycling pathway.  

The effectors analyzed in this Chapter include Rab4, Rab11 and SNX4. It was important 

to confirm that transfection does not affect the recycling pathway. Therefore, HMEC-1 

cells were co-transfected with GFP-Rab4/mCherry-SNX4 or GFP-Rab11/mCherry-

SNX4, and transferrin recycling rates were assessed using flow cytometry. Figure 4.4 

and Figure 4.5 show that for cells co-expressing Rab proteins/SNX4 in the range used 

for imaging in this research project, no significant differences were observed between 

transfected and untransfected cells in transferrin recycling rates.  
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Figure 4.4 

Transferrin recycling in GFP-Rab4/mCherry-SNX4 co-transfected HMEC-1 cells. 
HMEC-1 cells were co-transfected with GFP-Rab4 and mCherry-SNX4. Transfected 

cells were pulsed with 10 µg/mL Alexa 647-labeled transferrin for 30 min and then 

harvested by trypsinization (0’ chase) or chased in medium containing 250 µg/mL 

holotransferrin for 10’, 20’ or 30’ before harvesting. Cell associated transferrin levels 

were quantitated by flow cytometry. A, cells expressing mCherry-SNX4 at the levels 

used for imaging were gated. B, C, and D, the GFP-Rab4 and cell associated transferrin 

levels after 0’ (B), 10’ (C) or 30’ (D) chase for the gated subpopulation that expresses 

mCherry-SNX4 shown in panel A. E, transferrin recycling kinetics for cell 

subpopulations that express mCherry-SNX4, GFP-Rab4, or mCherry-SNX4/GFP-Rab4 

compared with untransfected cells. 
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Figure 4.5 

Transferrin recycling in GFP-Rab11/mCherry-SNX4 co-transfected HMEC-1 cells. 
HMEC-1 cells were co-transfected with GFP-Rab11 and mCherry-SNX4. Transfected 

cells were pulsed with 10 µg/mL Alexa 647-labeled transferrin for 30 min and then 

harvested by trypsinization (0’ chase) or chased in medium containing 250 µg/mL 

holotransferrin for 10’, 20’ or 30’ before harvesting. Cell associated transferrin levels 

were quantitated by flow cytometry. A, cells expressing mCherry-SNX4 at the levels 

used for imaging were gated. B, C, and D, the GFP-Rab11 and cell associated transferrin 

levels after 0’ (B), 10’ (C) or 30’ (D) chase for the gated subpopulation that expresses 

mCherry-SNX4 shown in panel A. E, transferrin recycling kinetics for cell 

subpopulations that express mCherry-SNX4, GFP-Rab11, or mCherry-SNX4/GFP-Rab11 

compared with untransfected cells.     
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4.3 The different itineraries taken by TCs on the recycling pathway can involve a 

pre-endosomal or post-endosomal sorting step, an interendosomal transfer 

process and a novel looping pathway 

The recycling pathway involving FcRn+ TCs can be broadly defined by four distinct 

intracellular trafficking processes in HMEC-1 cells that form the focus of analysis in this 

research project. Early in the process, a pre-endosomal sorting step is observed in which 

TCs move from the periphery of the cell and fuse with sorting endosomes (Ram et al., 

2008). Subsequent trafficking steps can be categorized as follows:  a post-endosomal 

sorting pathway involves migration of the TC to exocytic sites at the plasma membrane 

(Prabhat et al., 2007). In addition, there are two other pathways in which TCs either 

migrate between sorting endosomes in interendosomal transfer events (Ober et al., 

2004b) or segregate from a sorting endosome and then return to the same endosome 

(Figure 4.6). The latter leave and return, or ‘looping’, events have not been described 

previously. 

Looping events involving TCs moving bidirectionally to and from the same sorting 

endosome usually occur over a relatively long time scale. As a result, to avoid loss of TC 

identity during imaging the use of localized photoactivation combined with MUM (LP-

MUM) is necessary. Figure 4.6 shows an example of such a looping event in HMEC-1 

cells transfected with FcRn-PAGFP. FcRn-PAGFP on a sorting endosome (labeled with 

mRFP-Rab4) was photoactivated using a focused 405 nm laser beam with 1 second 

exposure. An FcRn+ TC leaves this sorting endosome, moves from the lower to upper  
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Figure 4.6 

A TC involved in a looping event. HMEC-1 cells were co-transfected with FcRn-

PAGFP/human β2m/mRFP-Rab4. A 405 nm laser beam was focused onto a Rab4+ 

sorting endosome for ~1 s to photoactivate PAGFP. Individual images are presented with 

the time (in seconds) at which each image was acquired (first image is arbitrarily set to 

time 0). White arrows in the overlay images show the event of interest. Images are 

individual frames of Movie 4.2. Scale bars = 1 µm. A FcRn+/Rab4+ TC extends from a 

sorting endosome (0-6.6 s) in the lower plane, segregates and moves to the upper plane at 

104.1 s. Subsequently this TC returns to and merges with the same sorting endosome 

(111.0 s). Schematic representation is shown on the right column. 
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focal plane (102.6-104.1 s) and returns to the lower plane and fuses with the same sorting 

endosome.  Additional examples of these types of events, and the effectors associated 

with them, are described below. 

4.4 TCs on the pre-endosomal sorting pathway have associated APPL1  

Pre-endosomal sorting pathways of FcRn+ TCs that precede fusion with sorting 

endosomes were initially analyzed. The involvement of APPL1 in the early endocytic 

pathway of other receptors such as EGFR (Miaczynska et al., 2004) prompted me to 

investigate whether APPL1 is also present on FcRn+ TCs that fuse with these 

endosomes. HMEC-1 cells were co-transfected with GFP-APPL1 and mRFP-FcRn and 

imaged as live cells. FcRn+/APPL1+ TCs that merge with sorting endosomes were 

observed (n = 14). Figure 4.7 shows an example of such a TC that moves from the 

periphery of the cell and fuses with a sorting endosome.  

To investigate whether APPL1+/FcRn+ TCs are on a pathway preceding endosomal 

fusion and sorting rather than a later step of the recycling pathway, cells were pretreated 

for a relatively short time period with endocytic cargo prior to imaging. HMEC-1 cells 

were co-transfected with GFP-APPL1 and a mutated variant of FcRn (‘FcRn-mut’) 

(Prabhat et al., 2007) to allow endocytosed, labeled ligand (IgG) to be tracked. 

Transfected cells were pulsed with an Alexa 555-labeled, engineered IgG1 antibody 

(MST-HN) (Vaccaro et al., 2005) to label the pre-endosomal pathway. MST-HN interacts 

with FcRn-mut with high affinity (Kd~10 nM) at near neutral pH, resulting in receptor- 
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Figure 4.7 

FcRn enters the cell in an APPL1+ TC. HMEC-1 cells were co-transfected with 

mRFP-FcRn/human β2m/GFP-APPL1. Individual images are presented with the time (in 

seconds) at which each image was acquired (first image is arbitrarily set to time 0). White 

arrows in the overlay images show the event of interest that are also indicated in the 

single color data by red arrows. Images are individual frames of Movie 4.3. Scale bars = 

1 µm. A GFP-APPL1+/mRFP-FcRn+ TC appears near the edge of the cell (1.8 s), moves 

between the two focal planes and merges with a sorting endosome (22.5 s). Schematic 

representation is shown on the bottom row. 
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mediated uptake of ligand into cells. All MST-HN+ TCs that merge with sorting 

endosomes within 10 minutes of MST-HN addition have associated APPL1 (n = 6). For 

example, Figure 4.8 shows data obtained using a two plane MUM configuration. In the 

early stages of the movie (4.8-25.8 s), an MST-HN+/APPL1+ TC can be clearly seen. 

This TC migrates from the lower plane to the upper plane (27.6 s) and subsequently fuses 

with a sorting endosome. Collectively, the data demonstrate that APPL1 is associated 

with FcRn+ TCs preceding endosomal fusion and sorting. 

4.5 APPL1 is undetectable or rapidly lost from sorting endosomes following TC 

fusion 

Although APPL1+ TCs fuse with sorting endosomes (Figure 4.7, Figure 4.8), APPL1 

could not be detected on the majority of these ‘acceptor’ compartments. This suggests 

that APPL1 is lost during fusion events involving APPL1+ TCs. In rare cases (8%; n = 

36) when APPL1 is detectable on the sorting endosome, the signal intensity decreases 

more rapidly than the photobleaching rate (Figure 4.9, Figure 4.10). APPL1 therefore 

dissociates from sorting endosomes, consistent with earlier studies indicating that this 

protein is displaced by EEA1 through competition for binding to Rab5 (Zoncu et al., 

2009). In addition, immunofluorescence analyses using anti-APPL1 and anti-EEA1 

antibodies demonstrated that 85% of APPL1+ TCs (n = 69) have detectable levels of 

EEA1, and APPL1+/EEA1- TCs are in general located closer to the cell periphery 

relative to their EEA1+ counterparts (Figure 4.11). This is consistent with the concept 
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Figure 4.8 

MST-HN enters a sorting endosome in an APPL1+ TC. HMEC-1 cells were co-

transfected with FcRn/human β2m/GFP-APPL1. Transfected cells were incubated with 5 

µg/mL Alexa-555-labeled MST-HN in pH 7.4 Ham’s medium for 2 min before imaging. 

Individual images are presented with the time (in seconds) at which each image was 

acquired (first image is arbitrarily set to time 0). White arrows in the overlay images 

show the event of interest. Images are individual frames of Movie 4.4. Scale bars = 1 µm. 

An APPL1+/MST-HN+ TC appears on the lower plane (4.8 s), moves to the upper plane 

(25.8 s) and merges with a sorting endosome (28.8 s). Schematic representation is shown 

on the right column. 
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Figure 4.9 

APPL1 is lost rapidly from a sorting endosome. HMEC-1 cells were co-transfected 

with FcRn/human β2m/GFP-APPL1. Transfected cells were incubated with 5 µg/mL 

Alexa-555-labeled MST-HN in pH 7.4 Ham’s medium for 2 min before imaging. 

Individual images are presented with the time (in seconds) at which each image was 

acquired (first image is arbitrarily set to time 0). White arrows in the overlay images 

show the event of interest that are also indicated in the single color data by yellow 

arrows. Scale bars = 1 µm. An APPL1+/MST-HN+ sorting endosome loses GFP-APPL1 

fluorescence over ~20 s.  

 

Figure 4.10 

Photobleaching analysis. The average photobleaching rate of GFP-APPL1 signal in the 

same cell is lower than the rate of decrease of GFP-APPL1 in the sorting endosome 

shown in Figure 4.9. 
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that APPL1+ TCs acquire EEA1 as they move away from the plasma membrane (Zoncu 

et al., 2009). 

4.6 Analyses of the distribution of SNX4, Rab4 and Rab11 in sorting endosomes 

and TCs 

In previous studies SNX4, Rab4 and Rab11 have been associated with endosomal sorting 

and recycling (McCaffrey et al., 2001; Pagano et al., 2004; Sonnichsen et al., 2000; Traer 

et al., 2007). Towards analyzing the trafficking pathways of TCs following their 

segregation from sorting endosomes, the distribution of these effector proteins in sorting 

endosomes and TCs in HMEC-1 cells was next investigated. SNX4 and Rab4 are almost 

completely colocalized (Figure 4.12), allowing these proteins to be used interchangeably 

in our analyses. By contrast, Rab11 is less extensively colocalized with SNX4/Rab4 in 

TCs (Figure 4.13), although SNX4/Rab4 and Rab11 are present on all sorting 

endosomes. 

4.7 SNX4/Rab4 and Rab11 can associate with APPL1+ TCs 

Analyses of the distribution of SNX4 on TCs led to the unexpected observation that this 

sorting nexin can be present at the pre-endosomal sorting step involving APPL1+ TCs. 

Specifically, analyses of HMEC-1 cells transfected with GFP-APPL1, mCherry-SNX4 

and FcRn-mut (stop) followed by pulsing with Atto-647 labeled IgG1 mutant, MST-HN 

(Vaccaro et al., 2005), to label FcRn indicated that 50% of APPL1+ TCs have associated 
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SNX4 (Figure 4.14). Further, live cell imaging of HMEC-1 cells transfected with 

mCherry-SNX4 and GFP-APPL1 demonstrated that APPL1+/SNX4+ TCs fuse with 

sorting endosomes (Figure 4.15). All APPL1+ TCs (n = 7) that fuse with sorting 

endosomes have detectable levels of SNX4 (Figure 4.15, data not shown), suggesting 

that the presence of SNX4 is a marker of fusion competent TCs. 

Consistent with the observation that SNX4 is associated with a subset of APPL1+ TCs 

and extensively colocalized with Rab4 (Figure 4.12), staining of mRFP-Rab4 transfected 

cells with anti-APPL1 antibody demonstrated that 50% (n = 57) of APPL1+ TCs are also 

Rab4+ (Figure 4.16).  In addition, whether Rab11, which is associated with endosomal 

sorting on the exocytic pathway in HMEC-1 cells (Ward et al., 2005), colocalizes with 

APPL1 was investigated. To assess overlap between APPL1, SNX4/Rab4 and Rab11, 

HMEC-1 cells were transfected with GFP-Rab11, mCherry-SNX4 and stained with an 

anti-APPL1 antibody following fixation. These cells were also co-transfected with FcRn-

stop (containing FcRn-mut that has high affinity for IgG) to allow localization of FcRn 

by pulsing with labeled IgG1 mutant, MST-HN (Figure 4.17). A relatively low 

proportion (7%; n = 69) of FcRn+/APPL1+ TCs have associated SNX4/Rab4 and Rab11. 

Further, 43% of APPL1+/FcRn+ TCs have associated SNX4/Rab4 (with no detectable 

Rab11), whereas 14% of APPL1+/FcRn+ TCs have associated Rab11 (with no detectable 

SNX4/Rab4). Thus, Rab4 and Rab11 can unexpectedly associate with APPL1+/FcRn+ 

TCs at the pre-endosomal sorting stage of the recycling pathway, although Rab4 

association is more common than that of Rab11. Collectively, pre-endosomal TCs have  
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associated APPL1, with the possible presence of SNX4/Rab4 and Rab11 for partially 

overlapping subsets of these TCs. 
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Figure 4.11 

FcRn can be detected in APPL1+ TCs. HMEC-1 cells were co-transfected with GFP-

FcRn and human β2m. Transfected cells were fixed and stained with anti APPL and 

EEA1 antibodies. Scale bar = 5 µm. The boxed region at the edge of the cell in the upper 

row is presented as cropped images in the lower row. The yellow arrowheads indicate an 

example of a FcRn+/APPL+/EEA1+ TC and the green arrowheads indicate an example 

of a FcRn+/APPL+/EEA1- TC. 

 

Figure 4.12 

Rab4 extensively colocalizes with SNX4. HMEC-1 cells were co-transfected with GFP-

SNX4/mRFP-Rab4. Transfected cells were fixed. The boxed region in the upper row is 

presented as cropped images in the lower row. Scale bar = 5 µm. Rab4 and SNX4 

colocalized extensively with each other. 
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Figure 4.13 

Rab11 is partially colocalized with SNX4. HMEC-1 cells were co-transfected with 

GFP-Rab11/mCherry-SNX4. Transfected cells were fixed. The boxed region in the upper 

row is presented as cropped images in the lower row. Scale bar = 5 µm. The red, green or 

yellow arrows indicate examples of SNX4+, Rab11+, or SNX4+/Rab11+ TCs, 

respectively. 

 

Figure 4.14 

SNX4 colocalizes with APPL1 in TCs. HMEC-1 cells were co-transfected with 

FcRn/human β2m/GFP-APPL1/mCherry-SNX4. Scale bar = 5 µm. Transfected cells were 

incubated with 2.5 µg/mL Atto-647-labeled MST-HN in pH 7.4 Ham’s medium for 30 

min. The boxed region in the lower row is presented as cropped images in the upper row. 

The green arrowheads indicate an example of a MST-HN+/APPL1+/SNX4- TC and the 

white arrowheads indicate an example of a MST-HN+/APPL1+/SNX4+ TC. 
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Figure 4.15 

A SNX4+/APPL1+ TC merges with a sorting endosome. HMEC-1 cells were co-

transfected with mCherry-SNX4/GFP-APPL1. Scale bars = 1 µm. Individual images are 

presented with the time (in seconds) at which each image was acquired (first image is 

arbitrarily set to time 0). White arrows in the overlay images show the event of interest 

that is also indicated in the single color data by yellow arrows. A SNX4+/APPL1+ TC 

merges with a SNX4+/APPL1+ sorting endosome (15.6 s).  
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Figure 4.16 

Rab4 can be seen in APPL1+ TCs. HMEC-1 cells were co-transfected with mRFP-

Rab4. Transfected cells were fixed and stained with anti APPL antibody. The boxed 

region in the upper row is presented as cropped images in the lower row. Scale bar = 5 

µm. The yellow arrowheads indicate an example of an APPL+/Rab4+ TC and green 

arrowheads indicate an example of an APPL+/Rab4- TC. 
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Figure 4.17 

Distributions of SNX4, Rab4 and Rab11 in sorting endosomes and TCs. HMEC-1 

cells were co-transfected with FcRn/human β2m/GFP-Rab11/mCherry-SNX4. 

Transfected cells were incubated with 5 µg/mL MST-HN-Atto 647 in pH 7.4 Ham’s 

medium for 30 min. Cells were then fixed and stained with anti APPL antibody. The 

upper (middle) row shows the single color (overlay) images. The boxed region in the 

middle row is presented as cropped images in the lower row. Scale bar = 5 µm. The red, 

green or yellow arrowheads indicate examples of MST-HN+ TCs that are 

APPL+/Rab11+, APPL1+/SNX4+ or APPL+/SNX+/Rab11+, respectively. 

 

 

 

 

 



 

90 

4.8 Interendosomal TCs have associated SNX4/Rab4 without detectable levels of 

APPL1 or Rab11 

Whilst analyzing APPL1 associations with TCs, I also observed endosomal fusion of 

FcRn+ TCs without detectable levels of APPL1. Collectively with our earlier 

observations that TCs can migrate between endosomes (Ober et al., 2004b), this 

prompted me to further analyze these interendosomal transfer events. Given the 

previously identified role of SNX4 in endosomal sorting (Cullen, 2008; Traer et al., 

2007), whether TCs involved in interendosomal transfer have associated SNX4 was first 

investigated by co-transfecting HMEC-1 cells with GFP-SNX4 and mRFP-FcRn. 

SNX4+/FcRn+ TCs can fuse with other sorting endosomes of similar size and 

morphology (n = 5). In Figure 4.18, a representative event of this type is shown. A 

SNX4+/FcRn+ TC leaves a sorting endosome in the upper plane, migrates to the lower 

plane (6 s) and fuses with a second endosome. By contrast with SNX4, the analysis of 

cells co-transfected with GFP-Rab11 and mCherry-SNX4 indicated that Rab11 does not 

associate with interendosomal TCs (n = 11). In the example shown (Figure 4.19), a 

SNX4+ TC leaves a sorting endosome and moves in the same plane to fuse with a second 

sorting endosome.  

Consistent with the extensive colocalization of Rab4 and SNX4 (Figure 4.12), I also 

observed interendosomal transfer events involving SNX4+/Rab4+ TCs in cells 

transfected with PAGFP-Rab4 and mCherry-SNX4 followed by local photoactivation of 
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Figure 4.18 

A FcRn+/SNX4+ interendosomal TC. HMEC-1 cells were co-transfected with GFP-

SNX4/human β2m/mRFP-FcRn. Individual images are presented with the time (in 

seconds) at which each image was acquired (first image is arbitrarily set to time 0). White 

arrows in the overlay images show the event of interest that are also indicated in the 

single color data by yellow arrows. Images are individual frames of Movie 4.5. Scale bars 

= 1 µm. A FcRn+/SNX4+ TC extends from a sorting endosome (2.4-6 s), segregates and 

moves between the two focal planes. This TC merges with another sorting endosome 

(18.3 s). Schematic representation is shown on the bottom row. 
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Figure 4.19 

An interendosomal TC that does not have associated Rab11. HMEC-1 cells were co-

transfected with mCherry-SNX4/GFP-Rab11. Individual images are presented with the 

time (in seconds) at which each image was acquired (first image is arbitrarily set to time 

0). White arrows in the overlay images show the event of interest that are also indicated 

in the single color data by yellow arrows. Scale bars = 1 µm. A SNX4+/Rab11- TC 

extends from a sorting endosome (7.2-9.0 s), segregates and subsequently merges with 

another sorting endosome (10.50 s).  
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PAGFP-Rab4 on individual sorting endosomes (n = 9 events). In Figure 4.20, a 

SNX4+/Rab4+ TC leaves a sorting endosome and fuses with a proximal sorting 

endosome within the same focal plane. A second TC also leaves this endosome in the 

lower focal plane, moves to the upper focal plane (64.8 s), migrates back and forth (66.6 

s) and returns to fuse with the second endosome (Figure 4.21). LP-MUM experiments 

carried out using cells transfected with FcRn-PAGFP and mRFP-Rab4 resulted in the 

observation of transfer of Rab4+/FcRn+ TCs between sorting endosomes (Figure 4.22). 

In addition, when multiple interendosomal transfer events were seen from an individual 

sorting endosome (four different endosomes, two transfer events per endosome), the 

transfer was unidirectional. Despite the presence of Rab11 on donor and acceptor 

endosomes, the migrating TCs do not have detectable levels of Rab11 (n = 15; Figure 

4.19). Consistent with current and earlier studies of APPL1 (Miaczynska et al., 2004; 

Zoncu et al., 2009), these TCs also do not have associated APPL1 (n = 5). 

Interendosomal TCs are therefore SNX4/Rab4+, with undetectable levels of Rab11 and 

APPL1.   
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Figure 4.20 

A SNX4+/Rab4+ interendosomal TC. HMEC-1 cells were co-transfected with 

mCherry-SNX4/PAGFP-Rab4. A 405 nm laser beam was focused onto a SNX4+ sorting 

endosome for ~1 s to photoactivate PAGFP. Individual images are presented with the 

time (in seconds) at which each image was acquired (first image is arbitrarily set to time 

0). White arrows in the overlay images show the event of interest that are also indicated 

in the single color data by yellow arrows. Scale bars = 1 µm. A SNX4+/Rab4+ TC 

extends from a sorting endosome (0.3-3.3 s), segregates and subsequently merges with 

another sorting endosome (3.9 s).  
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Figure 4.21 

A SNX4+/Rab4+ interendosomal TC. HMEC-1 cells were co-transfected with 

mCherry-SNX4/PAGFP-Rab4. A 405 nm laser beam was focused onto a SNX4+ sorting 

endosome for ~1 s to photoactivate PAGFP. Individual images are presented with the 

time (in seconds) at which each image was acquired (first image is arbitrarily set to time 

0). White arrows in the overlay images show the event of interest that are also indicated 

in the single color data by yellow arrows. Images are individual frames of Movie 4.6. 

Scale bars = 1 µm. A second SNX4+/Rab4+ TC leaves the same ‘donor’ sorting 

endosome as in Figure 4.20 in the lower plane (62.1 s), moves rightwards at 64.8 s, 

changes direction and moves leftwards at 66.6 s. it merges with the ‘acceptor’ endosome 

in the upper plane (69.6 s). Schematic representation is shown on the bottom row. 
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Figure 4.22 

An interendosomal TC that has associated Rab4. HMEC-1 cells were co-transfected 

with mRFP-Rab4/human β2m/FcRn-PAGFP. A 405 nm laser beam was focused onto 

Rab4+ sorting endosomes for ~1 s to photoactivate PAGFP. Individual images are 

presented with the time (in seconds) at which each image was acquired (first image is 

arbitrarily set to time 0). White arrows in the overlay images show the event of interest. 

Scale bars = 1 µm. A FcRn+/Rab4+ TC extends from one sorting endosome at 0 s, 

merges with the second sorting endosome (6.9-7.8 s) and subsequently segregates from 

the original endosome. 
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4.9 TCs involved in looping events are associated with both SNX4/Rab4 and Rab11  

A novel class of looping events involving the segregation of TCs from sorting endosomes 

and their subsequent return to the same endosome was observed in cells transfected with 

different combinations of Rab4, Rab11, SNX4 and FcRn (PAGFP-Rab11/mCherry-

SNX4, FcRn-PAGFP/mRFP-Rab4, FcRn-PAGFP/mCherry-SNX4, mRFP-FcRn/PAGFP-

Rab11 or PAGFP-Rab4/mCherry-SNX4; n = 19 events for all transfection combinations). 

Representative examples of these processes are shown in Figure 4.6, Figure 4.23 and 

Figure 4.24. Looping events are frequently of relatively long duration, accounting for 

their difficulty in detection in earlier studies using conventional imaging modalities. In 

the majority (89%, n = 19) of looping events analyzed, the TC segregates from the 

endosome, moves towards the cell periphery, pauses and then reverses direction to return 

and fuse with the originating endosome. In multiple cases looping TCs migrate between 

different focal planes (e.g. Figure 4.6 and Figure 4.23), necessitating the use of MUM 

for unambiguous tracking. Further, in PAGFP-Rab11/mCherry-SNX4 transfected cells, 

all TCs of this type have associated Rab11 and SNX4/Rab4 (n = 6 events), indicating that 

looping TCs can be distinguished from interendosomal transfer TCs by the presence of 

Rab11.  

Although for technical reasons it was not possible to track looping events in APPL1-GFP 

transfected cells, several observations indicate that APPL1 is not present on looping TCs. 

First, in GFP-APPL1 transfected cells, APPL1 is not associated with any TCs that 

segregate from sorting endosomes. This is consistent with the low or  undetectable levels 
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of APPL1 on these endosomes. Second, in GFP-APPL1 transfected cells pulsed with 

MST-HN for short periods to label the early stages in endocytic recycling, the majority 

(90%, n = 119) of APPL1+ TCs have associated MST-HN, suggesting that APPL1 is 

predominantly associated with pre-endosomal TCs (data not shown). Further, the low 

percentage (10%) of APPL1+ TCs that do not contain MST-HN are also SNX4-. 
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Figure 4.23 

A SNX4+/Rab4+ TC involved in a looping event. HMEC-1 cells were co-transfected 

with PAGFP-Rab4/mCherry-SNX4. A 405 nm laser beam was focused onto a SNX4+ 

sorting endosome for ~1 s to photoactivate PAGFP. Individual images are presented with 

the time (in seconds) at which each image was acquired (first image is arbitrarily set to 

time 0). White arrows in the overlay images show the event of interest. Images are 

individual frames of Movie 4.7. Scale bars = 1 µm. A SNX4+/Rab4+ TC extends from a 

sorting endosome (3-6.3 s) in the upper plane, segregates and subsequently moves to the 

lower plane at 24.6 s. This TC returns and merges with the same endosome (29.1 s). 

Schematic representation is shown on the bottom row. 
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Figure 4.24 

A SNX4+/Rab11+ TC involved in a looping event. HMEC-1 cells were co-transfected 

with mCherry-SNX4/PAGFP-Rab11. A 405 nm laser beam was focused onto a SNX4+ 

sorting endosome for ~1 s to photoactivate PAGFP. Individual images are presented with 

the time (in seconds) at which each image was acquired (first image is arbitrarily set to 

time 0). White arrows in the overlay images show the event of interest that are also 

indicated in the single color data by yellow arrows. Images are individual frames of 

Movie 4.8. Scale bars = 1 µm. A SNX4+/Rab11+ TC extends from a sorting endosome (0 

s), segregates and subsequently returns and merges with the same endosome at (137.1-

182.4) s. 
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4.10 Post-endosomal sorting TCs are associated with Rab11 without detectable 

levels of SNX4/Rab4 

In experiments with SNX4 or Rab4 transfected cells, a subset of FcRn+ TCs segregate 

from sorting endosomes that are not involved in interendosomal transfer or looping 

events. These TCs do not contain detectable levels of SNX4/Rab4 (n = 4 for SNX4- TCs 

and n = 3 for Rab4- TCs; data not shown). Collectively with our earlier observations that 

Rab11 is associated with exocytic events involving FcRn (Ward et al., 2005), this 

suggested that such TCs might be on the post-endosomal sorting pathway leading to 

exocytosis. The fate of Rab11+ TCs was therefore investigated using LP-MUM, which 

proved to be essential for the analysis of the behavior of Rab11+ TCs due to the high 

background haze of Rab11-associated fluorescence. By contrast with the properties of 

Rab4+ TCs, imaging of cells following co-transfection with PAGFP-Rab11 and mRFP-

FcRn resulted in the observation of Rab11+/FcRn+ TCs leaving sorting endosomes and 

frequently moving to the cell periphery. In Figure 4.25, the TC moves from the upper 

plane to the lower plane (i.e. near the cover glass). Similarly, in mCherry-SNX4/PAGFP-

Rab11 transfected cells, Rab11+ TCs with undetectable levels of SNX4 can be seen 

leaving endosomes and migrating from the upper plane to the cell periphery in the lower 

plane (7.2-20.1 s) (Figure 4.26). Within the time frame of imaging, none of these 

Rab11+/FcRn+ TCs (n = 5; n = 6 for Rab11+/SNX4- TCs) are involved in 

interendosomal transfer or looping events. Instead, the TCs migrate towards the plasma 

membrane.  Collectively, Rab11, but not SNX4/Rab4, is associated with post-endosomal 
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sorting TCs. Combined with our earlier TIRFM analyses (Ward et al., 2005), these TCs 

most likely lead to exocytosis of FcRn.  

We have previously used TIRFM to demonstrate that, by contrast with Rab11, Rab4 is 

not associated with exocytic events (Ward et al., 2005). The extensive colocalization of 

Rab4 and SNX4 with each other (Figure 4.12) indicated that SNX4 would also not be 

associated with exocytic processes. This was confirmed by TIRFM analyses of HMEC-1 

cells co-transfected with mCherry-SNX4 and GFP-FcRn. In all exocytic events involving 

FcRn (n = 14), we could not detect SNX4 (Figure 4.27, Figure 4.29). Analogous 

analyses of cells co-transfected with mRFP-APPL1 and FcRn tagged with ecliptic 

pHluorin (Prabhat et al., 2007), a pH-sensitive variant of GFP (Miesenbock et al., 1998), 

demonstrated that exocytic events involving FcRn do not have detectable levels of 

APPL1 (Figure 4.28, Figure 4.29). This is consistent with a role for APPL1 TCs in pre-

endosomal sorting pathways (Figure 4.7, Figure 4.8, (Miaczynska et al., 2004; Zoncu et 

al., 2009)).  
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Figure 4.25 

A FcRn+/Rab11+ TC leaves a sorting endosome and moves to the cell periphery. 
HMEC-1 cells were co-transfected with mRFP-FcRn/human β2m/PAGFP-Rab11. A 405 

nm laser beam was focused onto an FcRn+ sorting endosome for ~1 s to photoactivate 

PAGFP. Individual images are presented with the time (in seconds) at which each image 

was acquired (first image is arbitrarily set to time 0). White arrows in the overlay images 

show the event of interest that are also indicated in the single color data by yellow 

arrows. Images are individual frames of Movie 4.9. Scale bars = 1 µm. A FcRn+/Rab11+ 

TC extends from a sorting endosome (2.1 s), segregates and subsequently moves to the 

lower plane (5.4 s). This TC disappears from the lower plane (11.4 s). Schematic 

representation is shown on the right column. 
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Figure 4.26 

A SNX4-/Rab11+ TC leaves a sorting endosome and moves to the cell periphery. 
HMEC-1 cells were co-transfected with PAGFP-Rab11/mCherry-SNX4. A 405 nm laser 

beam was focused onto a SNX4+ sorting endosome for ~1 s to photoactivate PAGFP. 

Individual images are presented with the time (in seconds) at which each image was 

acquired (first image is arbitrarily set to time 0). White arrows in the overlay images 

show the events of interest that are also indicated in the single color data by yellow 

arrows. Images are individual frames of Movie 4.10. Scale bars = 1 µm. A SNX4-

/Rab11+ TC extends from a sorting endosome (2.7 s), segregates and subsequently 

moves to the lower plane (20.1 s). This TC disappears from the lower plane (26.1 s). 

Schematic representation is shown on the right column. 
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Figure 4.27 

A FcRn exocytosis event without associated SNX4. HMEC-1 cells were co-transfected 

with mCherry-SNX4/GFP-FcRn. Individual images are presented with the time (in 

seconds) at which each image was acquired (first image is arbitrarily set to time 0). White 

arrows in the overlay images show the event of interest that is also indicated in the single 

color data by yellow arrows. Scale bars = 1 µm. TIRFM images show an exocytic event 

involving FcRn without detectable levels of APPL1 (4.8-5.7 s). The core/annulus 

intensity plots of the changes in fluorescence intensity for the exocytic event are 

displayed in Figure 4.29. 
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Figure 4.28 

A FcRn exocytosis event without associated APPL1. HMEC-1 cells were co-

transfected with mRFP-APPL1/pHluorin-FcRn. Individual images are presented with the 

time (in seconds) at which each image was acquired (first image is arbitrarily set to time 

0). White arrows in the overlay images show the event of interest that is also indicated in 

the single color data by yellow arrows. Scale bars = 1 µm. TIRFM images show an 

exocytic event involving FcRn without detectable levels of SNX4 (4.2-5.1 s). The 

core/annulus intensity plots of the changes in fluorescence intensity for the exocytic event 

are displayed in Figure 4.29. 

 

Figure 4.29 

The core/annulus intensity plots of the changes in fluorescence intensity for the 

exocytic events displayed in Figure 4.27 (A) and Figure 4.28 (B), respectively. 
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CHAPTER 5  CONCLUSIONS AND FUTURE DIRECTIONS 

5.1 Overview 

In this research project, the intracellular trafficking pathways of FcRn were investigated 

using advanced fluorescence microscopy. The analyses presented in CHAPTER 3 and 

CHAPTER 4 have led to novel observations for the lysosomal delivery and the recycling 

pathways of FcRn. These results are discussed and two models for these pathways are 

proposed in this Chapter.  

 

 
5.2 A novel lysosomal delivery pathway 

Despite the central role that lysosomes play in cellular homeostasis, how membrane 

receptors are delivered from the endocytic pathway for degradation remains an area of 

active investigation (Luzio et al., 2007). In this research project the intracellular 

trafficking processes that lead to the transfer of the Fc receptor, FcRn, from late 

endosomes to lysosomes have been analyzed. In contrast to previously described 

receptors (Piper and Katzmann, 2007), data shown in CHAPTER 3 demonstrate that 

FcRn does not enter ILVs in late endosomes prior to lysosomal delivery. The pathway 

that this receptor takes in transit to lysosomes is therefore distinct to the ubiquitin-

dependent and -independent processes for ILV entry (Katzmann et al., 2001; McNatt et 

al., 2007; Piper and Katzmann, 2007; Reggiori and Pelham, 2001; Urbanowski and Piper, 
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2001).  In this context, the lysine residue in the cytosolic tail of human FcRn is not 

conserved in mouse FcRn (Ahouse et al., 1993; Story et al., 1994), and the similar 

behavior of mouse and human FcRn therefore indicate that the trafficking of this receptor 

is ubiquitin-independent. These analyses also demonstrate that FcRn delivery to 

lysosomes occurs via fusion processes that usually involve tubular transport or organellar 

interactions that resemble kiss-and-linger (Bright et al., 2005; Gandhi and Stevens, 2003; 

Ryan, 2003; Storrie and Desjardins, 1996), rather than complete merging of the 

participating organelles.  

These data are consistent with the following model that encompasses several novel 

features for the lysosomal delivery of membrane receptors (Figure 5.1). The receptor is 

present on the membrane of Rab5+ early endosomes that mature into Rab5+/Rab7+ late 

endosomes. Recycling/transcytotic receptors such as FcRn that remain on the limiting 

membrane can segregate from these endosomes into the recycling/transcytotic pathway, 

or enter lysosomes via processes that usually employ tubular connections or resemble 

kiss-and-linger events (Bright et al., 2005; Gandhi and Stevens, 2003; Ryan, 2003; 

Storrie and Desjardins, 1996) but do not involve ‘backflow’ of lysosomal contents. This 

functional plasticity of endosomes is congruent with the formation of membrane domains 

that are characterized by distinct compositions of Rab GTPases and lipids (Pfeffer, 2003; 

Sonnichsen et al., 2000; Ward et al., 2005). Transfer can be mediated by an extension of 

a tubule from one compartment to another, or by direct contact of the two compartments. 

By contrast, complete fusion of late endosomes and lysosomes is rarely observed. 

Transfer by tubular extensions would be expected to limit content mixing, and might be 
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Figure 5.1 

A model for the transfer of FcRn from late endosomes to lysosomes. Rab5+/FcRn+ 

early endosomes can mature to Rab5+/Rab7+ late endosomes. The receptors remain on 

the limiting membrane of late endosomes and can either enter the recycling/transcytotic 

pathways or lysosomes. Transfer of FcRn from the limiting membrane of late endosomes 

to lysosomes can occur via several different processes as indicated. FcRn transfer to 

lysosomes is rapidly followed by internalization into the intraluminal space of lysosomes, 

whereas LAMP-1 persists on the limiting membrane. The lower frequency of full fusion 

events relative to the other types of processes is indicated by a dotted arrow. 
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 analogous to the exocytic processes that involve direct endosomal-plasma membrane 

connections that we have described previously (Prabhat et al., 2007). Interestingly, 

tubules can either retract to, or separate from, their donor organelle following or during 

transfer of material to lysosomes. Movement of the Fc receptor, FcRn, from the late 

endosome to the lysosome is rapidly followed by internalization into the intraluminal 

space, via a process that might resemble ILV internalization in MVBs/late endosomes 

(Piper and Katzmann, 2007). By contrast, proteins such as LAMP-1 migrate in a 

bidirectional fashion between the limiting membranes of late endosomes and lysosomes. 

The model also incorporates features concerning the behavior of the Rab GTPases, Rab5 

and Rab7. Although Rab7 acquisition appears to be a prerequisite for a late endosome to 

reach a state of fusion competence with lysosomes, complete loss of Rab5 is 

unexpectedly not.   

The dominance of selective transfer processes such as via tubular connections, rather than 

complete fusion, during lysosomal delivery has several important consequences: first, it 

provides a mechanism for the exclusion of Rab5 transfer to lysosomes, which, if it 

occurred, could promote (early) endosomal-lysosomal fusion (Christoforidis et al., 1999; 

Simonsen et al., 1998) with concomitant degradation of endosomal contents. Second, in a 

more general sense, tubular transfer and kiss-and-linger type modes allow late endosomes 

to retain functional plasticity so that receptors on the limiting membrane can be 

selectively recycled or degraded. By extending the window of time during which 

recycling can occur, this might improve the fidelity of this process. Third, these transfer 
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modes remove the necessity for organelle retrieval from hybrid compartments (Bright et 

al., 2005; Luzio et al., 2007).  

FcRn transfer to lysosomes occurs without detectable ‘backflow’ of lysosomal contents 

such as dextran to late endosomes. The involvement of tubular extensions with large 

surface area to volume ratios could regulate this. In this context, size selective transfer of 

dextran between compartments on the endocytic, phagocytic and exocytic pathways has 

been shown to occur in several distinct cell types (Berthiaume et al., 1995; Duclos et al., 

2003; Jaiswal et al., 2004; Wang and Goren, 1987). Constriction of the tubule could also 

occur in the vicinity of the truncation point with the donor organelle for tubules that 

separate, or closer to their ‘fusing’ end for tubules that retract back to their donor 

organelle. Such processes might also, for example, play a role in limiting endosomal 

release in exocytic pathways where tubular connections undergo exocytosis whilst 

retaining endosomal connectivity (Prabhat et al., 2007).   

A study that is complementary to these analyses has described the processes that are 

involved in the transfer of the lumenal content of late endosomes to lysosomes in rat 

kidney fibroblast cells (Bright et al., 2005). Full fusion events between late endosomes 

and lysosomes were observed relatively frequently, and transfer of dextran between 

organelles occurred during kiss-and-run/kiss-and-linger events. These differences in 

mechanisms for membrane receptor and luminal content transfer suggest that late 

endosomes might have specific stages of maturation that are active in the transfer of these 

distinct constituents. Consistent with this, others have shown that not all endosomes or 
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late endosomes/MVBs in a given cell are functionally equivalent (Rink et al., 2005; 

White et al., 2006).  

Following transfer from the limiting membrane of late endosomes, FcRn enters the 

intraluminal space of the lysosome. This contrasts with the behavior of the lysosomal 

membrane protein, LAMP-1, which migrates bidirectionally between the limiting 

membranes of late endosomes and lysosomes without detectable levels of FcRn. This 

suggests that the transfer and/or entry of FcRn into the lysosomal lumen is driven by a 

selective process that has not, to our knowledge, been described. Such a process could 

also be relevant for other, as yet unidentified, membrane receptors that do not enter ILVs 

in late endosomes (or MVBs) via ubiquitin-dependent or -independent processes 

(Katzmann et al., 2001; McNatt et al., 2007; Piper and Katzmann, 2007; Reggiori and 

Pelham, 2001; Urbanowski and Piper, 2001). The question therefore arises as to why 

distinct lysosomal entry pathways exist for different endocytic receptors. This could be 

related to a fundamental difference between the pathways taken on the constitutive vs. 

stimulated degradative pathways; stimulated pathways necessitate the degradation of 

essentially all relevant receptor cargo whereas constitutive breakdown only applies to a 

fraction of the receptor load in late endosomes. In addition, ILV entry into MVBs is 

known to extinguish signaling of receptors such as EGFR (Katzmann et al., 2002), and a 

process that shortens the period of signaling activity post-internalization might be 

advantageous. 
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Recent studies have reported that early endosomal maturation to late endosomes is 

accompanied by gradual replacement of Rab5 by Rab7 (Rink et al., 2005). Based on 

these analyses, a model in which all Rab5 is lost from late endosomes before they are 

competent to fuse with lysosomes has been proposed (Rink et al., 2005). Data shown in 

CHAPTER 3 demonstrate that Rab5 can persist on the membrane of late endosomes 

during their interactions with lysosomes. In this context, others have shown that this Rab 

is involved in trafficking at late stages of the endolysosomal pathway (Duclos et al., 

2003). Further, although the lysosomes in HMEC-1 cells are Rab7+, they lack Rab5, 

which is consistent with multiple earlier studies (Bucci et al., 2000; Christoforidis et al., 

1999; Simonsen et al., 1998; Soldati et al., 1995). In combination with the propensity of 

Rabs to form discrete domains on endosomes (Sonnichsen et al., 2000), this is congruent 

with the selective transfer of membrane (associated) proteins to lysosomes during late 

endosomal-lysosomal interactions. 

Although not a central focus of this research project, these analyses bear some relevance 

to the intracellular fate of engineered IgGs, which in turn impacts in vivo behavior. The 

IgG that is used in this research project is an engineered variant of human IgG1 that, 

relative to wild type IgG1, binds to FcRn with enhanced affinity in the pH range 6.0-7.4 

(Vaccaro et al., 2005). IgGs of this class have short in vivo half-lives (Dall'Acqua et al., 

2002). This research project shows that this IgG, which remains tightly associated with 

FcRn and is not released during exocytic events (Ober et al., 2004a; Vaccaro et al., 2005), 

accumulates in lysosomes following several hours of uptake into FcRn+ cells. This 

degradative fate provides a molecular explanation for the reduced whole body 
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persistence. By contrast, wild type IgGs that bind to FcRn at pH 6.0 but not detectably at 

near neutral pH are salvaged from lysosomal degradation in FcRn expressing cells by 

recycling/transcytosis followed by exocytic release (Ober et al., 2004a; Ober et al., 

2004b). Consequently, such IgGs have relatively long in vivo half-lives. 

In summary, pathways by which the Fc receptor, FcRn, undergoes constitutive 

degradation have been elucidated. These analyses reveal several novel aspects of 

endosomal/lysosomal trafficking and have led to a model that could be generally relevant 

to other membrane receptors. These studies demonstrate that late endosomal contents are 

not irreversibly destined for lysosomal degradation, with the dominant mechanism of 

lysosomal delivery involving selective transfer by tubular extensions or kiss-and-linger 

like processes. Following transfer from the limiting membrane of late endosomes to 

lysosomes, FcRn accumulates in the intraluminal space of these compartments in a 

pathway that distinguishes it from other previously characterized receptors that enter 

ILVs in late endosomes/MVBs prior to lysosomal delivery. These studies are of 

relevance to understanding the processes that regulate the degradation of membrane 

receptors within cells.  

5.3 Identifying itineraries taken by TCs in the recycling pathway of FcRn with LP-

MUM 

Receptor recycling represents an essential component of normal cell physiology. This 

pathway also provides multiple opportunities for drug targeting and delivery. However, 
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despite extensive analyses, there is a limited understanding concerning the recycling 

process. A major barrier to the definition of the components constituting this pathway has 

been the difficulty in characterizing the contributions of tubulovesicular TCs. 

Specifically, the itineraries taken by TCs and how their effector associations demarcate 

TCs at different trafficking steps have to date been elusive. The analysis of TCs is 

complicated by their formation of a complex, highly dynamic interconnected network 

within cells. Although significant advances have recently been made in fluorescence 

microscopy, it has proved extremely challenging to track these TCs at high spatial and 

temporal resolution in three dimensions. In this research project MUM (Prabhat et al., 

2007; Prabhat et al., 2004; Ram et al., 2008), combined with localized photoactivation, 

have been applied to overcome these limitations. This has enabled the characterization of 

the pathways and effector associations of the TCs that participate in the intracellular 

recycling pathway involving the Fc receptor, FcRn. Such studies not only have relevance 

to understanding the recycling process for which FcRn is a representative receptor, but 

also provide a framework for the global analyses of TCs in cells. 

These studies have resulted in the identification of several discrete pathway components 

that involve TCs and constitute recycling. Importantly, the TCs participating in these 

components can be distinguished from each other based on associations with the different 

effectors, APPL1, Rab4 and Rab11 (Figure 5.2). The pre-endosomal sorting step 

involves APPL1+ TCs that fuse with endosomes prior to subsequent trafficking steps. 

These TCs can also have associated Rab4 and/or Rab11. Following the fusion of 

APPL1+ TCs with sorting endosomes, the recycling pathway can be categorized into  



 

116 

 

Figure 5.2 

A model for itineraries of TCs in the recycling pathway. Four itineraries of TCs were 

observed in the FcRn recycling pathway. The pre-endosomal TCs that deliver receptors 

to sorting endosomes from the plasma membrane are APPL1+. These TCs also can have 

associated Rab4/SNX4 and/or Rab11. The interendosomal TCs are Rab4+/SNX4+ but 

Rab11-. The post-endosomal TCs are Rab11+ but Rab4-/SNX4-. TCs that are involved in 

looping events are Rab11+ and SNX4+/Rab4+.  
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interendosomal transfer, looping or post-endosomal sorting processes. These three 

possible components are distinguishable based on the following Rab4/Rab11 

associations: TCs involved in interendosomal transfer are Rab4+ without detectable 

levels of Rab11, whereas Rab4+/Rab11+ TCs traffick to and from the same sorting 

endosome in looping events. By contrast with the pathways involving transport to and 

from endosomes, the post-endosomal sorting component of recycling is characterized by 

the segregation of Rab11+ (Rab4-) TCs from sorting endosomes followed by their 

migration to the cell periphery. SNX4 and Rab4 are extensively colocalized, indicating 

that Rab4 can be used as a surrogate marker for SNX4 and vice versa.  

At the pre-endosomal sorting step, APPL1 can be used as a marker of FcRn+ TCs that 

fuse with sorting endosomes. In earlier studies, APPL1+ endosomes and 

macropinosomes have been shown to transport signaling receptors within cells following 

internalization by clathrin or non-clathrin-mediated pathways (Miaczynska et al., 2004; 

Zoncu et al., 2009). Here the role of APPL1+ TCs has been extended to the transport of 

receptors that have no known signaling activity. The effector EEA1 is known to compete 

for APPL1 binding to Rab5 on APPL1+ compartments (Zoncu et al., 2009). Consistently, 

data shown in Figure 4.9 indicates that APPL1 is either undetectable or rapidly lost from 

larger EEA1+ sorting endosomes.    

Interestingly, SNX4 can also be associated with a subset of APPL1+ TCs. This is 

unexpected since earlier studies demonstrated that SNX4 is involved in the tubulation of 

sorting endosomes followed by transport of SNX4+ TCs to recycling endosomes (Traer 
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et al., 2007), rather than the pre-endosomal sorting step. Significantly, all fusion events of 

APPL1+ TCs with sorting endosomes have associated SNX4, suggesting that this 

effector accumulates on the TCs as they mature. Rab4, which is extensively colocalized 

with SNX4, and Rab11, are also present on a subset (50%) of APPL1+ TCs. A relatively 

small subset (7%) of APPL1+ TCs have detectable levels of both SNX4/Rab4 and 

Rab11. Thus, although TCs that fuse with endosomes prior to endosomal sorting can be 

uniquely identified by the presence of APPL1, these TCs can also have associated 

SNX4/Rab4 and/or Rab11.  

A fundamental question in cell biology is how do early/sorting endosomes form? 

Longstanding models involving the delivery of internalizing receptors via vesicular 

transport to sorting endosomes (Gruenberg, 2001) have recently been challenged by the 

observation of homotypic fusion of incoming vesicles followed by their maturation to 

generate larger early/sorting endosomes (Zoncu et al., 2009). In another study (Rink et 

al., 2005), the early to late endosome transition has been shown to involve a maturation 

process designated Rab conversion that also included homotypic fusion of early 

endosomes. Data shown in CHAPTER 4 indicate that APPL1+ TCs formed early on the 

endocytic pathway fuse with larger, more static sorting endosomes, providing support for 

vesicular transport models in this component of the endosomal recycling pathway.  

Nevertheless, our earlier studies (Gan et al., 2009) are consistent with the maturation of 

sorting endosomes to late endosomes, indicating that both vesicular transport and 

maturation models are relevant to the recycling pathway. 
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By contrast with pre-endosomal sorting TCs, carriers that are involved in post-endosomal 

sorting, looping to and from the same sorting endosome or interendosomal transfer do not 

have detectable levels of APPL1. This is congruent with the rapid loss or absence of 

APPL1 from sorting endosomes (this study, (Miaczynska et al., 2004; Zoncu et al., 

2009)). The presence of SNX4/Rab4 on interendosomal transfer, looping TCs and fusing 

APPL1+ TCs suggests that these effectors mark TCs ‘competent’ to fuse with either the 

same or other sorting endosomes. Prior reports demonstrating Rab4-syntaxin 4 or 13 

associations (Hoogenraad et al., 2010; Li et al., 2001) indicate that these SNARE proteins 

could be involved in fusion with sorting endosomes. In support of this concept, post-

endosomal sorting Rab11+ TCs do not have detectable levels of SNX4/Rab4 and leave 

sorting endosomes prior to fusion with a different acceptor, namely the plasma 

membrane.  

The question arises concerning the function of looping events involving the apparently 

futile cycling of TCs to and from the same endosome in processes that can take several 

minutes to complete? These events could represent erroneous or poorly targeted sorting 

steps that require subsequent editing by addition/removal of effectors following return to 

the parent endosome. Consequently, looping TCs go through iterative cycles of sorting 

that are energetically costly. Such processes could be analogous to enzymatic 

proofreading and improve the fidelity of trafficking.  

Looping TCs could accumulate other, as yet undefined, effector(s) as they migrate 

through the cytosol, resulting in a change in composition of the parent endosome. This 
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could also account for the frequent pauses and turnarounds that are observed for nearly 

all of these TCs. The behavior of looping TCs suggests the involvement of different 

motor proteins such as kinesins and dyneins that oppose each others’ motion (Schuster et 

al., 2011b). These motor proteins are associated with movement on microtubules in the 

minus end direction towards the center of the cell (dynein) or plus end direction towards 

the cell periphery (kinesin) (Schuster et al., 2011b). Both Rab4 and Rab11 can associate 

with dynein and/or kinesin (Bielli et al., 2001; Horgan et al., 2010; Imamura et al., 2003; 

Schonteich et al., 2008), and SNX4 has been shown to bind to dynein indirectly through 

KIBRA (Traer et al., 2007). It is therefore tempting to speculate that 

SNX4+/Rab4+/Rab11+ looping TCs initially move towards the cell periphery due to a 

dominance of kinesin-directed motion.  These TCs then stop for 10-50 seconds as more 

dynein loads onto SNX4/Rab4/Rab11, driven by the increase in concentration of dynein 

towards the peripheral region of the cell (Schuster et al., 2011a).  An increase in dynein 

loading would result in retrograde, minus end-directed motion towards the donor 

endosome, consistent with the ability of dynein to override kinesin-mediated 

directionality (Schuster et al., 2011b; Yao et al., 2012).  

These analyses are consistent with the previously ascribed roles of Rab4 and Rab11 in the 

regulation of receptor recycling rates (McCaffrey et al., 2001; Pagano et al., 2004; 

Schonteich et al., 2008; Ullrich et al., 1996; van der Sluijs et al., 1992). In both our this 

and earlier analyses, Rab11 is associated with post-endosomal TCs that directly recycle 

from sorting endosomes to the plasma membrane (Ward et al., 2005). By contrast, 

SNX4/Rab4+ TCs (with or without associated Rab11) migrate to other, or even the same, 
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sorting endosomes in cells. In addition, SNX4 could not be detected using TIRFM during 

exocytic events involving FcRn+ TCs. Since SNX4 and Rab4 are almost completely 

colocalized within cells, this is congruent with our earlier analyses in which we could not 

detect Rab4 associations with exocytic events involving FcRn (Ward et al., 2005).  

In summary, using MUM in combination with localized photoactivation, the 

spatiotemporal dynamics of the TCs involved in different steps of the recycling pathway 

of FcRn have been characterized. Importantly, this research project has resulted in the 

identification of different combinations of APPL1, SNX4/Rab4 and Rab11 on 

tubulovesicular TCs as markers of distinct trafficking components. Importantly, the 

fusion of incoming APPL1+ TCs with more static sorting endosomes was observed, 

providing support for vesicular transport models in this early part of the recycling 

pathway. These data also reveal a novel process involving looping TCs that migrate to 

and from the same endosome.  The approaches described herein should have broad 

applicability to the analysis of other subcellular trafficking processes that are almost 

invariably three dimensional in nature and suffer from the crowdedness of TCs, other 

membranous compartments and cytosolic proteins. Finally, I expect that the observations 

in this research project could have relevance to multiple other receptors and cargo on 

endolysosomal/recycling pathways. 
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5.4 Future directions 

The model shown in Figure 5.2 describes pathway components involved in recycling 

which forms a basis for further analyses. For example, the connectivity between the 

different steps to form a complete recycling circuit for FcRn (or any receptor) remains 

uncertain. For example, does cargo in all TCs undergo interendosomal transfer and/or 

looping before being sorted into TCs destined for exocytosis? Can a recycling receptor 

undergo multiple interendosomal transfer events? These questions also relate to defining 

the trafficking components in spatiotemporal terms that constitute the fast and slow 

recycling pathways (Grant and Donaldson, 2009; Hopkins and Trowbridge, 1983; 

Maxfield and McGraw, 2004; Sheff et al., 1999). For example, looping and 

interendosomal transfer events could contribute to the slow recycling pathway. To 

address these issues, it will be necessary to carry out single molecule tracking studies for 

complete cycles of the recycling pathway in three dimensions, which has to date not been 

achieved due to the enormous technical challenges  that this presents. 

The relatively high mobility, density and small size of TCs have limited their analysis 

using fluorescence microscopy. The application of MUM combined with local 

photoactivation enables TC behavior on the recycling pathway to be characterized in 

three dimensions. In this research project two focal planes can be imaged simultaneously 

for two color channels. In future the LP-MUM setup can be improved further for more 

focal planes and/or color channels by using optical filters of high quality. More 

photoactivatable fluorescent proteins have been developed recently (Subach et al., 2010). 
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These new PA-FPs are brighter, more stable and offer more choices with different 

emission wavelengths.  

Although it is still challenging, sophisticated algorithms can be used to detect the events 

of interest automatically to enhance the throughput of analyzing TCs in the intracellular 

trafficking pathways. 

Having identified four itineraries of TC in the FcRn recycling pathway, we can study 

further with the LP-MUM how the movement of the TCs is regulated by molecular 

motors such as dynein and kinesin, how the Rab GTPases interact with molecular motors 

and how the movement is related to actin and microtubule networks. 

The approaches described herein can have broad applicability to the study of other 

subcellular trafficking processes that are almost invariably three dimensional in nature 

and suffer from the crowdedness of TCs, other membranous compartments and cytosolic 

proteins, such as the cell secretion pathway or retrograde transport from endosomes to the 

trans-Golgi network.  
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APPENDIX A THE DESIGN AND VALIDATION OF LOCALIZED 

PHOTOACTIVATION-MULTIFOCAL PLANE MICROSCOPY 

Introduction 

Conventional live cell microscopy generates images from a single focal plane at a time 

within cells. However, cellular compartments or proteins of interest move within the 

three dimensional space of a cell. Therefore, when imaging these compartments with 

conventional live cell microscopy, one of the problems is that the compartments/proteins 

frequently move out of the focal plane and disappear from the field of view. Focusing 

devices, such as piezos can be used to image different focal planes sequentially. However 

the frame rates are relative slow. Also, since the images from different focal planes are 

acquired sequentially, events of interest occurring in other planes can be missed. Another 

problem faced in live cell imaging is that cellular compartments of interest can be very 

dense and motile. Therefore, a single compartment tracked within a field of view with 

dense, similar structures and background haze can lose its identity easily. To overcome 

the first problem, MUM has been developed in our laboratory to image different focal 

planes within cells simultaneously (Prabhat et al., 2004). In this research project a 

localized photoactivation technique in combination with MUM (LP-MUM) has been 

developed to facilitate the tracking of motile compartments in three dimensions. The 

design and development of the LP-MUM imaging station are presented in this chapter.  
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Localized photoactivation  

In order to locally activate photoswitchable fluorescent proteins such as PA-GFP in an 

individual cellular compartment, such as a sorting endosome of 1-2 µm in diameter in 

HMEC-1 cells, a smaller focal volume is desired for the 405 nm activation light beam. It 

is difficult to obtain such a small focal volume using conventional wide field 

illumination. Hence a DCS-120 confocal scan head from Becker & Hickl GmbH was 

used to produce a focal spot. To combine the confocal photoactivation light path and 

wide field excitation, a dual microscope body/dual objective configuration using two 

Zeiss Axio Observer.A1 inverted microscope bodies was therefore designed (Figure 6.1). 

The transmitted light illuminator carrier was detached from each microscope body. The 

stage and the binocular section of the binocular tube were removed from one microscope 

body. This microscope body was oriented in an upside down position and mounted on the 

top of the other one through linear translation stages (Ram et al., 2009). The confocal 

scan head was mounted on the left sideport of the microscope on the top. The 405 nm 

laser beam from a BDL-405-SMC 405 nm laser (Becker-Hickl) was introduced to the 

scan head through an optical fiber. A Carl Zeiss ACHROPLAN 63x/0.95 W water-

dipping objective lens was mounted on the top microscope body and spacers were used to 

make sure that the tip of the objective can reach the sample placed on the stage of the 

bottom microscope. The 405 nm laser beam passes through the pinhole in the scan head 

and the water dipping objective lens so it forms a small focal volume within the sample to 

photoactivate individual compartments from the top of the sample.  The location of the 

focal point of the 405 nm laser is adjustable through the linear translation stages (X, Y 
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directions) and the focusing knob of the top microscope body (Z direction). The samples 

are excited by lasers of different wavelengths through the opposing, bottom objective, a 

Zeiss 1.45 NA 100x αPlan-Fluar oil immersion objective lens that was mounted in the 

bottom microscope. The fluorescent signal emitted from the sample is collected by the 

bottom objective and guided into the cameras. 

This design allows us to simultaneously photoactivate the photoswitchable fluorescent 

proteins, excite the samples and collect the data. The target endosomes can be moving 

during localized photoactivation. Hence a successful photoactivation requires rapidly 

switching on the 405 nm laser. Our dual microscope design facilitates the rapid 

photoactivation of fluorescent proteins within cells.    
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Figure 6.1 

The dual microscope/dual objective configuration for localized photoactivation. One 

microscope body is oriented in an upside down position and mounted on the top of the 

other one through linear translation stages. A confocal scan head was mounted on the left 

sideport of the top microscope. The 405 nm laser beam was introduced to the scan head 

through an optical fiber. A Carl Zeiss ACHROPLAN 63x/0.95 W water-dipping 

objective lens was mounted on the top microscope body for localized photoactivation. 

The sample is excited through a Zeiss 1.45 NA 100x αPlan-Fluar oil immersion objective 

lens mounted in the bottom microscope. The fluorescence signal emitted from the sample 

is collected by the bottom objective. 
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Localized photoactivation-multifocal plane microscopy 

Our lab has developed MUM to image multiple focal planes within cells simultaneously 

(Prabhat et al., 2007; Prabhat et al., 2004). The principle of MUM is shown in Figure 

6.2. The objects in the focal plane of the objective are imaged by a camera placed at the 

infinity corrected detector plane of the tube lens. However, if the camera is moved toward 

the tube lens along the optical axis (at the translated detector plane of the tube lens), it 

will image another focal plane in the sample space, which is away from the standard 

infinity corrected focal plane of the objective. Similarly, if the camera is moved away 

from the tube lens along the optical axis, it will image another focal plane closer to the 

objective than the infinity corrected standard focal plane. Therefore, using two (or more) 

cameras and a dual view adaptor (s), objects in different planes of cells can be imaged 

simultaneously. The configuration of a LP-MUM setup that can simultaneously image 

two focal planes for two color channels at higher frame rates is presented in this 

subsection.  

Four cameras were used to image two focal planes simultaneously for two color channels 

(green and red) in this configuration (Figure 6.3). Each of the cameras images one single 

color channel for a given focal plane by using wavelength dependent beam splitters. This 

design avoids the usage of a filter wheel and shutters, allowing acquisition at higher 

frame rates. A Zeiss 1.45 NA 100x αPlan-Fluar oil immersion objective was mounted on 

the bottom Zeiss Axio Observer.A1 microscope for excitation and the collection of 

fluorescence emission. A Sapphire 488-50 CDRH laser (Coherent, Santa Clara, CA) 
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Figure 6.2 

The principle of MUM. The objects in the focal plane of the objective are imaged by a 

camera placed at the infinity corrected detector plane of the tube lens. Another camera 

placed at the translated detector plane of the tube lens images objects at the translated 

focal plane of the objective. 
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Figure 6.3  

LP-MUM configuration. The LP-MUM imaging station is composed of two inverted 

microscope bodies. A confocal scan head and a water dipping objective were mounted on 

the top microscope to introduce a 405 nm photoactivation laser from the top of the 

sample. The sample is placed on the stage of the bottom microscope. The sample is 

excited and fluorescence emission is collected with an oil immersion objective mount on 

the bottom microscope body. Four cameras were attached to the bottom microscope 

through dual view adaptors.     
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was used for GFP/PAGFP excitation and a MGL-III-543nm-50mW laser (Opto Engine 

LLC, Midvale, UT) for mCherry/mRFP/Alexa 555 excitation. A 488/543/633 SPC XT 

dichroic from Chroma Technology was used to split the excitation and emission light. 

The lamp housing of the bottom microscope was removed and the excitation laser beams 

were introduced to the dichroic through the reflected light mount on the rear of the 

bottom microscope. Two Hamamatsu C-8484-05G cameras (Bridgewater, NJ) and two 

Andor iXon cameras (South Windsor, CT) were used for data collection. The four 

cameras were mounted onto three dual view adaptors attached to the left sideport of the 

bottom microscope. The parfocality of the four cameras and the distance between the two 

focal planes were calibrated as described previously (Prabhat et al., 2004). An Andor 

camera was placed at the standard distance (42.5 mm) from the tube lens to collect green 

fluorescence emission for the designed focal plane. Based on the plane calibration 

experiments, a Hamamatsu camera was placed at a position which is 44.5 mm from the 

tube lens so that it can collect red fluorescence emission from the designed focal plane. 

Two cameras (Hamamatsu and Andor) were placed at modified distances (34.5 mm and 

36.5 mm, respectively) from the tube lenses to collect red and green fluorescence 

emission from a plane which is 800 nm above the designed focal plane within the cell, 

respectively. The fluorescence is split by a Chroma 560DCSP beamsplitter into two light 

paths. The mCherry/mRFP/Alexa 555 fluorescence is reflected by the beamsplitter, 

passes through a Chroma HQ605/75 emission filter and is projected to the two 

Hamamatsu cameras. The GFP/PAGFP fluorescence passes through the beamsplitter, is 

filtered by a Chroma HQ515/30 emission filter and guided to the two Andor cameras. 

Hence the EGFP/PAGFP and mCherry/mRFP/Alexa 555 images from two different focal 
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planes in the samples can be acquired simultaneously by four cameras. This four camera 

MUM setup allows us to acquire imaging data from two focal planes for two color 

channels (green and red) at higher frame rates, since a filter wheel and shutters are not 

used. 

The efficiency of localized photoactivation was verified with a gel containing purified 

and immobilized PAGFP protein. The purified PAGFP protein was immobilized in the 

polymer Mowiol gel (CHAPTER 2) and locally photoactivated with the LP-MUM setup. 

Before imaging an experimental sample, the two objectives mounted in the top and 

bottom microscopes need to be aligned so that they can both focus on similar fields of 

view. A dense bead sample was made by plating 50 µL 0.1 µm green yellow beads 

(Fluoresbrite carboxylate YG microspheres 0.1 micron, Polysciences Inc, Warrington, 

PA) to a MatTek dish. When illuminating the bead samples with the focused 405 nm 

laser beam from the top, a bright spot can be seen with the bottom oil immersion 

objective. By adjusting the linear translation stages between the two microscope bodies, 

the beam of the 405 nm laser that is focused by the top water dipping objective can be 

placed into the field of view of the bottom oil immersion objective.    

PAGFP in a volume of about 1 µm in diameter can be photoactivated (Figure 6.4). In the 

bottom panel of Figure 6.4, the immobilized PAGFP molecules in the gel were in the 

dark state initially under 488 nm excitation at 0 s. A 405 nm laser beam was switched on 

and focused onto a small volume in the gel for about 1-2 s. After the 405 nm laser was 

switched off, there is a bright spot of about 1 µm in diameter seen under excitation of the 
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488 nm laser in the field of view (3 s), indicating that PAGFP molecules in this volume 

were photoactivated. The intensity plot along a line across the brightest pixel of the spot 

shows that the full width at half maximum of the spot is about 1 µm. Since sorting 

endosomes in HMEC-1 cells are usually 1-2 µm in diameter, our setup can therefore 

specifically photoactivate individual sorting endosomes.      

The efficiency of photoactivation was also verified with live cells. Figure 6.5 shows that 

an individual endosome in a HMEC-1 cell co-transfected with mCherry-SNX4 and 

PAGFP-Rab11 can be photoactivated. mCherry-SNX4 were observed in ring-like sorting 

endosomes that are about 1-2 µm in diameter and tubulovesicular TCs in transfected 

cells, as shown in the right hand side of Figure 6.5. The PAGFP signal is originally very 

weak for the entire field of view. The 405 nm laser coupled to the top microscope was 

turned on transiently for about one second and focused onto one of the ring-like sorting 

endosomes by the water dipping objective. The PAGFP signal from the target sorting 

endosome increased significantly afterwards, as shown in the left hand side of Figure 

6.5. Other PAGFP labeled proteins in the same cell were not photoactivated and 

remained undetectable.     



 

134 

 

Figure 6.4 

Photoactivating immobilized PAGFP molecules in a gel. Purified, recombinant 

PAGFP was immobilized in the polymer Mowiol gel. The immobilized PAGFP 

molecules in the gel were in the dark state initially under 488 nm excitation at 0 s. After 

illumination with a 405 nm laser beam for 1 s, PAGFP molecules in a volume about 1 µm 

in diameter were photoactivated. The intensity plot along the red line across the brightest 

pixel of the spot shows that the full width at half maximum of the spot is about 1 µm. 

Scale bar = 1 µm.  
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Figure 6.5  

Photoactivating a single endosome. HMEC-1 cells were co-transfected with PAGFP-

Rab11/mCherry-SNX4. PAGFP in an endosome highlighted by a red rectangle in the 

image of the mCherry-SNX4 channel (right panel) was photoactivated, as indicated by a 

red box in the image of the PAGFP-Rab11 channel (left panel). Scale bar = 5 µm.  
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Registration 

The purpose of registration is to spatially align images acquired by the four different 

cameras. The scripts used for image registration were developed using the MATLAB 

(Natick, MA) technical computing language and the Image Processing Toolbox.  

Bead samples were prepared by coating the glass bottoms of MatTek dishes (35-mm, 

glass-bottom, 10 mm microwell dishes) with 200 µL Poly-L-Lysine for 15 minutes. After 

15 minutes, the Poly-L-Lysine was removed and the dishes were allowed to dry for an 

additional 15 minutes. Tetra-Speck Microspheres (100 nm diameter, Invitrogen) were 

diluted 100-fold in PBS and 200 µL diluted solution was added to the microwells of the 

dishes. The bead mixture was pipetted up and down several times into the microwell 

portions to ensure the solution was mixed well and that clumping of the beads was 

minimized. After 15 minutes the bead mixture was removed from the microwells 2.5 mL 

PBS added to the dishes. The bead samples were imaged by four cameras with exactly 

the same LP-MUM microscope configuration described previously on the same day as 

the live cell imaging experiments. The focus of the bottom-mounted oil objective was 

manually adjusted during acquisition to make sure that the in-focus images of the bead 

sample were recorded by four cameras sequentially. The images were processed by 

custom-written MATLAB scripts and bead objects were automatically detected with the 

Olivo-Marin algorithm (Olivo-Marin, 2002). The correspondence of 8-10 beads which 

can be identified in the fields of view of all four cameras was manually specified to 

obtain the registration parameters. The transformation parameters for the images from the 
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four cameras were determined by using the Affine transformation algorithm. The 

transformation parameters were first used to register the images of the bead samples for 

evaluation and then applied to the live cell data.  
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APPENDIX B MOVIE LEGENDS 

Movie 3.1. Tubule-mediated transfer of FcRn from the limiting membrane of a late 

endosome to the intraluminal space of a lysosome. The movie corresponds to Figure 

3.6. mRFP-FcRn is shown in red, and LAMP-1 is shown in green in the overlay data. The 

right column shows the single color (mRFP-FcRn) data. Arrows indicate the event of 

interest as described in the figure legend. Movie plays at nine times the acquisition speed. 

Scale bar = 1 µm. 

Movie 3.2,  Tubule-mediated transfer of FcRn from the limiting membrane of a late 

endosome to the intraluminal space of a lysosome. The movie corresponds to Figure 

3.7. mRFP-FcRn is shown in red, and LAMP-1 is shown in green in the overlay data. The 

right column shows the single color (mRFP-FcRn) data. Arrows indicate the event of 

interest as described in the figure legend. Movie plays at six times the acquisition speed. 

Scale bar = 1 µm. 

Movie 3.3. Tubule-mediated transfer of labeled IgG to a lysosome. The movie 

corresponds to Figure 3.10. Dextran is shown in red, FcRn-GFP is shown in green, and 

IgG is shown in blue in the overlay data. The right column shows the single color (IgG) 

data. Arrows indicate the event of interest as described in the figure legend. Movie plays 

at three times the acquisition speed. Scale bar = 1 µm. 
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Movie 3.4. IgG is transferred to a lysosome in an interaction that resembles kiss-

and-linger. The movie corresponds to Figure 3.12. Dextran is shown in red, FcRn-GFP 

is shown in green, and IgG is shown in blue in the overlay data. Arrows indicate the 

event of interest as described in the figure legend. Movie plays at nine times the 

acquisition speed. Scale bar = 1 µm. 

Movie 3.5. Tubule-mediated transfer of labeled IgG to a lysosome. The movie 

corresponds to Figure 3.14. Dextran is shown in red, FcRn-GFP is shown in green, and 

IgG is shown in blue in the overlay data. The right column shows the single color (IgG) 

data. Arrows indicate the event of interest as described in the figure legend. Movie plays 

at fifteen times the acquisition speed. Scale bar = 1 µm. 

Movie 3.6. Tubule-mediated transfer of LAMP-1 from a late endosome to a 

lysosome. The movie corresponds to Figure 3.17. mRFP-FcRn is shown in red, LAMP-1 

is shown in green, and IgG is shown in blue in the overlay data. Arrows indicate the 

event of interest as described in the figure legend. Movie plays at nine times the 

acquisition speed. Scale bar = 1 µm. 

Movie 3.7. Tubule-mediated transfers of LAMP-1 from a lysosome to a late 

endosome. The movie corresponds to Figure 3.19. mRFP-FcRn is shown in red, LAMP-

1 is shown in green, and IgG is shown in blue in the overlay data. The middle and right 

columns show the single color (LAMP-1 and mRFP-FcRn, respectively) data. Arrows 
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indicate events of interest as described in the figure legend. Movie plays at three times 

the acquisition speed. Scale bar = 1 µm. 

Movie 3.8. Transfer of FcRn to a lysosome from a Rab5+ endosome. The movie 

corresponds to Figure 3.21. mRFP-FcRn is shown in red, Rab5 is shown in green, and 

dextran is shown in blue in the overlay data. The right column shows the single color 

(mRFP-FcRn) data. Arrows indicate the event of interest as described in the figure 

legend. Movie plays at nine times the acquisition speed.  Scale bar = 1 µm. 

Movie 3.9. Transfer of Rab7 from an endosome to a lysosome. The movie corresponds 

to Figure 3.25. mRFP-FcRn is shown in red, Rab7 is shown in green, and dextran is 

shown in blue in the overlay data. The single color data of mRFP-FcRn (the second 

column), Rab7 (the third column), and dextran (the fourth column) are also shown. 

Arrows indicate the event of interest as described in the figure legend. Movie plays at 

three times the acquisition speed. Scale bar = 1 µm. 

Movie 4.1. FcRn can be seen in ring-like sorting endosomes and tubulovesicular 

TCs. The movie corresponds to Figure 4.1. Movie plays at 4 times the acquisition speed. 

Scale bars = 5 µm. 

Movie 4.2. A FcRn+/Rab4+ looping event. The movie corresponds to Figure 4.6. 

FcRn-PAGFP and mRFP-Rab4 are shown as green and red in the overlay data, 

respectively. The top row shows images from the upper plane and the bottom row shows 
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images from the lower plane. Arrows indicate the event of interest as described in the 

figure legend. Movie plays at 3 times the acquisition speed. Scale bars = 1 µm. 

Movie 4.3. A FcRn+/APPL1+ TC merges with a sorting endosome. The movie 

corresponds to Figure 4.7. The first and second columns show the single color data of 

mRFP-FcRn (red in overlay data) and GFP-APPL1 (green in overlay data), respectively. 

The top row shows images from the upper plane and the bottom row shows images from 

the lower plane. Arrows indicate the event of interest as described in the figure legend. 

Movie plays at 2 times the acquisition speed. Scale bars = 1 µm. 

Movie 4.4. A MST-HN+/APPL1+ TC merges with a sorting endosome. The movie 

corresponds to Figure 4.8. MST-HN-A555 and GFP-APPL1 are shown as red and green 

in the overlay data, respectively. The top row shows images from the upper plane and the 

bottom row shows images from the lower plane. Arrows indicate the event of interest as 

described in the figure legend. Movie plays at 2 times the acquisition speed. Scale bars = 

1 µm. 

Movie 4.5. A SNX4+/FcRn+ TC transfers between sorting endosomes. The movie 

corresponds to Figure 4.18. The first and second columns show the single color data of 

GFP-SNX4 (green in overlay data) and mRFP-FcRn (red in overlay data), respectively. 

The top row shows images from the upper plane and the bottom row shows images from 

the lower plane. Arrows indicate the event of interest as described in the figure legend. 

Movie plays at 2 times the acquisition speed. Scale bars = 1 µm. 
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Movie 4.6. A SNX4+/Rab4+ TC transfers between sorting endosomes. The movie 

corresponds to Figure 4.21. The first and second columns show the single color data of 

mCherry-SNX4 (red in overlay data) and PAGFP-Rab4 (green in overlay data), 

respectively. The top row shows images from the upper plane and the bottom row shows 

images from the lower plane. Arrows indicate the event of interest as described in the 

figure legend. Movie plays at 2 times the acquisition speed. Scale bars = 1 µm. 

Movie 4.7. A SNX4+/Rab4+ TC returns to a sorting endosome. The movie 

corresponds to Figure 4.23. PAGFP-Rab4 and mCherry-SNX4 are shown as green and 

red in the overlay data, respectively. The top row shows images from the upper plane and 

the bottom row shows images from the lower plane. Arrows indicate the event of interest 

as described in the figure legend. Movie plays at 2 times the acquisition speed. Scale bars 

= 1 µm. 

Movie 4.8. A SNX4+/Rab11+ TC returns to a sorting endosome. The movie 

corresponds to Figure 4.24. The first and second columns show the single color data of 

mCherry-SNX4 (red in overlay data) and PAGFP-Rab11 (green in overlay data), 

respectively. Arrows indicate the event of interest as described in the figure legend. 

Movie plays at 5 times the acquisition speed. Scale bars = 1 µm. 

Movie 4.9. A FcRn+/Rab11+ TC leaves a sorting endosome for plasma membrane. 

The movie corresponds to Figure 4.25. The first and second columns show the single 

color data of mRFP-FcRn (red in overlay data) and PAGFP-Rab11 (green in overlay 
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data), respectively. The top row shows images from the upper plane and the bottom row 

shows images from the lower plane. Arrows indicate the event of interest as described in 

the figure legend. Movie plays at 2 times the acquisition speed. Scale bars = 1 µm. 

Movie 4.10. A SNX4-/Rab11+ TC leaves a sorting endosome for plasma membrane. 

The movie corresponds to Figure 4.26. The first and second columns show the single 

color data of mCherry-SNX4 (red in overlay data) and PAGFP-Rab11 (green in overlay 

data), respectively. The top row shows images from the upper plane and the bottom row 

shows images from the lower plane. Arrows indicate the event of interest as described in 

the figure legend. Movie plays at 2 times the acquisition speed. Scale bars = 1 µm. 
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