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Preface 

The physics of biology studied through chemistry. No single phrase can better 

describe the multidisciplinary research approach underlying the work presented 

in this dissertation. From a personal point of view, this story is told by a 

molecular biologist balancing on a wire. That wire is strung between the rapidly 

evolving fields of neuronal membrane biology and advanced fluorescence 

microscopy. With the help of other contemporary science acrobats and those 

who have gone before me, I sought to form an interdisciplinary bridge. In order 

to explain the disciplinary scope of my work, I will introduce the different 

research groups involved in the conception of the project.  

All starts with the biophysics group of Professor Ameloot (UHasselt), which 

studies the properties of proteins in the plasma membrane of the cell. An 

interesting family of membrane proteins are the cys-loop ligand-gated ion 

channels, of which the inhibitory GABA and glycine receptors (GlyR) are the 

main topic of the electrophysiology group of Professor Rigo (UHasselt). Through 

the contacts between Professor Rigo and Professor Meier (Max Delbrück Center 

for Molecular Medicine), the GlyR 3 was introduced in the context of RNA 

splicing and hyperexcitability disorders. The study of GlyR 3 membrane 

properties, using previously established ensemble average fluorescence 

techniques, was lead by Doctor Nick Smisdom in Professor Ameloot’s group. 

However, in the last decade, optical sub-diffraction microscopy has become an 

important tool for studying membrane proteins. It was the intention of Professor 

Ameloot to integrate this tool into the GlyR research, through collaboration with 

the photo-chemistry group of Professor Hofkens (KULeuven). The KULeuven 

group possess the necessary equipment and expertise for optical sub-diffraction 

microscopy and our 4 year collaboration culminates in this thesis. 

The thesis is a composition of three original publications (references 324, 388 

and 395), preceded by an introduction and followed by a general discussion. 

Given that each publication inherently contains an introduction, methodology 

and discussion, an effort was made to avoid repetition. The preceding 

introduction aims to convey an integrated view of membrane topology, to 

address the rudimentary molecular biology of the GlyR and to introduce 

localization based optical sub-diffraction microscopy. Topics and procedures 
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extensively explained in the publications are concisely mentioned. The general 

discussion first handles the application and conclusions of the applied 

experimental strategies and thereafter their implications are discussed in the 

biological context of the GlyR. The perspective of the general discussion 

transcends the individual publications and combines all findings. Subsequently, 

an elaborate section is devoted to the future perspectives. This item has 

received little mention in the publications, yet much preliminary work towards 

their realization has been performed. Finally, the conclusion offers a summary of 

the achievements and implications of this work. 
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1.1 The cellular plasma membrane 

The formation of biological membranes was an essential step in the creation of 

life [1]. The cell or plasma membrane forms an internal environment which 

compacts genetic materials and sustains metabolic activity without loss to the 

surroundings [2]. Since its existence, the plasma membrane has also played a 

crucial role in generating bio-energy by supporting ionic currents [3]. In 

eukaryotic cells, membrane-enclosed organelles have also emerged, e.g. 

endoplasmatic reticulum, Golgi apparatus, mitochondria, etc. with their 

individual membranes maintaining characteristic differences between the 

contents of the organel and the cytosol.  

1.1.1 Architecture of the cellular plasma membrane 

Despite their differing functions, all biological membranes have a common 

structure: each is a very thin film of lipid and protein molecules, held together 

mainly by noncovalent interactions [4]. The lipid nature of the cell membrane 

was discovered at the end of the 19th century. The discovery was based on 

similar behavior of cells and oil when introduced to water and the permeability 

of the cell membrane to fat-soluble anesthetics [5-7]. The lipid molecules are 

arranged in a bilayer with a thickness of approximately 5 nm, primarily 

composed of phospholipids and cholesterol [8]. Mammalian cells possess many 

phospholipid species, with phosphatidylcholine, phosphatidylethanolamine, 

phosphatidylserine and sphingomyelin as the main constituents. Phosphatidyl-

inositol, a minor constituent, performs important signaling functions [9]. The 

bilayer arrangement of lipids was established by investigating the membrane 

surface of red blood cells and visually confirmed using electron microscopy [10-

12]. The amphipathic nature of the lipid molecules, with a hydrophilic polar 

headgroup and two hydrophobic fatty acid tails, was formulated as the principle 

underlying this arrangement [13]. Furthermore, the lipid bilayer was perceived 

as a fluid mosaic containing freely diffusing membrane proteins [14].  

As the lipid bilayer forms a permeability barrier, the embedded membrane 

proteins are responsible for the transport of matter and information across the 

cell membrane [15]. Research on red blood cells was again instrumental in the 

early study of membrane protein organization (Figure 1.1a) [16]. Membrane 

proteins were initially categorized as peripheral or integral membrane proteins, 
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based on their binding affinity to the lipid bilayer [17]. In a more modern view, 

peripheral proteins are associated with the cell membrane but do not extend into 

the hydrophobic core of the bilayer [18]. They can however be strongly attached 

to the bilayer through covalent anchoring to lipids [19]. Integral membrane 

proteins on the other hand posses an inherent amphipathic nature, which allows 

them to directly protrude into the hydrophobic core of the lipid bilayer [20,21]. 

The membrane segments are made up of alpha helixes or beta barrels and 

single- or multipass formations are possible [22,23]. Hereby, bi- or polytopic 

transmembrane proteins are formed containing both intra- and extracellular 

segments. Membrane proteins often form multimeric complexes, assembling in a 

specific quaternary structure [24]. 

A last important element of the cell membrane is the sugar coating or 

carbohydrate rich surface layer, also referred to as glycocalyx [25]. Both 

membrane lipids and proteins can be modified, or glycosylated, to contain 

covalently linked oligosaccharides on their noncytosolic side. Lipids exhibiting 

this modification are called glycolipids and appear only in the outer leaflet of the 

bilayer [26]. They can also covalently anchor proteins, as previously mentioned 

[19]. In case the oligosaccharide modification contains sialic acid, the glycolipids 

are called gangliosides [27]. Membrane proteins extending into the extracellular 

space are generally glycosylated [28]. This leads to the formation glycoproteins 

or, in case the protein is heavily glycosylated with glycosaminoglycans, 

formation of proteoglycans [29,30]. From the carbohydrate layer, the transition 

to the extracellular matrix starts through attached oligosaccharide coated 

proteins not embedded in the plasma membrane (Figure 1.1b). 

1.1.2 Plasma membrane heterogeneity 

The van der Waals attractive forces between the neighboring fatty acid chains 

ensure the formation of the bilayer, but generally allow for random mixing of the 

components. The plasma membrane however, displays a strong heterogeneity in 

composition. First of all, the different phospholipid species are not distributed 

equally over the inner and outer leaflet of the bilayer [31]. Phospholipid 

translocator enzymes ensure phospholipids containing an amino group are in the 

inner leaflet, while phospholipids containing a choline group are in the outer 

leaflet [32]. Second, the lipid bilayer can be locally unmixed. This was originally 
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perceived by the presence of liquid ordered domains, showing reduced fluidity 

by rigid lipid packing, in the liquid disordered plasma membrane [33,34]. The 

concept of lipid domains was formulated and cholesterol suggested as an 

important mediator [35,36]. 

Later on, the term lipid raft was used to describe phase separated sphingolipid 

(sphingomyelin, glycosphingolipids and gangliosides) and cholesterol enriched 

domains [37]. The long, largely saturated acyl chain tails of sphingolipids and 

the rigidity conveyed by cholesterol, which allow tight acyl chain packing, are 

suggested as the underlying mechanics of raft formation [38]. The concept of 

lipid rafts was highly controversial due to methodological disputes concerning 

lipid raft detection e.g. detergent resistance, cholesterol depletion and 

visualization [39]. A pivotal point was reached, when the previously widely 

varying properties of rafts were condensed to create a singular definition. This 

definition states the following: “Membrane rafts are small (10-200 nm), 

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

compartmentalize cellular processes. Small rafts can sometimes be stabilized to 

form larger platforms, through protein-protein or protein-lipid interactions.” 

[40]. At this point, the involvement of protein components in the genesis and 

organization of lipid heterogeneities had been formulated and therefore the term 

membrane raft was preferred [41]. 

The association of proteins with lipid rafts was first established for 

glycosylphosphatidylinositol(GPI)-anchored proteins, due to their partitioning in 

detergent resistant membranes [42]. The attachment of a GPI lipid anchor to a 

protein is considered a lipid modification targeting proteins to rafts. Fatty 

acylations, such as myristoylation and palmitoylation, are other lipid 

modifications shown to do the same [43,44]. Proteins with long hydrophobic 

transmembrane domains may also favor lipid rafts, due to the increased bilayer 

thickness of cholesterol enriched domains [45,46]. Another possibility is the 

presence of specific amino acid motifs, targeting proteins to rafts via lipid-

protein or protein-protein interactions [47]. The many possibilities for protein 

association with lipid rafts have been deemed an important source of raft 

heterogeneity [37]. A special class of raft, named caveolae, is created by rafts 

containing the cholesterol-binding protein caveolin [48]. Morphologically 

caveolae show membrane invagination and functionally they contribute to 
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signaling, exo- and endocytosis [49]. Thereby, caveolin and other proteins have 

conveyed important functionality for rafts in biological membranes [50,51]. This 

has lead to extensive research into time and spatial scales of the dynamic 

interplay between lipids and proteins in membrane domains [52,53]. 

 

Figure 1.1: Historical models of membrane architecture. 

(a) Early view of the red blood cell membrane architecture as postulated by Steck 1974 [16]. (b) An 

exuberant version of the fluid mosaic model, with extra focus on lipids and lipid rafts (created by P. 

Kinnunen, Kibron Inc.). Reprinted by permission from Macmillan Publishers Ltd: Nature reviews 

molecular cell biology [54], copyright 2003.  

http://www.nature.com/nrm/index.html
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1.1.3 Brownian motion and diffusion 

As formulated in the fluid-mosaic model, lipids and proteins diffuse freely in the 

2D plane of the membrane [14]. Translational diffusion occurs by the principle of 

Brownian motion, describing the random motion of particles in liquid or gas. This 

principle is driven by thermal agitation, which makes particles move and collide, 

and is applicable to all biological systems [55]. The rate of Brownian diffusion, 

termed the diffusion coefficient    , of a spherical particle in a viscous medium is 

dictated by the Stokes-Einstein equation [56]: 

   
   

     
 (1.1) 

In this equation,    represents the Boltzmann constant,   the absolute 

temperature,   the viscosity of the medium and    the radius of the particle. In 

the numerator the energy of a particle at a given temperature is described, 

revealing that elevated temperature increases particle energy and its 

corresponding diffusion coefficient. The denominator is the drag coefficient for a 

spherical particle, derived from Stokes-law. This coefficient describes the 

collisional behavior of the particle, showing that increased viscosity or particle 

size elevates drag, or the number of collisions, and reduces the diffusion 

coefficient. A last consideration is for the dual nature of temperature, as 

elevated temperature also decreases viscosity. 

The validity of the Stokes-Einstein equation for Brownian motion was 

experimentally determined by Perrin, who mapped the displacement of colloidal 

particles over time [57,58]. The average 2D displacement is proportional to the 

diffusion coefficient according to: 

          (1.2) 

This equation can be derived from Fick’s law and allows determination of the 

diffusion coefficient based on the mean square displacement (    ) measured 

over time (  ). Important to realize, is that the random nature of Brownian 

motion dictates that diffusion is isotropic. This means there is no net 

displacement for a population of particles at equilibrium.  
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1.1.4 Diffusion in the plasma membrane 

The first evidence for diffusion of membrane components by Brownian motion 

was derived from rapid intermixing of surface antigens in heterokaryon 

membranes [59,60]. For translational lateral diffusion of membrane proteins, 

the original model equation derived from Stokes-Einstein is given by [61]: 

   
   

     
    

   

    
          (1.3) 

This derivation was based on the model of a cylindrical particle embedded in a 

lipid bilayer membrane, bounded by aqueous phases on both side. The 

parameters    and    represent respectively the viscosity of the membrane and 

the surrounding fluid, with      . The radius    is taken to be the radius of the 

transmembrane cylinder and   represents the thickness of the membrane. 

Extensions of this formula to encompass larger, micrometer instead of 

nanometer, membrane structures have been formulated [62]. It has also been 

suggested that, instead of a weak logarithmic dependence, the diffusion 

coefficient shows a stronger inverse relation to the radius (    
  
 ) [63]. 

Effectively using these formulas requires non trivial determination of the 

viscosities and spatial dimensions of the membrane components. This is further 

confounded by the membrane heterogeneity described earlier, obstructing free 

diffusion [64]. 

However, even before the concept of raft domains was conceived, the structural 

proteins of the cytoskeleton were already suggested to impede free diffusion in 

the membrane (Figure 1.2) [65,66]. The cytoskeleton is a filamentous network 

closely apposed to the cytoplasmic face of the plasma membrane [67,68]. Both 

confined and directed membrane protein motion has been attributed to 

interactions with the cytoskeleton [69]. The first confinement model was called 

the “membrane-skeletal fence” and was based on the observation that spectrin 

and F-actin were capable of corralling membrane proteins [70,71]. A second 

model described the cytoskeleton membrane anchoring proteins as pickets, 

transiently confining lipids due to local distortion of the membrane composition 

[72]. These two models were joined, forming the “picket-fence” model of 

membrane compartmentalization. From this model the concept of hop-diffusion 

ensued, based on the hopping of membrane components between the 
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compartments [73,74]. The findings of directed motion have been coupled to 

active transport of membrane proteins along cytoskeletal fibers. Slow (µm/min) 

transport of membrane proteins was shown to occur along actin fibers in motile 

cells and neuronal growth cones [75,76]. Directed motion of membrane 

components along microtubules occurs via intracellular vesicles, in relation to 

long range trafficking [77]. This means the drag of the membrane is no longer 

relevant and transport is mediated via motor proteins walking on the 

microtubules [78]. This method of transport resembles saltatory motion and 

occurs at high speeds (µm/s) [79,80]. 

 

Figure 1.2: Membrane model depicting lateral transport modes for transmembrane proteins.  

(A) Transient confinement by obstacle clusters reminiscent of membrane rafts. (B) Confinement by the 

cytoskeleton according to the picket-fence model. (C) Active directed transport of anchored membrane 

proteins along the submembranous actin cortex. (D) Free random diffusion of membrane proteins, 

perhaps the least likely form of diffusion. From K. Jacobson, E.D. Sheets, R. Simson, Revisiting the fluid 

mosaic model of membranes, Science, 268 (1995) 1441-1442 [81]. Reprinted with permission from 

AAAS. 
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The association of membrane lipids and proteins with rafts was originally not 

studied from a dynamic viewpoint [42,51]. However, decreased lateral mobility 

of some lipids in ordered domains of model membranes was observed [82,83]. 

Hereby, the hypothesis that membrane rafts can influence lateral diffusion of 

lipids and proteins in biological cells was formulated and some evidence was 

found in support [84,85]. Nevertheless, a unified model was never developed 

and the topic of lipid rafts remained controversial [86,87]. Evidence was found 

for the existence of a lipid shell, selectively targeting membrane proteins to raft 

domains [88]. This shell constitutes an annulus of motionally restricted lipids 

arising from differential protein-lipid affinities [89]. In a next step the mobility 

and dynamic assembly of rafts was shown and the model of raft coalescence 

triggered by lipid- and/or protein-mediated activation was formulated [90-92]. 

Cortical actin has also been suggested as a modulator of raft coalescence, 

thereby bridging raft and cytoskeleton models for membrane 

compartmentalization [93,94]. Another ordering mechanism, illustrated both via 

raft association and cytoskeleton anchoring, is oligomerization-induced trapping. 

Individual proteins diffuse freely, but upon cross-linking or stimulation oligomers 

are formed, which partition in lipid rafts or display confined diffusion due to 

anchoring [95,96]. All the aforementioned mechanisms of membrane order 

strongly increase the complexity of interpreting the spatial organization and 

diffusion of membrane components.  
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1.2 The glycine receptor, a ligand-gated ion channel 

The glycine receptor (GlyR) is a transmembrane protein complex most famous 

for mediating fast inhibitory neurotransmission at the synapses in spinal cord, 

brain stem and other regions of the brain [97]. It was first identified by 

strychnine binding to synaptic membrane fractions of rat spinal cord [98-100]. 

This was founded on the recognition of glycine as inhibitory neurotransmitter in 

the spinal cord and the antagonizing effect of the convulsant strychnine [101]. 

Upon isolation and purification of the GlyR from rat spinal cord, three 

polypeptides were found, measuring 48 kDa, 58 kDa and 96 kDa [102]. The 48 

kDa polypeptide, responsible for strychnine binding, was termed the  

polypeptide [103]. The 58 kDa polypeptide, termed the  polypeptide, and the  

polypeptide were found to be glycosylated integral membrane components and 

were considered as the homologous main components of the receptor [104-

106]. The 96 kDa polypeptide was considered a peripheral membrane protein on 

the cytoplasmatic face of the GlyR complex [105,107]. 

Analysis of the 48 kDa GlyR polypepeptide revealed strong homology with the 

nicotinic acetyl choline receptor (nAChR) subunits [108]. On this basis, the (cys-

loop) ligand-gated ion channel (LGIC) super family was born. This receptor 

family comprises the nAChR, GlyR, -aminobutyric acid (GABA) receptors and 5-

hydroxytryptamine (5-HT3) serotonin receptors. All subunits of the LGIC family 

have strong amino acid homology, with a 15 amino acid cys-loop, formed by a 

disulfide bridge in the N-terminus, as essential feature. Structurally, LGIC 

subunits are defined by a large external N-terminus and a smaller external C-

terminus, four transmembrane domains (TM1-4) and a cytoplasmatic loop 

between TM3 and TM4 [109]. Quaternary structure analysis revealed the GlyR, 

similar to all LGIC, forms a channel by symmetric pentameric assembly of 

homologous subunits, with the TM2 segment contributing to the inner wall of the 

ion channel [110]. The GlyR ion channel displays anion selectivity and chloride is 

the mediator of glycinergic effects [111,112]. The chloride flux may cause either 

depolarization or hyperpolarization, dependent on the chloride equilibrium 

potential and the cell resting potential. The GlyR is known as a hyperpolarizing, 

inhibitory receptor, but during embryonic development neuronal chloride 

concentrations lead to a depolarizing effect of glycine [113,114].  
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1.2.1 The glycine receptor subunits and stoichiometry 

The subunit diversity for the GlyR main channel is limited compared to GABA 

receptors, the other main inhibitory neurotransmitter receptor of the central 

nervous systems (CNS) [115]. The originally isolated 48 and 58 kDa 

polypeptides were identified as the alpha () and beta (β) subunits respectively, 

sharing approximately 47% sequence homology [108,116]. Four genes (GLRA1-

4) coding different types of  subunits (1-4) have been found, with the 

subunits displaying approximately 80% amino acid homology [117,118]. The 4 

subunit was originally identified in mice and has also been retrieved in chick and 

zebrafish [117,119,120]. In humans, no evidence of the 4 subunit has been 

found and the GLRA4 gene is suggested to be a pseudogene [121]. Further 

diversity in subunits is generated by alternative splicing of the  subunit RNAs, 

as demonstrated for the 1, 2 and 3 subunits [122]. All  subunits have been 

shown to form functional homomeric receptors in both Xenopus oocyte and HEK 

293 mammalian cell expression systems [117,123,124]. Biochemical evidence 

for pentameric assembly of homomeric (1) GlyRs and the possibility for 

different  subunits to assemble as  heteromers has been provided [125,126]. 

The expression of the  subunits in the rat CNS shows a postnatal switch from 

2 to 1 as the main subunit, although in some brain regions the 2 subunit 

persists [127,128].  

In contrast to the  subunit, there is only one gene (GLRB) coding for  subunit 

[116]. Recombinant expression of the  subunit alone does not generate glycine-

induced currents and does not lead to the formation of homomeric receptors 

[111,126]. The  subunit forms heteromeric GlyRs with the  subunits and these 

can be distinguished from homomeric () GlyRs by decreased sensitivity to the 

antagonist picrotoxin and altered single-channel conductance [129-131]. The 

stoichiometry of heteromeric GlyRs is disputable, as recently evidence has been 

found for both a 3:2 and a 2:3 configuration [132,133]. The  subunit is 

broadly distributed throughout the CNS, but shows increased postnatal 

expression [127]. An important source of diversity between  and  subunits is 

the gephyrin binding domain present in the cytoplasmatic loop of the  subunit 

[134]. Gephyrin is the 98 kDa polypeptide originally also co-purified with the 

GlyR complex and functions as a GlyR-Tubulin linker protein [135,136].  
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1.2.2 Glycine receptor membrane dynamics 

Nearly all research concerning GlyR dynamics has aimed at discovering how 

GlyR accumulate at postsynaptic sites in neurons (Figure 1.3) [137]. This work 

pertains to 1: heteromeric receptors, which mediate the bulk of the glycine-

evoked inhibitory neurotransmission [138]. These GlyRs are shown to associate 

intracellularly with gephyrin shortly after synthesis and appearing as a complex 

in vesicles [134,139]. These vesicles are transported over long distances using 

gephyrin as a cargo adaptor for kinesin driven anterograde and dynein driven 

retrograde microtubule transport [140-142]. At sub-membrane sites, actin 

microfilaments and myosin are suggested to serve as a platform for delivery and 

internalization of GlyRs [143]. Exocytosis of GlyRs is thought to occur at 

extrasynaptic sites and endocytosis is shown to be ubiquitination and dynamin-

dependent [144-146]. 

Once inserted in the membrane, GlyRs show lateral diffusion in the membrane 

and can be reversibly trapped by gephyrin [146,147]. Gephyrin is an essential 

scaffold protein for clustering of heteromeric GlyRs at postsynaptic sites 

[148,149]. Diffusion measurements using primary neurons revealed rapid 

exchange of endogenous GlyRs between synaptic and extrasynaptic 

compartments, with fast extrasynaptic diffusion and slow confined motion at 

synaptic sites [150]. The cytoskeleton was also shown to have a profound 

influence on both synaptic and extrasynaptic GlyR diffusion [151]. Further 

diffusion measurements reported that GlyR diffusion can also be influenced by 

gephyrin outside the synapse and suggest multiple association states governing 

GlyR diffusion in- and outside the synapse [152]. Control of lateral diffusion and 

transient trapping are now regarded as an important means of regulating the 

structure and function of the synapse [153]. 

For homomeric receptors, little is known about their membrane dynamics. It is 

assumed that they are extrasynaptic, as they cannot bind gephyrin. The 2 

GlyRs present during embryonic stages, even before synaptogenesis, are proven 

to be homomeric [138]. They are however suggested to play a role in the 

development of glycinergic synapses and may undergo anchoring due to 

connections with actin-filament bundles [154,155]. Although extrasynaptic 

GlyRs have also been found in the adult CNS, little electrophysiological evidence 
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has been found to support homomeric GlyRs on the cell bodies of neurons. The 

GlyRs on presynaptic terminals however, have been postulated to be homomeric 

receptors and a homomeric configuration is suggested to convey axonal 

targeting [156-160].  

 

Figure 1.3: Membrane trafficking and postsynaptic anchoring of the glycine receptor. 

Newly synthesized glycine receptors (GlyRs) can associate intracellularly with gephyrin and are 

transported to and from the membrane by motor protein driven microtubular transport. Myosins may 

play a role in navigating the GlyRs via the sub-membrane actin cortex. Exo- and endocytosis is believed 

to occur at extrasynaptic sites and the gephyrin scaffold is responsible for GlyR anchoring at 

postsynaptic sites. Anchoring can either lead to stable fixation of receptors or be a transient event 

actively controlling the population of receptors at the synapse. Gephyrin association is also believed to 

influence extrasynaptic receptors, which can also occur dissociated from gephyrin. Based on Dumoulin 

et al. 2009 [137]. 
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1.2.3 Glycine receptor 3 

The GlyR 3 subunit was first identified by homology screening of a rat cDNA 

library and shown to be a low glycine affinity variant with the same postnatal 

expression profile as the 1 subunit [161]. The 3 subunit is also referred to as 

the “sensory” subunit, due to its expression in CNS regions associated with 

sensory processing. At present, this is manifested by 3 subunit detection in the 

mouse retina, the rat cochlea and the dorsal horn of the spinal cord; suggesting 

a role in processing of visual, acoustic and pain stimuli [162-164]. In these 

processes, signal transduction is, in part, mediated by synaptic 3 subunit-

containing GlyRs.  

The 3 subunit is also, to a lesser extent, found in the hippocampus, where it is 

associated with a novel pathophysiological role in temporal lobe epilepsy (TLE) 

[127,165]. This is related to the RNA editing and splicing properties of the 

GLRA3 gene transcript [166,167]. RNA editing has been shown to produce a 

high agonist affinity GlyR 3P185L subtype, capable of mediating tonic glycinergic 

inhibition at ambient glycine concentrations [168,169]. Just as the GlyR 3P185L 

subtype is upregulated in TLE, so is GlyR 3 alternate RNA splicing [168,170]. 

The RNA splicing of the human GLRA3 gene transcript generates two variants 

named 3K and 3L, with the latter containing an additional 15 amino acid 

sequence “TEAFALEKFYRFSDM” in the large cytoplasmatic loop between TM3 and 

TM4 (Figure 1.4) [167]. In some severe cases of TLE an upregulation of the 

3K variant at the expense of the 3L variant was found [170].  

Interestingly, when expressed in HEK 293 cells the 3L variant shows slow 

desensitization and membrane clustering, while the 3K variant shows faster 

desensitization and diffuse membrane organization [167,170]. When 

exogenously introduced into 3 subunit deficient primary neurons, the 

differential membrane organization of the 3 variants persists and leads to 

alternate synaptic localization, even when co-expressed with the  subunit 

[170]. An association between clustering and desensitization kinetics has been 

revealed for 1 GlyRs, yet no causal relationship has been revealed [171]. 
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Cys-loop 

TM1 

TM3 TM2 

difference L and K 

TM4 

GlyR 3L MAHVRHFRTLVSGFYFWEAALLLSLVATKETDSAR--------------SRSAPMSPSDF 46 
GlyR 3K MAHVRHFRTLVSGFYFWEAALLLSLVATKETDSAR--------------SRSAPMSPSDF 46 
GlyR 1 ---MYSFNTL--RLYLWETIVFFSLAASKEAEAAR--------------SAPKPMSPSDF 41 
GlyR   MKFLLTTAFLI-LISLWVEEAYSKEKSSKKGKGKKKQYLCPSQQSAEDLARVPANSTSNI 59 
    :     *   : :*      .  ::*: .. :              :   . *.*:: 
 
GlyR 3L LDKLMGRTSGYDARIRPNFKGPPVNVTCNIFINSFGSIAETTMDYRVNIFLRQKWNDPRL 106 
GlyR 3K LDKLMGRTSGYDARIRPNFKGPPVNVTCNIFINSFGSIAETTMDYRVNIFLRQKWNDPRL 106 
GlyR 1 LDKLMGRTSGYDARIRPNFKGPPVNVSCNIFINSFGSIAETTMDYRVNIFLRQQWNDPRL 101 
GlyR   LNRLL---VSYDPRIRPNFKGIPVDVVVNIFINSFGSIQETTMDYRVNIFLRQKWNDPRL 116 
 *::*:    .**.******** **:*  ********** **************:****** 
 
GlyR 3L AY-SEYPD-DSLDLDPSMLDSIWKPDLFFANEKGANFHEVTTDNKLLRIFKNGNVLYSIR 164 
GlyR 3K AY-SEYPD-DSLDLDPSMLDSIWKPDLFFANEKGANFHEVTTDNKLLRIFKNGNVLYSIR 164 
GlyR 1 AY-NEYPD-DSLDLDPSMLDSIWKPDLFFANEKGAHFHEITTDNKLLRISRNGNVLYSIR 159 
GlyR   KLPSDFRGSDALTVDPTMYKCLWKPDLFFANEKSANFHDVTQENILLFIFRDGDVLVSMR 176 
    .:: . *:* :**:* ..:***********.*:**::* :* ** * ::*:** *:* 
 
GlyR 3L LTLTLSCPMDLKNFPMDVQTCIMQLESFGYTMNDLIFEWQDEAPVQVAEGLTLPQFLLKE 224 
GlyR 3K LTLTLSCPMDLKNFPMDVQTCIMQLESFGYTMNDLIFEWQDEAPVQVAEGLTLPQFLLKE 224 
GlyR 1 ITLTLACPMDLKNFPMDVQTCIMQLESFGYTMNDLIFEWQEQGAVQVADGLTLPQFILKE 219 
GlyR   LSITLSCPLDLTLFPMDTQRCKMQLESFGYTTDDLRFIWQSGDPVQL-EKIALPQFDIKK 235 
 :::**:**:**. ****.* * ********* :** * **.  .**: : ::**** :*: 
 
GlyR 3L EK-DLRYCTKHYN-TGKFTCIEVRFHLERQMGYYLIQMYIPSLLIVILSWVSFWINMDAA 282 
GlyR 3K EK-DLRYCTKHYN-TGKFTCIEVRFHLERQMGYYLIQMYIPSLLIVILSWVSFWINMDAA 282 
GlyR 1 EK-DLRYCTKHYN-TGKFTCIEARFHLERQMGYYLIQMYIPSLLIVILSWISFWINMDAA 277 
GlyR   EDIEYGNCTKYYKGTGYYTCVEVIFTLRRQVGFYMMGVYAPTLLIVVLSWLSFWINPDAS 295 
  *. :   ***:*: ** :**:*. * *.**:*:*:: :* *:****:***:***** **: 
 
GlyR 3L PARVALGITTVLTMTTQSSGSRASLPKVSYVKAIDIWMAVCLLFVFSALLEYAAVNFVSR 342 
GlyR 3K PARVALGITTVLTMTTQSSGSRASLPKVSYVKAIDIWMAVCLLFVFSALLEYAAVNFVSR 342 
GlyR 1 PARVGLGITTVLTMTTQSSGSRASLPKVSYVKAIDIWMAVCLLFVFSALLEYAAVNFVSR 337 
GlyR   AARVPLGIFSVLSLASECTTLAAELPKVSYVKALDVWLIACLLFGFASLVEYAVVQVMLN 355 
 .*** *** :**:::::.:   *.*********:*:*: .**** *::*:***.*:.: . 
 
GlyR 3L QHKELLRFR-----------------RKRKNK---------TEAFALEKFYRFSDMDDEV 376 
GlyR 3K QHKELLRFR-----------------RKRKNK------------------------DDEV 361 
GlyR 1 QHKELLRFR-----------------RKRRHH---------KSPM-LNLF-----QEDEA 365 
GlyR   NPKRVEAEKARIAKAEQADGKGGNVAKKNTVNGTGTPVHISTLQVGETRCKKVCTSKSDL 415  
 : *.:   :                 :*.  :                        ..: 
 
GlyR 3L RESRFSF----------TAYGMGP-CLQAKDGMTPKGPN-----HPVQVMPKSPDEMRKV 420 
GlyR 3K RESRFSF----------TAYGMGP-CLQAKDGMTPKGPN-----HPVQVMPKSPDEMRKV 405 
GlyR 1 GEGRFNF----------SAYGMGPACLQAKDGISVKGANNSNTTNPPPAPSKSPEEMRKL 415 
GlyR   RSNDFSIVGSLPRDFELSNYDCYGKPIEVNNGLGKSQAKNN----------KKPPPAKPV 465 
  .. *.:          : *.     ::.::*:  . .:            *.*   : : 
 
GlyR 3L FIDRAKKIDTISRACFPLAFLIFNIFYWVIYKILRHEDIHQQQD 464 
GlyR 3K FIDRAKKIDTISRACFPLAFLIFNIFYWVIYKILRHEDIHQQQD 449 
GlyR 1 FIQRAKKIDKISRIGFPMAFLIFNMFYWIIYKIVRREDVHNQ-- 457 
GlyR   IPTAAKRIDLYARALFPFCFLFFNVIYWSIYL------------ 497  

Figure 1.4: Multiple sequence alignment of selected GlyR subunits. 

The primary protein structures of four human GlyR subunits are compared, comprising GlyR 3L 

(NP_006520), GlyR 3K (NP_001036008), GlyR 1 (NP_001139512), and GlyR  (NP_000815). These 

sequences were aligned using ClustalW. Stars (*) indicate identical amino acids, colons (:) indicate 

conserved amino acids and points (.) indicate semi-conserved amino acids. The 15 amino acid 

difference between the GlyR 3 splice variants is indicated by the red box. The sequence of the  

subunit that holds the interaction site with gephyrin is highlighted in green. Transmembrane domains 

are marked by blue boxes, while the characteristic cys-loop is marked by a yellow box. Amino acid 

numbering of the human protein sequence incorporates the signal peptide [167], leading to a 33 amino 

acid shift compared to the originally reported rat sequence [161]. Therefore the proline involved in 

P185L RNA editing is located at position 218, marked in pink [169]. Figure courtesy of Nick Smisdom. 

P185L 
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It is tempting to speculate that the 3L variant insert produces a direct binding 

capability for the receptor, as transient stabilization by scaffolds is common for 

neurotransmitter receptors [137]. However, no anchoring properties have ever 

been associated with GlyR  subunits. The cytoplasmatic region between TM3 

and TM4 is the region of highest sequence diversity between the GlyR  

subunits, as well as other members of the LGIC family [122]. In case of the 3 

subunit, the loop is known to carry a nuclear localization signal, involved in 

subunit sorting. A phosphorylation site is also present, involved in regulating the 

ligand binding site conformation and in mediating prostaglandin disinhibition of 

pain stimuli [163,172,173]. The insert of the 3L variant also carries a 

phosphorylation site, stabilizes the overall spatial structure of the domain and 

presents a control unit to regulate gating of the ion channel [167,174]. Recently 

a preferential interaction of exocyst protein Sec8 with the 3L subunit variant 

was also demonstrated to equip 3L GlyRs with axonal and presynaptic 

trafficking signals [175]. 
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1.3 Single particle optical localization microscopy 

The capacity to study single particles with microscopy has lead to a revolution 

across the physical, chemical and biological sciences [176]. The possibility to 

directly view molecular interactions at an appropriate nanoscopic scale has 

strongly emphasized the principle of “seeing is believing” in research. In order to 

achieve the visualization of single particles in optical microscopy, a system is 

needed that allows imaging of the desired components with good contrast. The 

principle of fluorescence microscopy is ideally suited to comply with these needs, 

as explained in the next steps: First, the desired entities must be endogenously 

fluorescent or specifically labeled with a fluorophore. Subsequently they are 

placed in the optical system and are excited with narrow wavelength light, suited 

to the excitation properties of the fluorophore. Due to Stokes’ shift and radiative 

energy decay, the fluorophores emit fluorescent light of a longer wavelength. 

Finally, by means of a dichroic mirror, emission filter and a light detector, the 

fluorescence is captured without interference from the excitation light. This 

provides an image that brightly displays the desired entity over a dark 

background [177].  

In order for an organic molecule to act as a fluorophore, it must have highly 

delocalized electrons. This means it will have alternating single and double 

bonds, typically in the form of aromatic ring structures. The wavelength at which 

the molecule absorbs light is determined by the size of the conjugated system 

and is typically within the visible region of the spectrum. Larger conjugated 

systems are capable of absorbing light of longer wavelengths, even beyond the 

visible range (> 700 nm) [178]. However, due to unfavorable photochemical 

properties these dyes lack stability and brightness. Furthermore the capacity to 

see the emission light by eye is often requisite. The excitation light needs to be 

of a shorter wavelength and microscopy lenses generally show bad transmission 

properties for ultraviolet light. Thereby excitation is usually achieved by near-UV 

or short wavelength visible light, with the lower limit around 350 nm [179]. Next 

to organic fluorophores semiconductor nanocrystals, named quantum dots, also 

have the desired properties for fluorescence microscopy. They possess a broad, 

continuous excitation and narrow size-dependent emission spectrum. Just like 

organic fluorophores quantum dots can be coupled to other molecules, yet they 

are more photochemically stable allowing for longer observation times [180]. 
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The term microscopy of course implies an enlarged view is made of a small 

(microscopic) sample. In a wide-field optical microscope, this is achieved by 

using lenses which channel the light to the sample and transfer a magnified 

image of the emission on a detector array. The modulation of light using lenses 

is governed by a point spread function (PSF), describing how a single point 

emitter is depicted by the optical system. Due to nature of light as a wave, a 

point source imaged by a lens-based system with a circular aperture will be 

depicted as a blurred spot or Airy disk (Figure 1.5). This phenomenon imposes 

a lower limit of discernible detail on an optical system, known as the diffraction 

limit or resolution ( ). The diffraction limit is described by Abbe’s formula [181]: 

           (1.4) 

This shows the diffraction limit is dependent on the wavelength of the light ( ), 

the refractive index of the medium ( ) and the aperture angle of the lens ( ). 

The composite       is referred to as the numerical aperture (NA) of the 

objective. In practice the highest NA obtainable for an objective is around 1.4 

and emission light is typically around 550 nm. This results in a theoretical 

diffraction limit of approximately 200 nm [182,183]. 

 

Figure 1.5: Fluorescence microscope and Airy disk. 

Optical detection scheme for conventional wide-field fluorescence microscopy is depicted. This set-up is 

also referred to as an epi-fluorescence microscope, as both excitation and emission light pass through 

the objective. Courtesy of Nick Smisdom. The inset displays the diffraction pattern associated with a 

circular aperture; the central part is referred to as the Airy disk.  
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1.3.1 Localizing and tracking single particles 

The capability to observe bio-molecular dynamics using microscopy warranted 

tools for particle localization. To this end several algorithms were developed, 

including cross-correlation, determining the center of mass and Gaussian fitting 

[184-186]. Although the most appropriate method depends on the dynamics and 

size of the observed particles, Gaussian fitting has emerged as the most 

commonly implemented strategy for localizing sub-diffraction particles (Figure 

1.6) [187,188]. These point sources are depicted according to the PSF of the 

microscope, which can be approached by a two 2D Gaussian profile. In order to 

apply 2D Gaussian fitting, sub-images are created based on local maxima, which 

are then used for the fitting procedure. The 2D Gaussian function is of the form:  

                  
      

        
 

   
  (1.5) 

Hereby the position of the molecule corresponds to the central position         of 

the Gaussian peak. The amplitude ( ) is determined by the peak intensity and 

the width ( ) is proportional to the resolution of the optical system (Eq. 1.4). 

Furthermore the intensity profile of the particle is assumed to be superimposed 

on a background (  ) of uniform intensity. The accuracy (   ) with which each 

particle can be localized mainly depends on the number of photons ( ) collected 

from the particle and the background photons ( ) in the image. In case imaging 

is performed with a pixelated camera detector,     is described as follows [189]: 

   
     

            

  
 
              

    
  (1.6) 

The factor   is 1 in case no electron multiplication is used for imaging or 2 in 

case imaging is done with an EM-CCD (electron multiplying charge coupled 

device) camera. The finite camera pixel size (  ) also contributes through 

pixelation noise. It is apparent that the localization precision improves if more 

photons can be collected against a low background. Detection schemes such as 

total internal reflection fluorescence microscopy (TIRFM) or light sheet 

illumination facilitate this by limiting the excitation volume [190,191]. Emission 

of individual emitters has to be spatially isolated to ensure reliable fitting of the 

Gaussian signature to the emission profile. This can be achieved by allowing only 

a limited subset of labeled particles to fluoresce at a given time. 
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Figure 1.6: Fitting single molecule pixel data with a Gaussian signature. 

(a) Single particle emission pattern as detected by the camera. (b) 2D Gaussian profile used to detect 

the center of the emission pattern. The typical width used to denote the PSF (half width at     , red) 

and the Gaussian function ( , green) are shown. (c) Flow chart representing the localization procedure. 

Once the particles have been localized, they need to be linked in subsequent 

frames to establish trajectories. In order to connect the dots, all particles in 

image   are circumscribed by a circle with radius      and if exactly one 

molecule is found within this circle in image    , it is connected to the original 

particle. In case of conflict either the nearest neighbour is selected or the 

trajectory is terminated. Both solutions are not optimal for trajectory 

construction and thereby selection of      and particle density are critical. The 

former is dependent on the dynamic behavior of the particles and can be 

determined as a function of the diffusion coefficient ( ) and the time between 

consecutive images ( ) via: 

              (1.7) 

At this value of     , trajectory construction allows for reliable reproduction of 

the original diffusion coefficient as empirically determined [192]. Considering the 

probability distribution of the displacement size, ~86% of all displacements can 

be found within a radius of     . This approach works best if the displacement 

size is significantly smaller than the interparticle distance, thereby putting 

confines on the particle density depending on the diffusion coefficient. Due to 

the blinking nature of some single particle tracking (SPT) probes or out-of-focus 

movements, an off time is often incorporated [193]. Thus a memory is added, 

which allows the particle to go missing for a limited duration. If the particle 

returns at the same position within the off time, it will be considered as the 

same particle and the trajectory will be continued. 
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1.3.2 Analysis of single particle trajectories 

Once the trajectories have been established, the square displacement size can 

be determined for further quantification. A trajectory can be parameterized by 

the total number of displacements  , coordinates    with       and the 

available time steps      . The distance traveled during   frames can thus be 

determined by                     
  of       measures. Notice that if    , the 

measures are not independent, which has to be taken into account when 

determining the error of the mean square displacement (MSD) per time step. 

The statistical error (   ) for MSD determination is given by [194]: 

                              (1.8) 

This expression shows that the error in a given trajectory increases for larger 

time steps and the error for a given time step decreases with longer trajectories. 

There are two general ways in which the population of square displacements can 

be further analyzed. Either an ensemble of all square displacements is analyzed 

per time step or the MSD versus time step relationship is evaluated for each 

individual trajectory. 

In the case of pure Brownian motion, the cumulative probability of the 

population of square displacements    at time step  , with diffusion coefficient  , 

is given by a function with a single exponential component [184]: 

                       (1.9) 

In case there are multiple mobile fractions, multiple exponential components can 

be fitted to determine the different diffusion coefficients. Although each of the 

mobile fractions can diffuse normally, this can be considered as anomalous given 

that the total population does not undergo uniform Brownian motion according 

to a single hydrodynamic radius [195]. 

If the trajectories are analyzed individually, each provides an estimator of the 

diffusion coefficient. Given the stochastic nature of diffusion, the accuracy of the 

estimation is dependent on the length of the trajectory and number of time 

steps used in the determination (Eq. 1.8). Assuming that short time steps are 

relatively free of anomalous diffusion, the corresponding MSD can be analyzed 

according to equation 1.2 to yield an initial diffusion coefficient [196]. If 

transient anomalous diffusion is present, trajectories can be segmented for local 
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analysis of displacement size and radius of gyration [197-199]. In case of 

anomalous diffusion, a non-linear relationship can also be used to describe the 

MSD with        . This non-phenomenological model indicates sub-diffusion if 

    and super-diffusion if     [200,201]. If trajectories of sufficient length 

can be obtained, as by application of quantum dots, more advanced anomalous 

diffusion functions can be applied to analyze the trajectories [202-204]. Often a 

constant offset is incorporated into all aforementioned functions, to correct for 

the finite localization precision [205]. If there is significant movement of the 

particle during the exposure time of the camera, this can also be corrected 

during the MSD analysis [206]. 

1.3.3 Localization based super-resolution imaging 

In order to study the dynamics of a bio-molecule, it can be sufficient to image 

just a few at a given moment and do multiple recordings. However, if we want 

to study the spatial distribution of a bio-molecule in a fixed state, as many 

molecules as possible need to be identified in a single image. Spatial 

organization of nanometer sized bio-molecules, such as membrane proteins, is 

often obscured by the diffraction limit [182]. Consequently, excitation will make 

all labeled molecules emit simultaneously, creating overlapping emission profiles 

and making Gaussian fitting impossible [183]. This problem was solved by 

different strategies capable of separating emission from individual labels in time 

using photoswitching [207]. If the photoswitching labels used, are fluorescent 

proteins, the technique is referred to as (fluorescence) photo-activation 

localization microscopy ((f)PALM) [208,209]. In case synthetic organic 

fluorophores are photoswitched, the technique is referred to as (direct) 

stochastic optical reconstruction microscopy ((d)STORM) [210,211]. 

Both methods switch the fluorophore between ON and OFF emissive states, 

allowing only a small stochastic subset of fluorophores to enter the ON state 

from the stable OFF state [212]. In case the OFF state is a non-emissive dark 

state, switching to the ON state is referred to as photo-activation. On the other 

hand, if both states are emissive, yet at spectrally distinguishable wavelengths, 

switching is termed photo-conversion. In both cases switching can be reversible, 

allowing a single fluorophore to turn ON and OFF multiple times. For fluorescent 

proteins, the photoswitching capabilities are inherent to the structure of the 
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protein [213,214]. Synthetic organic fluorophores however, are also used in 

conventional ensemble fluorescence microscopy and require a special aqueous 

environment for OFF state switching [210,215,216].  

1.3.4 Photoswitching of conventional synthetic fluorophores 

The mechanism of photoswitching for conventional fluorophores is best 

described for rhodamine and oxazine dyes (most Alexa Fluor dyes), the main 

classes of the standard fluorophores (Figure 1.7a) [217]. It is based on 

interactions between thiol (RSH) compounds added to the aqueous buffer and 

fluorophores in the triplet state (3F). The latter state can be achieved by the 

fluorophore via intersystem crossing from the excited state and can be sustained 

long enough to allow interactions. The interaction occurs as a reduction of the 

triplet state by the thiolate anion (RS-) present at physiological pH, due to a pKa 

of 8-9 for most thiol compounds (RSH/RS-). The thiolate must compete with 

oxygen (O2) for interaction with the triplet state, requiring 10-100 mM 

concentration of thiolate for efficient production of radical anions and thiyl 

radicals (3F+RS-  3F·+ RS*). The fluorophore radical anion is very unreactive 

and can survive for several seconds even in the presence of molecular oxygen 

[215]. Some fluorophores can even be further reduced to form the 

corresponding leuco dye (FH) [217]. Both of the stable OFF states (3F· and FH) 

can be oxidized back to the ground state, a process facilitated by irradiation with 

~400 nm light (Figure 1.7b) [215,217]. In case of carbocyanine dyes (Alexa 

Fluor 647), photoswitching is dramatically improved by adding oxygen 

scavengers [210]. These dyes are more easily oxidized and removal of oxygen 

stabilizes the fluorophore radical anion, which absorbs ~500 nm and UV light 

[210,217,218].  

Based on the switching mechanism, the photoswitching rate of conventional 

fluorescent dyes can be manipulated by the excitation intensity, thiol 

concentration and pH. These parameters must be used to transfer the bulk of 

the fluorophores to the OFF state and to allow only a limited subset to be 

stochastically activated to the ON state [219]. This ensures the majority of the 

fluorophores in the ON state will be spaced further apart than the diffraction 

limit, making Gaussian fitting possible. The ON state molecules are subsequently 

transferred back to the OFF state and new stochastic subsets are activated and 
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imaged. This process must be repeated multiple times, until enough 

fluorophores are detected to adequately visualize the bio-molecular structure at 

high resolution [220]. Recordings with multiple color channels are also possible, 

combining different synthetic fluorophores and/or fluorescent proteins as 

fluorophores [221-223]. Several distinct methods have also been developed to 

obtain 3D super-resolution information, thereby not only sharpening the lateral, 

but also the axial dimension [224-227]. 

 

Figure 1.7: Reversible photoswitching mechanism of conventional synthetic fluorophores 

(a) Upon irradiation ground state fluorophores (1F0) are transferred to the excited state (1F1), where 

they can either fluoresce or undergo intersystem crossing to the triplet state (3F). The triplet state can 

react with molecular oxygen or thiolate (RSH/RS-) and in the instance of the latter transform to a 

radical anion (F·). The radical anion can be oxidized or undergo another reduction to create the leuco-

dye form (FH). (b) After irradiation with 488 nm light (light blue) in the presence of 100 mM thiolate, 

absorption of Alexa Fluor 488 at 488 nm (black line) disappears and the radical anion, absorbing at 400 

nm appears (red line). The fluorescent state is recovered upon excitation with 400 nm light (dark blue). 

Reprinted by permission from Macmillan Publishers Ltd: Nature Protocols [217], copyright 2011. 

1.3.5 Analysis of super-resolution images 

Localization of bio-molecules in super-resolution imaging is identical to SPT. 

However, instead of creating trajectories, a super-resolution image is made by 

compiling all localizations in a single plane. The first merit of a super-resolution 

image is that it can uncover structural details previously obscured by the 

diffraction limit [228,229]. Hereby, accurate estimations of conformation and 

size of supra-molecular assemblies can be done [133,230]. However, for some 

bio-molecules the presence of a higher order assembly is speculative and 

multiple organizational conformations can be possible [231,232]. Therefore a 

quantification of intermolecular organization is needed and the pointillistic nature 

of localization based super-resolution images provides an ideal substrate [233].  

http://www.nature.com/nprot/index.html
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A point pattern analysis can be done to compare the measured point distribution 

to a random distribution. A primary approach, used frequently in super-

resolution imaging, is the application of Ripley’s K-function designed for 

statistical inference from spatial processes [234-237]. This function represents 

the expected number of points   within a distance   of another point, normalized 

by the number of points per area   [238]: 

      
 

 
      

 

   

 (1.10) 

where    is the  th point and the sum is taken over   points [239]. The K-

function can be further linearized and normalized to zero, defining the H-

function [240]: 

       
    

 
   (1.11) 

This function indicates the presence of clustering by positive values and 

dispersion by negative values, over the available length scale [240,241]. In 

some instances the cluster size has been determined using this method 

[231,236]. However, the use of Ripley functions to quantify domain size is found 

not to be straightforward [239]. Furthermore, modern optical fluorescence 

super-resolution techniques also generate artifacts capable of influencing 

conventional spatial point pattern analysis [242,243]. Therefore, a new method 

was recently developed named pair correlation analysis [244]. This method uses 

correlation functions to test for fluctuations in spatial organization of point 

patterns [245]. The major advantage, is that pair correlation analysis 

incorporates the presence of a super-resolution PSF arising due to overcounting 

[246]. The results from pair correlation analysis also provide estimates of both 

the spatial scale and the occupation density of clustering retrieved from point 

patterns [247,248]. 
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1.4 Research question and hypotheses 

The main research question addressed by this work is as follows: Can optical 

sub-diffraction microscopy be used to study RNA splicing effects on the GlyR 3 

membrane properties? Considering that optical sub-diffraction microscopy gives 

direct access to details obscured by the diffraction limit of conventional 

microscopy, the hypothesis corresponding to the main research questions can be 

formulated as follows: RNA splicing alters membrane order of the GlyR 3 on a 

nanoscopic scale. Two questions remain regarding the translation of this 

hypothesis to actual research: (1) How do we define membrane properties to 

infer order? (2) Which optical sub-diffraction technique(s) will we apply? 

The first question can be solved by dividing membrane behavior in dynamic 

lateral diffusion and static distribution. These two elements are related and thus 

expected to correlate. Lateral diffusion of membrane proteins is prone to 

anomalous diffusion, occurring when interactions in the membrane environment 

alter the physical nature of protein diffusion. The distribution of membrane 

proteins is prone to higher order organization into clusters. By this division, the 

hypothesis can also be specified in 3 sub-hypotheses: (1) RNA splicing is 

responsible for differential lateral anomalous diffusion of the GlyR 3. (2) RNA 

splicing is responsible for differential higher order clustering of the GlyR 3. (3) 

Anomalous lateral diffusion and higher order clustering of the GlyR 3 are 

correlated on a nanoscopic scale. 

The decision of which techniques to use, was made via an agreement between 

the groups of Professor Ameloot and Professor Hofkens. In the former group, 

fluorescently labeled antibodies were used for the conventional microscopy of 

the GlyR 3. This was due to lack of a suitable fluorescent protein fusion 

analogue. At the same time, the group of Professor Hofkens acquired the 

expertise for photoswitching conventional fluorophores used in antibody labeling, 

also known as direct stochastic optical reconstruction microscopy (dSTORM). The 

use of a quasi identical label across all techniques was also considered favorable, 

by limiting label induced variation in the results. Therefore, single particle 

tracking diffusion measurements were done with conventional fluorophores, 

instead of more photostable labels, and the super-resolution dSTORM method 

was chosen as imaging modality to study clustering. 
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2.1 Abstract 

The spatio-temporal membrane behavior of glycine receptors (GlyR) is known to 

be of influence on receptor homeostasis and functionality. In this work, an 

elaborate fluorimetric strategy was applied to study the GlyR 3K and L 

isoforms. Previously established differential clustering, desensitization and 

synaptic localization of these isoforms implies that membrane behavior is crucial 

in determining GlyR 3 physiology. Therefore diffusion and aggregation of 

homomeric 3 isoform-containing GlyRs were studied in HEK 293 cells. A unique 

combination of multiple diffraction-limited ensemble average methods and sub-

diffraction single particle techniques was used in order to achieve an integrated 

view of receptor properties. Static measurements of aggregation were 

performed with image correlation spectroscopy (ICS) and, single particle based, 

direct stochastic optical reconstruction microscopy (dSTORM). Receptor diffusion 

was measured by means of raster image correlation spectroscopy (RICS), 

temporal image correlation spectroscopy (TICS), fluorescence recovery after 

photobleaching (FRAP) and single particle tracking (SPT). The results show a 

significant difference in diffusion coefficient and cluster size between the 

isoforms. This reveals a positive correlation between desensitization and 

diffusion and disproves the notion that receptor aggregation is a universal 

mechanism for accelerated desensitization. The difference in diffusion coefficient 

between the clustering GlyR 3L and the non-clustering GlyR 3K cannot be 

explained by normal diffusion. SPT measurements indicate that the 3L 

receptors undergo transient trapping and directed motion, while the GlyR 3K 

displays mild hindered diffusion. These findings are suggestive of differential 

molecular interaction of the isoforms after incorporation in the membrane. 
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2.2 Introduction 

The diffusion and aggregation of receptors in the cell membrane have received 

considerable attention in the last decade.[249-252] In addition to endo- and 

exocytotic cycling of these membrane proteins, their movement and distribution 

in the plasma membrane can considerably contribute to the homeostasis of 

these receptors in the membrane.[253-255] In this way, the cell possesses 

extra tools to fine-tune receptor-mediated signaling events.[50,171,256] An 

example of this, is surface trapping of neurotransmitter receptors at 

postsynaptic sites for the facilitation of neurotransmission.[169,257-259] Hence, 

a study of the spatiotemporal membrane behavior of neurotransmitter receptors 

is important in fully comprehending the physiological receptor function. 

The transmembranous glycine receptor (GlyR) 3 is a neurotransmitter receptor 

subtype for which membrane properties are implicated in regulating signaling 

events. Post-transcriptional processing of the GLRA3 gene transcript [161] gives 

rise to two isoforms identified as the GlyR 3K and 3L[167]. The former is the 

short isoform exhibiting a diffuse membrane staining and fast desensitization 

kinetics, while the latter contains a 15 amino acid insert (Figure 2.1a), exhibits 

a clustered membrane appearance and slow desensitization kinetics.[167,170] 

An altered expression ratio of these isoforms has been measured in patients with 

a severe form of temporal lobe epilepsy (TLE).[166,168,170] A differential 

synaptic localization of the isoform subunits, has been associated with this 

observation.[170] In order to improve the understanding of these isoform-

related characteristics, this work investigates the spatiotemporal membrane 

behavior of homomeric[138] (Figure 2.1b) 3K or 3L GlyRs on different time 

and spatial scales. 

The GlyR 3 diffusion and aggregation were studied by means of both ensemble 

average and single particle fluorimetric techniques, either static or dynamic. 

Earlier work combining fluorescence recovery after photobleaching 

(FRAP)[260,261] and single particle tracking (SPT)[184,192,204,262,263] 

measurements for characterization of protein diffusion was inspirational for our 

fluorimetric approach.[194,200,264] In this way an integrated view of receptor 

properties is obtained and possible technical bias in the interpretation is 

reduced. However both the confocal laser scanning microscope (CLSM)[265,266] 
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and total internal reflection fluorescence microscope (TIRFM)[191,267,268], 

used respectively for FRAP and SPT, provide several more techniques for 

receptor characterization, without requiring drastic changes to the set-up. In this 

work the CLSM was used not only for FRAP, but also for image correlation 

spectroscopy (ICS)[269,270] and raster image correlation spectroscopy 

(RICS)[271,272]. The range of techniques applied on the TIRFM was extended 

beyond SPT, with temporal image correlation spectroscopy (TICS)[273,274] and 

single particle based localization microscopy[208,209,275-277], in this case 

direct stochastic optical reconstruction microscopy (dSTORM)[210,215,217]. 

The aggregation state of both 3 isoforms was investigated by ICS and dSTORM. 

ICS has the advantage that it can be applied on a commercial CLSM and that it 

can determine the aggregation state of membrane proteins with very low 

detection limits. However, ICS is diffraction-limited and does not allow for the 

direct estimation of the cluster size. This hurdle was overcome by dSTORM, 

which generates a sub-diffraction image. Since the biological samples of both 

techniques are identical, except for the addition of a reducing agent to the 

measuring solution, the extra workload to apply both techniques is minimal once 

they are operational. The diffusion of the receptors was studied at various length 

and time scales using, in order of decreasing scale, FRAP (>1 µm, seconds to 

minutes), TICS (diffraction limited, ms to s), RICS (diffraction limited, µs to s) 

and SPT (sub-diffraction technique, ms to s). In addition to the different scales 

they cover, two fundamentally different types of results are obtained: FRAP, 

TICS and RICS return all an ensemble averaged result, while SPT generates 

individual information for every tracked particle. For all fluorescence based 

techniques employed, an organic fluorophore coupled to a primary antibody was 

used for receptor labeling, allowing for the use of similarly sized labels for all 

techniques. Furthermore all dynamic measurements were carried out at 37°C, in 

order to mimic the effect of body temperature on receptor movement and 

membrane viscosity. 
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Figure 2.1: Schematic representation of the glycine receptor structure.  

a) General structure of a GlyR subunit showing the four transmembrane  helices (TM1 – TM4) and the 

large, extracellular N-terminal domain. The location of the HA-tag used in this study is indicated, as 

well as the region of the 15 extra amino acids of the L isoform. b) A functional, homomeric GlyR 

comprises five subunits, with TM2 of each subunit lining the pore. 
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2.3 Materials and Methods 

2.3.1 Cell culture 

Human embryonic kidney 293 cells (HEK 293, kindly provided by Dr. R. 

Koninckx, Jessa Hospital, Hasselt, Belgium) were maintained at 37°C in a 

humidified incubator at 5% CO2 in Dulbecco’s modified eagle’s medium (Ref. 

41966, Gibco BRL, Paisley, UK) supplemented with 10% fetal calf serum 

(Biochrom AG, Berlin, Germany) and a penicillin (100 IU/ml)-streptomycin (100 

µg/ml) mixture (Invitrogen, Merelbeke, Belgium). The cells used for microscopic 

observation were plated two days before the experiment in 8-well Lab-TekTM II 

chambered coverglass (Nalge Nunc International, Rochester, NY, USA) seeded at 

a density of 20,000 cells per well in transfection medium. This is Dulbecco’s 

modified eagle’s medium (Ref. 41965, Gibco BRL, Paisley, UK) supplemented 

with 10% fetal calf serum but without the penicillin/streptomycin mixture. 

2.3.2 Transfection 

After overnight incubation, the cells were transfected using calcium phosphate 

co-precipitation with plasmids encoding for the haemagglutinin (HA)-tagged 

(Figure 2.1a) splice variants 3K and 3L of the mouse GlyR 3.[170] The HA-

tag was located in the extracellular N-terminal domain between amino acids 35 

and 36.[170] The plasmids were diluted in 250 mM CaCl2 buffer at a 

concentration of 20 ng/µl and an equal amount of HEPES buffered saline solution 

(HBS, pH 7.05) was added dropwise. After incubation of 15 minutes, this 

mixture was added to the culture medium of the cells. All cell recipients used in 

the various experiments received a final amount of DNA of 0.21 µg/cm². After 6 

hours, the transfection medium was replaced with transfection medium 

supplemented with 200 nM strychnine. All measurements occurred within 24 to 

36 hours after transfection. 

2.3.3 Labeling of exogenous GlyRs 

A chicken polyclonal anti-HA antibody (Bethyl lab Inc, Montgomery, TX, USA) 

was used to stain the HA-tagged GlyRs. This antibody was directly labeled with 

Alexa Fluor 488 (Alexa 488) or Alexa Fluor 647 (Alexa 647) using a commercial 

Alexa Fluor 488/647 tetrafluorophenyl labeling kit (Molecular Probes/Invitrogen) 

according to the manufacturer’s protocol. Two vials of reactive fluorochrome 
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were used to increase the degree of labeling. The degree of labeling was 

determined using a Nanodrop ND-1000 spectrophotometer (Thermo Scientific, 

Wilmington, DE, USA) at 3.9 (Alexa 488) and 4.4 (Alexa 647) labels per 

antibody. Cells transfected with the GlyR 3 were rinsed twice with HEPES-

buffered DMEM without phenol red (Ref. 21063, Gibco), abbreviated as MWPR 

(medium without phenol red), and incubated for 10 minutes at 37°C with a 4 

µg/ml (Alexa 488) and 2 µg/ml (Alexa 647) antibody solution. Afterwards, cells 

were rinsed three times with MWPR and used for live cell imaging (FRAP, RICS, 

TICS, SPT) or fixed for 10 minutes using 4% (w/v) paraformaldehyde (PFA) in 

phosphate buffered saline (ICS, dSTORM). 

2.3.4 Image correlation spectroscopy 

Bottom membrane images of fixed cells were acquired using a Zeiss LSM 510 

META (Carl Zeiss, Jena, Germany) CLSM on an inverted epifluorescence Axiovert 

200M motorized frame equipped with an PLAN-APOCHROMAT 100x/1.46 

objective (Carl Zeiss). 150 fs pulsed laser light of a Titanium:Sapphire laser (Mai 

Tai, Spectra-Physics, Irvine, CA, USA) tuned at an output wavelength of 930 nm 

(1.4 W output power) with 1.5 mW on the stage was used to excite Alexa 488. 

The emission light was detected using non-descanned detection: the 

fluorescence was directed using a dichroic mirror (DC) FT685, a short-pass 

KP685 and a band-pass BP495-545 towards a photomultiplier tube (PMT; 

Hamamatsu 7422, Herrsching am Ammersee, Germany). This PMT was 

connected to an SPC830 card (Becker and Hickl, Berlin, Germany) synchronized 

by the scan pulses from the CLSM. Data were acquired in FIFO imaging mode. 

The resulting images have a 512 by 512 resolution, a pixel size of 22 nm, and a 

pixel dwell time of 51.2 µs. Data were analyzed using in-house developed 

routines written in a MATLAB environment (R2010b, The Mathworks, Gouda, 

The Netherlands) according to a published protocol for ultrasensitive 

detection.[270] 

2.3.5 Direct stochastic optical reconstruction microscopy 

Transfected cells were stained with Alexa 488 and fixed prior to incubation with 

a buffered solution containing 100 mM cysteamine (Sigma-Aldrich). dSTORM 

was carried out on these cells at room temperature using an inverted epi-

fluorescence microscope (Olympus IX71 frame S1F-3, Olympus Optical, Tokyo, 
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Japan) equipped with a PlanApo 60x oil objective(NA 1.45; Olympus Optical). 

The beams of a 100 mW 488 nm (Excelsior 488, Spectra-Physics) and a 100 mW 

405 nm (Cube Coherent) diode laser were consecutively selected by mechanical 

shutters during respectively 50 and 40 ms at a repetition rate of 10 Hz. This 

light was directed by the DC (z405/491rdc; Chroma, Bellow Falls, VT, USA) 

towards the objective in off-axis mode to obtain total internal reflection. 

Excitation light was removed using the DC and a HQ500LP emission filter 

(Chroma). The 488 nm excitation light was used to excite the Alexa 488 and to 

obtain a suitable OFF switching rate. The ON switching rate was controlled by 

the 405 nm laser light with 40 ms exposure time in the overall sequence.[278] 

The images were recorded at 10 Hz using an EM-CCD camera (ImageEM, 

Hamamatsu) with 50 ms integration time, a resolution of 512 × 512 and an 

image pixel size of 80 nm. The camera was synchronized with the exposure time 

of the 488 nm laser light, reducing additional background introduced by the 405 

nm light exposure. Using home-developed software the particle positions were 

determined and mapped out on a 20 nm pixel grid corresponding to the 

localization precision[189,279]. Multi-distance spatial clustering analysis was 

performed on the obtained point maps using Ripley’s H-function[240]. This 

function is derived from Ripley’s K-function[280,281], but represents clustering 

and dispersions by means of positive and negative values respectively.  

2.3.6 Fluorescence recovery after photobleaching 

FRAP measurements were performed using a Zeiss LSM 510 META CLSM (Carl 

Zeiss) on an epifluorescence Axiovert 200M motorized frame. The Alexa 488 was 

excited with the 488 nm line (selected by a 488 ± 10 nm interference-base laser 

cleanup filter) of the 30 mW air-cooled argon ion laser (5.5 A tube-current) 

under the control of an AOTF (set at 0.8% transmission). The excitation light 

was directed to the sample via a DC (HFT 488) and a Plan-Neofluar 40x/1.3 oil 

immersion objective (Carl Zeiss). The fluorescence light was detected in 

descanned mode through the DC and a long-pass LP505 emission filter to the 

PMT. The pinhole size was set to 3 Airy units and the image size was typically 

set to 512 × 512 pixels with a pixel size of 63 nm. The interval between the 

start of subsequent frames was determined as      .
 
Each time series typically 

comprised 2 pre-bleach frames and 18 recovery frames. Cells were kept at 37°C 

by means of a small stage incubator and an objective heater (Pecon, Erbach, 
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Germany). Resulting time series were analyzed using custom written routines in 

a MATLAB environment based on published software components.[261] A new 

approach was introduced to select a reference region that comprises the bleach 

region of interest (ROI) and its perimeter in which the fluorescence can be 

assumed to be constant after bleaching occurred. This approach allows 

extraction of the recovery curve without user biased selection of a reference 

region and finds its origin in a procedure suggested by Phair[282,283]. Two 

FRAP models are used in the analysis step: the uniform disk model[284] and the 

generalized disk model[261]. The latter model was implemented with the 

instrumental resolution factor fixed at the estimated value of 0.07 µm2.  

2.3.7 Raster image correlation spectroscopy 

The RICS measurements were performed with the identical setup as used for 

ICS. A small stage incubator and an objective heater (Pecon) were used to keep 

the cells at 37 °C. Besides the Plan-Apochromat 100x/1.46 objective (Carl 

Zeiss), also a LD C-Apochromat 40x/1.1 W Korr UV-VIS-IR objective (Carl Zeiss) 

was used. Pixel sizes were respectively 22.1 nm and 54.8 nm and image 

resolution was 512 × 512. Pixel dwell times (  ) of 163.9 µs, 102 µs, 51.8 µs, 

25.6 µs and 6.4 µs were used. This range of scan speeds was used to explore 

possible fast motion of the receptors. The associated line times can be calculated 

as              , where         is the number of times each line is sequentially 

scanned before proceeding to the next line. These multiple scanning of each line 

was applied to increase the line time to further expand the dynamic range of the 

technique. Image analysis was performed in the MATLAB environment as 

published elsewhere.[285] 

2.3.8 Temporal image correlation spectroscopy 

Transfected cells were stained as described and kept at 37°C through the use of 

a commercial stage incubator (Pecon GmbH, Erbach, Germany). Cargille type 37 

(Cargille Labs, Cedar Grove, NJ, USA) was used as immersion oil. All images 

were acquired using the setup as described for dSTORM, but without the 405 nm 

laser light. Two neutral density filters (optical density 2.5 and 0.1) were 

introduced to minimize photobleaching of Alexa 488 as much as possible. To 

reduce the photobleaching even further, a shutter in the beam path, which also 

triggered the camera, was used to block the laser light between consecutive 
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images. The exposure time of the camera was kept constant at 50 ms and the 

EM gain was set at 149. Images were acquired at various acquisition rates 

ranging from 50 ms to 5 s. Data analysis was performed using custom written 

software in the MATLAB environment according to published 

approaches.[273,286] A correction for photobleaching was applied as 

described.[273] 

2.3.9 Single particle tracking 

The SPT measurements were carried out on the set-up that also accommodated 

the dSTORM and TICS measurements.[287] Alexa 647 was used with excitation 

from a 60 mW 642 nm diode laser (Excelsior 642, Spectra-Physics), a z647rdc 

DC and a 665LP emission filter (Chroma). The exposure time of the camera was 

kept constant at 50 ms and the EM gain was set at 610. Bottom membrane 

images were acquired at 10 Hz with shuttered exposure to minimize 

photobleaching. Live cells were kept at 37°C through the use of a commercial 

stage incubator (Pecon) and Cargille type 37 was used as immersion oil. Particle 

detection and localization, trajectory construction and calculation of the mean 

square displacements (     ) for each time lag (     ) were done by in-house 

developed MATLAB routines. Only trajectories with a minimum of 16 time steps 

were considered. The localization precision (), determined by tracking of Alexa 

647 labeled GlyRs at 37°C in cell membranes fixed for 10 minutes with 4% PFA, 

was kept fixed. For short time range diffusion, the diffusion coefficient was 

determined by fitting the first three time lags (    ) of trajectories with the 

linear function                 .[196] For long time range diffusion, fitting of 

the first quarter[196] of the displacement data was done using the non-linear 

function             
        

 
[200,201], with    and   as freely adjustable fitting 

parameters. The exponent (   allows for a time-dependent diffusion coefficient 

(  ), which improved fitting significantly. Tracks were considered immobile if the 

         for any time lags in the fit or if                       .  
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2.4 Results 

Each experimental technique was applied to two separate expression systems. 

Each system comprised the expression of a different 3 (K or L) subunit isoform 

in HEK 293 cells. For both isoforms individual expression of the subunit lead to 

the formation of functional transmembrane receptors. This was verified by 

analyzing protein expression with western blot and measuring glycine-evoked 

membrane currents using whole-cell patch-clamp (SM Figure 2.9, SM Figure 

2.10). 

2.4.1 GlyR 3 aggregation state 

The membrane aggregation state of the GlyR 3 isoforms in fixed samples was 

studied by using ICS and dSTORM. ICS analysis was carried out on regions of 

the bottom membrane with an apparent homogeneous distribution of fluorescent 

entities (Figure 2.2). The average brightness (counts/s per entity) was 

determined by combining the measured average density of fluorescent entities 

together with the associated average fluorescence intensity of the image (Table 

2.1).[270] Using this analysis, the fluorescent entities of GlyR 3L are found to 

be approximately 8 times (7.5 ± 0.4) brighter as compared to their GlyR 3K 

counterparts. Assuming that the brightness of the fluorescent labels is 

independent of the aggregation state of the receptor and that each fluorescent 

entity of GlyR 3K corresponds to an individual receptor, it can be concluded 

that each fluorescent entity of GlyR 3L corresponds with a cluster comprising 

eight times more labeled receptors. The size of the GlyR 3L clusters is below 

the diffraction limit as the observed radial beam radius    is essentially constant 

(Table 2.1). 

Table 2.1: ICS analysis performed on fixed cells expressing either GlyR 3K or GlyR 3L. 

Particle density and brightness were corrected for background intensity and non-specific binding of the 

antibody. 

Splice varianta 
Density 

(entities/µm2) 

Brightness 

(counts/s entity) 

   

(nm) 

GlyR 3K 5.9 ± 0.8b 0.28 ± 0.04 43×10 ± 8×10 

GlyR 3L 1.3 ± 0.3 2.1 ± 0.4 40×10 ± 2×10 

a  For each isoform 9 cells were measured 

b  Errors are reported as standard error of the mean 
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Figure 2.2: Image correlation spectroscopy of the GlyR 3.   

Representative images obtained from respectively GlyR 3K and 3L in fixed HEK 293 cells are shown 

by (a) and (b). Both images have the same intensity scale. Qualitative inspection reveals a diffuse 

staining of the K splice variant and a punctate pattern of GlyR 3L. (c) and (d) are the experimentally 

obtained spatial autocorrelation function (gray shade, facing quadrant removed) of respectively GlyR 

3K and 3L, together with the best fit (colored surface). The plot of the weighted residuals is indicated 

above the corresponding spatial autocorrelation function. 

dSTORM experiments yield point accumulation images representing a map of 

GlyR 3 locations in the bottom membrane (Figure 2.3a, b). Analysis of these 

point locations by Ripley’s H-function indicates a clear deviation from random 

distribution for the GlyR 3L, and this in contrast to the GlyR 3K. The GlyR 3L 

point distribution yields positive values for the H-function, up to 1 µm and with 

the maximum of the H-function at 280 nm. For the GlyR 3K the maximum of 

the H-function is at a distance of ≈ 20 nm, which is of the same order as the 

localization precision. 
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Figure 2.3: Super-resolution clustering analysis of the GlyR 3.   

Representative accumulated point map images obtained from respectively the GlyR 3K (a) and the 

GlyR 3L (b) in fixed HEK 293 cells using dSTORM. Both images have the same intensity scale. Ripley’s 

multi-distance spatial clustering analysis (c) reveals profound clustering of the GlyR 3L compared to 

the GlyR 3K. 

2.4.2 Study of GlyR 3 diffusion using ensemble techniques 

FRAP experiments analyzed using the uniform disk model and the new reference 

method yielded a diffusion coefficient of 0.15 ± 0.01 µm²/s with a mobile 

fraction of 0.93 ± 0.04 for the GlyR 3K (Figure 2.4a). Variations in ROI size 

did not reveal changes in diffusion coefficient (Figure 2.4c) nor in mobile 
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fraction (data not shown). Unfortunately, due to the low density of the bright 

clusters from GlyR 3L, applying FRAP to this isoform was unsuccessful (Figure 

2.4b). Movement of these bright clusters in and out of the bleach region 

dramatically affects the recovery curve and renders it unsuitable for further 

analysis. 

Analysis of diffusion measurements carried out with RICS reveals a difference in 

diffusion coefficient of more than an order of magnitude between the GlyR 3K 

and 3L (respectively 0.11 ± 0.02 µm²/s and 0.008 ± 0.002 µm²/s). Coarse 

spatial mapping of receptor diffusion in the bottom membrane, displays 

variations that are relatively small compared to the inter-isoform difference 

(Figure 2.5a, b). Application of several scan speeds confirmed that no faster 

moving fraction of both types of receptors existed. 

 

Figure 2.4: Fluorescence recovery after photobleaching of the GlyR 3. 

Representative fluorescence recovery from respectively GlyR 3K and 3L expressed in HEK 293 cells 

are shown by (a) and (b). For the GlyR 3K, the model properly fit the curve, while fitting the recovery 

curve of GlyR 3L was unsuccessful. Diffusion coefficients for the GlyR 3K obtained from 31 cells and 

analyzed using the uniform disk model are plotted as the average and standard deviation per ROI 

radius (c). The overall average of the diffusion coefficient is 0.15 ± 0.01 µm²/s and of the mobile 

fraction is 0.93 ± 0.04.  
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Figure 2.5:  RICS of live HEK 293 cells expressing GlyR 3K (a) and 3L (b) allows for a 

coarse mapping of the mobility of the respective receptors.  

Each white rectangular box represents an analyzed area with the obtained diffusion coefficient [in 

μm²/s] and standard error reported. In general, there was a difference of over one decade between the 

diffusion coefficients of both splice variants. In addition, there was also variation of the diffusion 

coefficient within a single cell, albeit to a lesser extent. An identical color map was applied for both 

images. 

TICS experiments performed on the GlyR 3K and 3L revealed that both splice 

variants contain two species of receptor diffusion (Figure 2.6). Due to bleaching 

and the limitations of the photobleaching correction, only the diffusion of the 

fastest species could be reliably characterized. The average values across the 

experiments for these species are 0.16 ± 0.07 µm²/s for the GlyR 3K and 

0.021 ± 0.009 µm²/s for the GlyR 3L. In summary, all ensemble techniques 

yield similar diffusion coefficients for each individual isoform (Table 2.2). 

Table 2.2: The average diffusion coefficient (in µm²/s) as obtained per ensemble 

microfluorimetric technique. 

Splice variant FRAP RICS TICS 

GlyR 3Ka 0.15 ± 0.01c 
0.11 ± 

0.02 
0.16 ± 0.07 

GlyR 3Lb Not Feasible 
0.008 ± 

0.002 
0.021 ± 0.009 

a  Cells analyzed per technique. FRAP: 31, RICS: 6, TICS: 6 

b  Cells analyzed per technique. FRAP: 0, RICS: 6, TICS: 6 

c  Errors are represented as standard error of the mean 
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Figure 2.6: Temporal image correlation spectroscopy of the GlyR 3.  

The temporal autocorrelation function obtained in TICS analysis of GlyR 3K (a) and 3L (b) are 

plotted, together with the 1 species and 2 species fit. The upper panels show the weighted residuals. 

2.4.3 Study of the GlyR 3 diffusion using single particle tracking 

The diffusing GlyR 3 isoforms were monitored by tracking individual fluorescent 

features in the bottom membrane (Figure 2.7a, b). The obtained distribution 

for short time range      is shifted towards faster diffusion for the GlyR 3K 

compared to the GlyR 3L, with respective averages of 0.13 µm²/s and 0.044 

µm²/s (Figure 2.7c). For longer time ranges, a time-dependent diffusion 

coefficient better suited the data. This implied that the average  -exponents 

were indicative of anomalous diffusion (  ≠ 1), equaling 0.87 for the GlyR 3K 

and 0.73 for the GlyR 3L. The  -exponents exhibit a broad distribution due to 

imperfect sampling[194]. Nevertheless a clear distinction can be made between 

the GlyR 3K and 3L. The distribution of the former has a zero skewness 

centered on normal diffusion (  = 1), yet contains more weight on anomalous 

sub-diffusion (  < 1) (Figure 2.7d). The distribution of the latter has positive 

non-zero skewness, with the center on anomalous sub-diffusion and with a long 
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tail to the right suggesting the presence of anomalous super-diffusion (  > 1) 

(Figure 2.7d). For both receptor types a fraction of the analyzed trajectories 

was designated as immobile within the time-dependent diffusion model 

approach. This concerned 5% of the trajectories for the GlyR 3K and 15% for 

the  GlyR 3L (Table 2.3).  

 

Figure 2.7: Single particle tracking ensemble analysis of the GlyR 3. 

Representative trajectory plots, shown for the GlyR 3K (a) and 3L (b). Comparison of the cumulative 

distributions of short time range D1-3 shows faster overall diffusion for the GlyR 3K compared to the 

GlyR 3L (c). The distribution of  -exponents indicates anomalous sub-diffusion in both receptor 

populations (d). For the GlyR 3L, a subset of tracks also displays anomalous super-diffusion (arrow). 

(bin = number of elements in bin, tot = total elements in distribution) 
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Upon inspection of single trajectories, it can be ascertained that transient 

trapping is present for particles displaying tracks with anomalous sub-diffusion 

(Figure 2.8a, b). This was observed for both 3K and 3L receptors. On the 

other hand, tracks corresponding with anomalous super-diffusion reflect clear 

directed motion combined with local trapping (Figure 2.8c, d). The latter type 

of complex particle motion was only observed for the GlyR 3L. 

 

Figure 2.8: Single particle trajectory analysis of the GlyR 3. 

To interpret the deviation from normal diffusion, representative tracks from particles with anomalous  -

exponents are shown (a, c). Particles with an  -exponent < 1 exhibit diffusion with transient trapping 

(a), the localization precision is also represented (dashed line, b). Particles with an  -exponent > 1 

show a heterogeneous displacement pattern (c), where the proportion of super-diffusion outweighs the 

sub-diffusion (d).  
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Table 2.3: Single particle tracking ensemble average parameters for the GlyR 3. 

The average short time range      (in µm²/s) are reported for both isoforms. The averages of the free 

fit parameters (   ,  -exponents) from the non-linear fit of diffusion at longer time range are 

represented together with the immobile fraction.  

SPT 
Short time 

range 
Long time range 

Splice variant              -exponent 
Immobile 

fractiond 

GlyR 3Ka 0.129 ± 0.002c 
0.133 ± 

0.003 

0.866 ± 

0.008 
5% 

GlyR 3Lb 0.0436 ± 0.0008 
0.042 ± 

0.001 

0.736 ± 

0.006 
15% 

a  Number of cells measured: 7, number of trajectories analyzed: 1629 

b  Number of cells measured: 9, number of trajectories analyzed: 4291 

c  Errors are represented as standard error of the mean 

d  See materials and methods for criteria 
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2.5 Discussion 

In this study, differential diffusion and aggregation of the homomeric GlyR 3 

related to the isoform composition were investigated. The difference in 

aggregation states of the GlyR isoforms 3K and 3L was confirmed using  ICS 

and dSTORM. The differences in receptor diffusion were studied with a variety of 

fluorimetric techniques. Further discussion pertains to the integrated view of 

receptor diffusion achieved by combining ensemble and single particle 

fluorimetric techniques. Finally, the results are placed in a physiologcal context 

and the perspectives for further study of the GlyR 3 are outlined. 

2.5.1 The GlyR 3 isoforms differ in aggregation state 

The difference between the diffuse staining pattern of GlyR 3K and the 

punctate staining pattern of GlyR 3L is obvious, even through regular 

microscopic observation. This differential staining pattern reflects the different 

aggregation state of both receptor isoforms. Eichler et al. estimated the cluster 

size of GlyR 3L in transfected primary hippocampal neurons (1.07 ± 0.5 µm), 

but the number of receptors per cluster could not be determined.[170] In order 

to estimate this number and to enable the detection of even smaller differences 

in aggregation state, the application of ICS and dSTORM to the current 

expression systems was explored. Both methods start from a static snapshot of 

the cellular model obtained through chemical fixation. 

The ICS results revealed that each GlyR 3L cluster comprised on average 8 

labeled receptors assuming the exclusive presence of individual receptors for 

GlyR 3K and a constant brightness per receptor. When aggregation reduces 

this brightness, as could well occur by steric hindrance of bound antibody, 8 will 

be a lower limit. Furthermore, the size of the detected GlyR 3L clusters was still 

below the diffraction limit, as indicated by the lack of increment of the average 

observation profile radius    retrieved in ICS (Table 2.1). This is consistent with 

the estimated number of labeled receptors in combination with the size of the 

GlyR, which should be close to the published 8.5 nm radial diameter of the 

structurally related nicotinic acetylcholine receptor.[288,289] 

In addition to the diffraction-limited ICS, the super-resolution method dSTORM 

was applied to obtain sub-diffraction resolution images of the receptors. Analysis 
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of these data using Ripley’s H-function indicates a clear difference in aggregation 

state between the isoforms. While the GlyR 3L displays a non-uniform 

clustering distribution, any clustering seen with the GlyR 3K is minimal and 

barely exceeds artifacts generated by the repeated localization of identical 

particles.[242] The maximum of Ripley’s H-function cannot be used as a 

rigorous estimate of the mean cluster size as this maximum depends on the 

cluster separation.[239] Also, a distribution of cluster sizes cannot be excluded 

and the higher number of detected events for larger clusters can introduce a 

bias. 

2.5.2 GlyR 3 diffusion studied by ensemble techniques 

The diffusion of GlyR 3K was successfully studied by FRAP. Two models for free 

diffusion, which differ in their assumption of the shape of the bleaching beam, 

were cautiously applied. It is known that a model for free diffusion might yield 

incorrect results in presence of anomalous diffusion while apparently being 

correct based on the quality of the fit.[290] However, the low immobile fraction 

observed by both models in the experiments reflects the suitability of the free 

diffusion model and suggests that the motion of the GlyR 3K receptors is close 

to that of free diffusion. Furthermore, for receptors undergoing anomalous 

diffusion, the immobile fraction would be much higher upon analysis with a 

constant diffusion coefficient. Finally, the lack of dependency of both D and the 

immobile fraction on the ROI size are also indicative for the absence or limited 

contribution of anomalous diffusion. The results of both models did not differ 

significantly. Unfortunately, GlyR 3L could not be studied by FRAP due to the 

presence of clusters. Movement of clusters in and out the ROI dramatically 

affects the fluorescence intensity inside the ROI. A similar effect is seen when 

the concentration of fluorophores is too low.[291] 

While RICS in a biological context is mainly used  to measure the diffusion of 

proteins in the cytoplasm [271,292], this technique has been previously used by 

us to characterize diffusion of membrane components[285,293]. The low 

diffusion coefficients of membrane proteins force the application of low scan 

speeds near the limit of the capabilities of our CLSM set-up. Coarse spatial 

mapping achieved with RICS revealed a limited spatial dependency of the 

diffusion coefficient for each individual isoform over the cell surface.[272,285] In 

contrast to FRAP, RICS was able to measure the diffusion coefficient of both 
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isoforms, with a good agreement for both techniques for the K isoform. The 

difference in magnitude of the obtained diffusion coefficients of both isoforms is 

larger than expected based on their difference in aggregation state estimated 

with ICS and dSTORM. This provides evidence for an influence, not inherent to 

the receptors, such as the membrane constitution or submembranous 

structures. 

TICS was originally applied on a CLSM [273], but the available frame rate would 

not allow to resolve the large, fast moving fractions of the proteins. Therefore, 

we used a TIRFM with a frame rate optimized for the time scale of the expected 

kinetics. From simulated data, it is shown that for the observed bleaching rate, 

the experimental data can be corrected appropriately so that reliable estimates 

for the diffusion coefficient of the fastest species can be obtained. The use of 

TICS revealed the presence of an apparent slower diffusing species, but due to 

the bleaching rate this information could not unambiguously be interpreted. 

2.5.3 SPT reveals anomalous diffusion in GlyR 3 diffusion 

The short time range      derived from SPT confirm faster diffusion for the GlyR 

3K in comparison to the GlyR 3L. This could be explained by cluster formation 

of 3L receptors, as seen by ICS and dSTORM, resulting in large complexes 

exhibiting slow but normal membrane diffusion. However, the  observation that 

for a longer time range the diffusion coefficient becomes time-dependent, 

suggests that a larger hydrodynamic radius due to clustering of the GlyR 3L 

cannot be the only determining factor. The average of the  -exponents (  < 1) 

indicates that both receptor isoforms undergo sub-diffusion. The fact that this is 

more pronounced for the GlyR 3L, which also displays a larger immobile 

fraction and a higher degree of clustering, supports the idea of local transient 

trapping of receptors in small regions.[199,294]  This can be qualitatively 

confirmed by visual inspection of the GlyR 3L tracks. A lower degree of sub-

diffusion for the GlyR 3K could indicate that these receptors are transiently 

trapped in larger regions. However, the size and the distribution of these regions 

has to be consistent with the nearly uniform distribution of the GlyR 3K 

observed with dSTORM. An alternative assumption is that the 3K isoform is less 

prone to trapping and therefore resides less in the trapped state. A higher 

degree of interaction determining the motion of GlyR 3L is corroborated by the 

presence of anomalous super-diffusion[295] in the receptor motion. The 
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combination of trapping and super-diffusion, as found in the trajectories of the 

GlyR 3L, is likely to represent receptors actively being transported from, to or 

between different locations in the membrane.  

2.5.4 An integrated view of receptor diffusion 

Given the spatio-temporal properties of the GlyR 3 diffusion, SPT allowed for 

the most detailed characterization. However, the possible presence of bias 

inherent to SPT or the application of SPT to live cells warrants a combination 

with ensemble techniques. A first aspect is that highly mobile particles are more 

difficult to track compared to their slower moving counterparts, meaning a 

possible bias towards types of sub-diffusion can be present. Upon observation of 

sub-diffusion, as for the GlyR 3, a comparison with FRAP experiments is of 

importance, to estimate the relevance on the cellular level. In the instance of 

the GlyR 3K this revealed a minimal impact of the sub-diffusion measured by 

SPT, on large scale receptor motion measured with FRAP.[290] Second, due to 

the bleaching of the particles, a bias towards fresh molecules diffusing into the 

bottom membrane from outside the measurement plane can arise. A comparison 

of the diffusion parameters measured with techniques requiring minimal 

measurement bleaching, such as TICS and FRAP, can resolve whether 

representative fractions are measured. In our case a good agreement between 

diffusion coefficients from single molecule tracking (     ) and ensemble 

techniques was found. Moreover, a good agreement between the immobile 

fractions measured with FRAP and SPT was measured.  Furthermore, coarse 

spatial mapping with RICS confirmed homogeneous diffusion patterns on the 

cellular level. Third, in choosing cells for SPT measurements, a selection bias can 

occur towards cells yielding the highest fluorescence signal or containing bright 

fluorescent entities. Cells showing an overall high level of protein expression 

after transfection are usually unhealthy[296] and the presence of bright 

fluorescent entities can bias particle detection parameters. Again, comparing the 

results obtained with SPT to those obtained with ensemble techniques, where 

cells are selected based on the ensemble fluorescence signal, decreases the risk 

of biased sampling. Exemplary is the detection of multiple species with TICS, 

which confirms that the complex GlyR 3 motion found with SPT is not a 

technique related artifact. 
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2.5.5 Perspectives for the GlyR 3 

The diffusion coefficients reported here for the GlyR 3 are within the range 

expected for proteins diffusing in the cell membrane.[63,73] However, 

experimental parameters such as the applied cell line, measurement 

temperature and time of measurement, given their influence on membrane 

viscosity, thermal agitation, expression level and molecular interactions, are key 

factors when comparing protein diffusion. Variations in these parameters 

hamper a comparison with reported values for other GlyR subtypes.[150-152] 

Nevertheless the results can be placed in a biological context. Receptor diffusion 

plays an essential role in neuronal function as it allows for renewal of receptors 

in the desensitized state and regulation of postsynaptic receptor pool 

size.[258,297] Homomeric GlyR 3K channels were shown to contribute to tonic 

inhibition of neuronal excitability, which requires receptors in the non-

desensitized state.[168,169] Compared with 3L, GlyR 3K desensitizes more 

rapidly[167] and, therefore, its faster diffusion makes sense as it increases the 

probability of receptor cycling between endocytic and cell plasma membrane 

compartments, which will facilitate receptor renewal.[258] Furthermore, this 

study adds to the understanding of receptor desensitization mechanisms. In 

fact, it was shown that increased GlyR 1 receptor density in gephyrin-

dependent clusters facilitates desensitization, whereas in case of GlyR 3L just 

the opposite was observed.[167,171] Thus, GlyR clustering is not a universal 

mechanism of desensitization but also involves receptor conformation depending 

on primary structure or receptor associated proteins other than 

gephyrin.[97,298]  

A next step towards understanding the role of RNA splicing in GlyR 3 function 

will be the identification of proteins that interact with the RNA splice insert 

TEAFALEKFYRFSDT located in the large cytosolic loop between transmembrane 

domains 3 and 4 of GlyR 3L. A similar fluorimetric strategy as formulated here 

can be used to explore different biological settings. Pharmacological breakdown 

of the cytoskeleton has been shown to influence GlyR dynamics in cultured 

neurons.[151,152] Another option is depleting membrane cholesterol, thereby 

influencing the different types of lipid rafts which have been reported in HeLa 

cells.[236] Disturbance of lipid rafts can lead to dissociation of raft induced 

protein aggregation and altered protein function.[299,300] An alternative 
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approach for studying GlyR 3 interactions involves site-directed mutagenesis of 

the insert region. This has previously been applied for studying the regulatory 

capabilities of the splice insert on channel gating and domain structure.[174] By 

probing all these conditions, mechanisms determining the GlyR 3 behavior can 

be better understood.  

An appropriate exploratory strategy for examining any transmembrane protein 

should maximize efficiency in screening multiple conditions and minimize the 

risk of overlooking any changes in receptor behavior. Therefore labor intensity, 

applicability and spatio-temporal sampling should be considered when 

developing a screening approach. This report offers a strong foundation for 

making these considerations. 
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2.6 Supplementary material: Expression and functionality 

check of glycine receptors 

2.6.1 Western blot 

The heterologous expression of GlyR 3K and 3L was compared with the 

expression of wild type GlyR by means of western blot analysis. For each 

condition, 3 million cells were plated in small culture flasks (25 cm²). 

Transfection of the cells occurred as described above. After 24 hours of 

transfection, cells were rinsed with cold (4°C) phosphate buffered saline (PBS) 

and trypsinated. The cell suspensions were centrifuged and rinsed again with 

PBS. After a second centrifugation step, cells were lysed by addition of RIPA 

buffer (Sigma-Aldrich, Bornem, Belgium). Protein concentrations were 

determined using the BCATM Protein Assay kit (Pierce, Rockford, IL, USA). For 

each condition, 10, 25 and 50 µg of total protein content was subjected to 

precast 8% Novex® Tris-Glycine gel electrophoresis using an XCell SureLockTM 

Mini-Cell. The proteins were subsequently transferred onto a nitrocellulose 

transfer membrane via the iBlotTM Dry blotting System (Invitrogen/Molecular 

Probes). After blocking with 2% non-fat milk in PBS (overnight at 4°C), the 

membranes were incubated with mAb4a (1:500, Pfeiffer et al. 1984, Synaptic 

Systems, Goettingen, Germany) followed by a peroxidase-conjugated secondary 

antibody (Rabbit anti-mouse 1:1000, Dakocytomation, Heverlee, Belgium) and 

finally the bands were visualized using a 3,3’-Diaminobenzidine (DAB, Sigma-

Aldrich). 

2.6.2 Electrophysiology 

Cells seeded in 35 mm dishes, were transfected as described above and whole-

cell patch-clamp recordings were performed (EPC 10, HEKA Elektronik, 

Lambrecht, Pfalz, Germany). The standard extracellular solution for HEK cells 

(HES) had a composition of (in mM) 150 NaCl, 5.4 KCl, 2 CaCl2, 1 MgCl2, 10 

HEPES, and 10 glucose (Sigma-Aldrich). The intracellular solution (HIS) 

contained (in mM): 120 CsCl, 2 Na2ATP, 2 MgATP, 10 EGTA, and 10 HEPES. To 

measure the dose-response to glycine, different glycine concentrations (1 µM, 

10 µM, 30 µM, 100 µM, 300 µM and 1 mM) in HES were bath-applied onto the 

cell surface during 10 s at a holding potential of -60 mV. The average 
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normalized maximum current as a function of concentration was fit to the Hill 

equation to yield the EC50 of both splice variants (GraphPad Prism, La Jolla, CA, 

USA). The desensitization of the responses was measured by fitting a mono-

exponential to the desensitization phase of the glycine response at room 

temperature. 

 

Figure 2.9: Expression of the GlyR 3 isoforms in HEK 293 cells. 

The expression of both GlyR 3K and 3L subunits after transfection was confirmed using western blot. 

The band of both receptors is located between 40 and 50 kDa, as expected. Furthermore, due to the 

extra amino acids, the band of GlyR 3L is located at higher molecular weights as compared to GlyR 

3K. The antibody mAb4a was used to recognize all GlyRs present in the cell lysates. No significant 

expression was detected of endogenous GlyRs by wild-type HEK 293 cells. (The contrast of a small 

stripe of the protein standard lane was digitally enhanced to improve the visualization of the protein 

standard.) 

2.6.3 Functional GlyR 3 expression in HEK 293 cells 

Expression of both heterologous HA-GlyR 3 isoforms was confirmed by western 

blot analysis (Figure 2.9). The  measured molecular weight of the receptors 

between 40 and 50 kDa is as expected, with the band of GlyR 3L slightly 

elevated compared to that of GlyR 3K due to the presence of extra amino 

acids[108,116]. No endogeneous GlyR expression is found by the mAb4a 

antibody, which recognizes an endogenous epitope common to all glycine 

receptor -subunits [106,301,302].  
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The functionality of the expressed receptors was evaluated by whole-cell patch-

clamp. Current traces  exhibited a dose-dependent response to glycine for both 

subunit isoforms, with an EC50 of 47 ± 10 µM (n=6) for GlyR 3K and 52 ± 24 

µM (n=6) for GlyR 3L (Figure 2.10a, b, c). The time constant ( ) of the 

receptor desensitization for the HA-GlyR 3L (  = 7.86 ± 0.09 s at 100 µM and 

5.3 ± 0.7 s at 300 µM glycine) was significantly longer as compared to the HA-

GlyR 3K (  = 2.3 ± 0.9  s at 100 µM and 1.8 ± 0.4 s at 300 µM glycine) 

(Figure 2.10d). This is in agreement with published results [167]. 

 

Figure 2.10: Electrophysiology of the GlyR 3 isoforms.  

Current traces of responses were induced by different concentrations of glycine for GlyR 3K (a) and 

GlyR 3L (b). The dose-response curve of both receptors is shown in (c). Mean values ± SEM are 

plotted. A non-linear fit according to the Hill equation revealed an EC50 of 47 ± 10 µM and Hill slope 

1.5 (n=6) for the K splice variant and an EC50 52 ± 24 µM and Hill slope 1.2 (n=6) for the L splice 

variant. The time constant of the desensitization as a function of the glycine concentration of the two 

isoforms is plotted in (d). A dose-dependent desensitization was present. Moreover, GlyR 3L 

desensitized more slowly than GlyR 3K. (*: P < 0.05) 
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3.1 Abstract 

Single particle tracking (SPT) of transmembrane receptors in the plasma 

membrane often reveals heterogeneous diffusion. A thorough interpretation of 

the displacements requires an extensive analysis suited for discrimination of 

different motion types present in the data. Here the diffusion pattern of the 

homomeric 3-containing glycine receptor (GlyR) is analyzed in the membrane 

of HEK 293 cells. More specifically, the influence of the 3 RNA splice variants 

3K and 3L on lateral membrane diffusion of the receptor is revealed in detail. 

Using a combination of ensemble and local SPT analysis, free and anomalous 

diffusion parameters are determined. The GlyR 3 free diffusion coefficient is 

found to be 0.13 ± 0.01 µm²/s and both receptor variants display confined 

motion. The confinement probability level and residence time are significantly 

elevated for the 3L variant compared to the 3K variant. Furthermore, for the 

3L GlyR, the presence of directed motion was also established, with a velocity 

matching that of saltatory vesicular transport. These findings reveal that3 

GlyRs are prone to different types of anomalous diffusion and reinforce the role 

of RNA splicing in determining lateral membrane trafficking. 
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3.2 Introduction 

The trafficking of proteins after insertion in the cell membrane is crucial for cell 

homeostasis and functionality [249,251,303]. Rudimentary movement of 

membrane proteins is governed by Brownian motion and can be modeled as 

diffusion in a 2D fluid plane [14]. The corresponding diffusion coefficient is 

dependent on the temperature, the radius of the membrane-spanning segment 

and the membrane viscosity [61,63]. Diffusion is a stochastic process, yet 

several cellular mechanisms exist which are capable of steering protein 

movement in the cell membrane [253-255,304]. The movement of proteins 

susceptible to these mechanisms deviates from normal diffusion and is termed 

anomalous diffusion [305-307]. Deviations from normal diffusion can signify 

either a restriction of protein diffusion in space or non-random travel of proteins 

along an imposed path. The former is termed sub-diffusion, hindered diffusion or 

confined motion, while the latter is termed super-diffusion, flow or directed 

motion [295,308-310]. 

Anomalous diffusion is frequently revealed when studying the dynamics of 

membrane proteins [73,311]. Especially the increasing application of Single 

Particle Tracking (SPT) has furthered the understanding of protein trafficking in 

the membrane [192,204]. SPT has given access to nanometer accuracy on 

millisecond time-scales, allowing the monitoring of fast protein dynamics with 

high spatial resolution [184,194,312,313]. When monitoring a transmembrane 

receptor in a complex biological system, it is important to correctly represent 

and quantify the SPT data. Therefore, many efforts have already gone into the 

representation of SPT data and determination of an appropriate diffusion model 

[308,314,315]. 

In synaptic biology, anomalous diffusion of membrane proteins has been 

monitored extensively using SPT [316]. Effective neurotransmission requires 

neurotransmitter receptors to be located at the postsynaptic membrane and a 

turnover of these receptors to maintain sensitivity [137,258,317]. These 

properties impose a strong regulation of neurotransmitter receptor trafficking 

and lateral mobility. For many neurotransmitter receptors, interacting proteins 

have been identified which form scaffolds or chaperones [149,318-321]. In 

order to elucidate the nature of these interactions, accurate quantification of 

receptor diffusion is crucial [152,322]. 
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The glycine receptor (GlyR) is a neurotransmitter receptor of the cys-loop 

ligand-gated ion channel (LGIC) family [122]. It functions as a pentameric 

chloride channel, leading to developmentally regulated neuronal 

hyperpolarisation upon activation [138,323]. The GlyR 3 has attracted 

significant attention as it is involved in inflammatory pain sensitization [163]. 

Nevertheless, little is known about the molecular basis governing membrane 

diffusion of the GlyR 3. From the GLRΑ3-gene transcript, two 3-subunit 

variants are generated via post-transcriptional processing [167]. These variants 

are identified as the short 3K and long 3L GlyR, with the latter containing an 

extra 15 amino acid insert in the large intracellular loop between 

transmembrane segments 3 and 4 (TM 3-4). This protein region is instrumental 

to receptor trafficking and regulation of synaptic localization [170], receptor 

desensitization [167] and channel gating [174]. In the hippocampus of patients 

with temporal lobe epilepsy, GlyR 3L is the preponderant RNA splice variant 

[166,168]. Detailed knowledge about the (anomalous) diffusion properties of the 

GlyR 3 RNA splice variants and how they function and dysfunction will advance 

our understanding of pathogenic mechanisms in epilepsy and inflammatory pain 

sensitization. 

In previous work, a variety of nano- and micro-fluorimetric techniques were 

used to characterize homomeric 3 GlyR diffusion and aggregation on multiple 

time and length scales [324]. The results showed RNA splice variant dependent 

aggregation of 3 GlyRs, accompanied by differential diffusion dynamics. The 

measurements done on short time and length scales, especially by SPT, 

indicated that the differential diffusion dynamics are associated with anomalous 

diffusion. The results showed the putative presence of confined GlyR 3 motion, 

with additional directed motion for 3L. In this work, the GlyR 3 anomalous 

diffusion is verified and quantified by focusing on the SPT analysis. After 

determination of the free diffusion coefficient, confined and directed motion were 

identified by local displacement analysis [325,326]. This was based on 

respectively the displacement size and the asymmetry of the trajectories. By 

providing a detailed view on GlyR 3 motion in the cell membrane, valuable 

insights on RNA splicing dependent dynamics are acquired.  
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3.3 Materials and methods 

3.3.1 Single particle tracking 

Single particle tracking experiments were executed as described elsewhere 

[324]. Briefly, transient transfection of HEK 293 cells by calcium phosphate co-

precipitation was used for the expression of HA-tagged 3K and 3L splice 

variants of the mouse GlyR 3. After 24 hours the receptors were labeled using 

a polyclonal anti-HA antibody directly labeled with Alexa 647. Images of the 

bottom membrane were acquired at 10 Hz using total internal reflection 

fluorescence (TIRF)-microscopy with an EM-CCD camera, while the cells were 

incubated at 37°C. Particle detection, trajectory reconstruction and all 

consequent analysis were performed by in-house developed MATLAB® (R2010b, 

The Mathworks, Gouda, The Netherlands) routines. Only particle trajectories 

with at least 16 consecutive displacements were considered and the average 

localization precision (  ) was 18 nm. In subsequent analysis immobile 

trajectories were not removed and σ was kept fixed. 

3.3.2 Ensemble displacement analysis  

In order to quantify GlyR diffusion on the ensemble level, the mean square 

displacement (MSD) was determined from the cumulative distributions of square 

displacements over consecutive time lags. A single-component function failed to 

accurately describe the data and therefore fitting
 

was done with a two-

component function (see supp. mat. S1) [327]: 

                     
  

  
  

     

    
     

   (3.1) 

For each time lag this equation yields two MSD (   ) with   
    

  and two 

respective  fractions (      ). Fitting of the first component was done with a 

linear function, representing a free diffusion model, yielding   : 

              (3.2) 

For the second component a non-linear model was used, representing an 

anomalous diffusion model, yielding a transport factor   
  and anomalous 

exponent   : 
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          (3.3) 

In case of     < 1 the particle undergoes sub-diffusion, in case of     > 1 the 

particle is subjected to super-diffusion. 

3.3.3 Local displacement analysis 

To determine sections of trajectories displaying confined or directed motion, 

each trajectory was analyzed in a sliding segment fashion. The sliding window 

parameters for section identification are scaled to the minimum number of time 

lags in a trajectory (N = 16). Parameter values for confined and directed motion 

identification are selected based on the nature of the respective anomalous 

process, as further explained below. The final thresholds were selected based on 

detecting  0.1% anomalous displacements in the simulated data (SM Figure 

3.8). 

3.3.4 Confined motion 

 In order to detect confined motion, the method as described by Simson R. et al. 

was applied [326]. To this end the cumulative probability       , i.e. the 

probability of a diffusing particle staying in a region R as a function of time t, 

was determined as follows [197]: 

                             (3.4) 

The parameter    from the ensemble displacement analysis was used as an 

estimate for  .    was determined for each segment as the maximum squared 

displacement from the initial point of that segment. The time span of the sliding 

segment was 8 time lags (  = 0.8 s), which gave robust averaging for even the 

shortest trajectories. The confinement probability was transformed into a 

confinement probability level (  ) according to: 

      
               

      

  (3.5) 

 For each displacement, an individual    was determined by averaging over all 

segments containing the displacement. In order to be considered as a 

confinement region, a minimum of 10 consecutive displacements were required 
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to have    > 1.6, corresponding to        = 0.0025. Each confinement region 

was quantified by the radius ( ) of the smallest circle enclosing all corresponding 

confined displacements and the residence time was determined by the time span 

of the confined trajectory section. 

3.3.5 Directed motion 

Directed motion was identified by analyzing the asymmetry of the ellipse of 

gyration[328], calculated over segments of 6 time lags. This was chosen as a 

compromise between averaging and short time scale sensitivity. The asymmetry 

parameter (  ), becomes 0 for linear trajectories and 1 for circular trajectories 

and is calculated as follows:  

     
   

   (3.6) 

with 
2

1R and 
2

2R  being the major and minor eigenvalues, respectively, of the 

radius of gyration tensor (T) calculated from the x and y position of the particle 

throughout the segment: 

   

 

 
 
 

 

 
          

 
 

   

 

 
                    

 

   

 

 
                   

 

   

 

 
         

 
 

    

 
 
 

 (3.7) 

The cumulative probability of             occurring for a randomly diffusing 

particle was interpolated from values given by Saxton M.J.[197]. A directed 

motion probability level (   ) was calculated for values of    within the provided 

range of        : 

      

                                   

                

  (3.8) 

An individual    for each displacement was determined, by averaging over all 

segments containing the displacement. In order for a section to be considered as 

directed motion, a minimum of 7 consecutive displacements were required to 

have    > 1.52, corresponding to        = 0.0132. Furthermore, asymmetrical 
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displacements also exhibiting confinement (   > 1.6) were eliminated. Finally, 

the resulting sections were required to show a net square displacement 

exceeding the mean square displacement given by the time span of the section 

and   (Eq. 3.2). The quantification of the identified directed motion was done by 

calculating the distance, travel time and speed of the directed motion sections. 

The distance was determined by the sum of all first order displacements. The 

travel time was determined by the time span. The speed was obtained by 

dividing distance by travel time. The prevalence of confined and directed motion 

was determined by the percentage of trajectories displaying the respective 

motion type. Furthermore, for confined motion, the confined fraction is 

determined by the percentage of confined displacements. A displacement is 

considered confined only when it belongs to a confined trajectory section. 

3.3.6 Statistics 

The individual output parameters reported in this work are represented either by 

showing the full distribution and/or the mean with standard error. The full 

distributions are made up by grouping all values for the corresponding 

parameter over all experiments from a single expression system. The range 

reported for each distribution is the 1st to the 99th percentile. Unless stated 

otherwise, the mean with standard error for a parameter is calculated by 

averaging the mean parameter value from each individual experiment (n) for a 

single expression system. For the 3K-variant 7 cells were measured (n = 7) 

generating 1629 trajectories, while for the 3L-variant 9 cells were measured (n 

= 9) generating 4291 trajectories. Statistically significant differences were 

evaluated by means of a t-test.   
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3.4 Results 

The influence of RNA splicing on GlyR 3 biophysical membrane behavior was 

investigated by analyzing separate SPT measurements of both splice variants 

3K and 3L. First multi-component ensemble analysis was performed to assess 

the possible presence of anomalous diffusion and to determine the free diffusion 

coefficient. Next a local displacement analysis was applied to detect individual 

deviations from free diffusion, incorporating the previously determined value of 

the free diffusion coefficient. The presence of both confined and directed motion 

is established and quantified. In a last step, the coincidence of these two motion 

types was evaluated. 

3.4.1 Multi-component ensemble analysis 

The 3K GlyR square displacement distribution for each individual experiment 

could be accurately fit with a two-component function for consecutive time lags 

(Eq. 3.1). The first component showed a linear relationship between the MSD 

and time over consecutive time lags. This was characterized by a free diffusion 

model with   = 0.13 ± 0.01 µm²/s according to eq. 3.2 (Figure 3.1A). The 

MSD of the second component could only be fitted with an anomalous diffusion 

model,  according to eq. 3.3. The recovered parameters were    = 0.62 ± 0.06  

and   
  = (5.0  ± 0.5) x 10-3 µm²/s (Figure 3.1B). The fractions are stable on 

the time scale of the analysis and reveal that the fraction of the first component 

dominates over that of the second component (Figure 3.1C). In case of the 3L 

square displacement distribution, a two-component function did not accurately 

describe the data. Using a three-component function improved fitting, yielding a 

first component with    = 0.09 ± 0.01 µm²/s according to eq. 3.2 (SM Figure 

3.7). Given that in theory, the free diffusion coefficient for both variants should 

be similar, we decided to use    from 3K GlyRs as the standard for free 

diffusion of 3 GlyRs. Moreover, using    from the 3L GlyR had little impact on 

the subsequent local displacements analysis (SM Figure 3.9). 
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Figure 3.1: Ensemble displacement analysis of GlyR 3K diffusion in HEK 293.  

A two-component function (Eq. 3.1) was used, yielding two MSDs (   
    

 ) with their respective 

fractions (error bars represent standard deviation). A. The MSD of the first component over consecutive 

time lags. A free diffusion model (Eq. 3.2, full line) was applied to determine the diffusion coefficient 

(De, indicated with 95% confidence interval). B. The MSD of the second component over consecutive 

time lags. A free diffusion model was not suitable for quantification (dotted line). Instead an anomalous 

diffusion model was applied (Eq. 3.3, full line), with    characterizing the deviation from normal 

diffusion (   and   
  indicated with 95% confidence interval) C. The relative fractions of each component 

in the ensemble population. 
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3.4.2 Local displacement analysis 

In order to identify local deviations from normal diffusion, all trajectories were 

analyzed over a sliding window. Within the sliding window, the local 

displacement properties were calculated and compared to values expected for 

free diffusion. The analysis aimed at detecting both confined motion and directed 

motion. Confined motion was defined by regions where the receptors resided 

longer than expected for free diffusion. In order to identify these regions,    was 

determined, based on the ratio of the local maximum square displacement and 

   from the ensemble analysis (Figure 3.2A). In order to determine directed 

motion, the trajectory form was evaluated by the asymmetry of the gyration 

matrix  , used to calculate    (Figure 3.2B). In order for a trajectory section to 

be recognized as true directed motion, a minimum square displacement was also 

required. 

 

Figure 3.2: Identification of anomalous diffusion sections in GlyR trajectories using local 

displacement analysis.  

A. Detection of confined motion based on the confinement probability level (  ). Upper: Representative 

trajectory of the GlyR 3K in HEK 293 cells containing a confinement region (circle). Lower: This region 

was identified by detecting trajectory sections with    > 1.6 (horizontal line, *) for at least 10 
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consecutive displacements (vertical lines). B. Detection of directed motion (arrow), based on the 

directed motion probability level (  ). Upper: Representative trajectory of the GlyR 3L in HEK 293 cells 

containing directed motion (arrow). The minimum displacement required for directed motion is also 

indicated (dotted circle). Lower: The directed motion was identified by detecting trajectory sections with 

   > 1.52 (horizontal line, *) for at least 7 consecutive displacements (vertical lines). The starting point 

of each trajectory is indicated ().  

In order to visualize the results from the local displacement analysis, first a 

section of the membrane is selected (Figure 3.3). Plotting the trajectories in a 

color scheme indicating free diffusion (black), confined motion (red) or directed 

motion (green) shows that for the 3K variant (117 tracks) there is mainly free 

diffusion with occasional entry to the confined state. For 3L (223 tracks) on the 

other hand, confined motion is dominant, resulting in very localized trajectories 

covering only a small area of the membrane. Free diffusion and directed motion 

of this variant mainly occur around the areas of confinement. (Figure 3.3A). 

Figure 3.3B shows the appearance of confined and directed motion in time. 

Sections of confined (circles) or directed motion (lines) are represented by color 

coding according to the central frame of the occurrence. The markers do not 

reflect the exact spatial dimensions. However, it becomes clear, especially for 

the L-variant, that some membrane areas contain multiple events spaced in time 

(black rectangles). Furthermore the occurrences of the anomalous diffusion 

events are spread out over the full timescale of the recording. Mapping of    

indicates that the more frequent occurrence of confined motion for 3L is also 

coupled to higher values of    (Figure 3.3C). When observing the spatial 

pattern of    for 3L, small high intensity interspersed peaks can be observed 

(red rectangles). Interestingly these areas show strong overlap with membrane 

areas containing reoccurring confined motion. 

In order to visualize the dynamics creating the irregular patterns of    in areas 

with reoccurring confined events, trajectories and    were mapped for short time 

intervals. This illustrates that steep gradients in confinement strength are found 

in the motion of individual trajectories, a phenomenon which can occur for 

several receptors in the same area (e.g. red box) spaced over time. The 

trajectories in these areas show a high presence of confined motion, occasionally 

transitioning to or from free diffusion or directed motion (Figure 3.4).  
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Figure 3.3: Visualization of local displacement trajectory analysis in a representative area of 

the bottom membrane.  

Identical color coding was used for the 3K (117 tracks) and 3L (223 tracks). A. Trajectory mapping 

indicating free diffusion (black), confined motion (red) and directed motion (green). B. Mapping of the 

confined motion (circles) and directed motion events (lines) in time. For confined motion the location 

represents the centroid of the confinement area. For directed motion, the start and end coordinates of 

each segment were connected by a straight line. The central frame of the occurrence was used as a 

time reference. Exemplary membrane areas with reoccurring events are marked by black rectangles. C. 

Mapping of   . The center coordinates of all displacements were used and the corresponding log(  ) 

values were interpolated over the surface. Exemplary membrane areas showing irregular high intensity 

patterns of    are marked by red rectangles. (   = confinement probability level) 
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Table 3.1: Summary of parameter averages from local displacement analysis of 3 GlyR 

trajectories from each expression system. 

For confined motion residence time, confined fraction and  are reported. For directed motion travel 

time, distance and speed are reported. (***: p-value < 0.001, NF: Not Feasible) 

  HEK 293 

Motion Parametersa GlyR 3K GlyR 3L 

Confined 

Prevalence (%)*** 24 ± 3 78 ± 4 

Residence time 

(s)***
 1.9 ± 0.1 2.8 ± 0.2 

Confined fraction 

(%) *** 
20 ± 3 74 ± 4 

  (µm) 0.153 ± 0.004 0.156 ± 0.003 

Directed 

Prevalence (%)*** 1.1 ± 0.2 2.7 ± 0.3 

Travel time (s) NF 1.00 ± 0.04 

Distance (µm) NF 1.7 ± 0.1 

Speed (µm/s) NF 1.77 ± 0.09 

a Mean ± standard error (HEK 293 3K n = 7, HEK 293 3L n = 9) 

 

 

Figure 3.4: Visualization of    variation during short time intervals.  

The color map was adapted to improve visibility of the plotted trajectories. Trajectories are individually 

color coded in each time interval to facilitate distinction. The red box demarcates an area showing high 

variations in confinement strength occurring in multiple individual trajectories spread over time. (   = 

confinement probability level) 
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Quantitative parameters of the anomalous diffusion events were also determined 

(Table 3.1). The average prevalence of confined motion was 24 ± 3% for 3K 

and was significantly elevated for 3L with 78 ± 4%. Similarly, the confined 

fraction constituted 20 ± 3% and 74 ± 4% of all displacements for 3K and 3L 

respectively. For each confined motion section residence time and   were 

determined. The distributions of  residence time show a range of 1 s to 6.3 s for 

3K and 1 s to 13.4 s for 3L. The distribution of residence time for the 3L 

variant is right shifted compared to the 3K (Figure 3.5A). As expected, the 

average residence time is significantly elevated for the 3L variant (2.8 ± 0.1 s), 

compared to 3K (1.9 ± 0.1 s). The distributions of   range from 0.050 µm to 

0.290 µm and 0.046 to 0.341 µm for respectively 3K and 3L in HEK 293 cells. 

(Figure 3.5B). These distributions were markedly similar and also the average   

did not show any significant difference with 0.153 ± 0.004 µm for 3K and 

0.156 ± 0.003 µm for 3L. 

Sections with directed motion were rare compared to sections with confined 

motion, with a prevalence of only 1.1 ± 0.2% for the trajectories described by 

3K and 2.7 ± 0.3% for the 3L trajectories. Given the low prevalence, the 

directed motion could only be quantified adequately for 3L. This was done by 

calculating the travel time, distance and speed. The process of directed motion 

was short lived, with an average travel time of  1.00 ± 0.04 s and a maximum 

of 2.4 s. The distribution of distance ranged from 0.75 to 4.8 µm, with the 

average distance measuring 1.7 ± 0.1 µm (Figure 3.5C). The distribution of 

speed at which the directed motion occurred ranged from 0.81 µm/s to 3.5 

µm/s, with an average speed of 1.77 ± 0.09 µm/s.  
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Figure 3.5: Quantitative parameters of the anomalous diffusion events.  

A. The distribution (log scale) of the residence times for the confined motion sections. B. The 

distribution (log scale) of   for the confined motion sections. C. The distributions of the distance 

calculated for all the directed motion sections. D. The distributions of the speed calculated for all the 

directed motion sections. (bin = number of elements in bin, tot = total elements in distribution,   = 

radius of the confinement area) 

Based on the gradients in    occurring in individual trajectories, the coincidence 

of directed and confined motion was assessed (Figure 3.6). Directed motion is 

the least prevalent form of anomalous diffusion and therefore coincidence was 

calculated as the percentage of trajectories with directed motion, which also 

contained confined motion. In the 3L GlyR population displaying directed 

motion, 51 ± 7% also displayed confined motion. The grouped population 

characteristics of trajectories containing coincident directed and confined motion 

were further quantified. Both transitions from confined to directed (C - D) and 

directed to confined (D – C) motion occurred, with an equal 50 ± 12% 

probability. Furthermore, the transition time (  ) was determined by the time 

span between subsequent events. The average    was 0.15 ± 0.06 s for C – D 

transitions, while for D – C transitions this was 0.3 ± 0.1 s.  
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Figure 3.6: Two examples of trajectories displaying coincident confined and directed motion.  

A. The GlyR 3L trajectories were analyzed using the local displacement analysis and segmented into 

free diffusion, confined motion (circle) and directed motion (arrow). The starting point of each 

trajectory is indicated (). B. Plot of     and    over the course of a trajectory showing a confined to 

directed motion transition (C – D). The thresholds (horizontal lines) and anomalous segments (vertical 

lines) are indicated. In this case,    = 0, notice that the first displacement exceeding the threshold of    

is not selected because it also exceeds the    threshold. C. Plot of the      and    over the course of a 

trajectory showing a directed to confined motion transition (D – C). The thresholds (horizontal lines) 

and anomalous segments (vertical lines) indicate an instantaneous transition. (     = confinement 

probability level,    = directed motion probability level,    = transition time) 
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3.5 Discussion 

In this work we elaborate on the presence of anomalous diffusion in 3 GlyR 

membrane dynamics, as suggested in our earlier report [324]. Further evidence 

and quantification is obtained by applying advanced analysis of single particle 

tracking data. Moreover, the anomalous diffusion parameters reveal the nature 

of the differential dynamics between 3K- and 3L-containing GlyRs. Below, the 

conclusions are formed by stepwise interpretation of the subsequent analyses 

and placed in a physiological context. 

3.5.1 Ensemble displacement analysis 

In order to explore the heterogeneity of 3 GlyR motion, the populations of 

displacements were analyzed using a multi-component function [195,263]. For 

the 3K GlyR displacements, two sub populations of displacement sizes were 

found, differing more than an order of magnitude. For the first and largest 

displacement component a linear MSD versus time relationship suggests free 

diffusion. The diffusion coefficient    = 0.13 ± 0.01 µm²/s belonging to this 

component also corresponds well with previous fluorescence recovery after 

photobleaching (FRAP) measurements of GlyR 3K diffusion in HEK 293 cells 

(0.15 ± 0.01 µm²/s) [324]. The FRAP measurements also reported normal 

diffusion with a large mobile component (0.93 ± 0.04). The order of magnitude 

for    is also in agreement with values retrieved for extrasynaptic 1-containing 

GlyRs (0.10 ± 0.01 µm²/s), believed to mainly undergo free diffusion outside 

the synapse [150]. The smaller second displacement component did not fit to a 

linear model and corresponds to sub-diffusion. The fractions also indicate that 

the presence of the first component dominates over the second component. This 

confirms previous assumptions, stating that for 3K GlyRs free diffusion is 

dominant [324]. The validity of using    from 3K GlyRs as a measure of free 

diffusion for both variants can be affirmed. The 15 AA difference between the 

subunit variants, located in the large intracellular loop, is unlikely to influence 

the radius of the membrane spanning receptor segment, which determines the 

free diffusion coefficient [63,161,167]. On that premise, the discrepancy 

between the values of    for the two variants likely originates from an 

expression system-related sampling bias, introduced by applying SPT [324]. 

Thereby, extracting    from the 3K GlyR was considered more reliable, given 



Single particle tracking 

75 

the dominant fraction of free diffusion and the less complex nature of diffusion 

of the 3K variant. The fact that using    from 3L GlyRs does not change the 

inference of the local displacement analysis, also shows that the relative 

difference in    between the receptor variants is negligible when considering the 

full range of diffusion modes. 

3.5.2 Local displacement analysis 

Using local displacement analysis, trajectory sections deviating from free 

diffusion were identified. This strategy optimizes the use of single particle 

tracking, as anomalous diffusion events can be detected for individual particles 

[184,308,312]. A confinement probability based on the displacement and a 

directed motion probability based on the asymmetry properties were calculated 

[197,198]. Determining the input parameters for the analysis is an empirical 

process. The analysis is based on short trajectories given the use of a 

fluorescent dye as label. Furthermore, the approach had to accommodate the 

spatial and temporal properties of the anomalous processes, while limiting false 

positive detection. 

For the detection of confined motion, the free diffusion coefficient was not 

estimated from the individual trajectories as done in other work [326], but from 

the ensemble analysis. In this way, the confined motion was not required to be 

transient of nature in order to be detected. The previously established presence 

of an immobile fraction of 3 GlyRs (3K: 5%, 3L: 15%) warranted this 

approach, as immobile receptors were considered an extreme case of confined 

motion [324]. Based on the numerical proximity between the confined motion 

prevalence and the confined fraction, on average, confinement is dominant in 

trajectories containing a confinement zone. As the possibility to discriminate true 

confinement increases for longer observation times [197], a large sliding window 

was selected. We also chose to optimize detection of stable confinement zones, 

therefore setting a high minimally required residence time and allowing a less 

rigorous threshold of    to avoid false positives. 

Confined motion of the GlyR has been described in most detail for the 1-

containing heteromeric GlyRs, as part of a diffusion and trapping model 

mediated by gephyrin anchoring [147,149,152]. For the heteromeric GlyR 1, 

binding to gephyrin leads to clustering of the receptor at the synapse [149,329]. 
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However, gephyrin-independent clusters of 1-, 2- and 3-containing 

homomeric GlyRs has also been established, with clustering of homomeric 3-

receptors being shown in both primary neurons and HEK 293 cells 

[152,170,330]. Here, it is demonstrated that 3 GlyR dynamics also involve a 

trapping mechanism for local 3 GlyR accumulation.   corresponds well to the 

sub-micrometer clustering found for 3L GlyRs by super-resolution microscopy 

[324]. Mapping of 3L GlyR diffusion reveals localized diffusion with areas 

showing high incidence of confined motion. Protein oligomerization, lipid raft 

association or clathrin-mediated stabilization are possible mechanism of GlyR 

trapping in HEK 293 cells, demonstrated previously for other transmembrane 

proteins [331-334]. With regards to biological signaling, confining receptors in 

specific membrane areas or in high density clusters can affect both the 

immediate electrophysiological response as well as the downstream signaling 

capacity [171,317,335,336]. 

Interestingly, the GlyR 3K is also capable of being confined, yet the frequency 

and the stability of the confined state are not sufficient for outspoken local 

accumulation of this variant. The similar range of   suggests both variants are 

prone to the same confining interactions, yet with different efficiencies. 

Alternatively, 3L may undergo an additional confining interaction, an argument 

supported by the increased number of components in the ensemble analysis. In 

that respect the 15 AA insert of 3L can either indirectly stabilize interactions, as 

its absence leads to unstable folding of the large TM 3-4 intracellular domain 

[174]. On the other hand, the insert can also be a binding target, leading to 

additional confinement, similar to the gephyrin binding domain of the -subunit 

[134].  

The determination of directed motion was based on the asymmetry of the 

gyration matrix  , a measure independent of the displacement size. Thereby 

directed motion was initially independent of the diffusion coefficient and 

observation time [198]. This allowed a reduction of the sliding window size, 

making    less smooth but more sensitive to short time scale fluctuations. 

Considering the fast dynamics of directed motion, not dependent on Brownian 

motion, such a detection scheme was considered advantageous. However, the 

supposition of directed motion involved an elongated trajectory form [324], 

displaying a net displacement. As asymmetry is not exclusive to elongated 
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trajectories, incorporating a minimum square displacement improved detection 

of directed motion. A two parameter (asymmetry and minimum square 

displacement) detection scheme also allowed for a more efficient discrimination 

of directed motion from free diffusion. 

The low directed motion prevalence could in part be attributed to the technical 

difficulties of tracking a fast moving particle in a heterogeneously diffusing 

particle population. The presence of micrometer scale saltatory motion at speeds 

of almost several micrometers per second is not common for transmembrane 

proteins. It has been reported for vesicular transport guided by motor proteins, 

which has been established in transmembrane receptor trafficking [77,80,337]. 

Vesicular transport by motor proteins is also a means of antero- and retrograde 

transport in neurons and is essential for GlyR trafficking [137,141,142,338,339]. 

With the TIRF set up it is only possible to monitor vesicular transport near and 

parallel to the cell membrane, biasing directed motion prevalence [191,340]. 

Regardless of the low prevalence, active (re-)distribution in the membrane is 

likely to be requisite for 3L GlyRs given their stationary nature. The contrasting 

mobile nature of 3K GlyRs, might explain the decreased occurrence or absence 

of directed motion dynamics. 

The presence of confined and directed motion being explained by two 

independent processes is possible, but unlikely in this case. Mapping of the 

trajectories indicated steep gradients in confinement probability, resembling a 

transfer of motion type. Therefore the coincidence of directed and confined 

motion in single trajectories was investigated. Over half of the trajectories 

exhibiting directed motion also displayed confinement, confirming that a single 

receptor can be subjected to both types of anomalous diffusion. There was no 

particular order in the occurrence of directed and confined motion. However, 

analysis of the time span of the transitions indicated that, under the given 

temporal resolution, the different motion types occurred in almost immediate 

succession. The occurrence of different motion types in a transmembrane 

receptor population has been reported before [70,295]. The presence of coupled 

confined and directed motion, more specifically resembles clathrin-mediated 

receptor stabilization and dynamin-dependent endocytosis coupled to vesicular 

receptor trafficking/recycling as described for transferrin, epidermal growth 

factor receptors and AMPA receptors [333,341-345]. In fact, both 3 RNA splice 
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variants harbor at the N-terminus of the TM 3-4 cytosolic loop a di-leucine motif 

involved in dynamin (AP-2)-dependent receptor internalization [145,167,346]. 

Furthermore cargo dependence of dynamin-regulated clathrin-coated pit 

maturation has been demonstrated [347]. In that respect, the diffuse 3K GlyRs 

may, in contrast to the accumulating 3L GlyRs, not be capable of producing 

sufficient cargo for endocytosis. Active removal and recycling of ligand-gated 

receptors from the membrane is an important mean to physiologically modulate 

their function [348]. Distinct pathways of transmembrane receptor endocytosis 

have even been shown to differentially impact the signaling cascade [349,350].  

To summarize, advanced single particle tracking analysis has revealed new 

information on the membrane dynamics of homomeric 3-containing GlyRs. The 

heterogeneous 3 GlyR motion pattern was quantified and interpreted using a 

combination of ensemble and local SPT analysis. The 3 GlyRs show exchange 

between states of local confinement and normal diffusion. RNA splicing exerts a 

major influence on the balance between these states and is associated with 

directed motion in the case of 3L GlyRs. The speed of the directed motion 

matches that of saltatory vesicular motion and frequently occurs coupled to 

confined motion. These characteristic motion features strongly suggests that 

molecular interaction between a cellular component and the exon 8A-encoded 

sequence of the RNA splicing-dependent L-insert (TEAFALEKFYRFSDT) is 

responsible for directed motion and anomalous diffusion of this GlyR 3 RNA 

splice variant. Differential desensitization and synaptic clustering of these 

receptor RNA variants implies that their biophysical membrane behavior strongly 

impacts GlyR 3 signaling. Consequently these results are also relevant to GlyR 

3 pathophysiology in neurological disorders [175], e.g. in temporal lobe 

epilepsy where GlyR 3 RNA splicing is changed in patients with a severe 

disease course [166,170].  
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3.6 Supplementary material 

3.6.1 Multi-component fit of the cumulative square displacement 

distribution for 3K GlyRs 

For each individual experiment the cumulative distribution of square 

displacements was fit using an exponential function (Eq. 3.1). A two-component 

function gave a superior fit of the data compared to a single-component function 

(Figure 3.7). This was anticipated given the previously suggested presence of 

anomalous diffusion. 

 

Figure 3.7: Fitting of the cumulative distribution of square displacements.  

Representative data set from 3K GlyR diffusion in HEK 293 cells. The distributions for the first order 

time lag are shown and a two-component fit is clearly superior to a single-component fit. (Cum. = 

cumulative, comp. = component)  
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3.6.2 Determination of thresholds for anomalous diffusion analysis 

Simulations of free diffusion were done by generating random walk trajectories 

in Matlab. Trajectories were built by simulating particles with variable jump sizes 

at fixed time points, implying no interaction between particles. In each 

simulation 2000 trajectories were simulated containing 101 points (100 

displacements). The displacements in x- and y-direction were generated 

independently, according to         , where   is the diffusion coefficient,    is 

the time step and   is a standard normally distributed random number. The 

selected   was 0.135 µm²/s and    was 0.1 s. Ten independent simulations were 

run. For each individual simulation, the local displacement analysis was applied 

exactly as described in the materials and methods. False positives displacements 

for directed and confined motion were determined and their percentage of the 

total number of displacements calculated. For each data set the values of    and 

   corresponding to 0.1% false positives were determined and the average was 

applied as threshold (Figure 3.8). The resulting thresholds were 1.60 ± 0.02 for 

   and 1.52 ± 0.02 for   . 

 

Figure 3.8: Determination of thresholds for confined and directed motion levels, respectively 

   and   . 

 Ten independent data sets of simulated random diffusion were analyzed for false positives. The 

threshold was selected based on generating  0.1% false positives.   
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3.6.3 Ensemble displacement analysis for the 3L GlyR  

In order to accurately fit the cumulative distribution of square displacements, 

the exponential fitting was expanded to a three-component model: 

                    
  

  
  

 

   

        

 

   

 (3.9) 

The resulting MSDs yielded one large (  
 ) and two small components (  

    
 ) as 

shown below. The former was fit with a free diffusion model (Eq. 3.2), which 

yielded    = 0.09 ± 0.01 µm²/s (Figure 3.9A). The first small component was 

fit with an anomalous diffusion model (Eq. 3.3), yielding    = 0.71 ± 0.08 and 

  
  = (7.6 ± 0.7) x 10-3 µm²/s (Figure 3.9B). The second small component 

showed little increase of MSD in time and was very close to the localization 

precession (   ). A linear, free diffusion, model was applied for an estimate of 

the diffusion coefficient, yielding    = (8  ± 0.5) x 10-4 µm²/s (Figure 3.9B). 

For the 3L variant the small components represent the largest fractions in the 

distribution (Figure 3.9C). 
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Figure 3.9: Ensemble displacement analysis of GlyR  3L diffusion in HEK 293.   

A three-component function was used, yielding  three MSD components (c 1, c 2, c 3) with their 

respective fractions (error bars represent standard deviation). A. The MSD of the first component over 

consecutive time lags. A free diffusion model (Eq. 3.2, De indicated with 95% confidence interval). B. 

The MSD of the second and third component over consecutive time lags. For the second component an 

anomalous diffusion model was applied, (Eq. 3.3,    and   
   indicated with 95% confidence interval). 

The third component showed nearly no increase in MSD over time. A linear, free diffusion model, was 

used to provide an estimate of the diffusion coefficient (  , indicated with 95% confidence interval). C. 

The relative fractions of each component in the ensemble population. 
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3.6.4 Local displacement analysis parameters using De derived from 

GlyR 3L ensemble analysis.  

The impact of    on the local displacement analysis was evaluated. The output 

parameters were calculated using the 3K    (0.13 µm²/s) and the 3L    from 

the first component (0.09 µm²/s). For most parameters no significant difference 

is detected. The only exception is   which is significantly decreased when 

applying the latter   . This is not unexpected ,as    is directly dependent on the 

value of    and  is a direct measure of the trajectory extent evaluated by   . 

However the shift in   is not of an order that bears any significance to the 

biological inference. 

Table 3.2: Summary of parameter averages from local displacement analysis of 3L GlyR 

trajectories using different measures for free diffusion. 

For confined motion the residence time, the confined fraction and the radius are reported. For directed 

motion the residence time, the distance and the speed are reported. (***: p-value < 0.001) 

  HEK 293 - GlyR 3L 

Motion Parametersa    = 0.13 µm²/s    = 0.09 µm²/s 

Confined 
Prevalence (%) 78 ± 4 70 ± 4 

Residence time (s)
 

2.8 ± 0.2 2.7 ± 0.1 

Confined fraction 
(%) 

74 ± 4 66 ± 4 

 (µm)*** 0.156 ± 0.003 0.133 ± 0.002 

Directed 
Prevalence (%) 2.7 ± 0.3 3.1 ± 0.4 

Travel time (s) 1.00 ± 0.04 1.02 ± 0.03 

Distance (µm) 1.7 ± 0.1 1.7 ± 0.1 

Speed (µm/s) 1.77 ± 0.09 1.68 ± 0.09 

a Mean ± standard error (HEK 293 3L n = 9) 
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4.1 Abstract 

In this study the effect of glycine receptor (GlyR) 3 alternative RNA splicing on 

the distribution of receptors in the membrane of HEK 293 cells is investigated 

using optical super-resolution microscopy. Direct stochastic optical 

reconstruction microscopy (dSTORM) is used to image both 3K and 3L splice 

variants individually and together using single- and dual-color imaging. Pair 

correlation analysis is used to extract quantitative measures from the resulting 

images. Autocorrelation analysis of the individually expressed variants reveals 

clustering of both variants, yet with differing properties. The cluster size is 

elevated for 3L compared to 3K (resp. mean radius 92 ± 4 nm and 56 ± 3 

nm), yet an even bigger difference is found in the cluster density (resp. 9870 ± 

1433 µm-² and 1747 ± 200 µm-²). Furthermore cross-correlation analysis 

revealed that upon co-expression, clusters colocalize on the same spatial scales 

as for individually expressed receptors (mean co-cluster radius 94 ± 6 nm). 

These results demonstrate that RNA splicing determines GlyR 3 membrane 

distribution, which has consequences for neuronal GlyR physiology and function. 

Key words 

super-resolution microscopy, direct stochastic optical reconstruction microscopy, 

pair correlation analysis, glycine receptor, alpha3 subunit, RNA splicing, 
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4.2 Introduction 

Imaging of cellular proteins by means of fluorescence microscopy has become a 

routine approach in biology, as it allows specific in situ labeling with strong 

signal to noise ratio. Nevertheless, the spatial resolution is limited to ca. 200 to 

250 nm, the optical diffraction limit. This results in an uncertainty when 

determining the physical dimensions of nanoscale components in cell biology, 

such as proteins and nucleic acids. In recent years various super-resolution 

microscopic modalities have been developed to circumvent the diffraction limit: 

(fluorescence) photoactivation localization microscopy ((f)PALM) [208,351], 

stimulated emission depletion microscopy [352], structured illumination 

microscopy [353,354], (direct) stochastic optical reconstruction microscopy 

((d)STORM) [210,211,355], and super-resolution optical fluctuation imaging 

[356,357], among others. For a more extensive review see Cremer et al. [358].  

Both (f)PALM and (d)STORM use the stochastic activation of individual 

fluorophores and the precise localization of their position to render images with 

a higher resolution. With the design of brighter fluorescent probes and more 

sensitive detection devices, the position of single emitters can be calculated with 

nanometer accuracy by fitting their diffraction-limited point-spread function 

(PSF) [214,216,312]. However, in order to do so, the individual fluorescent 

molecules need to be well isolated from each other (densities ranging between 

10 and 50 molecules/µm2). Through the use of photoswitching between two 

distinct fluorescence emissive states it is possible to achieve the necessary 

sparseness in densely labeled specimens [359]. Other approaches to obtain 

optical isolation take advantage of other spectral characteristics, such as 

fluorescence life times [360] or time invariant spectral differences [361-363]. In 

fact, optical isolation of closely adjacent point emitters can be achieved by 

exploring different excitation/emission properties of dye molecules [358]. 

In the case of dSTORM, applied in this work, photoswitching is performed by 

stabilizing an intermediate ‘dark state’ of a commercially available organic dye 

[215,217,364,365]. It is important to indicate that the ‘dark state’ does not 

necessary imply a state with no photon emission, but rather a state where no 

emission is observed using a specific filter configuration in the detection. From 

this ‘dark state’ a small subset of dye molecules is stochastically allowed to go 
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back to the ground state from where they are excited. Repeating this process for 

multiple cycles, with each cycle generating a unique subset of activated 

fluorophores, enables the reconstruction of the image by plotting the calculated 

position of each molecule. The extension of the method to more than one color 

can provide information regarding the colocalization of molecules [221-223]. In 

fact, multicolor high resolution microscopy can resolve distances of 15 to 200 

nm, bridging the gap between Förster resonance energy transfer and 

conventional diffraction limited fluorescence microscopy [221,223,364,366-370]. 

Recent studies have revealed heterogeneity in the spatial distribution of the lipid 

molecules composing the plasma membrane [92,236]. Such heterogeneities are 

often referred to as lipid rafts [92,371]. Some of the plasma membrane proteins 

are also not uniformly distributed, but appear organized in clusters commonly 

referred to as microdomains. It has been proposed that microdomains 

containing receptor molecules can serve as a platform for signaling cascades and 

can also play a role in endocytosis processes [50,372]. Microdomain signaling is 

an essential concept in neurotransmission, since sub-diffraction clustering of 

neurotransmitter receptors is required for efficient neuronal communication 

[228,257]. Hence, accurate quantification of neurotransmitter receptor 

membrane distribution is instrumental in understanding their signaling 

properties. Optical super-resolution microscopy and its concomitant analysis 

methods provide the tools to gain this understanding and have been successfully 

applied to the study of several membrane proteins, namely tetherin [222], 

arrestin [373], ryanodine receptors and caveolin [374], Her2/neu receptors 

[368], G-protein coupled receptors [375], P-Glycoproteins [376], SNAP 

receptors [366] and cytokine receptors [377]. In this work we have applied 

dSTORM to analyse the distribution of the glycine receptor (GlyR) in the plasma 

membrane. 

The GlyR is a pentameric cys-loop ligand-gated ion channel (LGIC) permeable to 

chloride, inciting developmentally regulated neuronal hyperpolarisation upon 

activation [122,138]. For the GlyR 3, post-transcriptional processing has an 

important impact on membrane distribution and signaling [161]. RNA splicing of 

the GLRA3 gene transcript generates two 3-subunit variants, identified as the 

short 3K and long 3L. The 3L subunit contains an extra 15 amino acid (AA) 

insert in the large intracellular loop between transmembrane segments 3 and 4 
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(TM 3-4). With regard to signaling, the presence of the insert has an influence 

on channel gating and receptor desensitization [167,174]. Membrane 

distribution is also significantly influenced, as the insert regulates synaptic 

localization and membrane aggregation status [170]. Regarding physiology, the 

GlyR 3 is involved in pain sensitization, processing of visual and acoustic stimuli 

and epilepsy [162-164,168,175]. Imaging the higher order organization in the 

membrane distribution of the GlyR 3 will thereby advance our understanding of 

these signaling cascades.  

In this work, pair correlation analysis is applied to quantify and compare the 

distribution of the GlyR 3 splice variants in the membrane of HEK 293 cells 

imaged by dSTORM. Pair correlation analysis is a well established method that 

evaluates receptor density fluctuations, using the autocorrelation of receptor 

localizations in order to identify clusters [244]. The capacity to compensate for 

repeated localizations of the same molecule, a known artifact of photoswitching 

based microscopy, makes this method preferable for analyzing dSTORM images 

[246]. Regarding the GlyR 3 membrane distribution, clustering is found for 

both splice variants. However, the clusters show marked differences in size and 

receptor content. Furthermore, the co-expression distribution properties were 

also examined by analyzing dual-color super-resolution images using pair 

correlation analysis. In this case, the cross-correlation was used to study the 

relative spatial organization of the two splice variants. Consequently, the 

presence of colocalized clustering of both splice variants is established and the 

spatial scale is determined. 
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4.3 Material & methods 

4.3.1 Cell culture 

Human embryonic kidney 293 cells (HEK 293, kindly provided by Dr. R. 

Koninckx, Jessa Hospital, Hasselt, Belgium) were maintained at 37°C in a 

humidified incubator at 5% CO2 in Dulbecco’s modified eagle’s medium (Ref. 

41966, Gibco, Paisley, UK) supplemented with 10% fetal calf serum (FCS, 

Biochrom AG, Berlin, Germany) and a penicillin (100 IU/ml)-streptomycin (100 

µg/ml) mixture (Invitrogen, Carslbad, CA, USA). The cells used for microscopic 

observation were plated two days before the experiment in 8-well Lab-TekTM II 

chambered coverglass (Nalge Nunc International, Penfield, NY, USA), coated 

with 10 µg/ml fibronectin. Seeding was done at a density of 20,000 cells per well 

in transfection medium. This is Dulbecco’s modified eagle’s medium (Ref. 41965, 

Gibco) supplemented with 10% FCS. 

4.3.2 Transfection 

After overnight incubation, the cells were transfected using calcium phosphate 

co-precipitation with plasmids encoding for the haemagglutinin (HA) or FLAG-

tagged splice variants 3K and 3L of the mouse GlyR 3. The epitope-tags 

were inserted into the extracellular N-terminal domain between the second and 

third amino acid of the mature, signal-peptide cleaved receptor protein [170]. 

The plasmids were diluted in 250 mM CaCl2 buffer at a concentration of 20 ng/µl 

and an equal amount of HEPES buffered saline solution (HBS, pH 7.05) was 

added dropwise. After 15 minutes of incubation, this mixture was added to the 

culture medium of the cells at a final concentration of 0.21 µg/cm² DNA. After 6 

hours, the transfection medium was replaced with transfection medium 

supplemented with 200 nM strychnine. All measurements occurred within 24 to 

36 hours after transfection. 

4.3.3 Labeling 

Labeling was done with an HA-tag mouse monoclonal antibody conjugated with 

Alexa Fluor® 647 and/or rabbit DYKDDDDK-tag (anti-FLAG) antibody 

conjugated with Alexa Fluor® 488 (Cell Signaling technologies, Danvers, MA, 

USA) according to the manufacturer’s instructions. Selection of the epitope-tag 

(HA or FLAG) and subsequent labeling strategy, did not influence the clustering 
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properties of the receptors. Cells were fixed with 4% paraformaldehyde (PFA) 

for 15 minutes at room temperature. After fixation cells were rinsed with 

phosphate-buffered saline (PBS) and before imaging, the blinking buffer was 

applied. The latter consisted of TRIS buffer (pH 8) supplemented with 100 mM 

cysteamine [210]. 

4.3.4 Direct stochastic optical reconstruction microscopy 

dSTORM was carried out at room temperature using an inverted epi-fluorescence 

microscope (Olympus IX83 frame S1F-3, Olympus Optical, Tokyo, Japan) 

equipped with a PlanApo TIRF 60x oil objective (NA 1.45; Olympus Optical). The 

sample was simultaneously irradiated by a 100 mW 405 nm (Cube Coherent Inc, 

Santa Clara, CA, USA), 200 mW 488nm (Coherent) and 100 mW 642 nm 

(Excelsior 642, Spectra-Physics, Irvine, CA, USA) diode laser. This light was 

directed by the DC (z488/561/638rdc, Chroma Inc., Bellow Falls, VT, USA) 

towards the objective in off-axis mode to obtain total internal reflection 

fluorescence (TIRF). Excitation light was removed using HQ655LP and HQ700/75 

(Chroma) emission filters for the detection of Alexa647 and HQ505LP and 

HQ525/50m-2P (Chroma) for the emission of the Alexa488. For dual color 

imaging experiments, the emission was split in 2 channels using a 650dclp 

dichroic (Chroma). For image registration of the two channels, fluorescence 

images of beads (Molecular Probes, Invitrogen) were acquired. Image 

registration was performed as described previously [222,370], with a precision 

of 15 nm. The images were recorded at 20 Hz using an EM-CCD camera 

(ImageEM, Hamamatsu Photonics, Hamamatsu, Japan) with 50 ms integration 

time, an acquisition field of 512 × 512 pixels and an image pixel size of 107 nm. 

The peak position and the localization precision were determined for each 

individual emitter by Gaussian fitting analysis [189,312]. For each recording the 

average localization precision     of all emitters was determined by a skewed 

Gaussian fit. The mean (± standard error) localization precision       of all 

recordings was 17.6 ± 0.8 nm. A radius of 2.5 x     was used to consolidate 

emitters present over multiple successive frames. The super-resolution images 

shown in this work were made by mapping peak locations to a pixel map with 

pixel size ~18 nm, corresponding to the localization precision. All image 

processing was done using home-built MATLAB® (R2010b, The Mathworks, 

Natick, MA, USA) routines. 
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4.3.5 Pair correlation analysis 

Pair correlation analysis was used to analyze the high density distribution of the 

accumulated single molecule peaks. Membrane areas with uniform receptor 

distribution, measuring at least 5 µm by 5 µm, were selected allowing accurate 

determination of correlation. Both auto- and cross-correlation analysis of the 

receptor localizations were done as described in the following reference, where a 

detailed protocol and application of the method are illustrated [245]. The 2D 

autocorrelation [g(u,v)], normalized to 1 for large radius, was calculated using 

Fast Fourier Transform (FFT), transformed to polar coordinates and binned by 

radius. Nonlinear functions were used for fitting of the calculated autocorrelation 

(g(r), r > 0). The first function describes the autocorrelation of molecules 

distributed randomly across a 2D surface, with the sole correlation arising from 

the detection of multiple peaks from a single molecule. This is known as 

overcounting and can be modeled by a 2D Gaussian function g(r)oc as described 

in [244]: 

                    
 

             
     

  

    
    (4.1) 

According to this function          is the overall protein density, constrained by 

the peak density of the selected membrane area                . If          

       overcounting is present, with the percentage of data sets containing 

overcounting defining the prevalence. In the case of overcounting, the average 

repeated localization rate can be determined by                . The parameter    

represents the single molecule localization uncertainty derived from repeated 

localizations, and effectively quantifies the super-resolution PSF (srPSF). These 

estimates are valid when overcounting arises from a random, Poisson distributed 

process. This is the case for overcounting arising both from stochastic blinking of 

fluorophores during dSTORM and the presence of multiple fluorophores per 

labeled protein [246]. 

If the proteins are non-randomly distributed over a 2D surface, the 

autocorrelation of the corresponding peaks will exceed 1 over the spatial scale of 

clustering. If this occurs via organization into randomly distributed domains with 

no specific shape, the autocorrelation can be analyzed by an exponential 
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approximation convoluted with the correlation function of the srPSF; if both 

overcounting and clustering are present, the following function can be applied to 

the autocorrelation:  

                             

  
 

             
     

  

    
         

 

 
    

           

(4.2) 

This approach has been empirically determined and successfully applied to the 

research of heterogenic membrane protein distribution by Sengupta et al. [247]. 

The pre-factor A, is proportional to the density of proteins in the cluster and the 

correlation length , proportional to the cluster size. The correlation function 

related to the localization uncertainty introduced by the 2D srPSF is as follows: 

           
 

     
      

  

    
  (4.3) 

The fit parameters extracted from the cluster approximation (Eq. 4.2) allow for 

the determination of the average cluster occupancy, N: 

                (4.4) 

and the ratio of the average density of proteins in clusters (        ) to the overall 

protein density (        ), termed the density increment  : 

  
        

        
 

 

           
    (4.5) 

These parameters were determined for multiple distinct bottom membrane areas 

(3K, n = 59; 3L, n = 55). 
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Cross-correlation analysis was applied to dual-color super-resolution images of 

the 3K and 3L GlyR splice variants co-expressed in the membrane. Briefly, the 

2D cross-correlation between the peaks in both channels was calculated using 

FFT, transformed to polar coordinates and averaged by radius using MATLAB. In 

order to assess the spatial scales of cross-correlation, a convoluted exponential 

function was fit to the decay phase of the cross-correlation: 

                  
 

  
               (4.6) 

In this equation,          represents the cross-correlation of the srPSFs from the 

two individual channels. This results in a function similar to equation 4.3, where 

  
  is substituted by the sum of squares of the individual PSF sizes. These 

parameters were kept fixed at the respective    
  of the peaks in each channel. 

The cross-correlation length,   , is proportional to the colocalization distance of 

the probes. This parameter was determined for multiple distinct areas of the 

bottom membrane measuring (n = 33). 
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4.4 Results 

In order to better understand the effect of RNA splicing on GlyR 3 membrane 

distribution, optical super-resolution microscopy was applied. First micrographs 

are shown conveying a qualitative impression of GlyR 3 distribution in the 

membrane. This is followed by a representation of the quantification of the 

super-resolution images using pair correlation analysis. This autocorrelation-

based analysis is used to provide quantitative measures of the distribution 

patterns. Furthermore dual-color super-resolution images were made to assess 

colocalization of the splice variants when co-expressed. This assessment was 

made by applying the cross-correlation feature also inherent to pair correlation 

analysis.  

4.4.1 GlyR 3 RNA splice variants display differential organization in 

the membrane 

Using TIRF microscopy, the labeled 3 GlyRs in the bottom layer of the cell 

membrane were imaged (Figure 4.1). The morphology of the cells expressing 

the 3K variant, could be identified based on the fluorescence signal. Both the 

cell body and the small hair like filopodia around the membrane periphery, were 

shown to contain diffusely distributed receptors. Due to the overlapping PSFs of 

the individual emitters, little detail can be discerned from the TIRF image of the 

bottom membrane. In the super-resolution image, a ubiquitous receptor 

distribution is shown as expected. However, a few sites of low-level receptor 

aggregation appear to be present. The contrast in receptor distribution between 

the splice variants 3K and 3L is already apparent from the TIRF image. The 

3L GlyRs are not distributed diffusely over the cell, but appear as bright spots 

in the bottom membrane of the cell body. The size of the spots is in the 

nanometer range, yet an accurate description of the clusters is hard to produce 

from the diffraction-limited image. In the super-resolution image, the spots 

appear as well defined receptor clusters and the majority of the receptor 

population resides inside clusters. 
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Figure 4.1: Micrographs showing the differential distribution of the HA-GlyR 3K (A-C) and 

HA-GlyR 3L (D-F) in the bottom membrane of HEK 293 cells (colormap hot).  

The receptors were labeled with an anti-HA antibody conjugated with Alexa Fluor 647 and images were 

acquired using TIRF-microscopy (A,D). For each variant, a section of the bottom membrane image, 

typically used for analysis, was selected and magnified (B,E). Super-resolution images, obtained by 

applying dSTORM, allowed for an accurate visualization of the sub-diffraction organization of bottom 

membrane receptors (C,F). 

4.4.2 Analysis of GlyR 3 membrane distribution using pair correlation 

analysis 

In order to access the sub-diffraction information, pair correlation analysis was 

applied (Figure 4.2). This method compares the probability of finding a receptor 

at a certain distance (r) of another receptor to that same probability expected 

from random distribution of receptors. Therefore, values of g(r) > 1, as found 

for both GlyR 3 splice variants, indicate non-random distribution of receptors in 

the bottom membrane. This can occur through the clustering properties of the 

receptor or by repeated localization of identical molecules spaced in time. In the 

latter case, the autocorrelation should fit to a Gaussian function specifying the 

localization error and protein density (Eq. 4.1). However, in case of both 3 

splice variants the Gaussian model does not accurately describe the 
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autocorrelation, indicating that the detected correlation is not an artifact of the 

imaging modality. Instead, a long-range decay is present in the autocorrelation, 

approximated by a function defining the clusters (Eq. 4.2). The autocorrelation 

fit functions of 3K and 3L GlyRs differ in both length and amplitude, with the 

latter splice variant exhibiting a longer correlation range and elevated amplitude. 

Repeated localization of identical emitters was compensated in data sets of both 

splice variants, with more average repeated localizations for the 3L variant 

(Table 4.1). In the instances with repeated localizations the average localization 

error was 19.0 ± 0.8 nm for the 3K and 21.2 ± 0.7 nm for 3L (mean ± 

standard error).  

 
Figure 4.2: Pair correlation analysis of the GlyR 3K (A,C) and GlyR 3L (B,D) distribution in 

the bottom membrane.  

The analysis is based on determining the 2D autocorrelation g(u,v) of the receptor localizations 

obtained with dSTORM (A,B). The 2D autocorrelation is transformed (see M&M) and fitted using models 

for random (Eq. 4.1) and clustered (Eq. 4.2) distributions of receptors (C,D). For both variants a 

clustering model is better suited to describe the autocorrelation. Based on the more pronounced 

correlation (g(r) >> 1) for 3L (B,D) compared to 3K (A,C), the 3L GlyR density increase caused by 

clustering is more severe and occurs over longer spatial scales. 
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Table 4.1: Summary of parameters extracted from fitting the autocorrelation according to 

equation 4.2. 

Overcounting refers to parameters extracted from g(r)oc, related to repeated localization of identical 

emitters. Clustering refers to parameters extracted from g(r)cluster, describing the spatial increment of 

receptor density by clustering. 

  HEK 293 

Origin Parameters GlyR 3K GlyR 3L 

Overcounting Prevalence 51 % 73 % 

 peaks/protein 3.3 ± 0.5a 8 ± 1.2 

 
2

s
 

19.0 ± 0.8 nm 21.2 ± 0.7 nm 

Clustering  56 ± 3 nm 92 ± 4 nm 

 N 14 ± 2 220 ± 27 

          [N/(²)] 1747 ± 200 µm-² 
9870 ± 1433 

µm-² 

  8 ± 1 34 ± 3 

a Values are reported as mean ± standard error 

4.4.3 GlyR 3 splice variant clustering properties 

Pair autocorrelation analysis reveals information on both the cluster size and the 

cluster occupation. For all quantitative measures derived from the analysis the 

mean ± standard error is given (Table 4.1). For the primary parameters the 

histogram is given (Figure 4.3) and minimum and maximum are reported. All 

parameter histograms resemble a lognormal distribution. The correlation length 

parameter () is used as a measure for the cluster radius. For the 3K splice 

variant the concomitant distribution displays a mean of 56 ± 3 nm, with a 

minimum of 25 nm and maximum of 134 nm. For the 3L splice variant the 

cluster size distribution is shifted towards larger radii. This is resembled by a 

mean value of 92 ± 4 nm, with a minimum of 51 nm and maximum of 197 nm. 

The average number of receptors in a cluster (N) is distributed between 3 and 

72 for the 3K splice variant. This parameter distribution shifted more than an 

order of magnitude for the 3L splice variant, where the average cluster 

occupancy ranges from 22 to 895 receptors. The respective means of N for the 

3L and 3K variants are 14 ± 2 and 220 ± 27. In order to quantify cluster 
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occupation compensated for differences in cluster size, the cluster density was 

determined from N and . Still the 3L variant shows elevated values compared 

to 3K with respective means of 9870 ± 1433 µm-² and 1747 ± 200 µm-². The 

last parameter  derived from the autocorrelation analysis shows the increased 

local density of receptors appearing in a cluster. For the 3K splice variant the 

increased density ranges from 1 to 33 with a mean of 8 ± 1. Also for this 

parameter the 3L splice variant shows an elevated and wider range, starting at 

5 and ending at 99 with a mean of 34 ± 3. 

 

Figure 4.3: The clustering parameters derived from the autocorrelation fitting (Eq. 4.2) 

quantify the differential sub-diffraction organization of the GlyR 3L (blue) and 3K (red).  

The parameters were determined for multiple bottom membrane areas (3K, n = 59; 3L, n = 55) and 

show a lognormal distribution. The correlation length () is interpreted as the radius of the clusters and 

retrieved values range from ~20 nm to ~200 nm (A). N represents the average number of receptors in 

a cluster (B). As a relative measure, it shows the differential cluster occupation of the splice variants. 

Due to experimental limitations, it cannot be interpreted as an absolute measure. The parameter  (Eq. 

4.5) is a measure of the local protein density increment in clusters, established by the ratio of the 

cluster protein density to the overall protein density of the membrane area (C). It shows the elevated 

affinity for the GlyR 3L to enter into clusters compared to 3K. 

4.4.4 Colocalization of the GlyR 3 splice variants 

The dual-color super-resolution recordings show both GlyR 3 splice variants co-

expressed in the bottom membrane of the same cell (Figure 4.4A,B). The 3K 

receptor is still ubiquitously present in the cell membrane, yet there is a more 

grained appearance with the manifest presence of clusters. This is in contrast to 

the 3L splice variant, which still shows strong clustering but is more distinctly 

spread out over the bottom membrane and the filopodia. More importantly, 

overlaying the super-resolution images reveals that some clusters from the two 

channels colocalize, meaning these clusters are actually occupied by both 3K 
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and 3L splice variant receptors (Figure 4.4C). In order to quantify these 

clusters the correlation length of colocalization was determined by pair cross-

correlation analysis (Figure 4.4D). Fitting of the cross-correlation (Eq. 4.6) 

yielded a spatial range of colocalization, which is interpreted as the radius of the 

colocalized clusters. The histogram of    resembles a lognormal distribution and 

has a minimum of 54 nm and a maximum of 205 nm with a mean of 94 ± 6 nm. 

 

Figure 4.4: Co-expression of the GlyR 3 splice variants in HEK 293 cells, micrographs (A-C) 

and pair cross-correlation analysis (D,E).  

The micrographs made from accumulated peaks in each individual channel, show the individual 

expression patterns for respectively the HA-GlyR 3K and FLAG-GlyR 3L upon co-expression (A,B). A 

bottom membrane area typically used for analysis is selected and the channels for the HA-GlyR 3K 

(red) and FLAG-3L (green) splice variant are shown in overlay (C). The splice variants exhibit co-

clustering (magenta inset). Fitting of the cross-correlation (Eq. 4.6) allows for the determination of the 

spatial scales of the co-clusters in the area selected in panel A and B (D). The cross-correlation length 

fit parameter (   ), measured over multiple bottom membrane areas (n = 33) is shown in a histogram 

(E).  
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4.5 Discussion 

The clustering state of GlyRs in the cell membrane has mainly been studied in 

relation to accumulation of neurotransmitter receptors at the postsynaptic 

terminal [378-381]. This process is facilitated by heteromeric assembly of GlyR 

channels, composed of ligand binding -subunits and -subunits required for 

anchoring to the gephyrin cytoskeletal matrix [147,152]. However, GlyR 

clustering has also been observed independently of gephyrin [149,330]. In our 

expression system we see clustering of homomeric 3-subunit containing GlyRs. 

Given the homomeric nature of the GlyRs, the clustering phenomenon is 

probably not directly relevant to synaptic localization [138]. Nevertheless, 

evidence of a role for homomeric GlyRs as regulators of neurotransmitter release 

at presynaptic terminals has been found [157,159,160,175,382]. Moreover, it 

was shown that receptor clustering changes receptor desensitization [171], 

which may influence tonic inhibition of neuronal excitability through expression 

of weakly desensitizing non-synaptic GlyRs [166,168,169]. In this way 

modulation of GlyR electrophysiological properties via RNA splicing-dependent 

alteration of clustering properties can have profound effects on neuronal 

communication. Indeed, both on biophysical and physiological levels, RNA 

splicing has a profound impact on GlyR 3 properties [167,170,324]. In our 

experiments this is resembled by a distinct difference in membrane distribution. 

By diffraction-limited observation, it appears as if the 3K splice variant is 

diffusely distributed while the 3L is clustered. By applying dSTORM we see that 

both splice variants show non-random receptor distribution organized at a sub-

diffraction level.  

With accurate quantification, sub-diffraction information offers direct information 

on molecular organization and dynamics [229,263,383]. In this work pair 

correlation analysis is applied, which compensates for apparent clustering due to 

repeated localizations. In a large number of data sets for both splice variants, a 

measure of repeated localizations was identified and compensated. The reported 

measure (  ) of the localization uncertainty is elevated compared to precision 

derived from the Gaussian fitting profile (      = 17.6 ± 0.8 nm), but this is not 

unexpected as several experimental limitations lead to broadening of the PSF 

[246]. In addition the actual image resolution is also aggravated by limitations 
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imposed by labeling and photoswitching rates, making < 20 nm resolution hard 

to attain and obscuring features below this limit [384]. The introduction of a 

super-resolution PSF does however compensate for potential over-labeling of 

proteins due to multiple binding sites [246]. All GlyRs consist of pentameric 

subunit assemblies, thereby theoretically containing multiple binding sites for 

subunit targeting antibodies [106,170,301,385]. In case of PALM imaging this 

can be even more explicit, as in fusion constructs the fluorescent protein is 

incorporated at the level of the individual subunit [133,386]. 

The nature of the measured correlation was however not exclusively stochastic. 

For both GlyR 3 splice variants pair correlation analysis is able to describe 

clustering, regardless of the strong differences in membrane distribution 

apparent from the images. This demonstrates the flexibility of pair correlation 

analysis in objectively quantifying different clustering patterns. Furthermore, 

pair correlation analysis has also been applied to electron microscopy images, 

proving its general applicability for quantification of point maps [248]. The 

relative differences between the clustering properties of the GlyR 3 splice 

variants show that cluster occupation has the most distinction. The cluster size 

exhibits a clear shift in the distribution of the radii, yet a strong degree of 

overlap is present as the means remain in the same order of magnitude. Based 

solely on the cluster radius, the difference in clustering between the splice 

variants might be underestimated. The average number of receptors in a cluster 

however, displays a more differential view of clustering properties. Even when 

looking at the cluster density (        ), thereby compensating for the smaller 

cluster size of the 3K-variant, the 3L-variant still shows strongly elevated 

values. The fact that 3K-variant clusters are less dense is not due to a 

proportional decrease in membrane receptor density. Otherwise the cluster 

density increment () would be similar between the splice variants. Instead 

         and  =                   are both elevated for the 3L-variant, revealing 

that the denser packing of the 3L clusters is due to elevated affinity for 

clustering interactions. The receptor numbers reported here cannot be 

interpreted as an absolute number of receptors, given experimental limitations 

in photoswitching and labeling efficiency, but serve as a strongly differentiating 

relative measure [247]. Kinetic modeling allowing for counting of reversibly 

photoswitching fluorescent proteins with PALM has been established, however 
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comprehensive models for (d)STORM are lacking [387]. Calibration via reference 

structures can also be performed, yet limited knowledge about the GlyR 

clustering interactions impedes the formulation of such structures [245].  

In physiological circumstances, both splice variants are expressed and their 

expression rates have patho-physiological implications. In severe cases of 

temporal lobe epilepsy the 3K expression is upregulated at the expense of 3L 

[170]. Information on colocalization of the splice variants is important with 

regard to pharmaceutical targeting of subunits. We find clear evidence that 

when co-expressed, both splice variants form clusters and these clusters can 

colocalize. Whether these co-clusters are the result of homomeric 3 variant 

GlyRs or heteromeric 3K:3L GlyRs cannot be determined here, yet other 

single molecule imaging strategies have been developed to resolve this matter 

[133]. The radius of the co-clusters is in the same order as the cluster radius 

identified for clusters of individually expressed receptors. This suggests that the 

splice variants, upon co-expression, cluster in the same microdomains as when 

individually expressed. However, the affinity for clustering in these 

microdomains still appears more dominant for the 3L variant compared to 3K. 

These results do imply that any disruption of the receptor clustering will likely 

influence both splice variants, yet to a different extent. 

The results from this work provide more information regarding the effect of RNA 

splicing on GlyR 3 biophysical membrane behavior. The local accumulation of 

the GlyR 3 splice variants corresponds proportionally to the immobile fraction 

detected with Single Particle Tracking (SPT) for the 3K (5%) and 3L variant 

(15%). Both SPT and temporal image correlation spectroscopy revealed the 

presence of multiple species in the diffusing population of 3K and 3L receptors 

[324,388]. This supports the notion that the GlyR 3 is capable of dynamically 

interacting in the membrane, with a splice variant-dependent affinity. The TM 3-

4 region of cys-loop LGICs, where the 15 AA difference between the 3 splice 

variants is present, is known to determine receptor interactions in the 

membrane [389-391]. For the nicotinic acetyl choline receptor, lipid rafts are 

shown to be platforms mediating these interactions [392,393]. The cluster radii 

found here for the GlyR 3 are in the range (10 – 200 nm) of lipid raft domains 

[394]. However, future investigations will need to confirm whether RNA splicing 

effects on GlyR 3 membrane distribution are mediated via lipid rafts. 
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In summary, we used dSTORM to obtain super-resolution images of the 

membrane distribution of GlyR 3 splice variants. Both single- and dual-color 

imaging was applied to obtain information on the 3K and 3L variants 

expressed individually and together. Pair correlation analysis was used to 

quantify the membrane distribution using both the auto- and cross-correlation 

options. Repeated localization of emitters was successfully compensated and 

parameters on (co-)cluster size and cluster occupation were extracted. The 

results suggest both variants cluster via the same interactions, yet with strongly 

differing affinities. Although no definite clustering mechanism can be appointed 

yet, the role of RNA splicing in determining GlyR 3 distribution is better 

understood.  

  



 

 

 

 

 
 

 
 

 
 

 
 

5 General discussion 
  



Chapter 5 

106 

5.1 Discussion 

In order to put the work described in the previous chapters into perspective, 

referring to the main research question is a good starting point: Has optical sub-

diffraction microscopy proven to be useful for the study of RNA splicing effects 

on GlyR 3 membrane properties? A confirmation of this can be found in the fact 

that both SPT and dSTORM imaging uncovered aspects of GlyR 3 membrane 

behavior previously obscured by the diffraction limit [324,388,395]. The direct 

observation of single particles allows for local observation of distinctive 

membrane properties. This is in contrast to ensemble average techniques 

designed to observe bulk signals and not capable of directly determining sub-

diffraction anomalous characteristics [396-398]. However the heterogeneity 

found by single particle localization is best viewed together with the bulk image 

in order not to wrongfully interpret stochastic single particle behavior [324,399]. 

The extra post-processing required for extracting particle locations from images 

and forming trajectories can also introduce observation bias [192,246].  

A major part of research involving localization based optical sub-diffraction 

microscopy is devoted to developing new and improved image processing and 

analysis algorithms. In this work local trajectory analysis, theoretical 

determination of the localization precision and pair correlation analysis were 

successfully applied to the GlyR 3 data [189,199,245,388,395]. Many 

publications now provide programmed algorithms or analysis modules as a 

supplement. This is an important step in unifying methodology, yet 

implementing the provided material in the existing work flow and extracting 

useful quantitative data are not trivial tasks. An apt reminder of this is found in 

the protocol published for pair correlation analysis, stating that a limitation for 

using the technique is [245]: “requires a skilled user with substantial knowledge 

of statistics, single-molecule photophysics and computer programming”. This 

quote accurately reflects the skills necessary for quantitative data extraction 

from biological systems studied by optical sub-diffraction microscopy. 

Sub-diffraction quantitative data extraction of GlyR 3 membrane properties was 

used to test whether RNA splicing alters membrane order of the GlyR 3 on the 

nanoscopic scale, i.e. the primary hypothesis. Preceding, conventional 

microscopy and line intensity analysis had already established a quantitative 
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measure of the RNA splicing influence on membrane distribution of the GlyR 3 

[170]. This approach was sufficient to confirm the immense difference in 

membrane distribution between the splice variants and even capable of 

detecting differences between homomeric (3L) and heteromeric (3:) clusters. 

However, the diffraction limit is an obstacle for studying the nanoscale molecular 

architecture determining membrane receptor properties, such as the pre- and 

postsynaptic zones in neurons [400,401].  

Before the advent of optical super-resolution microscopy and still today, 

ultrastructural analyses of the synapse are performed using electron microscopy 

and tomography [402,403]. To date, the resolution of electron microscopy is still 

considered superior to that of light microscopy [404]. However, comparative to 

electron microscopy, easy labeling and simultaneous 3D imaging of multiple 

synaptic components can readily be achieved with optical (fluorescent light) 

super-resolution microscopy [405]. A wide range of optical super-resolution 

microscopy strategies has now been used in the analysis of neuronal 

compartments and live neurons [406,407]. Regarding the inhibitory synapse, 

quantitative nanoscopy has been applied to study gephyrin assembly and GlyR 

binding sites [228]. No direct GlyR super-resolution imaging had been 

performed up until this work [395]. Here, GlyR 3 clustering in HEK 293 cells 

was extensively quantified, providing a direct correlation with the difference in 

desensitization relevant for extrasynaptic 3 GlyRs [166,169]. Clustering 

changes desensitization and may influence tonic inhibition of neuronal 

excitability [168,171]. Furthermore the intrinsic capability of the 3 splice 

variants to colocalize, is relevant in assessing the therapeutic potential of the 

GlyR in neuropsychiatric disorders [175,395,408]. 

Single particle tracking has recently also been applied as a super-resolution 

imaging technique, by combining it with PALM (sptPALM) [409]. Hereby high-

density mapping of individual trajectories is used to extract dynamic information 

on a nanoscopic scale [410]. This kinematic analysis is not based on live-cell 

super-resolution microscopy achieving video-rate imaging of complete biological 

structures in 2 and 3D [411,412]. Instead individual organic fluorophores are 

tracked, which are cycled between ON and OFF states to obtain spatial label 

sparseness [413]. Classical single particle tracking studies are however not 

without merit in neuroscience, as they have elucidated many concepts in 
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synaptic biology [316]. Early studies described the dynamics of synaptic 

anchoring of glycine and glutamate receptors [147,150,318,322,414]. Later on 

single particle tracking was used to study homeostatic regulation of GABA, 

glycine and different types of glutamate receptors at synaptic sites and in 

relation to synaptic transmission [75,151,249,258,415,416].  

Nearly all the aforementioned GlyR tracking studies applied quantum dots for 

tagging receptors, due to their long-term photostability [417]. The free diffusion 

coefficient retrieved in this work (0.13 µm²/s) is in line with extrasynaptic 

diffusion coefficients measured for GlyRs expressed in primary neurons 

[150,152,388]. The transgenic expression level is expected to be higher in HEK 

293 cells compared to primary neurons, yet the problem to identify single 

particles in live HEK 293 membranes with high receptor density was solved by 

managing the antibody concentration and pre-bleaching a fraction of the labeled 

receptors if required. Furthermore pentameric assembly is required for 

membrane trafficking of GlyRs expressed in mammalian cells, ensuring that the 

labeled GlyRs in the membrane are pentameric [126]. Both our own and other 

electrophysiological measurements of the GlyR 3 in HEK 293 cells also indicate 

a similar peak current amplitude for both 3 splice variants, suggesting similar 

numbers of functional pentameric receptors in the membrane [167,324]. This 

evidence contradicts the idea that functional pentameric receptors are only 

represented by the immobile or confined fraction of the receptor pool, which is 

significantly larger for the 3L splice variant [324,395]. 

The essential role of sub-diffraction imaging and particle tracking in 

understanding neurotransmitter receptor signaling, is supported by the 

abundance of studies referenced in the work. Importantly these studies were 

based on previously established molecular interactions or physiological concepts 

in synaptic biology [418]. Regarding the non-synaptic or homomeric GlyR 3, a 

similar background was not available. Therefore, a more exploratory strategy, 

based on analyzing inherent receptor diffusion and distribution properties, was 

followed. Studying inherent receptor diffusion and distribution, meant that in 

both cases the randomness expected to govern these processes was evaluated. 

Establishing the occurrence of non-randomness does not directly provide 

information on the interfering mechanistic. Instead the available parameters are 

compared to known mechanisms leading to non-random membrane receptor 
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behavior. While doing so, the experimental limitations of the spatial and 

temporal range available to describe receptor properties are taken into account. 

In the case of diffusion, the physical descriptors of Brownian motion are used to 

determine randomness, e.g. the diffusion coefficient and anomalous  -exponent. 

The accuracy of these statistical descriptors associated with an individual 

trajectory is limited due to the finite observation time [194]. This  calls for an 

ensemble evaluation of many trajectories [192]. The ensemble analyses 

performed on the GlyR 3 trajectories in this work show the presence of non-

random or anomalous diffusion by providing multiple lines of evidence for 

heterogeneous populations among the tracked receptors. First there is a broad 

distribution of short range diffusion coefficients and an immobile fraction [324]. 

Second, long-term evaluation of the MSD versus time relation shows significant 

deviations from linearity [324,388]. Finally the cumulative distribution function 

of the square displacements requires a multi-exponential approximation for 

accurate description and the slow diffusing sub-population of  receptors shows a 

non-linear MSD versus time relation [388]. Together these findings suggest the 

heterogeneously diffusing receptor population is composed of receptors 

displaying free diffusion, no diffusion, sub-diffusion and super-diffusion over the 

available observation times. These four types of receptor diffusion have been 

identified in several single particle tracking diffusion studies of transmembrane 

proteins [70,255,308]. Furthermore, diffusion coefficients are in the expected 

range for fluorescently labeled transmembrane proteins which display free and 

confined diffusion at 37°C, among which the GlyR 1 [150,152,203,419,420]. 

The findings of anomalous diffusion were corroborated with the identification of 

transient confined and directed motion anomalies in the trajectories [388]. 

Mapping of the confinement anomalies showed locally reoccurring areas where 

the receptors resided much longer than expected for normal diffusion. Together 

with sub-diffusion on long time scales, this confinement is indicative of trapping 

via corralling or tethering and contra-indicates sub-diffusion due to obstacles 

[308]. Transient trapping on a time scale of seconds in areas defined by a 

diameter of 100-600 nm, strongly suggests an influence of previously defined 

transient confinement zones (TCZs) on receptor diffusion [85,199]. The model 

concept of a TCZ is a small obstacle rich membrane area, often considered to be 

a membrane raft, temporarily confining receptor motion [205,421]. This is 
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different from general sub-diffusion due to spaced obstacles, as with TCZs small 

dispersed obstacle fields act as corrals [422]. The non-linear diffusion behaviour 

of the slow diffusing species from the ensemble square displacement analysis 

could be representative of constrained diffusion inside highly dense obstacle 

fields [388,423]. On the other hand, cross-linking has also been implicated for 

TCZ association of transmembrane proteins. Cross-links could occur by 

oligomerization or tethering by sub-membranous components and subsequent 

receptor confinement could also explain the non-linear diffusion behaviour 

[95,152,421]. Some binding proteins important in neurotransmitter receptor 

tethering are known to be raft-associated proteins, thereby unifying raft 

association and tethering as a mechanism of TCZ association [393,424]. The 

classical membrane skeleton model as mediator of GlyR 3 confinement is 

contra-indicated by the fraction of freely diffusing molecules and the transient 

free and confined diffusion suggestive of large interdomain distances 

[70,255,422]. However, an influence of the cytoskeleton according to the 

modern “picket-fence” model cannot be excluded. This model describes 

millisecond confinement events, which can only be evaluated by microsecond 

frame rates [72,74]. The cytoskeleton is also related to rafts coalescence and 

stability, thereby possible having an indirect influence on TCZs [93,94,425]. 

The presence of super-diffusion derived from the ensemble analysis corresponds 

well with the detection of conveyor belt motion in the receptor trajectories 

[198,324,388]. The parameters quantifying this transport strongly suggest 

motor-driven vesicular transport along microtubules [77-80]. It must be 

mentioned that given the limited observation time and high free diffusion 

coefficient, fast long-range transport is likely to be the only type of directed 

motion detectable by the local trajectory analysis. The presence of slower 

(µm/min) forms of directed motion can thereby not be excluded, yet no motion 

patterns were observed to suspect their presence [75,76]. The appearance of 

back-to-back directed - confined motion and vice versa suggests the anomalous 

diffusion is related to a receptor transport process [388]. Membrane rafts have 

been suggested as important regulators of endo- and exocytic pathways, 

creating a possible link between TCZs and directed motion [426]. Endocytosis is 

a well studied process, usually divided into clathrin- and non-clathrin-mediated 

routes [427]. Lipid raft mediated endocytosis is considered a clathrin-
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independent route of internalization, mediated via caveolins or other membrane 

proteins [49,426-428]. However, association of membrane proteins with 

developing clathrin-coated pits (CCPs) has also been suggested as a cause of 

transmembrane protein confinement, with the confinement domains similar in 

size to the TCZs of the GlyR 3 [388,420,429,430]. Furthermore, the dynamics 

of cargo recruitment to CCPs are described as a catch-and-release process, 

dependent on cargo affinity to the CCP [431]. This process is in agreement with 

the transient nature of GlyR 3 confinement and displays a similar time scale 

[388,431]. Receptor confinement could thus be regarded as a cargo 

accumulating maturation step for internalization or a transient phase in stop-

and-go saltatory motion during sub-membranous receptor recycling. Directed 

motion would thereby occur directly after scission of the vesicle and as part of 

the receptor sorting process. A coalescence of GlyRs in relation to internalization 

and transport was not systematically observed. The low labelling density 

required for SPT may obscure other receptors recruited to the internalization 

site. 

The presence of randomly distributed GlyR 3 clusters with no specific shape, as 

determined with dSTORM, supports the idea of a composite GlyR 3 receptor 

distribution [395]. This composite distribution exists of receptors randomly 

distributed and receptors ordered in clusters. It corresponds well with the 

composite diffusion pattern, displaying fast freely diffusing and slow confined 

receptors [388]. Furthermore, the spatial scales of the TCZs determined by 

diffusion measurements (~150 nm) and clusters determined by super-resolution 

imaging (~100 nm) are in the same order [388,395]. The values reported here 

correspond to domain radii, which makes the involvement of caveolae 

possessing a diameter of 60-80 nm unlikely [49]. Other types of membrane 

rafts, measuring  100 nm in size, have been reported, which would be better 

suited to underlie the GlyR 3 membrane domains [40,236]. Modern insights 

into raft dynamics suggest that raft coalescence is required in order to form 

domains with similar size and protein occupation as the GlyR 3 clusters 

[52,92,93]. Clathrin assemblies also have appropriate length scales to 

accommodate GlyR 3 clusters, as CCPs have a reported width of 150-200 nm 

and flat clathrin arrays can be even larger [225,432].  
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By executing each type of experiment using both GlyR 3 splice variants, we 

effectively studied the effect of the 15 AA insert differentiating the 3K and 3L 

variant. As the insert is only a small segment of the subunit (15 AA of 464 AA in 

total) and located in the cytoplasmatic loop, differences in receptor behavior can 

be considered as manifestations of differential interaction capabilities conveyed 

to the subunit [61,167,170]. These interaction capabilities refer to the many 

possibilities of membrane inserted GlyR association with itself or components in 

the membrane environment. Diffraction-limited and ensemble average 

techniques revealed completely differential membrane diffusion and distribution 

between the splice variants [170,324]. These results suggest the 3L variant is 

capable of interacting, and the 3K variant is not. The results obtained with 

optical sub-diffraction microscopy also reveal differential membrane properties 

between the splice variants, but offer more detail on their origin [388,395]. This 

is due to the possibility to analyze dynamics on a single receptor level and 

spatial distributions on a nanoscopic scale. Instead of suggesting an interacting 

and non-interacting variant, the conclusion of the sub-diffraction measurements 

is that both variants are capable of a similar interaction, yet with strongly 

differing efficiencies. This conclusion is based on the findings that both splice 

variants display differing degrees of sub-diffusion, local transient confined 

motion, sub-diffraction clustering and are capable of co-clustering.  

How can the molecular biology of GlyR 3 RNA splicing account for the findings 

of sub-diffraction microscopy? The presence of the 15 AA insert is known to 

stabilize the fold of the cytoplasmatic loop of the GlyR 3 [174]. This domain is 

essential for trafficking, functional modulation and membrane localization of 

GlyRs [122,433]. Both variants harbor a di-leucine motif in the cytoplasmatic 

loop, required for AP-2 dependent clathrin endocytosis [167,434]. The GlyR 1 

is prone to clathrin-mediated endocytosis and clathrin-mediated endocytic 

recycling of AMPA receptors has proven essential in synaptic potentiation 

[145,333]. On the other hand, the cytoplasmatic loop may also mediate 

translocation of the GlyR 3 to lipid rafts by interaction with raft associated 

components. Several ionotropic neurotransmitter receptors are shown to be 

associated with rafts and rafts play an important role in synapse receptor 

homeostasis [257,424,435,436]. The nAChR LGIC is shown to be anchored at 

the neuromuscular synapse by the raft associated protein rapsyn [393,437]. 
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However, at present no GlyR specific molecular evidence has been reported to 

support this. RNA splicing could thus influence GlyR 3 signaling capabilities via 

regulating affinity for clathrin structures, rafts or other unknown components. 

Regulation of interaction affinity via RNA splicing has recently been 

demonstrated for the GlyR 3 interaction with Sec8, a vesicular transport 

protein involved in targeting membrane material to presynaptic sites [175,438]. 

Alternative splicing can thereby regulate GlyR 3 trafficking, shown by Sec8 

driven axonal targeting of 3L GlyRs [175]. This provides a strong precursor for 

the differential regulation of the GlyR 3 cytoplasmic loop interaction affinity by 

RNA splicing.  
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5.2 Future perspectives 

Since the start of the research presented here, in 2010, many parallel advances 

have been made in the field of GlyR biology and optical sub-diffraction 

microscopy. The study of neurotransmitter receptor biology is ever more 

frequently performed using optical sub-diffraction imaging modalities, 

demonstrating the power of this experimental approach [204,228,409]. 

Continuation of the GlyR 3 research using optical sub-diffraction microscopy 

can proceed along two paths. First, the presented methodological approach of 

this work can be used to further explore the molecular interactions behind the 

current GlyR 3 membrane properties. Second, experimentation can be taken to 

the next level by applying new, more advanced methodology in biology and 

optical sub-diffraction microscopy. 

The current experimental approach offers a platform to determine the molecular 

and physiological nature of the GlyR 3 interactions in the membrane. A 

standard approach is the use of chemical agents to selectively disrupt the 

relevant processes. A first example is the use of Latrunculin A and nocodazole 

for disruption of respectively actin and tubulin cytoskeletal components 

[69,142,151]. The effect of cytoskeletal disruption on confinement and 

clustering cannot readily be predicted, yet it should abolish the directed motion 

observed for the GlyR 3L. A second option is the application of cholesterol 

depletion by methyl--cyclodextrin or other agents in order to perturb 

cholesterol-based membrane rafts [393,419]. If such rafts serve as TCZs for 

GlyR 3 receptors, cholesterol depletion should significantly reduce receptor 

confinement. If receptor confinement in cholesterol based raft TCZs is 

prerequisite for internalization and trafficking, directed motion should also be 

influenced. The role of internalization processes can also be studied by applying 

inhibitors, such as dynasore or wortmannin which block clathrin-mediated 

endocytosis [439,440]. However, all these chemical treatments have pleiotropic 

effects due to the pivotal roles of the influenced components in general cell 

physiology [441-443]. Modulating specific interaction targets, such as 

performing knockdown of Sec8, would suffer less from this drawback. Problems 

with integrity of the bottom membrane during cellular modulation can be solved 

by selecting a more robust cell line for GlyR expression, e.g. HeLa cells [152]. 
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A more elegant but less direct approach, would be to perform dual-color imaging 

of the GlyR 3 receptor and the expected interaction components. This approach 

would be similar to the co-localization experiments performed for the study of 

splice variant co-clustering by multi-color dSTORM [395]. Staining antibodies 

and fluorescent fusion-protein analogs are readily available for  endocytosis 

machinery and cytoskeletal components. Even for different types of lipid rafts, 

optical super-resolution microscopy probes have been developed [236]. The 

evidence would be even more convincing if co-localization were established in 

dynamic live cell processes. Fluorescent fusion-protein analogs of intracellular 

components and antibody labeling of extracellular components would allow for 

the monitoring spatial interactions under physiological circumstances. In such 

instances, the use of quantum dots for tracking the GlyRs is favorable, as long 

term observation facilitates characterization of the interaction process 

[150,152,417].  

A third possible approach is based on determining the effects of GlyR 3 subunit 

sequence modifications on membrane behaviour. A mutational study of the 15 

AA insert already revealed important effects on channel gating and domain 

structure of the GlyR 3 [174]. A similar strategy can be applied to determine 

specific amino acids or motifs responsible for differential diffusion and 

distribution of the splice variants. Furthermore, the most important 

pathophysiological results for the GlyR 3 have been coupled to a gain-of-

function GlyR 3 variant, showing upregulation in response to hyperexcitability 

and the capability to induce neuropsychiatric symptoms in a mouse model 

[168,175]. This RNA edited GlyR 3 variant has a change in amino acid position 

185, where proline is substituted by leucine (GlyR 3P185L)[169]. Studying the 

membrane properties of this variant would be more appropriate for relating 

membrane behavior to pathophysiology. However, the amino acid substitution 

occurs in the extracellular N-terminal domain, which is not expected to directly 

alter membrane properties [169]. 

The additional experiments suggested up to this point can be performed with 

relatively minor adaptations to protocols applied in this work. However, more 

efficient data processing and relevant quantitative measures can be extracted 

using new and more advanced methods. With regards to neurobiology, 

experiments using primary cultured neurons present an obvious next step 
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[316,418]. These experiments can provide more details on presynaptic targeting 

and the protein architecture of axonal Sec8 containing clusters of the GlyR 3. A 

drawback is that this will require repetitive isolation of primary cells, which are 

difficult to transfect and have limited culture capacity [444-446]. Nonetheless, 

moving closer to in vivo settings is essential if experimental findings are to be 

interpreted in a clinical setting such as epilepsy or anxiety [168,175].  

The construction of a functional GlyR 3 fluorescent fusion subunit can also 

facilitate optical sub-diffraction microscopy, by superseding antibody labeling 

and thus avoiding antibody binding and labeling issues [447]. The fact that each 

subunit would contain a fluorescent protein can be used to evaluate a possible 

heteromeric GlyR stoichiometry in 3L and 3K co-expression experiments 

[133]. Furthermore, incorporation of a photoswitchable fluorescent protein, such 

as mEos 3.2, would allow us to apply the PALM and sptPALM [413,448]. With 

PALM more accurate estimates of receptor numbers can be obtained from super-

resolution images via kinetic blinking models [387]. With sptPALM high-density 

dynamic and spatial information can be obtained, allowing more extensive 

quantification similar to AMPA receptor studies in neuronal dendrites [409,410]. 

For GlyR 3 RNA splicing research an N-terminal location of the fluorescent 

protein would be desired instead of the classic cytoplasmatic loop location, as 

the latter harbors the 15 AA insert critical in GlyR 3 RNA splicing 

[133,167,449,450]. 

In order to maximize information extraction, the algorithms used to identify 

particles and form trajectories can be improved [315,451-455]. Implementing a 

Bayesian approach to particle localization and subsequent data analysis can be 

particularly interesting, as it calculates the probability of a priori specified 

models instead of requiring arbitrary a posteriori model selection [456-459]. By 

such an approach, any user bias is documented in the a priori specified models, 

with further Bayesian inference occurring without user intervention [457]. 

Furthermore, optical sub-diffraction microscopy can explore the axial dimension 

by adapting the microscope optics and particle detection algorithms to the 

selected 3D imaging strategy [227,460]. A relatively old and straightforward 

strategy to achieve this, is based on placing a cylindrical lens in the emission 

path, creating an astigmatic PSF dependent on the axial position of the particle 

[461]. Astigmatism is now used again in modern localization based super-



   General discussion 

117 

resolution image reconstruction and particle tracking [225,462]. Obtaining 

accurate 3D information can be used to study the relation between the axial 

dimension and clustering-anomalous diffusion, as it can reveal the influence of 

membrane undulations or internalization processes even in live cells [412,463]. 

Live cell localization based super-resolution imaging of intra- and extracellular 

structures can be achieved using fluorescent proteins and synthetic fluorophores 

[464-466]. The latter class of fluorophores can be fused to transfected 

intracellular proteins in live cells via special tags [467,468]. The intracellular 

levels of oxygen and glutathione (GSH) allow photoswitching inside live cells, yet 

cellular damage due to radical formation must be considered in all live cell 

experiments using photoswitching of synthetic fluorophores [278]. 
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5.3 Conclusion 

In this work, localization based optical sub-diffraction microscopy is applied to 

measure the nanoscale membrane order of the GlyR 3 in HEK 293 cells. Both 

lateral membrane diffusion and spatial membrane distribution were measured to 

determine the effect of the 3K and 3L alternate splice variants. Diffusion 

measurements were performed by single particle tracking of fluorescently 

labeled GlyR 3K or 3L in the bottom cell membrane. Ensemble analysis of the 

trajectories revealed the presence of anomalous sub- and super-diffusion, which 

was confirmed by local trajectory analysis. Both splice variants showed 

anomalous sub-diffusion, identified as local receptor confinement in transient 

confinement zones. The 3L variant receptors also showed a small fraction of 

super-diffusion. This directed motion was interpreted as transient conveyor belt 

type motion and was often preceded or followed by confined motion. The spatial 

distribution of the individual GlyR 3 splice variants in the membrane was 

studied by using dSTORM to create super-resolution localization maps. Analysis 

of these localization maps using pair correlation analysis revealed clustering of 

both variants. The cluster radius was slightly elevated for the 3L variant, but 

3L clusters also revealed a higher density of receptors due to an increased 

affinity for clustering. Furthermore, dual-color dSTORM and pair correlation 

analysis revealed that, when co-expressed, the splice variant clusters partially 

colocalize. The co-clusters are of similar size as individual 3L clusters. The 

aforementioned quantitative measures of diffusion and spatial distribution 

suggest RNA splicing determines GlyR 3 interaction efficiency in the membrane. 

More specifically, the measurement parameters suggest interaction with clathrin 

structures or membrane rafts. In the future, this work can be used as a 

foundation to uncover the actual molecular nature of GlyR 3 membrane 

interaction. 
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Membraaneiwitten zijn mobiel in het vlak van het celmembraan en ondergaan 

een Brownse beweging. Gezien de stochastische aard van deze beweging 

verwacht men een willekeurige diffusie en verdeling van eiwitten in het 

membraan. Voor veel membraaneiwitten is dit echter niet het geval, omdat er 

membraangerelateerde interactieprocessen zijn die interfereren. Deze processen 

vormen vaak een essentieel onderdeel van de fysiologische signalisatie, zoals 

het clusteren van neurotransmitterreceptoren in de synaptische membraan ter 

bevordering van de neurontransmissie. Een van de populaties van 

neurotransmitterreceptoren zijn de ligandgeactiveerde ionkanalen, 

verantwoordelijk voor het koppelen van een chemisch signaal naar een 

elektrische puls. Zo zorgt binding van glycine op de glycinereceptor (GlyR) voor 

een verhoogde permeabilisatie van de membraan voor negatief geladen 

chloorionen. Er bestaan meerdere vormen van de GlyR, waaronder de 3-vorm. 

Deze vorm is het meest gekend om zijn rol in pijnsignalisatie, maar is ook 

betrokken bij de pathofysiologie van epilepsie. 

Bij temporale-kwab-epilepsie is er een rol vastgesteld voor extrasynaptische 3-

GlyR, waarbij de membraankarakteristieken van de receptor een mogelijke rol 

spelen. Het doel van dit onderzoek is om de diffusie en de verdeling van de 3-

GlyR in kaart te brengen. Hierbij wordt de hypothese gesteld dat optische 

nanoscopie een meerwaarde kan leveren. Deze hypothese is gebaseerd op de 

observatieschaal van nanoscopie, die dichter aanleunt bij de effectieve 

afmetingen van de betrokken eiwitten. Zowel voor het bestuderen van de 

diffusie als de verdeling werd gekozen voor het visualiseren van de 3-GlyR door 

middel van immunolabeling met fluorescente antilichamen.  

Voor het bepalen van de membraandiffusie van de receptor werd ‘single particle 

tracking’ (SPT) toegepast en voor het bepalen van de ruimtelijke verdeling van 

de 3-GlyR ‘direct Stochastic Optical Reconstruction Microscopy’ (dSTORM). In 

beide gevallen werd de nanoscopie oorspronkelijk parallel uitgevoerd met 

microfluorimetrische bepalingen (hoofdstuk 2). Vergelijking van de resultaten 

illustreerde de complementaire aard van nano- en microscopische metingen, 

maar benadrukte ook de aanwezigheid van submicroscopische fenomenen die 

buiten het directe observatiebereik liggen van microfluorimetrische bepalingen. 

Deze fenomenen werden verder onderzocht door middel van een uitgebreide 

analyse van de nanoscopische observaties. Zo werden er, met betrekking tot 
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diffusie, significante afwijkingen gevonden van de willekeurige beweging van 3-

GlyR in het membraan (hoofdstuk 3). Anderzijds vertoonde de 3-GlyR ook 

een niet-willekeurige membraan verdeling, weerspiegeld in de aanwezigheid van 

clustering met verschillende dichtheden (hoofdstuk 4). De parameters 

gebonden aan de afwijkende diffusie en clustering werden gekwantificeerd en in 

verband gebracht met gekende biologische interactieprocessen (hoofdstuk 3, 

4, 5). Zo wordt het nut van optische nanoscopie in de biologie beklemtoond en 

kunnen nieuwe doelen voor toekomstig onderzoek worden gesteld. 
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Graag wil ik beginnen met het erkennen van de instellingen, die het mij mogelijk 

gemaakt hebben om de gepresenteerde doctoraatsstudie uit te voeren: de 

Universiteit Hasselt, transnationale Universiteit Limburg en de Katholieke 

Universiteit Leuven. Ik heb deze opportuniteit te danken aan de “cross-

fertilization” tussen de biofysicagroep van BIOMED aan de UHasselt en het 

departement Chemie afdeling Moleculaire Visualisatie en Fotonica van de 

KULeuven. Hiervoor wil ik de promotoren van deze samenwerking, professor 

Marcel Ameloot en professor Johan Hofkens, bedanken. Verder dank ik ook 

volgende professoren voor hun input bij de vormgeving van de wetenschappelijk 

inhoud: Jean-Michel Rigo, Bert Brône, Hideaki Mizuno en Jochen Meier. 

Bovendien ben ik hen allen ook dankbaar voor hun rol in mijn doctoraatsjury, 

net als professor Luc Michiels, professor Thomas Gensch en professor Frans 

Ramaekers. Jullie adviezen zijn steeds goed ontvangen en hebben de kwaliteit 

van het werk versterkt. 

De bidiplomering bracht naast een leerrijke ervaring veel papierwerk met zich 

mee. Toch werd er steeds de nodige flexibiliteit geboden in de afhandeling 

hiervan. Ik wil hierbij zeker de mensen van de UHasselt en Arenberg doctoral 

schools vermelden, met name: Stefanie Kerkhofs, Kim Pannemans, Natalie 

Ghys, Leen Cuypers en Indra Hautekiet. Certificaten en handtekeningen, het 

was me wat! Verder ook een pluim voor de mensen van de GLW facultaire 

administratieve dienst. Er is op korte tijd veel veranderd in de administratie, 

toch waren raad en daad nooit veraf. In het lab kon ik dan weer rekenen op de 

praktische ondersteuning van Jo Janssen, Rosette Beenaerts en Petra Bex. Ook 

de bewakers van het natuurkundelab René Liberloo, Rik Lempens en Michel De 

Roeve wil ik bedanken voor me wegwijs te maken en de toffe praat tijdens de 

lunch. Verder bedank ik ook de mensen van XOD en de centrale administratieve 

dienst voor de hulp bij het drukken van de thesis. 

Door de interdisciplinaire aard van mijn onderzoek ben ik in contact gekomen 

met veel verschillende onderzoeksgroepen. Het is niet altijd even evident 

geweest om iedereen op één lijn te trekken en ik wil alvast al mijn collega’s 

bedanken voor hun geduld. Het begon allemaal zeer klein in de toenmalige, all 

male, biofysica groep. Nick Smisdom en Ben De Clercq als de ervaren 

doctoraatsstudenten en Marcel als professor. Ik voelde me een beetje zoals 

d’Artagnan die zich aansluit bij de drie musketiers.  Af en toe eens de degens 
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kruisen, maar uiteindelijk één voor allen en allen voor één. De biofysica groep 

kende nadien een snelle expansie met Rik Paesen, Kathleen Sanen, Sarah 

Deville, Rozhin Penjweini, Hannelore Bové en Eli Slenders. Vanuit het buitenland 

kwamen ook Mihaela Bacalum en Daniel Hadraba om ons team te verrijken. 

Naast een nieuwe dimensie van wetenschappelijke samenwerking, werd ook het 

concept biofysica teambuilding leven in geblazen. Niet altijd even gemakkelijk 

om te organiseren, maar wel steevast een plezierige bezigheid. Ik hoop verder 

dat iedereen van de biofysica groep iets heeft kunnen leren uit ons contact, 

daarom niet noodzakelijk op de labmeetings. Voor mij is ons reilen en zeilen een 

zeer leerrijke ervaring geweest, waarvoor bedankt. Ik wil ook graag al de 

studenten die onder mijn begeleiding hebben gestaan bedanken. Hierbij een 

speciale knipoog naar Sarah Deville, die nu zelf een gedreven 

doctoraatsstudente van de biofysica groep is.  

Naast de mensen van biofysica, heb ik ook met de leden van de fysiologiegroep 

graag samengewerkt. Ik bedank jullie voor de ondersteuning bij het patchen en 

voor de verwittigingen bij het arriveren van de crèmekar! Ik hoop ook dat jullie 

nog veel plezier beleven aan de confocale en niet teveel mysterieuze haperingen 

tegenkomen. Voorts bedank ik alle collega’s van BIOMED, voor de lach en de 

traan die we gedeeld hebben. Ik wil Veronique Pousset nog veel sterkte wensen 

bij het ondersteunen van de afleggende doctoraatsstudenten. 

Buiten BIOMED zijn er ook veel mensen die ik wil bedanken. Niet in het minst 

mijn collega’s van de afdeling moleculaire visualisatie en fotonica. Jullie weten 

hoe een feestje moet gebouwd worden! Susana, je was mijn mentor in de 

nanoscopie en mijn helpende hand voor het papierwerk. Jouw inspirerende 

woorden en golden touch aan de microscoop hebben me dikwijls moed gegeven. 

Ik bedank je uit de grond van mijn hart en ik wens je nog veel succes met je 

carrière en je gezin. Aan Jeroen Vangindertael wens ik de moed en volharding 

om zijn doctoraat en occasioneel dieet af te ronden. Bedankt om voor me klaar 

te staan als de opstelling moeilijk deed. Op mijn buitenlandse excursies heb ik 

ook veel mensen leren kennen die ik bij deze wil bedanken. Van ’s ochtend 

rennen op het strand van Arcachon tot gin tonic en tapas ’s nachts in Barcelona. 

Stuk voor stuk geweldige ervaringen die ik voor het leven zal meedragen. Ohja, 

jullie posters en presentaties waren ook geweldig! 
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Het kan natuurlijk niet altijd werk zijn waar het om draait. De steun van familie 

en vrienden gaat veel verder dan dat. Wat ik precies bestudeerd heb zullen jullie 

misschien nooit weten, maar dat ik het niet zonder jullie had kunnen doen staat 

vast. Bedankt aan de mannen van de volleybal, ik heb op het veld dikwijls 

kunnen ventileren. Bedankt aan de mannen van Diest en omstreken, op stap 

gaan en van het leven genieten deed deugd. Alle internet- en gamingvrienden, 

de skillz die jullie me leerden zijn nog steeds nuttig. Thx!!! Mijn twee grote 

families wil ik bedanken voor hun interesse en de geborgenheid. Jullie 

samenkomst op ons trouwfeest was een memorabel en heugelijk moment. Meter 

en Peter, bedankt voor de babbels en het advies tijdens mijn bezoekjes. Els en 

Dries, ik kan het niet neerschrijven, maar jullie weten dat onze band voor altijd 

is. Mijn geweldige schoonfamilie wil ik ook bedanken, voor mij op te nemen in 

hun kring. Met plezier kijk ik steeds uit naar onze samenkomsten, een moment 

om even alle zorgen te laten varen en te genieten van het leven. 

De laatste paragraaf is opgedragen aan de mensen die het meeste met mij 

hebben afgezien. Te beginnen bij mijn ouderlijk gezinnetje. Onze matriarch 

oftewel ons Bonneke, die altijd klaarstond voor mij. De jaren hebben hun tol 

geëist, maar die grote jong is erg trots om jou als oma te hebben. Ma en Pa, 

jullie hebben altijd klaargestaan voor mij met een luisterend oor, raad en daad. 

De kinderen vliegen uit, maar het ouderlijke nest blijft nog steeds een warme en 

gezellige plaats. Duizendmaal bedankt voor alles, van bakjes troost tot bakjes 

chinees. Zussemus en Lodewijk, jullie beginnen zelf een nieuw hoofdstuk. 

Bedankt voor alle steun en leuke activiteiten, van quizzen tot race against 

nature. Sofie, het is een hele eer om je broer te zijn en ik zal altijd naar je 

opkijken. Last but not least, is er nog mijn ‘fabulous’ vrouwtje met wie ik alle lief 

en leed deel. Nina Swinnen, je brengt kleur in mijn leven en je bent mijn rots in 

de branding. Met jou aan mijn zijde trotseer ik het leven, en bij elke nieuwe stap 

sta je mij bij. Bedankt, ik hou van je! 

 

Plaudite, amici, comedia finita est 

 


