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ABSTRACT 

Excitable cells, like endocrine cells and neurons release hormones and transmitters through 

exocytosis to mediate many important functions, such as stress responses, immune 

responses, control of blood glucose, and synaptic transmission that mediates 

communication between neurons in the brain. This process relies on delicate endocytic 

mechanisms, to retrieve vesicular membranes and proteins previously fused at the plasma 

membrane and thus maintains the ability of exocytosis for excitable cells.  

Upon exocytosis, vesicle fusion with the plasma membrane generates an Ω-shape 

membrane profile with a narrow fusion pore (< ~5 nm), through which the vesicular 

content is released. For decades, it has been thought that the narrow pore of the Ω-profile 

either dilates till the -profile flattens to facilitate content release (full-collapse) or closes 

to limit content release (kiss-and-run).  Using a combination of confocal, super-resolution 

STED and electron microscopy, we found that this classical view needs to be modified 

significantly. We observed that the fusion pore may expand, constrict and/or close at 

different rates to regulate content release and that its size may vary between 0 and 490 nm.  

The cytoskeletal F-actin facilitates fusion pore opening. The merge between fused vesicles 

and the plasma membrane is not via the full-collapse fusion mode, but via -profile 

shrinking while maintaining the -shape (-shrink fusion mode). F-actin provides 

sufficient membrane tension to facilitate -shrink fusion in neuroendocrine chromaffin 

cells, and to facilitate vesicle merging at lamprey giant synapses. Thus, facilitation of 

vesicle merging by F-actin may be applicable to many secretory cells and synapses. Unlike 

the classical view that full-collapse and kiss-and-run facilitate and limit release, 

respectively, facilitation is mediated by shrink-fusion with a large non-dilating pore, 

whereas during inhibition, by enlarge-fusion that enlarges the -profile, a small pore is 

maintained. Shrink and enlarge-fusion may account for diverse hormone and transmitter 

release kinetics observed in secretory cells.  

 Clathrin-mediated endocytosis (CME), the most common form of endocytosis, is 

considered to retrieve vesicles from the flat plasma membrane. With conventional and 

platinum replica electron microscopy (EM), we found that clathrin-coated pits prefer to be 

localized at the bulk invagination of the plasma membrane instead of the flat plasma 

membrane. Using super-resolution STED microscopy, we observed for the first-time direct 

budding of vesicles from bulk membrane invagination. These results suggest that bulk 

membrane invaginations are a major platform for mediating clathrin-dependent 
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endocytosis, calling for modification of the current view that clathrin-mediated endocytosis 

mostly originated from the flat plasma membrane.  

In summary, the studies described here improve our understanding of the regulation 

of hormone and transmitter release as well as endocytosis.   
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1 INTRODUCTION 

1.1 Excitable cell 

All cells have a resting potential, represented by the imbalance of electrical charge across 

the plasma membrane between the interior of the cell and its surroundings. The resting 

potential in excitable cells is around -70 mV. Excitable cells have the characteristic to be 

electrically excitable and consequently generate action potentials. Neurons, muscle cells, 

and endocrine cells, like insulin-releasing pancreatic β-cells and catecholamine-releasing 

chromaffin cells, are excitable cells (Brandt, Hagiwara et al. 1976, Jacobson and Philipson 

2007).  

 

1.2 The cycle of a secretory vesicle in excitable cells 

In neurons and endocrine cells, action potentials open voltage-dependent calcium channels. 

The influx of calcium triggers vesicle fusion with the plasma membrane and secretion of 

vesicular contents, including hormones and transmitters. Hormone and transmitter release 

mediates many crucial biological processes (Sudhof 2004), such as synaptic transmission 

essential for our brain functions, secretion of insulin that regulates the blood glucose level 

critically related to diabetes (Rorsman and Braun 2013), and secretion of serotonin in the 

regulation of mood and cognition (Jenkins, Nguyen et al. 2016). These examples represent 

only a small subset of all the substances released in our body through exocytosis. Excitable 

cells can sustain high rates of exocytosis without depleting their vesicle supply. This feature 

relies on delicate endocytic mechanisms that allow the cells to retrieve vesicular 

membranes and proteins previously fused at the plasma membrane. In this work, I focused 

on membrane mechanisms during exo- and endocytosis (Fig. 1). 

 

1.3 Exocytosis 

Exocytosis is an active process adopted by the cell to transport material within the cell into 

the extracellular environment. Two mechanisms of exocytosis are thought to operate in 

secretory cells: the full-collapse mode, in which a vesicle fuses with the plasma membrane, 

opens a fusion pore, followed by dilation of the pore until flattening, which facilitates 

content release; and the “kiss-and-run” mode, where the fusion pore opens and closes 

transiently without vesicle collapse (Wu, Hamid et al. 2014). 
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1.3.1 Full-collapse mode and kiss-and-run 

The first hint of full-collapse fusion came from electron microscopy studies at the frog 

neuromuscular junction (NMJ) in 1981. Heuser and Reese observed pockets and curvatures 

with the same size as a synaptic vesicle at the active zone (Heuser and Reese 1981) (Fig. 

1a) that was later been interpreted as full-collapse of vesicles. Several indirect lines of 

evidence are consistent with this fusion mode. Recordings of membrane capacitance in 

secretory cells in the cell-attached configuration showed that the capacitance up-step 

caused by single vesicle fusion was followed by an increase of pore conductance that may 

indicate pore expansion beyond ~5 nm (Alvarez de Toledo, Fernandez-Chacon et al. 1993, 

Albillos, Dernick et al. 1997, Taraska, Perrais et al. 2003, He, Wu et al. 2006). Consistent 

with pore expansion, catecholamine release measured by amperometry revealed rapid 

content release (Albillos, Dernick et al. 1997). Based on these results, it has been suggested 

that the role of full-collapse fusion of vesicles in secretory cells is to permit fast and 

complete release of the vesicular content through fusion pore expansion. Live-cell evidence 

of full-collapse fusion was recently showed in chromaffin cells. Using super-resolution 

STED microscopy, fluorescent proteins and impermeable dyes, it has been possible to 

visualize the transition from hemi-fusion to full-fusion in live cells. This technique opens 

the doors to new approaches to study pore dynamics (Zhao, Hamid et al. 2016) and might 

help to elucidate the full-collapse mode.  

Kiss-and-run mechanism was proposed based on EM observation of the Ω-shape 

intermediate at the NMJ (Ceccarelli, Hurlbut et al. 1973) (Fig. 1b). However, EM alone 

was not sufficient to make a compelling case, because it was not possible to predict whether 

the -profile was a structure en route towards full-collapse or fusion pore closure (Alabi 

and Tsien 2013). More convincing evidence was put forth in chromaffin cells and PC12 by 

the observation of capacitance flickers accompanied by amperometric recordings. 

Amperometry gives direct information about the release process. These data showed a 

stand-alone foot of the signal, implying partial transmitter release (Alvarez de Toledo, 

Fernandez-Chacon et al. 1993, Fesce, Grohovaz et al. 1994, Albillos, Dernick et al. 1997). 

Kiss-and-run is generally considered the mechanism to limit vesicular release, given its 

narrow pore, but it may also ensure a fast and complete vesicular release by leading to 

opening of a large pore (Ales, Tabares et al. 1999). Interestingly, this mechanism might be 

interpreted as a way to save energy. Recent studies in live chromaffin cells showed post-

fusion structural changes of the Ω-profile. The fusion-generated -profile can be detected 

with confocal or super-resolution STED microscopy. The structural changes of the Ω-

profile were detected in cells incubated with two different membrane impermeable dyes. 
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This study established a new exo-endocytosis model, in which the Ω-profile changes in 

seven patterns by fusion pore closure and size transformation. The model redefines both 

full-collapse and kiss-and-run. The fusion mode that allows for the merge of the vesicle 

membrane with the plasma membrane is not truly a full-collapse mode, but a mode called 

Ω-shrink, in which the fusion with the plasma membrane occurs by -profile shrinking and 

not by pore dilation until flattening. Kiss-and-run instead, was redefined as close fusion, a 

mode that generate vesicles with different sizes by shrinking or enlarging the Ω-profile 

before closure (Chiang, Shin et al. 2014). The live approaches above represent an excellent 

tool to study fusion processes and pore dynamics (Chiang, Shin et al. 2014, Zhao, Hamid et 

al. 2016). In the near future, the combination of these imaging techniques with labelling of 

vesicular contents [e.g. false fluorescent neurotransmitters (Evanko 2009), neuropeptide Y-

GFP] and protein knockdown may promise to improve our understanding of exocytosis 

mechanisms and help to determine the efficiency of vesicular cargo release.  

 

1.4 Endocytosis 

Endocytosis is the process of active transport of substances into the cell, and it consists of 

the formation of plasma membrane invaginations forming pockets that eventually bud off. 

The plasma membrane portions retrieved are reused to create new vesicles for reuse in 

exocytosis. There are three mode of endocytosis in excitable cells: clathrin-mediated 

endocytosis, a mechanism that recycles vesicles via the coating protein clathrin; kiss-and-

run (the same as during exocytosis); and bulk endocytosis, characterized by retrieval of 

large portion of membranes (Fig. 1c-e) (Wu, Hamid et al. 2014) 

 

 

Figure 1: The 

schematic draw 

shows modes of 

exocytosis and 

endocytosis in 

secretory cells. Three 

modes of exocytosis: 

full-collapse (1a), 

kiss-and-run (1b) 

followed by three 

modes of endocytosis: 

clathrin mediated 

endocytosis (1c), 

kiss-and-run (1d) and 

bulk endocytosis (1e). 

Figure adapted from 

(Wu, Hamid et al. 

2014) 
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1.4.1 Clathrin-mediated endocytosis 

During mild stimulation in excitable cells, single vesicles are formed directly from the 

plasma membrane (Fig. 1c). This mechanism was first observed by electron microscopy in 

the NMJ, where coated vesicles represented the actual mechanism to retrieve synaptic 

vesicle membrane from the plasma membrane (Heuser and Reese 1973). A couple of years 

later, coated vesicles were purified, and it was discovered that the coat was made of 

clathrin, a protein that surrounds the vesicle with an icosahedral arrangement (Pearse 1975, 

Pearse 1976). Since that finding, over 50 proteins have been shown to be part of the 

clathrin-mediated endocytosis machinery (Kaksonen and Roux 2018) and numerous studies 

have aimed to elucidate the importance of this mechanism. For example, disruption of a 

specific domain of the fission protein dynamin and knock-down of the clathrin adaptor 

protein AP180 were found to cause impairment of endocytosis, suggesting the involvement 

of dynamin and AP180 in endocytosis (Shupliakov, Low et al. 1997, Zhang, Koh et al. 

1998). In other studies, using a large nerve terminal, the Calyx of Held, cell-attached 

capacitance recording revealed capacitance down-steps reflecting classical endocytosis, 

because the absence of a preceding up step indicated that it did not reflect kiss-and-run and 

its size was too small to be caused by bulk endocytosis (He, Wu et al. 2006). The role of 

clathrin in endocytosis was also demonstrated in clathrin heavy chain (chc) mutants in 

Drosophila melanogaster in combination with chc photoinactivation. The data showed a 

decline in neurotransmitter release during intense stimulation and that membrane recycled 

could not participate in the second round of release. Moreover, in cells lacking chc, a 

different form of membrane retrieval, takes over, suggesting that the inactivation of clathrin 

heavy chain prevents vesicle recycling, but not bulk membrane uptake (Kasprowicz, 

Kuenen et al. 2008). These are just a few of the many pieces of evidence demonstrating the 

existence of clathrin-mediated endocytosis in secretory cells and its importance in 

endocytosis.  

At the ultrastructural level, based on EM observations at the NMJ, it was proposed 

that clathrin-coated vesicles are pinched off from the plasma membrane, followed by 

clathrin uncoating, and eventual fusion with endosome-like structures. The latter were 

proposed to act as the precursor for the genesis of new synaptic vesicles (Heuser and Reese 

1973, Miller and Heuser 1984, Watanabe, Trimbuch et al. 2014). The model considered 

two budding steps, in which a clathrin-coated vesicle buds off from the plasma membrane 

first, and then from the endosome (Fig. 2a). With the use of lysed nerve terminal and nerve 

terminal membrane sub-fractions, a different model was proposed, in which synaptic 

vesicles are generated by a single budding step, either from the flat plasma membrane or 
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from endosome-like structures (Fig. 2b) (Takei, Mundigl et al. 1996, Watanabe, Trimbuch 

et al. 2014). These models were proposed based on EM, but not from direct observations in 

live cells. Thus, the key evidence showing the dynamic process of these budding processes 

is still missing. The visualization of the dynamic structural changes in live cells will 

ultimately provide the detailed description of these budding processes and thus prove or 

disapprove these models.  

 

 

 

 

Figure 2 - a) Vesicle generation in two budding steps. 

Clathrin-coated vesicles fuse and bud off from an 

existing endosome-like structure. Figure adapted from 

(Miller and Heuser 1984) 

Figure 2 - b) Vesicle generation in one budding step. Vesicles 

generated either from flat plasma membrane (left) or from 

endosome-like structures (right). Figure adapted from 

(Kononenko and Haucke 2015) 

 

1.4.2 Bulk endocytosis 

During increased neuronal activity, a large number of vesicles fuse with the plasma 

membrane. To maintain the equilibrium and sustain high rates of transmission, cells have 

developed bulk endocytosis, formation of large endosome-like structures from the plasma 

membrane, to retrieve vesicle membranes (Clayton, Evans et al. 2008) (Fig. 1e). Following 

bulk endocytosis, vesicles bud off from large endosome-like structures. Bulk endocytosis 

was first observed with EM at the NMJ after intense stimulation (Heuser and Reese 1973). 

The kinetics of bulk endocytosis was described using whole-cell capacitance recordings at 

the giant calyx of Held. The recordings revealed large capacitance jumps that reflect fission 

step of invaginations much larger than a regular vesicle (Wu and Wu 2007). Since large 

bulk invaginations at the plasma membrane are considered the precursor of the cytosolic 

endosome-like structure, it was initially proposed that clathrin-coated pits can also be 

generated from bulk invaginations. However, in this early study, the key evidence 

supporting the proposal, a bulk invagination with clathrin-coated pits, was only shown in 

low quality images, in which it is hard to establish whether the bulk invagination was 

connected to the plasma membrane or not (Takei, Mundigl et al. 1996). Direct electron 
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microscopic evidence supporting clathrin-coated vesicle generation from bulk membrane 

invagination under control conditions is needed to support the proposal that clathrin-coated 

pits can be generated from bulk invaginations at the plasma membrane. Furthermore, 

whether clathrin-coated pits can be pinched off directly from bulk membrane invaginations 

remains unclear. 

 

1.5 The roles of actin in excitable cells  

Actin cytoskeleton plays a crucial role in many physiological processes in eukaryotic cells, 

such as maintaining cellular shape, motility, trafficking, and communication. Its specific 

deformations and movements are a result of a highly regulated assembly/disassembly that 

explains its dynamics. Actin filaments have been clearly visualized in excitable cells, using 

“quick-freeze, deep-etch” electron microscopy. It has been demonstrated that a network of 

long filaments arise from the plasma membrane and interconnect with shorter filament 

associated with vesicles (Landis, Hall et al. 1988). In neurons, for example, decoration of 

actin filaments with S1 myosin sub-fragments showed their association with the plasma 

membrane (Fifkova and Delay 1982) and platinum replica electron microscopy showed that 

actin cytoskeleton is made of actin filaments (Korobova and Svitkina 2010). Actin was 

localized at the active zones of synapses and around synaptic vesicle clusters. Experiments 

with fluorescent actin in rat CNS neurons attempted to address its role in the vesicle cycle 

(Sankaranarayanan, Atluri et al. 2003, Li, Bai et al. 2010). Early studies in human platelets 

and chromaffin cells showed an association of the actin network with some organelles 

(Nakata and Hirokawa 1987) and a possible role in exocytosis (Aunis and Bader 1988). 

Other studies in budding yeast supported the idea of actin´s involvement in endocytosis. 

Light microscopy has demonstrated the participation of actin in endocytosis in mammalian 

cells (Smythe and Ayscough 2006) suggesting that actin plays many different roles in exo- 

and endocytosis in excitable cells. In the following, I summarize its main functions and the 

unsettled issues. 

 

1.6 Actin dynamics is required for exocytosis 

In small synapses, the general trend is that inhibition of actin polymerization facilitates 

exocytosis. For example, latrunculin A, which prevents polymerization and thus promotes 

actin filament disassembly, increases neurotransmitter release (Morales, Colicos et al. 

2000). A similar effect was found in mice lacking the actin binding protein profilin 2. Actin 

polymerization is blocked in response to depolarization, which increases synaptic vesicle 
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release (Pilo Boyl, Di Nardo et al. 2007). These data suggest that actin filaments act as a 

barrier to prevent exocytosis. However, this suggestion is inconsistent with the recent 

findings in ADF (actin depolymerizing factor) and cofilin 1 mutant mice. The function of 

these two proteins is to depolymerize actin filaments, therefore ADF/cofilin 1 mutations 

might increase the rigidity of the synaptic actin cytoskeleton. Inactivation of ADF/cofilin 

resulted in an increase of exocytosis (Wolf, Zimmermann et al. 2015). These apparently 

contradictory findings may imply that actin dynamics is needed for the synapse to carry out 

its exocytotic function. In chromaffin cells, instead, the barrier model has been supported 

by fluorescence and electron microscopy studies. The disruption of cortical actin by the 

treatment with phorbol ester increases the number of secretory vesicles that approach the 

plasma membrane and increases the initial rate of catecholamine release (Vitale, Seward et 

al. 1995). The evidence discussed above represent a minimal part of the studies that have 

explored the role of actin in excitable cells, with a common target, the exocytosis of 

multiple vesicles. The single fusion exocytic event was revealed for the first time by patch 

amperometry in 1997 (Albillos, Dernick et al. 1997), giving an important contribution to 

the field. Amperometry signals imply that actin is involved in the regulation of fusion pore 

expansion (Trouillon and Ewing 2014). However, direct visualization of fusion pore 

expansion is needed to verify this implication.  

 

1.6.1 Actin contribution to endocytosis 

Following exocytosis, endocytosis retrieves vesicle membrane and proteins, which form 

new vesicles to sustain the activity of exocytosis. Several studies in non-neuronal models 

established that actin plays a role in endocytosis (Engqvist-Goldstein and Drubin 2003). 

Despite this, its role in mammalian cells is rather controversial. Studies in giant 

reticulospinal axons in lamprey showed that, after stimulation there is a rearrangement of 

the network of actin filaments formed at the periactive zone. This network is associated 

with clathrin-coated pits at the plasma membrane and with uncoated vesicles near the 

vesicle cluster. Perturbation of actin with the catalytic subunit of C2 toxin from Clostridium 

botulinum, induced accumulation of clathrin coated pits at the plasma membrane and 

caused a reduction of the vesicle pool size (Shupliakov, Bloom et al. 2002). However, other 

studies in the same model blocking actin polymerization with latrunculin A, did not disrupt 

the pool of vesicles or endocytosis detected with FM1-43 uptake (Bleckert, Photowala et al. 

2012). Additionally, stabilization of F-actin with phalloidin, reduced FM1-43 uptake and 

exocytosis to a similar extent, but with a stronger effect on exocytosis than endocytosis 

(Bleckert, Photowala et al. 2012). At the frog NMJ, a similarly controversial effect was 
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observed. Latrunculin A reduced FM1-43 uptake that may suggest inhibition of 

endocytosis, whereas perturbation of actin by cytochalasin D did not affect FM1-43 uptake 

or release (Richards, Rizzoli et al. 2004). In small mammalian synapses, latrunculin A was 

applied to the culture and cells were stimulated with a single stimulus, rapidly frozen and 

observed by EM. Actin perturbation blocked ultrafast endocytosis (Watanabe, Rost et al. 

2013), contrasting with the lack of effect of action potential trains previously reported by 

Ryan and colleagues (Sankaranarayanan, Atluri et al. 2003). The recent results may be 

consistent with later studies in lamprey (Bleckert, Photowala et al. 2012), suggesting that 

actin’s role is most evident after a single stimulus. In summary, the use of pharmacological 

blockers was not sufficient to clarify the role of actin in endocytosis. Consequently, a gene 

knockout approach has been recently used to elucidate actin’s endocytic role in mammalian 

cells. Capacitance measurements at the calyx of Held in -actin or -actin knockout mice 

showed that actin is involved in all kinetically distinct forms of synaptic endocytosis 

presumably to provide mechanical force to endocytic profiles (Wu, Lee et al. 2016). 

Consistent with the calyx data, ultrastructural data in -actin knockout hippocampal 

synapses, showed a reduction of clathrin-coated pits and inhibition of bulk endocytosis 

(Wu, Lee et al. 2016), confirming its role in the endocytic mechanisms. Thus, emerging 

data suggests that actin is required for all forms of endocytosis. However, additional 

evidence in live cells will be required to describe how actin provides forces to mediate 

endocytosis. Ultimately, these findings could help to clarify the discrepancy presented in 

the different models and create a unified vision regarding how actin is involved in 

mediating endocytosis.  

 

1.6.2 Actin’s role in single vesicle fusion 

Vesicles fuse with the plasma membrane and form an Ω-shaped membrane profile with a 

pore allowing for release of transmitters and hormones from the vesicular lumen to the 

extracellular space. Fusion pores are highly dynamic structures. They can open, expand, 

shrink, merge or close depending on their vesicle size (Klyachko and Jackson 2002), 

composition of lipids and proteins (Chernomordik and Kozlov 2008), and membrane 

tension (Kozlov and Chernomordik 2015). How the fusion-generated Ω-profile merge into 

the plasma membrane has been studied in secretory cells (Xenopus oocytes and lacrimal 

acinar cells) containing large vesicles (~100-500 µm), where vesicle fusion can take tens of 

seconds to occur (Sokac, Co et al. 2003, Nightingale, White et al. 2011). It has been 
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a possible involvement of actin in vesicle fusion prompted the scientific community to 

study actin’s role in excitable cells, where fusion occurs in shorter time frames (ms to sec) 

and smaller vesicles (30-50 nm). In chromaffin cells, for example, perturbation of actin 

filaments with cytochalasin D increased quantal size, a consequence of the slowed down 

fusion pore expansion (Gonzalez-Jamett, Momboisse et al. 2013). Using an N-WASP 

inhibitor and wiskostatin to inhibit actin polymerization, it was found that fusion pore 

expansion was restricted, thus limiting the release of transmitters (Olivares, Gonzalez-

Jamett et al. 2014). Furthermore, treatment with latrunculin A in PC12 suggested the 

involvement of actin filaments in pore constriction (Trouillon and Ewing 2014). 

Although, the studies above propose a role of actin in regulating fusion pore dynamics, the 

proposal needs to be verified with direct visualization of the fusion pore expansion process.  
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2 AIMS OF THE STUDY 

The general aim of this thesis was to improve our understanding of the mechanisms of exo- 

and endocytosis, particularly regarding structural changes of membranes. Listed below are 

the specific goals:  

 

I. To determine whether bulk membrane invagination serves as a platform where 

clathrin-dependent endocytosis takes place. 

 

II. To investigate whether F-actin is involved in providing force to underlie the post-

fusion structural change that allows for the merging of vesicles with the plasma 

membrane. 

 

III. To elucidate whether F-actin is involved in providing force to regulate structural 

changes of the dynamic fusion pore.  

 

IV. To determine whether fusion modes involving different structural changes of the 

membrane differentially control vesicular content release. 
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3 MATERIAL AND METHODS 

3.1 Models to study exo-endo structural changes  

3.1.1 Neuroendocrine chromaffin cells 

Chromaffin cells are neuroendocrine cells found mostly in the medulla of adrenal glands, 

located above the kidneys. Their function is to regulate the response to stress by releasing 

catecholamines (adrenaline, noradrenaline) and thereby maintain respiration and blood 

circulation in the body (Schober, Parlato et al. 2013). Evolutionarily they are a hybrid 

between the endocrine and the nervous systems, and they have been used for many years to 

study neuronal functions (Bornstein, Ehrhart-Bornstein et al. 2012). Several exocytosis 

molecular mechanisms were elucidated thanks to the use of chromaffin cells (Winkler 

1993, Thiele, Hannah et al. 2000). We utilized bovine chromaffin cells since they contain 

~300 nm dense core vesicles. Those vesicles can be visualized by confocal and super-

resolution STED microscopy at ~230 nm and 90 nm resolution, allowing the study of 

exo/endocytosis mechanisms. Instead, for obvious reasons, mouse chromaffin cells were 

preferred for gene knock-out experiments.  

 

3.1.2 Reticulospinal axon in lamprey 

The river Lamprey, lampetra fluvialis is a jawless vertebrate belonging to the superclass of 

Cyclostomata. Lampreys are also referred to as living fossils because of their evolutionarily 

conserved features (Xu, Zhu et al. 2016). In the 1970s because of their simple brain and 

neural network, a group of scientists from the Karolinska Institutet in Stockholm decided to 

use lamprey as a model to study the principles of motor control in invertebrates (Grillner 

2003). Special characteristics are their large neurons and lack of myelin. For this reason, 

later on scientists started using synapses between these neurons to investigate molecular 

mechanisms of synaptic transmission (Brodin and Shupliakov 2006). The largest axons are 

unbranched and can reach up to 100µm in diameter. Interestingly, synapses in giant axons 

are clearly separated from each other with active zones and large clusters containing 

thousands of vesicles. An important feature of the giant reticulospinal synapse is that it 

contains large areas called periactive zone where synaptic vesicle recycling occurs (Gad, 

Low et al. 1998). The large diameter of these axons allows microinjection of 

drugs/compounds that can selectively affect protein-protein and protein-lipid interactions 

(Fig. 3).  
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Figure 3 - Vesicle cluster of giant reticulospinal 

axon in lamprey. The synapse was stimulated at 

5Hz for 30 min. In the micrographs clearly 

distinguishable (clockwise from top left): axon, 

vesicle cluster, clathrin-coated vesicle (ccv), 

clathrin-coated pits (ccps), active zone (AZ) and 

dendrite.  

 

3.2 Chromaffin cells 

3.2.1 Primary bovine chromaffin cell culture  

Primary bovine chromaffin cells (paper I, II, III, IV) were prepared following the protocol 

from O’Connor et al. 2007 (O'Connor, Mahata et al. 2007). Fresh bovine adrenal glands 

derived from adult bovine (21-27 months) were obtained from a local slaughterhouse on the 

day of culture and immersed in a 500 ml sterile culture bottle filled with pre-chilled Lock 

solution buffer. The Lock solution contained (in mM): 145 NaCl, 5.4 KCl, 2.2 Na2HPO4, 

0.9 NaH2PO4, 5.6 glucose, 10 Hepes and the pH adjusted at 7.3 with NaOH. After the 

excess fat was trimmed off the glands, each gland was perfused first with 2 ml cold Lock’s 

solution through the portal vein to remove residual blood, then with Lock’s buffer 

containing collagenase P (1.5 mg ml-1, Roche), trypsin inhibitor (0.325 mg ml-1 Sigma) and 

bovine albumin serum (5 mg ml-1Sigma) and incubated at 37 °C for 20 min. The glands 

were cut longitudinally to expose the digested medulla. The medulla was minced in Lock’s 

buffer and filtered through a 250 µm sterile nylon mesh. The filtrate was centrifuged at 49 g 

for 4 min. The supernatant was then removed, and the pellets resuspended in Lock’s buffer. 

The process was repeated until the supernatant was clear. The final cell pellet was re-

suspended in pre-warmed DMEM low glucose medium (GIBCO) supplemented with 10% 

fetal bovine serum. 

 

3.2.2 Electroporation and plating  

Cells were plated onto 25 mm diameter crystal clear German glass coverslips pre-coated 

with mouse Laminin over poly-D-lysin layer on both sides of the coverslips (Neuvitro), 

incubated at 37°C, 8% CO2 and used within 3 days from after culturing. In some 

experiments before plating, cells were transfected by electroporation using Basic Primary 
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Neurons Nucleofector Kit (Lonza) program O-005 according to the manufacturer’s protocol 

(paper I, II, III, IV).  

 

3.2.3 Plasmids  

PH-mNeonGreen (phospholipase C delta PH domain attached with mNeonGreen) construct 

was created by replacing the EGFP tag of PH-EGFP (obtained from Dr. Tamas Balla) with 

mNeonGreen (Allele Biotechnology). Clathrin-mTurquoise was purchased from Addgene 

(paper I). 

 

3.2.4 STED imaging and scanning 

STED images were acquired with a TCS SP8 STED 3X from Leica equipped with a 100 x 

1.4 NA HC PL APO CS2 oil objective. The microscope can reach a resolution of ~ 60-90 

nm. PH-mNEON green and Clathrin mTurquoise were sequentially excited with white light 

laser tuned at 505 nm and 442 nm respectively, STED depletion laser at 592 nm (25% of 

the maximum power). Their fluorescence was collected at 510-587 nm and 447-490 nm, 

respectively. STED images were acquired at the cell bottom with the XY (parallel to the 

coverslip), above the cell bottom (~2 µm) or XZ (perpendicular to the coverslip) To 

reconstruct 3-D structure of large invaginations, XZ images were acquired alone y axis 

every 50 nm for 2-5 mm (XZ/Y stack scanning). Images were deconvolved using Huygens 

software (Scientific Volume Imaging). 3D reconstruction was made using the software 

LAS X core (paper I).  

 

3.2.5 Electron microscopy for cell culture 

Cells on coverslips were fixed (paper I, III, IV) with a mixture of 2% glutaraldehyde, 2% 

paraformaldehyde (Electron microscope science) and 4% tannic acid (Sigma) in 0.1 M 

cacodylate buffer pH 7.3 for 15 min. The same fixative was used without tannic for an 

additional 15 min. Samples were incubated with a solution 100mM glycine in 0.1 M 

cacodylate for 5 min and then with just 0.1 M cacocylate buffer three times for 5 min. 

Subsequently, cells were post-fixed with a solution of 1% OsO4 in 0.1 M Cacodylate for 60 

min on ice, then rinsed in 0.1 M cacodylate three times and 1 time in ddH2O, before 

gradually dehydration increasing solution of pure ethanol in ddH2O (25%, 50%, 70%), two 

times for each dilution for 5 min. Later, samples were stained with 2% uranyl acetate 

(Electron Microscope Science) in 70 % ethanol for 30 min followed by dehydration in 

(85%, 95%, and 100%) ethanol. Lastly, samples were infiltrated with increasing 
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concentrations (25%, 50%, 70%, 100%) of epon resin (Embed-812, Electron Microscopy 

Science) in ethanol. Each infiltration step lasted one hour. The coverslips were inverted on 

a drop of resin in a plastic mold. Samples were transferred into a vacuum oven at 50 °C to 

polymerize for 24 h. The coverslips were then removed with repeated immersions of the 

resin block in liquid nitrogen followed by heat-shocks on a hot plate. Finally, the block was 

trimmed, and ultrathin sections of 60-70 nm were cut using a diamond knife (Diatome) 

mounted on an ultramicrotome (Leica UltraCut UCT). Section were placed on 200 mesh 

pioloform coated index grids and counterstained first with uranyl acetate (Electron 

Microscopy Science) and lead citrate (Leica). Samples were visualized using a transmission 

electron microscope (TEM), JEOL JEM-200CX, equipped with an AMT XR-100 CCD 

camera or a JEOL JEM 1400 equipped with an AMT XR-111 CCD camera. 

In some experiments, preceding fixation, cells were stimulated for 90 seconds with a 

solution containing 70 mM KCl, 10mM Hepes, 10mM glucose, 60 mM NaCl, 1 mM MgCl2 

and 2 mM CaCl2. The pH was adjusted to 7.3 with NaOH and osmolarity ~310 mOsm. The 

quantification of event frequency, from single sections, was done using the software ImageJ 

(Schindelin, Arganda-Carreras et al. 2012). The number of clathrin curvatures formed at the 

flat plasma membrane, endosomes and bulk invaginations in 40 cells (cross sections) was 

counted and divided by the area of each cell (paper I).  To identify the real number of bulk 

invaginations, endosomes within 400 nm from the plasma membrane were traced in serial 

ultrathin sections at TEM to capture possible connections with the plasma membrane. The 

percentage of bulk invaginations was calculated, and a correction was applied to the 

frequency plot of the clathrin profiles originating from the bulk invaginations identified at 

the single section based. For the statistical analysis, significance and P-values were 

calculated using unpaired Student’s t-test (two-tailed). 

Cells on coverslips were fixed (paper I, III, IV) with a mixture of 2% glutaraldehyde, 2% 
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mOsm. The quantification of event frequency, from single sections, was done using the 

software ImageJ (Schindelin, Arganda-Carreras et al. 2012). The number of clathrin 

curvatures formed at the flat plasma membrane, endosomes and bulk invaginations in 40 

cells (cross sections) was counted and divided by the area of each cell (paper I).  To 

identify the real number of bulk invaginations, endosomes within 400 nm from the plasma 

membrane were traced in serial ultrathin sections at TEM to capture possible connections 

with the plasma membrane. The percentage of bulk invaginations was calculated, and a 

correction was applied to the frequency plot of the clathrin profiles originating from the 

bulk invaginations identified at the single section based. For the statistical analysis, 

significance and P-values were calculated using unpaired Student’s t-test (two-tailed). 

 

3.2.6 High pressure freezing and freeze substitution 

Primary bovine chromaffin cells were prepared following a modified version of O’Connor 

et al. 2007 protocol. After digestion the medulla was minced in Lock’s buffer and filtered 

through a 250 µm sterile nylon mesh. The filtrate was centrifuged at 49 g for 4 min 

(O'Connor, Mahata et al. 2007). The supernatant was then removed, and the pellets 

resuspended in pre-warmed DMEM low glucose medium supplemented with 10% fetal 

bovine serum. Lastly, cells were sedimented by gravity and the medium carefully removed. 

Around 5 µl of cell pellet was transferred to a 3 mm Type-A planchet with a depth of 200 

µm pre-coated with DOPC lipids, paying attention to fill all the spaces. After that, a Type-

B planchet was placed on top with the flat surface facing down to seal the assembly. The 
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Around 5 µl of cell pellet was transferred to a 3 mm Type-A planchet with a depth of 200 
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assembled specimen chamber was frozen using a Leica EM ICE high-pressure freezing 

system. The frozen samples were transferred to cryovials in liquid nitrogen vapor and 

transferred to a pre-cooled (-90 °C) freeze substitution unit (Leica EM AFS). No heavy 

metal stain (OsO4) was needed for the preparation. Freeze substitution was performed using 

a solution of 1% tannic acid in dry acetone for 24 h followed by an exchange to a mixture 

of 2% uranyl acetate, 1% glutaraldehyde and 3% H2O in acetone for 21 h. Then the 

samples were washed 3 times for 1 hr with dry acetone. The temperature was slowly raised 

from -90 °C to -30 °C in 96 h (0.6 °C/h) and again from -30 °C to 15 °C in 36 h (1.25 

°C/h). Samples were separated from the planchets in acetone and infiltration was performed 

in increasing concentrations of Embed-812. Ultrathin sections (50-60 nm) were cut on a 

Leica EM UC7 ultramicrotome and poststained with lead citrate for 5 min. Digital 

micrographs were acquired on a JEOL JEM-200CX operating at 120kV and equipped with 

a bottom mounted AMT XR-100 CCD camera (not included in paper III).   

 

3.2.7 Cell unroofing and platinum replica electron microscopy  

Bovine chromaffin cells plated on coverslips were immersed in stabilization buffer 

containing 70 mM KCl, 30 mM HEPES brought to pH 7.4 with 5 M KOH, 5 mM MgCl2, 3 

mM EGTA for 2 min and splashed with a syringe filled with stabilization buffer and 4% 

paraformaldehyde (2% final concentration). The coverslips were then transferred to 2% 

glutaraldehyde in stabilization buffer and incubated 20 min at 4°C. Cells were stimulated in 

some experiments, using a solution containing 70 mM KCl, 10mM Hepes, 10mM Glucose, 

60 mM NaCl, 1 mM MgCl2 and 2 mM CaCl2. The pH was adjusted to 7.3 with NaOH and 

the osmolarity to ~310 mOsm. The stimulation lasted 45 sec followed by rinsing in bath 

solution for another 45 sec (125 mM NaCl, 10 mM glucose, 10 mM HEPES, 5 mM CaCl2,1 

mM MgCl2, 4.5 mM KCl, and 20 mM TEA, pH 7.3 adjusted with NaOH) before the 

immersion in the stabilization buffer (Fig. 4).  

All the samples were then moved to 0.1% tannic acid freshly dissolved in water for 20 min 

(paper I). They were then rinsed 4x with water and placed in 0.1% uranyl acetate for 20 

min. The coverslips were then dehydrated, critical point dried, and coated with platinum 

and carbon as previously described (Sochacki, Larson et al. 2012). The region of interest on 

the coverslip was imaged with 10x phase contrast to obtain a map of the imaged region. 

The replicas were lifted as previously described (Sochacki, Shtengel et al. 2014) and placed 

onto Formvar/carbon-coated 75-mesh copper TEM grids (Ted Pella 01802-F) that had 

recently been glow-discharged. Some cells were lost behind grid bars. TEM imaging was 

performed as previously described at 15,000x magnification (1.2 nmper pixel) using a 
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JEOL 1400 and Serial EM freeware for montaging (Mastronarde 2005). The density of the 

clathrin curvatures was calculated using the software ImageJ (Schindelin, Arganda-Carreras 

et al. 2012) counting the number of clathrin curvatures divided by the cell area. 

Significances and P-values were calculated using unpaired or Student’s t-test (two-tailed) 

was used for the statistical analysis. 

 

 

Figure 4 - The scheme 

describes the unroofing 

process. Coverslips first 

immersed in solution 1 

(stabilization buffer), then 

splashed with solution 2 

(stabilization buffer + 4% 

PFA) and transferred to 

solution 3 (stabilization buffer 

+ 2% glutaraldehyde ). 

 

3.3 Giant reticulospinal axon in lamprey 

3.3.1 Intra-axonal microinjection and electrophysiology  

For the study (paper II) adult lampreys near the end of their life cycle with a length around 

20-30 cm were used. The lampreys were kept in an aquarium at 4 °C. The day of the 

experiment the animal was anesthetized with MS-222 (tricainemethanesulfonate) and 

decapitation was made just before the gills. The spinal cord was isolated in a Ringer’s 

solution made of 91mM NaCl, 2.1 mM KCI, 2.6 mM CaC12, 1.8 mM MgC12, 4 mM 

glucose and 2mM HEPES at pH 7.4 previously oxygenated and chilled at 6-8 °C and 

placed with pin ventral side up on a Sylgard piece placed in a chamber containing the same 

solution. Under an optical microscope meninges were removed and a pin (~100 µm in 

diameter) was applied at the site of the injections as reference (Shupliakov, Low et al. 

1997). The activity of the spinal cord was recorded by two electrodes place at the 

rostral/caudal side. Glass pipettes with a resistance of 50-90 M were used to impale the 

giant axons. The pipette was filled with the proper reagent, a fluorophore (Texas red or 

Alexa 488 tagged with the protein of interest) and a buffer made (injection buffer) of 250 

mM KAc and 10mM HEPES (pH 7.4). Once the axon was identified, a small pressure was 

applied to the pipette to inject the reagent. The injection was monitored with a CCD camera 

(charge-coupled device) connected to a fluoresce microscope. The concentration of the 

reagent injected was indirectly measured considering the decay of the fluorescence along 

the axon (Fig. 5). The microinjection pipettes contained latrunculin A (60 mM) and Cyto D 
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(33 mM), and phalloidin-Alexa Flour 488 (1,200 U /µl; Invitrogen) in the injection buffer. 

Compounds were diluted in Texas red. Texas red was also used alone with the injection 

buffer for control injections. Giant axons were stimulated using an extracellular electrode 

placed at the rostral side at 5 Hz for 20-30 min. In the case of control experiments, the 

stimulation was applied intracellularly by impaling the axon. Action potentials were 

recorded with an extracellular electrode placed at the caudal side. 

 

Figure 5 - Schematic drawing showing 

the intra-axonal microinjection. The 

spinal cord is facing up and the activity 

was recorded by two electrodes placed at 

the rostral and caudal side. The glass 

electrode was filled with a fluorophore 

and the injection was monitored with a 

CCD camera connected to a fluorescence 

microscope. On the right side a CCD 

camera picture shows a micropipette and 

2 axons injected with Texas red. 

 

 

3.3.2  Confocal imaging 

The fluorescence of the microinjection of A488-phalloidin was detected using a Nikon D-

eclipse C1 confocal microscope using a 100x objective with NA 1.0. For control 

experiments we used a 10x air objective and a 40x water immersion objective with 0.8 NA. 

The data were sampled from two areas along the axon with a distance between each other 

of ~300-500 nm and analyzed using Student’s t-test.  

 

3.3.3  Electron microscopy from spinal cord tissue 

The spinal cords were fixed during stimulation with a solution made fresh of 4% tannic 

acid, 3% glutaraldehyde and 0.5 % paraformaldehyde in 0.1 M cacodylate buffer at pH 7.4 

for 1 h at 4 °C followed by the same solution without tannic acid for 3 h at 4 °C. 

Glutaraldehyde reacts with free amines and produces fast (within few minutes) irreversible 

cross-linking networks through the cytoplasm, paraformaldehyde cross-links free amino 

groups of proteins and nucleic acids (slower than glutaraldehyde) and tannic acid enhances 

the contrast of proteins (Eltoum, Fredenburgh et al. 2001). The reaction of the cocktail 

drops the pH considerably, so the use of an adequate buffer like cacodylate is important. 

Used together, these reagents create a nice contrast essential for the visualization of 

membranes. The solution was washed 3 x 10 min with 0.1 M cacodylate buffer and post-

fixed with 1% osmium tetroxide (OsO4) in ddH2O for 1 at 4 °C. Osmium tetroxide reacts 
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with unsaturated bonds of lipids and phospholipids. During post fixation osmium tetroxide 

is reduced to lower oxides that are deposited in the tissue, particularly on membranes, 

showing the characteristic black heavy stain. The specimen was then rinsed in ddH2O and 

the water contained in the samples was removed (dehydration) by adding increasing 

concentrations of ethanol to 70%, where 2% uranyl acetate in 70% ethanol was added for 1 

h at 4 °C. The samples were washed with 70% ethanol and dehydration continued with 

increments of ethanol to 100%. Lastly, the spinal cord was embedded in Durcapan ACM 

(Fluka) and serial ultrathin sections of 60-70 nm were cut using a diamond knive (Diatome) 

and an ultramicrotome (Leica UltraCut UCT). Sections were placed on single slot grids 

precoated with formvar. The grids were visualized with a Tecnai 12 electron microscope 

(FEI). The sections were made at distances larger than 100 µm from the injection site. The 

analysis was done on 5 synapses cut in serial sections. Significances and P-values were 

calculated using one-way analysis of variance (ANOVA) followed by the multiple pairwise 

comparisons using Holm–Sˇı´da´k method (GraphPad Prism 6).  

 

4 RESULTS AND DISCUSSION 

4.1 To determine whether bulk membrane invagination serves as a 

platform for clathrin-dependent endocytosis to take place (paper I) 

With conventional electron microscopy, platinum replica electron microscopy and super-

resolution stimulated emission depletion (STED) microscopy on live chromaffin cells we 

investigated the role of bulk invaginations as a possible precursor of clathrin-mediated 

endocytosis.  

 

4.1.1 Observing clathrin-coated pits at the flat plasma membrane, bulk 

plasma membrane invaginations and endosomes 

We examined clathrin-coated pits with conventional EM in bovine adrenal chromaffin cells 

in primary culture in resting conditions and in the presence of 70 mM KCl that triggered 

exocytosis and subsequent endocytosis by depolarization. Cells were fixed, embedded and 

sectioned before EM examination. At single sections across chromaffin cells (Paper I, Fig. 

1a), we observed clathrin-coated pits or clathrin-coated membrane patches at the flat 

plasma membrane (Paper I, Fig. 1b), at large Ω-shape membrane invaginations at the 

plasma membrane (Fig. 6), and at endosome-like structures in the cytosol that were not 

apparently connected to the plasma membrane (Paper I , Fig. 1d).  
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Figure 6 – EM micrographs of a bulk invagination connected to the 

plasma membrane with clathrin-coated curvatures budding off (arrows). 

In some experiments, we performed serial ultrathin sections, which allowed us to resolve 

clathrin-coated patches in the whole volume of the structure, including the entire bulk 

invagination (Paper I, Fig. S1e). Such serial sections allowed us to identify bulk membrane 

invaginations that appeared as endosome-like structures in the cytosol in one section, but 

were actually connected to the plasma membrane. The presence of clathrin-coated pits at 

the bulk invaginations, flat plasma membrane and endosome-like structures suggests that 

clathrin-coated vesicles are generated from these three different structures (Paper I, Fig. 

1e). In resting conditions, more clathrin patches were observed at the flat plasma membrane 

than at the bulk invaginations per unit area of the cell cross section (Fig. 7 a-b, white bar). 

In the presence of 70 mM KCl, clathrin-coated patches were not increased significantly at 

the flat plasma membrane (Fig. 7a, grey bar), but significantly increased at bulk 

invaginations (Fig. 7b, grey bar), suggesting that clathrin-mediated endocytosis take places 

primarily from the bulk invaginations after KCl-induced depolarization.  

a) b)  

  

Figure 7 - Bar graph showing clathrin patch frequency at 

the flat plasma membrane (a) and bulk invaginations (b) 

per unit (µm2) area of the cell cross section in resting 

condition and in the presence of 70 mM KCl (n=40 cell 

cross-sections from both conditions, mean =s.e.m.; 

*<0.05; **<0.01, ***<0.001, student-t-test). 

 

 

In the above experiments, the number of bulk invaginations were identified in single 

sections. Such a criterion may lead to underestimation of the number of bulk invaginations, 

because a single section may miss the pore region. Indeed, in a set of experiments where 

serial ultrathin sections were made, we found that 58% of endosome-like structures (7 out 

of 12 structures) within 400 nm from the plasma membrane were actually connected to the 

plasma membrane (Paper I, Fig. S1e), and thus should be re-classified as bulk 

invaginations. Accordingly, the number of bulk invaginations in Fig. 7b was 

underestimated. Based on the serial sections, we provided a corrected bar graph showing an 

even larger contribution of clathrin-coated patches at the bulk invaginations (Paper I, Fig. 
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S1f-g), further confirming bulk invagination as the main site for the generation of clathrin-

coated pits at the plasma membrane. 

 

4.1.2 Clathrin-coated pits observed at bulk invaginations revealed using 

platinum replica EM on unroofed chromaffin cells 

Platinum replica electron microscopy on unroofed cells allows to reveal unequivocal 

clathrin-coated plaques or pits right at the plasma membrane (Hirokawa and Heuser 1981, 

Collins, Warrington et al. 2011, Sochacki, Dickey et al. 2017). We used this technique to 

verify and strengthen our results obtained with conventional EM. Bovine chromaffin cell 

were unroofed after 45 sec of 70 mM KCl application.  In unroofed chromaffin cells 

(Paper I, Fig. 2a), we observed clathrin-coated pits at the flat membrane (Paper I, Fig. 2b) 

and at a fraction of the large invaginations at the plasma membrane (Fig. 8). We also 

observed large dense-core vesicles attached to the plasma membrane (Paper I, Fig. 2d). 

Endosome-like structures were not observed because unroofing washed out structures not 

connected to the plasma membrane. Similar to the conventional EM data, application of 70 

mM KCl significantly increased the clathrin-coated pit number at the bulk invagination 

(Paper I, Fig. 2f), but not at the flat membrane (Paper I, Fig. 2e). These results consolidate 

our finding that the primary site for clathrin-coated pit generation at the plasma membrane 

is not the flat membrane, but the bulk invaginations induced after KCl-induced exocytosis.  

 

 

 

 

Figure 8 – EM micrograph from an unroofed chromaffin cell 

shows a bulk invagination covered by clathrin patches. 

 

4.1.3 Clathrin labelling in live cells 

To determine whether the localization of clathrin-coated pits and patches observed in fixed 

cells can be observed in live cells, we overexpressed clathrin light chain attached with 

mTurquoise (clathrin-mTurquoise) to label clathrin, and we overexpressed mNeonGreen 

attached to phospholipase C delta PH domain (PHG) which binds to PtdIns(4,5)P2 (PIP2) 

located at the plasma membrane and thus labels the plasma membrane (Lomasney, Cheng 

et al. 1996, Zhao, Hamid et al. 2016). Confocal imaging shows that the majority of clathrin 

puncta were localized near the plasma membrane at the cell bottom, but not at the cell 
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Figure 8 – EM micrograph from an unroofed chromaffin cell 

shows a bulk invagination covered by clathrin patches. 

 

4.1.3 Clathrin labelling in live cells 
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center (Paper I, Fig. 3a). Super-resolution STED microscopy at the microscopic XZ plane 

revealed clathrin spots at the flat plasma membrane (Paper I, Fig. 3b, d) and at bulk 

membrane invaginations (Fig. 9a). At a given XZ plane, we did not observe clathrin spots 

in every bulk invagination (4 out of 30 bulk invaginations at a given XZ plane were 

associated with clathrin spots). This is likely because clathrin spots were out of the imaged 

XZ focal plane. Consistent with this possibility, 3-dimensional reconstruction of some PHG 

-labelled bulk invaginations showed association of multiple clathrin spots (Fig. 9b), 

suggesting that clathrin is also clustered at bulk invagination in live cells. We did not 

examine endosome-like structures, because PHG only labelled the plasma membrane. 

Interestingly, STED imaging of PHG -labelled membrane at the XZ plane every 26-300 ms 

revealed that after depolarization (-80 to +10 mV, depol1 s) PHG -labelled vesicles were 

pinched off from bulk invaginations (Paper I, Fig. 3f, n = 5 events). These results provide 

live-cell evidence showing that membrane budding indeed can occur from bulk 

invagination of Ω-shape profiles at the plasma membrane.   

 

         a)                     
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b)    
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Figure 9 - a) XY STED images of a bulk invagination of the plasma 

membrane that colocalize with Clathrin-mTurq. b) 3D reconstruction 

of a XYZ stack showing a bulk invagination surrounded by clathrin 

spots. Top, PHG; middle, Clathrin-mTurq; bottom, merge. 

 

4.1.4 Discussion 

With conventional EM, platinum replica EM and super-resolution STED live cell imaging 

in the neuroendocrine chromaffin cells, we observed clathrin-coated pits at the flat plasma 

membrane, large bulk membrane invaginations at the plasma membrane, and in cytosolic 

endosome-like structures. Surprisingly, depolarization-induced exocytosis was followed by 

an increase of clathrin-coated pits at the bulk membrane invaginations, but not at the flat 

plasma membrane, suggesting that bulk membrane invaginations are the site for exocytosis-

induced clathrin-mediated endocytosis at the plasma membrane. In live cells, we observed 

clathrin spots at the flat plasma membrane and bulk invaginations at the plasma membrane; 
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we also observed PHG-labelled vesicles pinching off from bulk membrane invaginations. 

These results provide the first live-cell evidence indicating the existence of vesicle pinch-

off from bulk membrane invaginations after depolarization. These results suggest that bulk 

membrane invaginations at the plasma membrane are the primary sites for clathrin-

mediated endocytosis taking place in secretory cells.   

 

4.2 To determine whether F-actin is involved in providing force to 

mediate post-fusion structural changes and the merging of vesicles 

with the plasma membrane (paper II) 

To investigate the role of actin in vesicle fusion, live bovine chromaffin cells were 

visualized in a confocal microscope and fixed lamprey reticulospinal spinal axons screened 

with an electron microscope. Both models were treated with actin perturbing agents: 

Cytochalasin D (Cyto D) and Latrunculin A (Lat A). Cyto D is fungal metabolite that binds 

actin filaments and block polymerization. Cyto D  bind to the barbed end of actin filaments, 

then blocking both the assembly and disassembly of individual actin monomers from the 

bound end (Cooper 1987) (Fig. 10a).  

Lat A is a natural toxin purified from the red sea sponge Latrunculia magnifica. It 

was initially found to inhibit actin polymerization and disrupt the arrangement of F-actin. It 

sequesters actin monomers, preventing actin polymerization, thereby promoting filament 

disassembly (Spector, Shochet et al. 1989) (Fig. 10b). 

 

a) b) 

  

Figure 10 - Actin perturbation agents’ mechanism. a) Cyto D acts as a cap protein at the barbed end of the filament and 

prevents further polymerization; b) Lat A sequesters actin monomers preventing polymerization and promoting 

disassembly. 

 

4.2.1 F-actin dynamics mediates Ω-profile merging in live chromaffin 

cells  

With a new technique recently developed (Chiang, Shin et al. 2014), it has been possible to 

visualize the Ω-profile merging into the plasma membrane. The Ω-profile merging could 

change in three patterns: 1) the Ω-profile shrinks until undetectable (termed Ω-shrink), 2) 

the Ω-profile stays maintaining its size (termed stay fusion) and 3) the Ω-stay fusion is 
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followed by pore closure (termed close fusion) (Fig. 11a). To induce fusion events, the cells 

were whole-cell voltage-clamped and depolarized with 10 pulses of 50 ms at 2Hz., 69 % 

were Ω-shrink, 29% stay fusion and 3% pore closure (From 192 events in 18 cells, Fig. 

11b).  

a) b) 

  

Figure 11 - Three categories of Ω-profile merging into the PM. a) Schematic diagram showing the exo-endocytosis 

model. The profile may stay at the site (stay fusion), close the pore (close fusion) or shrink until undetectable (Ω-

shrink). b) Percentages of Ω-shrink, stay and close fusion upon depolarization induced by Train2Hz.  

 

Cells were treated with Lat A or Cyto D to block actin dynamics. In the preparations, the 

equilibrium of Ω-profiles shifted from Ω-shrink to stay fusion. The block of actin slows 

down the Ω-shrink profiles that are converted into stay fusion. No change was detected in 

close fusion (Fig. 12). Additionally, since actin dynamics requires ATP for the elongation 

of the filaments (Dayel, Holleran et al. 2001, Sablin, Dawson et al. 2002) we added the 

non-hydrolyzable analogue ATPγS into the bath solution to mimic the action of the actin 

blockers. Similar to the cells treated with Cyto D and Lat A, we observed an increase of 

stay fusion events and a reduction of Ω-shrink events. These results suggest that the 

dynamics of actin is needed to merge the Ω-profile with the plasma membrane in live 

chromaffin cells. 

 

 

 

Figure 12 - Actin perturbation inhibits Ω-shrink but 

promotes stay fusion. Percentages of Ω-shrink, stay 

and close fusion upon depolarization induced by 

Train2Hz in control, Lat A, Cyto D and ATPγS. Cell 

numbers are shown on top of the bars.  
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4.2.2 Actin perturbation causes accumulation of Ω-profiles at the active 

zone in synapses 

To determine whether actin mediates Ω-profile merging at synapses, we microinjected a 

mixture of Lat A/Cyto D (60 µM/33 µM) in the reticulospinal axon in lamprey and 

screened the giant synapses by EM. The reason why we used a concentration ~10 times 

higher in the micropipette is because, following microinjections, the solution was diluted in 

the studied regions (Fig. 13).  

 

 

 

Figure 13 - CCD camera image shows a 

reticulospinal axon injected with Lat A/Cyto D 

and Texas Red. Texas red is used to monitor the 

microinjection. The red arrow represents the 

region of study. We estimated a reduction of 

fluorescence of ~10 folds in this region.  

 

 

Upon injections, no significant difference in synaptic vesicle number was noticed compared 

to control (Paper II, S12b-e) and the propagation of the action potential along the axon was 

normal (Paper II, S12f) proving that the injections neither affected active zone morphology 

nor action potential propagation. Following injections synapses were stimulated with action 

potentials at 5Hz for 20 - 30 min and fixed for EM screening (Shupliakov, Bloom et al. 

2002). The giant synapse was examined in serial sections and Ω-profiles structures defined 

with a pore equal or smaller than their width (Fig. 14). 

 

  

 

 

Figure 14 - EM micrograph of a Ω-profile 

merging to the plasma membrane. The Ω-profile 

is marked with an arrow. dp, dense projection of 

the active zone. 
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The analysis of five synapses in serial section from three axons, showed a significant 

increase of Ω-profiles in LatA/Cyto D-injected preparations compared to control (Fig 15).  

 

 

 

Figure 15 - Quantification of Ω-profiles accumulated at 

the active zone. The number of Ω-profiles per µm2 at 

active zones in control (Ctrl) axons and in axons 

microinjected with Lat A/Cyto D. 

 

The above results are consistent with those obtained in live chromaffin cell and suggest that 

F-actin promotes Ω-profile merging into the PM. Two sets of experiments further support 

this suggestion. First, we labelled the giant synapse with a monoclonal actin antibody for 

post-embedding immune EM (Bloom, Evergren et al. 2003) to see whether actin was 

localized at the active zone. The number of gold particles was higher near the plasma 

membrane (within 100 nm, Fig. 16) of the active zone than the reserve pool (> 200 nm 

from the PM of the active zone).  

 

 

 

Figure 16 - Actin labeling by Immunogold EM. 

The Micrograph on the left shows gold particles 

that bind actin in a giant synapse with synaptic 

vesicle pool (SV), active zone (thick arrow), axon 

(ax) and dendrite (d). On the right, a high mag of 

the box from the left image. 

It was also significantly higher than outside the active zone (> 300 nm far away from the 

active zone, Fig. 17a-b) indicating that the actin network is denser near the active zone 

where fusion occurs (Fig. 17a-b). 
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a) b) 

 
 

Figure 17 - ImmunoEM quantification. a) The bar graph shows the number of gold particles localized at the active zone, 

reserve pool and outside the active zone. b) The scheme shows the three areas of quantification 

 

An additional evidence that confirms the high density of actin at the active zone was given 

using F-actin labelled with phallodin-Alexa 488. Phalloidin is a toxin found in the death 

cap mushroom of the Amanita phalloides. It binds to actin filaments at a ratio of one 

molecule for one or two actin protomers and lock adjacent actin subunits together. In this 

way, depolymerization is not possible and the equilibrium is shifted to assembly. Blocking 

depolymerization drastically reduces the concentration of free actin monomers, leading to a 

reduction of actin dynamics (Cooper 1987). Following microinjection of phalloidin- Alexa 

488 fluorescence accumulated in spots in the axon (Fig. 18), consistent with previous work 

(Evergren, Gad et al. 2007) in which each spot corresponded to an active zone and its 

surrounding periactive zone.  

 

 

 

 

Figure 18 - Microinjection of phalloidin - Alexa 488 

labels F-actin. The schematic on a) shows the injection of 

a reticulospinal axon. The box marks an area that was 

screened by confocal microscopy. In b) a confocal picture 

showing actin labeling at the synapse. 

 

Lastly, to confirm the action of LatA/Cyto D in disrupting actin filaments, we set up a 

control experiment. One axon was injected with Lat A/Cyto D and Texas red first, then 

with phalloidin Alexa 488 15 min later ~800 nm away from the first injection. Then, we 

measured the fluorescence of phalloidin Alexa 488 ~300-500 nm away from the Lat 

A/Cyto D injection and we detected a reduction of phalloidin puncta compared to the axon 

injected with Texas red only (paper II, S14 b-d). Taken together these results suggest that 

F-actin is involved in mediating Ω-profile merging at the neuronal nerve terminal. 
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4.2.3 Discussion  

The above data showed that actin dynamics is needed to merge the Ω-profile to the plasma 

membrane. This finding can presumably be applied to many other models containing large 

dense core vesicles such as β-cells that release insulin, glia cells, cell bodies of neurons and 

nerve terminals that secrete dopamine or neuropeptides crucial for brain functions (Wu, 

Hamid et al. 2014). These findings might also be applicable to small synaptic vesicles (~30-

50 nm) because actin perturbation caused accumulation of Ω-profiles at the active zone of 

giant synapses in lamprey. The synaptic endo-exocytic cycle has been suggested to 

resemble that of chromaffin cells (Lindau and Alvarez de Toledo 2003, Alabi and Tsien 

2013). Unfortunately, at the moment we are not able to visualize synaptic vesicle fusion in 

live cells given the diffraction limits.  Several studies suggest an involvement of actin in the 

fusion process, for example in a model containing vesicles of 1-5 µm (Xenopus oocytes 

(Sokac, Co et al. 2003), lacrimal epithelial acinar cells (Nightingale, White et al. 2011),  

and pancreatic acinar cells (Nemoto, Kojima et al. 2004) in which vesicle fusion is 

followed by an F-actin coating that might squeeze the Ω-profile to release its content. It 

was also suggested that in chromaffin cells F-actin squeezes large-dense core vesicles 

undergoing fusion. Our results suggest that the force needed to release the vesicular content 

might come primarily from the membrane tension provided by F-actin.  

Ω-profile merging has been assumed to be a passive event with no energy 

consumption once the vesicle fusion has been initiated. Our results suggest that this view is 

incorrect since actin polymerization needs ATP hydrolysis to merge the Ω-profile to the 

plasma membrane. We conclude that the consumption of ATP for Ω-profile merging is a 

factor to take in consideration in diseases that affect F-actin dynamics (e.g., periventricular 

heterotopia) (Lian and Sheen 2015), and in the mitochondrial dysfunctions that have been 

implied in Alzheimer’s disease, Parkinson’s disease and Huntington’s disease (Hroudova, 

Singh et al. 2014).  

 

4.3 To determine whether F-actin is involved in providing force to 

regulate structural changes of dynamic fusion pores (paper III) 

Chromaffin cells were transfected with mNeonGreen tagged with phospholipase C delta PH 

domain and bathed with Atto 532 (a membrane impermeable dye). PH-mNeonGreen binds 

PIP2 labelling the plasma membrane at the cytosolic side. The cell was depolarized, and 

capacitance changes recorded. Atto 532 diffused from the bath to Ω-profiles generated by 

fusion (labelled with PH-mNEONGreen, paper III, Fig. 3). The different structural 
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changes of the pore (opening, expansion, constriction and closure) were visualized, 

reflecting fusion and fission efficiency.  

 To further confirm the existence of fusion pores of the Ω-profiles we performed 

electron microscopy experiments. First, chromaffin cells were stimulated with KCl, fixed 

and screened by TEM. Micrographs showed Ω-profiles with pore sizes between 12-430 nm. 

All Ω-profiles did not contain a dense core (n = 53) (Paper II, Fig. 2), suggesting that the 

dense core can be released via a pore narrower than the dense core. Second, to confirm that 

the fusion pore sizes were not due to distortions induced by aldehyde fixatives and EM 

processing, cells were rapidly frozen by a high-pressure freezing (HPF) device and freeze-

substituted (unpublished data). This approach preserves cell structure and morphology 

close to the native state1. The pore sizes of the Ω-profiles observed followed the trend 

observed in both live cells and chemically fixed preparations (Fig. 19) 
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4.3.1 Discussion 

The fusion pore theory suggests the existence of a metastable narrow pore (<5 nm) that 

either closes or expands until the vesicle merges with the plasma membrane (Alabi and 

Tsien 2013, Wu, Hamid et al. 2014). We found that the metastable pore size ranges from 0 

to 490 nm. This large dynamic range of pores that can expand, constrict and/or close is 

likely to underlie a diversity of rates of content release and vesicle retrieval. Our results 

suggest that the pore dynamics depends on competition between F-actin/tension-dependent 

pore expansion and calcium/dynamin-dependent pore constriction (Paper III, Fig. 4). 

These findings will help to study pore dynamics of many biological processes including 

exocytosis, endocytosis, intracellular trafficking, fertilization, and viral entry. 

 

4.4 To identify fusion modes with specific structural changes that control 

vesicular content release (paper IV) 

To correlate fusion modes with structural changes of vesicles and content release, we 

performed experiments in primary bovine chromaffin cells with a combination of 

microscopy techniques, including super-resolution STED microscopy, confocal microscopy 

and EM. 

 

4.4.1 Observation of shrinking and enlargement of fusing vesicles 

Ω-profile shrinking was observed using a recently developed technique to visualize the 

hemi-fusion intermediate (Zhao, Hamid et al. 2016). The technique consisted of labelling 

the PM by transfecting cells with phospholipase C delta PH domain (PHG) attached to 

EGFP and adding Atto 532 to the bath. The dye entered the fusion Ω-profile to label the 

fusing vesicle confirming the structural changes. The xzt scan with the STED allowed 

direct visualization of the vesicle that was undergoing fusion. To induce exocytosis the cell 

was patch clamped using the whole-cell configuration and depolarized for 1s (paper IV, 

Fig. 1a). Following PH-Ω appearance, the Ω-profile could (236 events, 202 cells) either 1) 

shrink while maintaining its Ω-shape until it disappeared at the PM (shrink-fusion, Fig. 20 

a), 2) shrink partially, then maintaining a reduced-size Ω-profile (partial-shrink-fusion), 3) 

maintain its Ω-profile (same-size-fusion), or 4) increase in size while maintaining its Ω-

shape (enlarge-fusion, Fig. 20b) (paper IV, Fig. 1b-h). During shrinking most of the 

profiles maintained their Ω-shape and decrease their width and height proportionally. 

However, in other examples the shrink-fusion was reflected as Ω-profiles with a tubular 

shape with a height bigger than the width (paper IV, Fig 1d-f).  
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a) 

 

b)  

 

Figure 20 - a) Example of a Ω-profile that shrank while maintaining its shape until fusion with the PM; b) A Ω-

profile that increased in size while maintaining its Ω-shape (enlarge-fusion). PH-Ω fluorescence (FPH, 

normalized to baseline), A532 spot fluorescence (F532, normalized to baseline), PH-Ω height (H, circles), PH-Ω 

width (W, triangles), and sampled images at times indicated with lines showing fusion with various patterns of 

Ω-profile structural changes.  

 

To confirm the existence of Ω-profile shrinking, we employed EM to visualize the 

ultrastructure of fusing vesicles. To induce exocytosis, cells were stimulated with a solution 

containing 90 mM KCl before fixation. Consistent with the results observed in live cells, 

electron microscopy revealed Ω-profiles with different sizes with width and height 

correlated (Fig. 21a, c-upper). Moreover, the height/width ratio was mostly > 1 indicating 

that that Ω-profiles were mostly elongated with some profiles approaching a tubular-shape, 

consistent with STED observations of mostly elongated Ω-profiles (Fig. 21b, c-lower). 

 

a) c)  

 

 

b) 

 

Figure 21 - Ultrastructure of Ω-profiles in KCl stimulated chromaffin cells. a) Micrographs of Ω-profiles with different 

sizes; b) micrographs of tubular Ω-profiles; c) the upper dot plot shows the ratio between width (W, nm) and height (H, 

nm). The line is the linear regression fit (correlation coefficient: 0.81). The lower dot plot shows the ratio between 

H/W and H. Most of the data points are above the dotted line reflecting elongated profiles.  

 

 

We also examined the pore dynamics corresponding to the four patterns. A visible pore is 

defined as a pore that exceeded our STED resolution of ~60 nm. The percentage of visible 
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We also examined the pore dynamics corresponding to the four patterns. A visible pore is 

defined as a pore that exceeded our STED resolution of ~60 nm. The percentage of visible 
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pores from shrink-related fusion events (shrinkrelated-fusion) that include shrink-fusion and 

partial-shrink-fusion was higher compared to enlarge-fusion, suggesting that enlarge-fusion 

might employ a smaller pore to release it content (Fig. 22).  

 

 

 

Figure 22 - The percentage of observed Porev (Porev%) 

during shrink-related-fusion fusion (including shrink-

fusion and partial-shrink-fusion), same-size fusion and 

enlarge-fusion (total fusion event number: 236; from 202 

cells). *: p < 0.05. 

 

 

4.4.2 Measuring content release during shrink-fusion and enlarge-fusion 

To determine whether shrink-fusion and enlarge-fusion cause content release with different 

kinetics, we overexpressed in the cells the vesicular lumen protein neuropeptide Y-EGFP 

(NPY-EGFP). By confocal microscopy we observed NPY-EGFP and Alexa 647 added to 

the bath. Upon stimulation vesicle fusion was reflected as a decrease of NPY-EGFP 

fluorescence and an increase of Alexa 647 (Alexa dye diffuses into the fusing vesicle as 

soon as the pore opens).  

We observed four different patterns: shrink-fusion, partial shrink, same-size fusion 

and enlarge-fusion (Chiang, Shin et al. 2014)(paper III, Fig. 3b-g). By measuring 

TNPY_decay we found that shrinkrelated-fusion is associated with a much faster release 

compared to same-size and enlarge-fusion (Fig. 23a). Additionally, T647_rise was higher in 

enlarge-fusion compared to same-size and shrinkrelated-fusion (Fig. 23b). These results 

suggest that shrinkrelated-fusion might employ a larger pore to release its content than 

enlarge-fusion.  

a) b) 

  

Figure 23 - a) TNPY_decay (20- 80% FNPY decay time) and b) T647_rise (20-80% F647 rise time) for shrinkrelated-fusion 

(69 events, 28 cells), same-size-fusion (136 events, 28 cells) and enlarge-fusion (31 events, 28 cells).  
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4.4.3 Discussion 

The data above suggested that shrink-fusion (or shrinkrelated-fusion) is associated with a 

large fusion pore that facilitates release of vesicle content, while enlarge fusion limits 

content release by employing a smaller pore. These results challenge the classical view in 

which kiss-and-run limits release and full-collapse facilitates release. We suggest shrink- 

and enlarge-fusion as the new yin and yang fusion modes to control content release. 
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5 CONCLUSIONS 

This thesis provides insights into membrane-linked mechanisms acting during exo- and 

endocytosis in excitable cells.  

 

I. Bulk membrane invagination is the primary site for clathrin-mediated endocytosis at 

the plasma membrane following depolarization-induced exocytosis in secretory 

cells. A bulk invagination may provide the curvature needed to recruit proteins 

involved in clathrin-mediated endocytosis and to initiate clathrin-mediated 

endocytosis (Fig. 24a).  

 

II. F-actin provides sufficient membrane tension to facilitate shrinking of fusion-

generated Ω-profiles and may thus merge the fusing vesicle with the plasma 

membrane in chromaffin cells. F-actin also facilitates Ω-profile merging at lamprey 

giant synapses, suggesting that F-actin may provide forces for vesicle merging in 

many types of secretory cells (Fig. 24b).  

 

III. The fusion pore size ranges from 0 to 490 nm in chromaffin cells and yet it is stable. 

The fusion pore can expand, constrict and/or close at different rates regulating 

content release. F-actin provides plasma membrane tension to expand the pore and 

facilitate release. These findings are different from a general belief that fusion either 

occurs with a maintained narrow pore (< ~5 nm) that subsequently closes or dilates 

until flattening (Fig. 24c).  

IV. Shrink-fusion and enlarge-fusion play opposing roles in the release of exocytotic 

contents. Shrink-fusion is associated with a larger pore that facilitates content 

release, whereas enlarge-fusion is associated with a narrower pore that slows down 

content release. The results challenge the classical view that full-collapse and kiss-

and-run serve as the yin and yang fusion modes accounting for rapid/complete and 

slow/partial release observed in endocrine cells and neurons (Fig. 24d). 
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Figure - 24. The model 

summarizes recent insights into 

membrane mechanisms during 

exo- and endocytosis in 

excitable cells. a) Bulk 

membrane invaginations are 

the primary sites for clathrin-

mediated endocytosis. b) F-

actin provides membrane 

tension to shrink the fusion-

generated Ω-profile and thus 

merge the fusing vesicle with 

the plasma membrane. c) F-

actin provides plasma 

membrane tension to expand 

the pore and facilitate release. 

d) In the gray dashed box, 

shrink-fusion is associated with 

a larger pore that facilitates 

content release, whereas 

enlarge-fusion is associated 

with a narrower pore that slows 

down content release. 
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Fra and the cakes, Luci and the poetry, Eli, Isla and Leor to be the best Juice in town. To 

Camille and Tiki, remembering Caaaaars. Thanks for the time we spent together, in 

sickness and in health.  

Thanks to all of you and not you SARS-CoV-2!!! 
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