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ABSTRACT 

Neurons communicate through specialized contacts called synapses, which consist of 
pre- and postsynaptic compartments separated by a narrow synaptic cleft. The stimulus-
dependent rapid influx of calcium ions into the presynaptic compartment induces fusion 
of neurotransmitter-filled vesicles with the plasma membrane and release of their 
content into the synaptic cleft. The vesicle membrane then needs to be recycled to 
avoid disruption of synapse morphology and depletion of synaptic vesicles. Three 
pathways have been described in the literature: clathrin-mediated endocytosis in which 
vesicles already the size of synaptic vesicles are retrieved at the periactive zone, bulk 
endocytosis in which larger pieces of membrane are retrieved, and kiss-and-run in 
which the vesicle remains intact and forms only a transient fusion pore through which 
neurotransmitter is released. In this thesis, the molecular mechanisms of synaptic 
vesicle recycling were studied using acute perturbations in lamprey giant reticulospinal 
axons. The aim was to clarify three different aspects in the recycling machinery: first – 
how the clathrin coat assembly is regulated, second – how dynamin-dependent fission 
is regulated, and third – how the synapse copes with intense activity.  
 Three proteins (epsin, EHD, and syndapin) were cloned in Lampetra fluviatilis 
using PCR-based methods. Binding partners were identified in pull-down assays and 
lipid-interacting properties were investigated in liposome sedimentation, tubulation, 
and budding assays. The cloned proteins were further used in the immunization of 
rabbits for the generation of domain-specific antibodies. These antibodies were used for 
Western blot, immunoprecipitations, immunolocalization, and presynaptic 
microinjections. Microinjection experiments were mainly analyzed with electron 
microscopy to reveal morphological phenotypes.  
 All three proteins cloned in this thesis showed a high degree of homology in 
protein and lipid interacting regions with their mammalian orthologs as well as similar 
biochemical properties. The proteins were all localized to the pre-synaptic compartment 
where they were shown to accumulate at specific regions during synaptic activity: epsin 
– to the coat of clathrin-coated pits, EHD – to neck regions of GTP S induced 
endocytic structures, and syndapin – to the peri-active zone (excluding clathrin-coated 
pits). Perturbation of epsin, EHD, and syndapin in living synapses impaired synaptic 
vesicle recycling, observed as a loss of synaptic vesicles. Disruption of epsin’s N-
terminal region inhibited coat assembly while perturbation of epsin’s clathrin/AP-2-
binding domain resulted in abnormal coat assembly. Perturbation of EHD resulted in an 
accumulation of clathrin coated pits with long necks indicating an impairment of 
endocytic fission. The perturbation of syndapin was associated with a massive 
accumulation of membranous cisternae and invaginations, but not of clathrin-coated 
pits at the plasma membrane. 
 The findings in this thesis suggest that epsin links membrane deformation to 
clathrin-coated pit formation with a potential role in regulating the size of synaptic 
vesicles, that EHD regulates dynamin-mediated fission in an ATP-dependent fashion, 
and that syndapin is required for bulk endocytosis and for stabilizing the plasma 
membrane during intense synaptic activity. Thus, this thesis has added new knowledge 
about the molecular network that mediates synaptic vesicle recycling.  
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INTRODUCTION 

Synapses are specialized junctions between neurons or between neurons and other cells (i.e. 
muscle cells). They consist of presynaptic compartments with clusters of neurotransmitter-
filled vesicles at particular membrane regions called active zones with corresponding 
postsynaptic compartments containing receptors for the appropriate neurotransmitter. When an 
action potential reaches the presynaptic terminal, voltage-dependent Ca2+ channels open with a 
subsequently rapid influx of Ca2+-ions. Ca2+ affects many proteins including synaptotagmin, 
which is considered to be the Ca2+-sensor for fast, synchronous neurotransmitter release. Upon 
activation of synaptotagmin, the SNARE complex, consisting of synaptobrevin/VAMP-2 and 
two plasma membrane proteins SNAP-25 and syntaxin, force the vesicle to fuse with the 
plasma membrane. The neurotransmitters can be released into the synaptic cleft where they 
bind to the receptors on the postsynaptic membrane. The vesicle membrane then needs to be 
recycled to avoid disruption of synapse morphology and depletion of synaptic vesicles. The 
demands on the recycling system are high since the recycled synaptic vesicle needs to be of the 
correct size, contain the right protein/lipid composition, and be formed at a sufficient speed.  
 
Synaptic vesicle recycling – different pathways 

Heuser and Reese first described synaptic vesicle recycling in 1973 (Heuser and Reese, 1973). 
They used neuromuscular junctions where they observed the uptake of horseradish peroxidase 
(HRP) at the ultrastructural level. This observation was also the first evidence of the 
importance of the clathrin-mediated pathway. In a following paper the time scale was 
described and full endocytosis was estimated to take up to one minute (Miller and Heuser, 
1984). This finding by Heuser and Reese gave rise to a model where synaptic vesicles 
completely collapse into the plasma membrane and the synaptic vesicle membrane diffuses 
laterally to be retrieved by clathrin-coated invaginations at an area outside the active zone 
(Figure 1). The importance of clathrin in synaptic vesicle recycling has since then been 
repeatedly demonstrated in many different types of synapses. Injection of peptides designed to 
disrupt AP-2/clathrin binding in retinal bipolar cells slows down endocytosis (Jockusch et al., 
2005) and knockdown of clathrin or overexpression of a clathrin/AP-2 inhibiting peptide (C-
terminus of AP180) in cultured hippocampal neurons also dramatically slows down 
endocytosis (Granseth et al., 2006). Microinjection of peptides (e.g. the SH3 domain of 
amphiphysin) in lamprey axons causes an activity-dependent accumulation of clathrin-coated 
pits (Shupliakov et al., 1997). In addition, purified clathrin-coated vesicles isolated from brain 
contain synaptic vesicle proteins, highlighting the importance of clathrin-mediated endocytosis 
in synaptic vesicle recycling (Blondeau et al., 2004).  
 Heuser and Reese also observed cisternae containing endocytic buds. The 
interpretation at that time was that it was some kind of sorting endosome, from which synaptic 
vesicles, ready for use, could bud off. It could also be an indication of a second pathway for 
synaptic vesicle recycling, called bulk endocytosis, which involves uptake of large membrane 
areas (Figure 1). This type of endocytosis has been mostly associated with high frequency 
trains of action potentials or membrane depolarization by high extracellular concentrations of 
potassium (Clayton et al., 2008; De Lange et al., 2003; Heuser and Reese, 1973; Leenders et 
al., 2002; Teng et al., 2007). The process seems to be independent of clathrin but dependent on 
dynamin, although a clathrin-dependent mechanism might be important in budding events 
from the endosome-like structures. 
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 In parallel with the Heuser and Reese study, an alternative recycling pathway was 
proposed, later called kiss-and-run (Ceccarelli et al., 1973). In this pathway a small pore (i.e. 
fusion pore) opens followed by rapid closure without full dilation and collapse at the site of 
fusion (He et al., 2006; Lindau and Alvarez de Toledo, 2003; Wu et al., 2005) (Figure 1). This 
model was based mainly on the electron microscopic observation of uncoated omega 
membrane profiles with narrow necks connected to the plasma membrane at the active zone of 
the frog neuromuscular junction (Ceccarelli et al., 1973). It is however not clear if these 
membrane profiles reflect an ongoing fusion event followed by full collapse or closure of a 
fusion pore. The transient opening of a fusion pore has been shown repeatedly to occur in 
secretory and endocrine cells (i.e. mast cells and chromaffin cells), showing that the 
phenomenon of reversal of fusion exists (Albillos et al., 1997; Ales et al., 1999; Alvarez de 
Toledo et al., 1993; Fernandez et al., 1984; Neher and Marty, 1982). However, it still remains 
a matter of debate if kiss-and-run occurs physiologically in neurons.  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

 

 

 

 

Figure 1.  When an action potential reaches the nerve terminal, voltage-gated Ca2+-channels 
open, which allows a massive inflow of Ca2+ ions at the active zone. Ca2+-ions stimulate 
SNARE-dependent exocytosis, which releases the neurotransmitters into the synaptic cleft 
where they can act on postsynaptic receptors. The vesicle membrane is then recycled via three 
possible pathways: 1-Clathrin-mediated endocytosis, 2-Bulk endocytosis, and 3-Kiss-and-Run. 
Pathways 1 and 2 involve full collapse of synaptic vesicles followed by lateral movement to 
the periactive zone while the third pathway is a reverse form of exocytosis occurring at the 
active zone. 
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Clathrin-mediated endocytosis 

The most extensively studied endocytic pathway is clathrin-mediated endocytosis. Clathrin-
coated pits or vesicles can be observed in almost all cell types and this is the major pathway 
for the uptake of receptors (e.g. transferrin receptors and hormone receptors) from the plasma 
membrane. The main components of the clathrin coat are the clathrin heavy chain and clathrin 
light chain (Kirchhausen, 2000). They form triskelions, which are the building blocks of the 
clathrin cage surrounding the vesicle. Cargo proteins are linked to the growing clathrin-coated 
pit by adaptor proteins. The main adaptor protein is AP-2, which is a multimeric adaptor 
protein enriched in plasma membrane associated clathrin-coated pits with multiple binding 
partners including clathrin, phosphoinositides, membrane proteins, and other endocytic 
proteins (Traub, 2003). An array of endocytic accessory proteins have been implicated in the 
assembly of the coat and in the successive shaping of the coated membrane that continues until 
it has reached the shape of a deeply invaginated coated pit with a narrow neck (Schmid and 
McMahon, 2007; Ungewickell and Hinrichsen, 2007). The precise roles of these accessory 
proteins are not yet well defined and it is likely that their roles differ between different 
endocytic pathways and cell types. At the end of the endocytic process, the clathrin-coated pit 
is cut off from the membrane, forming a free clathrin-coated vesicle. The fission process 
depends on the large GTPase dynamin, which is also involved in fission in non-clathrin 
dependent pathways (Mettlen et al., 2009). After fission, the clathrin coat is shed in an 
auxillin/Hsc70/ATP dependent reaction (Eisenberg and Greene, 2007). 
 At the synapse the demands on the endocytic machinery are extremely high. New 
fusion-competent synaptic vesicles of the correct size have to be formed at high speed. The 
identification and characterization of accessory proteins is of great importance to fully 
understand the endocytic process at the synapse. In addition to AP-2, there is a set of different 
adaptor proteins, including stonins, epsins, AP180, and amphiphysin, with the ability to link 
specific cargo to the clathrin coat. At present, it is not fully clear how components of synaptic 
vesicles interact with and are sorted by adaptors. AP-2 has been shown to interact with the 
synaptic vesicle protein synaptotagmin (Zhang et al., 1994) but the incomplete block of 
endocytosis following knockdown of AP-2 strongly suggests an importance of alternative 
adaptors (Kim and Ryan, 2009). Stonins bind synaptotagmin and AP-2 (Diril et al., 2006) and 
AP180 ablation shows mislocalization of synaptic vesicle proteins (Nonet et al., 1999; Zhang 
et al., 1998), making them candidates for sorting synaptic vesicle proteins. Recent findings by 
Henne and colleagues suggest that the protein FCHo might work as master nucleator of 
clathrin-mediated endocytosis but its role in neurons has not yet been clarified (Henne et al., 
2010). Despite the possibility that synaptic vesicle proteins may act as internalization signals, 
PI(4,5)P2 (phosphoinositol-(4,5)-bis-phosphate) at the plasma membrane may work as an 
additional signal for endocytosis. Many proteins bind PI(4,5)P2 (including AP-2, AP180, 
epsin, dynamin, syndapin, etc.) and knockdown of the PI(4,5)P2 generating enzyme, PIP5K 
(phosphatidylinositol-4-phosphate-5-kinase), has severe effects on synaptic transmission (Di 
Paolo et al., 2004). PI(4,5)P2 levels are further regulated by the phosphoinositol phosphatase 
synaptojanin (Cremona et al., 1999). Many endocytic proteins have the properties of binding 
and deforming membranes. For example, ENTH/ANTH and BAR domains have been 
identified as powerful membrane deformation modules and are found in a range of proteins 
including epsins, AP180, syndapins, endophilins, and amphiphysins (Itoh and De Camilli, 
2006). The fission molecule dynamin binds a range of SH3 domain containing proteins (e.g. 
syndapin, intersectin, amphiphysin, endophilin) linking fission to clathrin-coated pits. The 
importance of dynamin in the fission process has been demonstrated in several systems, 
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including the temperature sensitive Shibire mutant in Drosophila melanogaster (Koenig and 
Ikeda, 1989), treatment with the non-hydrolysable analog of GTP (Takei et al., 1995), 
perturbation of dynamin-SH3 interactions (Shupliakov et al., 1997), and inhibition by the 
antagonist dynasore (Macia et al., 2006). The mechanisms underlying dynamin-dependent 
fission are however unclear. Two hypotheses have been suggested that dynamin either works 
as a mechanochemical enzyme which forms a spiral around the neck of the coated pit that 
squeezes or pulls off the vesicle or as a classical GTPase that recruits a down-stream fission 
protein in its GTP-bound state (Mettlen et al., 2009). Surprisingly, mice without the brain 
specific isoform dynamin 1 (of a total of three isoforms) survive about two weeks and have 
only partial defects in synaptic vesicle endocytosis (Ferguson et al., 2007). The defect in 
endocytosis is mainly seen during high levels of synaptic activity and it is possible that 
dynamin only works as an accelerator of fission. There are many other accessory proteins such 
as intersectin and eps15 that bind multiple proteins in the endocytic machinery and may have 
possible roles as scaffolding molecules.  
 

How to study synaptic vesicle recycling 

There is a range of different techniques to study synaptic vesicle recycling and one concern is 
the choice of synapse model suitable for the appropriate technique. The main synapse model in 
the peripheral nervous system is the junction of the motorneuron axon terminal with the motor 
end plate, i.e. the neuromuscular junction (NMJ). For example, the frog NMJ was used for the 
morphology studies in the pioneering work by Heuser and Reese (1973) and the Drosophila 

melanogaster NMJ for the characterization of the Shibire mutant (Koenig and Ikeda, 1989). 
The use of large synapses as models is an advantage for almost all techniques. The largest 
synapse in the mammalian central nervous system is the calyx of Held in the mammalian 
auditory center, which has been successfully used for electrophysiology and capacitance 
recordings. Another large synapse is the ribbon synapse found in the retina of goldfishes, i.e. 
retinal bipolar synapses. Large synapses are also found in giant axons in lamprey and squid, 
which permits intraaxonal microinjections. Primary cultures have the advantage of being 
accessible for genetic manipulations (e.g. analysis of knockouts and interference RNA) and 
use of optical tracers. Hippocampal, neocortical, and cerebellar neurons are the most common 
primary culture models. 
 
Capacitance recordings 

Presynaptic electrical recordings allow for real-time measurements of action potentials and ion 
currents but can also be used for measurements of exocytosis and endocytosis. The plasma 
membrane has the ability of storing charge (i.e. work as a capacitor), which can be measured 
as capacitance. Increased membrane area due to exocytosis will be seen as an increase in 
capacitance and the subsequent endocytosis as a reduction of capacitance. Capacitance 
recordings have primarily been limited to giant synaptic preparations like the retinal bipolar 
cells, auditory hair cells, and Calyx of Held (Parsons et al., 1994; von Gersdorff and Matthews, 
1994; Wu et al., 2005). These recordings made it possible to measure synaptic membrane 
retrieval in real time following a burst of exocytosis and resulted in the identification of two 
kinetic components – one fast and one slow with 1 and 10 s time constants, respectively 
(Beutner et al., 2001; Neves and Lagnado, 1999). The fast component was later shown to be 
dependent on calcium and independent of clathrin suggesting that it may reflect a kiss-and-run 
or bulk endocytic pathway (Jockusch et al., 2005; Neves et al., 2001). The physiological 
relevance of this fast component was however questioned when it was later shown in Calyx of 
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Held to be independent of neurotransmitter release and may not at all be related to synaptic 
vesicle endocytosis (Yamashita et al., 2005). 
 
Optical tracers 

The use of the optical probe FM1-43 has made it possible to study the dynamics of the 
synaptic vesicle cycle (Betz and Bewick, 1992). FM1-43 (and its analogs) is a lipophilic dye 
that increases in fluorescence 100-fold when it is bound to membranes. The dye cannot 
penetrate membranes and is therefore applied extracellularly during synaptic activity to load 
synaptic vesicles. Activity-dependent dye uptake and release can be studied in the NMJ and in 
neuronal cultures using this technique. This method was used for measuring the time course 
for exocytosed vesicles to be available for release, which was estimated to be about 60 seconds 
(Ryan and Smith, 1995). Observations from dye uptake also indicated that synaptic vesicles 
recycle without passing an endosomal compartment (Murthy and Stevens, 1998). Measuring 
dye loss at the single-vesicle level has been used to examine a possible kiss-and-run pathway 
with the idea that the dye will not be able to escape as efficiently from the synaptic vesicle 
during a kiss-and–run event compared to a full-fusion event. Studies performed in different 
laboratories have provided evidence favouring both the presence and lack of kiss-and-run 
events. Problems with extracellular loading and labelling of other compartments might have 
complicated the quantitative data and with more controlled conditions only a complete loss of 
dye during synaptic activity could be observed, not supporting the presence of kiss-and-run 
(Chen et al., 2008). 
 A different type of an optical tracer technique is the use of pHluorins, a modified form 
of GFP. This pH-sensitive form of GFP can be attached to the luminal part of synaptic vesicle 
proteins and function as a reporter as it will increase its fluorescence in neutral pH but will be 
quenched in the acidic environment inside the synaptic vesicle (Sankaranarayanan et al., 
2000). VAMP-2 was the first protein used with this probe (synaptopHluorin) and endocytosis 
could be followed after a single action potential and a time constant for endocytosis of about 
10-15 seconds was described (Granseth et al., 2006). Other vesicle proteins such as 
synaptophysin (Granseth et al., 2006), synaptotagmin (Fernandez-Alfonso et al., 2006), and 
vGlut (Balaji and Ryan, 2007) have also been fused with pHluorins showing similar kinetics. 
Granseth and colleagues combined the use of pHluorins with genetic tools (knockdown of 
clathrin) to show that clathrin-dependent endocytosis is the dominant pathway for synaptic 
vesicle retrieval (Granseth et al., 2006). Although pHluorins are more specific tracers than FM 
dyes there are still problems, as a substantial amount of the pHluorins can be found at the 
plasma membrane and it is not clear whether the uptake reflects endocytosis of synaptic 
vesicles or reclustering and reinternalization of the pHluorin. A recent study by Opazo and 
colleagues showed with STED (stimulated emission depletion microscopy) that native vesicle 
proteins remain clustered while the pHluorins diffuse at the plasma membrane after exocytosis 
(Opazo et al., 2010).   
 Another optical tracer, the quantum dot, has recently been developed to study the 
presence of kiss-and-run. Large quantum dot particles can be loaded into synaptic vesicles. 
The fluorescence of the quantum dot is pH-dependent with a 15% higher fluorescence at 
neutral pH compared to a vesicle’s luminal pH. Thus, vesicle fusion will result in an increase 
of the fluorescence signal. The observed increase in fluorescence signal followed by a very 
fast return (0.5-1 seconds) to baseline was interpreted as kiss-and-run while a loss (or decrease 
below baseline) of signal as a full-collapse event (Zhang et al., 2009). The authors concluded 
that kiss-and-run is the predominant pathway at the beginning of stimulus trains. The effect of 
the relatively large quantum dots on synaptic vesicle release is however unclear.  
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Genetics 

Gene knockout is a powerful tool in cell biology to understand molecular mechanisms in a 
range of biological systems. In synapse research, the technique has been efficiently used for 
identifying proteins essential for synaptic vesicle fusion (Sudhof, 2004). Synaptic vesicle 
endocytosis on the other hand has been more difficult to study using gene knockouts and there 
is no single protein that has been shown to be essential for synaptic vesicle endocytosis using 
this technique. For example, deletion of amphiphysin in mice causes only small changes in 
synaptic vesicle endocytosis (Di Paolo et al., 2002). Genetic invertebrate models (e.g. 
Drosophila melanogaster and Caenorhabditis elegans) may be very powerful systems to find 
new endocytic proteins in screens but the molecular endocytic machinery may differ from 
those in vertebrate synapses. For example syndapin and epsin have been shown to be 
dispensable for synaptic vesicle endocytosis in Drosophila melanogaster (Bao et al., 2008; 
Kumar et al., 2009). The phenotype of knockouts might be complicated by early lethality, 
redundancy of other isoforms or proteins, the existence of other pathways, or animal-specific 
protein functions. The recent development of gene silencing with interference RNA has been 
used in order to overcome these problems. This knock-down technique, however, causes 
effects relatively slowly and can be incomplete in its silencing, leaving some active protein 
left. It has however been successfully used in cultured hippocampal neurons to investigate the 
role of clathrin in synaptic vesicle endocytosis where knockdown of clathrin almost 
completely abolished synaptic vesicle recycling (Granseth et al., 2006).  
  
Acute perturbations 

Another way to study the molecular network in synaptic vesicle recycling is acute perturbation 
studies where reagents that target specific proteins or protein-protein interactions are injected 
into the synapse. The two major systems that have been used are the lamprey reticulospinal 
synapse and the squid giant synapse (Augustine et al., 2006; Brodin and Shupliakov, 2006). 
The large size of the axons allows for intraaxonal microinjection, which is difficult to perform 
in other systems. The microinjection is then combined with electrophysiology, immuno-
localization, and morphology studies to reveal a phenotype caused by a certain perturbation. 
The squid synapse has mainly been used for direct clathrin perturbations (Morgan et al., 2000) 
and the lamprey synapse for perturbing accessory proteins (Andersson et al., 2010; Evergren et 
al., 2004a; Gad et al., 2000). The main advantage with this method compared to knockout and 
knockdown studies is that the risk for compensatory mechanisms is very small due to the acute 
perturbation. Another advantage is that the presynaptic compartment can be studied 
specifically without interfering with the postsynaptic compartment. 
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AIMS OF THE THESIS 

In order to maintain synaptic transmission, the synapse is dependent on the local regeneration 
of synaptic vesicles at release sites. The general aim of this thesis was to increase the 
understanding of how proper recycling of synaptic vesicles occurs during synaptic activity. 
Three different aspects of vesicle recycling were investigated with the following questions: 
 
How is clathrin-coat formation regulated in relation to generation of membrane curvature –
does the ENTH domain protein epsin contribute? 
 
How is dynamin-dependent fission of clathrin-coated vesicles regulated – does the ATPase 
EHD participate in this process? 
  
Are specific molecular components used at high rates of synaptic activity – what is the role of 
syndapin? 
 
To investigate these questions the giant reticulospinal axon model system was used, in which 
pre-synaptic microinjections can be performed in order to specifically perturb a protein or a 
protein-protein interaction of interest. 
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METHODOLOGICAL CONSIDERATIONS 

The main model system used in this thesis was the lamprey giant reticulospinal axon. 
Microinjections of antibodies into these axons were used in all three papers to specifically 
perturb the proteins of interest. A significant challenge was to clone the appropriate lamprey 
orthologs in order to generate domain-specific polyclonal antibodies. Subsequent in vivo 
studies were complemented with various in vitro methods to verify the protein’s specificity, 
functionality, and binding properties.  
 
The lamprey reticulospinal axon 

Lampetra fluviatilis (European river lamprey) is a jawless vertebrate that survives as a parasite 
of fish. Its life cycle is similar to that of salmon with a youth stage (larvae) in rivers, an adult 
stage in the sea, and a final reproduction stage back in the river. Their nervous systems are 
similar to those of mammals in overall organization, neuronal physiology, ultrastructure, and 
synaptic pharmacology (Rovainen, 1979). Special characteristics of the lamprey nervous 
system are the lack of myelin and the existence of large neurons. The largest reticulospinal 
axons (up to 100 m in diameter) are unbranched and have their soma in the brain stem 
(Müller cells). Large glutamatergic synapses are located along the axons and connect to 
motorneurons and interneurons in the spinal cord and are important for locomotion and 
steering. The synapses are usually separated from each other and have active zones (0.5-2 m) 
with large dense clusters of about 4000-12000 vesicles per cluster (Gustafsson et al., 2002). 
There are also gap junctions at many of the synapses, which give rise to an electrical 
component in the synaptic response. Recycling of synaptic vesicles occurs in an area 
surrounding the active zone called the peri-active zone (Gad et al., 1998). Transmitter release 
can be evoked by repetitive electrical stimulation or with high K+ buffers in the presence of a 
sufficient amount of Ca2+ (Wickelgren et al., 1985). At stimulation rates of about 0.2-5 Hz 
(e.g. for 30 min at 8°C), the release level does not exceed the capacity of recycling causing no 
depletion of synaptic vesicles but at higher rates of stimulation (e.g. 20 Hz for 30 min at 8°C) 
the vesicle cluster becomes partly depleted (Brodin and Shupliakov, 2006). The average 
activity of the reticulospinal axons during swimming is about 5 Hz but frequencies up to 28 Hz 
have been recorded (Zelenin, 2005).  
 
Intra-axonal microinjection 

The large size of lamprey reticulospinal axons makes them uniquely suitable for 
microinjections of reagents that can perturb specific interactions in the presynaptic 
compartment (Figure 2). Release sites can be studied with electrophysiology or electron 
microscopy to reveal phenotypes resulting from different kinds of perturbations. These 
synapses are also suitable for localization studies with immunofluorescence and immunogold 
techniques (see below).  
 The animals used in this study were adult lampreys (20-30 cm) caught in rivers during 
the last stage of their life cycle. They can be kept in an aquarium (at 5-10°C) where they can 
survive for 7-9 months. Before use, the lampreys were anesthetized with MS-222 (tricaine 
methanesulfonate) and decapitated. The spinal cord was dissected in chilled and oxygenated 
physiological buffer (Ringer’s solution) and attached with the ventral side up to a piece of 
Sylgard in a chamber containing the same buffer and kept at 8°C. The site of injection was 
marked with a pin (approximately 100 m in diameter) attached at the lateral side of the spinal 
cord. Extracellular stimulation/recording electrodes were applied to the spinal cord. Sharp 
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glass microelectrodes (resistance 50-90 M ) were used to impale the giant axons. The 
electrodes were filled with the appropriate reagent, labeled with a fluorophore and dissolved in 
injection buffer with 250 mM KAc and 10 mM HEPES (pH 7.4), to be injected into the axons 
using light pressure. In most cases, antibodies were used at a concentration of 5-10 mg/ml 
labeled at a dye to protein ratio of about 1. GTP S was injected at a concentration of 10 mM. 
The injections could be visualized with a CCD (charge-coupled device) camera connected to a 
fluorescence microscope. The absolute concentrations of the injected reagents were not 
measured, but relative concentrations could be estimated by measuring fluorescence intensity 
along the gradient of the reagent caused by diffusion from the site of injection. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Electrophysiology 

In electrophysiological experiments measuring the excitatory postsynaptic potential (EPSP), a 
synaptically connected neuron located at a distance of 150-200 μm from the axonal 
microinjection pipette was impaled with a second microelectrode filled with 3 M KCl 
(resistance 80-100 M ). After recording the control synaptic response (evoked by positive 
current pulses in the microinjection pipette) for 5-10 min microinjection was initiated. The 
fluorescence intensity at the site of the synaptic connection was monitored in parallel with the 
EPSP amplitude. 
 

Figure 2. Schematic illustration of the microinjection setup. The spinal cord was dissected and 
placed with the ventral side up in a chamber. The site of injection was marked with a pin and 
extracellular stimulation/recording electrodes were applied to the spinal cord. Microelectrodes 
were filled with the fluorescently labeled reagent and injected into axons using a slight amount 
of pressure. The injections were used for light microscopy, electron microscopy, and 
electrophysiology analysis (Gad, 2000). 
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Electron microscopy analysis 

In order to analyze microinjected axons the spinal cords were prepared for transmission 
electron microscopy. This includes fixation, embedding in resins, sectioning, and 
counterstaining. The tissue was chemically fixed with 3% glutaraldehyde, which crosslinks 
proteins permanently, but leaves tissue sensitive to pH changes and osmolarity. The 
glutaraldehyde was therefore mixed in a cacodylate buffer at neutral pH. To increase the 
contrast of proteins, tannic acid was used in the fixative solutions. Post-fixation was carried 
out with osmium tetroxide to fix lipids and to increase the contrast by staining lipids. Prior to 
embedding in a resin (Durcupan), water within the tissue had to be replaced by an organic 
solvent due to Durcupan’s insolubility in water. Dehydration was carried out in a series of 
steps with increasing concentrations of ethanol to the final concentration of 100%. The ethanol 
was then replaced with propylene oxide followed by infiltration of the resin in steps with 
increasing concentrations of Durcupan mixed in propylene oxide. Polymerization was done in 
100% Durcupan at 50 °C for 48 hours. Sectioning of the embedded spinal cord was carried out 
on an ultratome with a diamond knife. The hole made by the pin at the microinjection (see 
above) was used for orientation of the specimen. Semithin (500-1000 nm) sections were first 
cut and stained with toluidine blue and examined under a conventional light microscope. By 
comparing the distribution of the axons with the injection protocol and images taken after the 
injection, injected axons could be identified. Series of ultrathin sections (200-500 sections, 70 
nm each) were cut and placed on formvar coated copper/rubidium grids. To increase the 
contrast, the thin sections were counterstained with uranyl acetate followed by lead citrate. 
Sections were examined and photographed in a Tecnai 12 electron microscope.  
 
Immunolocalization 

The microinjection setup used in this study was coupled to a confocal microscope with an 
argon and helium laser. This made it possible to do immunolocalization of two different 
proteins simultaneously. The problems of epitope damage due to fixatives were avoided since 
the antibodies were injected into living axons. The antibodies were directly labelled with a 
fluorescent dye using NHS-esters that bind to amine groups on the protein. Typically, 
antibodies to the protein of interest were labelled with Alexa488 and antibodies to a vesicle 
marker (i.e. synaptotagmin or VAMP-2) were labelled with Alexa546.  
 Pre-embedding immunogold was used to localize proteins at the ultrastructural level. In 
this method the spinal cord was initially fixed with a weaker fixative (4% paraformaldehyde, 
0.1% glutaraldehyde) than usually used in the preparations for electron microscopy (see 
above). The spinal cord was either electrically stimulated or kept in high potassium (normal 
Ca2+ level) or low calcium solution (resting condition) prior to fixation. In some cases 
microinjection was combined with this method to visualize protein localization after 
perturbation (Evergren et al., 2004b). In order to make the presynaptic compartment available 
for antibody recognition the spinal cord was longitudinally sectioned with a vibratome. The 
primary antibodies were then applied to the opened axons and incubated overnight with 
agitation in order to increase penetration of the antibodies. Secondary antibodies conjugated to 
5 nm gold particles were then applied and spinal cords were prepared for electron microscopy 
as described above. 
 
Quantitative analysis of injected axons and immunogold labeling 

Morphological observations reported in the thesis were observed in at least two independent 
experiments (two different animals) and in several (two to four) microinjected axons. 4-10 
synapses were collected and analyzed in each case. Control samples were collected in adjacent 
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non-injected axons or in the same axons but far away from site of injection. The number of 
synaptic vesicles and coated pits as well as the length of clathrin-covered membrane (in m) 
were counted/measured in center sections of serially cut synapses, and normalized to one 
active zone length. To quantify cisternae in synaptic regions, a mesh with squares of 200 x 200 
nm was placed over the synapse (center section). The percentage of squares containing 
membranous structures larger than 100 nm (to exclude synaptic vesicles) was counted in a 
rectangular area extending laterally one half active zone length (from the edges of the active 
zone) and into the axon one active zone length. Coated pit length was measured as the length 
from the base at the plasma membrane to the top of coated pit membrane. The size of coated 
pits was determined by measuring the length of the invaginated membrane. The size of 
synaptic vesicles was determined by measuring the diameter. For immunogold labelling in 
paper I, gold particles were counted in a defined periactive zone area (0.5 x 0.5 m directly 
lateral to the active zone) and in a control area (0.5 x 0.5 m, 0.5 m laterally from the active 
zone). For immunogold labelling in paper II, gold particles were counted on coat, neck, or 
plasma membrane and normalized to coat/membrane length. Differences between variances 
were tested by F-test and normal distribution by skewness. Student’s t-test or Mann-Whitney 
test was used where appropriate. The distribution of stages of coated pits was evaluated by 
Chi-square test. In all statistical tests in this thesis, p-values less than 0.05 were regarded as 
significant.  
 
Bioinformatics 

The Lampetra fluviatilis genome has not been sequenced yet and its proteins are frequently not 
conserved at the amino acid level when compared to mammalian proteins. Since a main part of 
this thesis regards acute perturbation of proteins with lamprey-specific reagents, achieving this 
has required an extensive use of different bioinformatic tools in order to clone lamprey 
orthologs of the proteins of interest. Primarily, sequences from different species were collected 
from GenBank (National Center for Biotechnology Information, NCBI). Multiple alignments 
(ClustalW algorithms) of the sequences were used to distinguish conserved regions suitable for 
primer design. The use of codon usage tables was also helpful in designing primer pairs. 
Derived sequence data were analyzed with multiple alignments as well as with computer 
programs like BLASTn and BLASTx (NCBI). The cloning process was recently facilitated by 
the genome sequencing project of a closely related species, Petromyzon marinus (sea 
lamprey). The so-called shotgun technique used has generated sequences of many thousands of 
small DNA fragments (ranging from 35 to 900 nucleotides long). This made it possible to do 
BLAST searches to find short sequences of Petromyzon marinus orthologs. The evolutionary 
closeness between Lampetra fluviatilis and Petromyzon marinus made it possible to use the 
shotgun sequence data for the design of primers. Information about exons/introns in the 
GenBank was also helpful in finding open reading frames (ORFs) and in building potential 
mRNA sequences.  
 
Polymerase chain reaction (PCR) 

Although there are other techniques to find orthologs, the molecular cloning of Lampetra 

fluviatilis proteins in this thesis relied on amplifying desired mRNA sequences with PCR 
based techniques (Mullis et al., 1986). Total brain mRNAs were isolated with commercial kits 
taking advantage of the polyA-tail. Reverse trancriptase PCR generated cDNA, which was 
used as templates for amplification with PCR. In some cases commercial cDNA libraries were 
used as a template. Gel electrophoresis was used to purify and analyze PCR products. Positive 
products were extracted and transferred to vectors for subsequent sequencing using 
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commercial kits (TA cloning). 3’-RACE and 5’-RACE (rapid amplification of cDNA ends) 
were used to amplify missing 3’- or 5’-ends of the cDNA. A major problem was that the 
Lampetra fluviatilis mRNA seems to have a high content of guanine and cytosine nucleotides 
(~60%, unpublished observations). This so called GC-rich DNA complicates PCRs by forming 
strong secondary structures, encouraging unspecific primer annealing, and/or by making 
denaturation of DNA more ineffective. It might also complicate protein expression due to the 
presence of uncommon codons. These problems were solved by improving the PCR with 
special running conditions (touchdown PCR), nested PCR, primer optimization, and by careful 
choice of enzymes, buffers, and additives (e.g. betaine and DMSO). Additives (or enhancers) 
were used to increase yield and specificity and to overcome problems with GC-rich or long 
templates. Another key optimization step was the production of a good quality cDNA template 
(reverse transcriptase PCR).  
 
Subcloning 

In order to use derived sequence data for further studies, the sequence was moved from one 
parent vector to another destination vector, using subcloning techniques. For instance, two 
destination vectors used in this study were pGEX- or pET-vectors, which generated GST-
tagged or His-tagged proteins, respectively, upon protein expression. Different restriction 
enzymes were used to excise the gene of interest followed by gel purification and removal of 
parent vector. Optimally, the destination vector was excised with the same restriction enzymes 
at the multiple cloning sites to generate complementary sticky ends. Mixing gene of interest 
and destination vector with a DNA ligase generated a plasmid that could be transformed to 
Escherichia coli cells for selection, amplification and harvest.  
  
Expression of proteins and antibody purification 

The pGEX/pET-vectors with the gene of interest were transformed into Escherichia coli 

(BL21 cells) and expression was induced with isopropyl-b-D-thiogalactopyranoside. Cells 
were lysed with sonication and Triton X-100 treatment in the presence of protease inhibitors. 
GST-tagged proteins were affinity purified on a glutathione sepharose column and His-tagged 
proteins on a NiCl coupled chelating column. Although commercial antibodies were used in 
this thesis, the majority of the antibodies were newly made through immunization of rabbits 
with lamprey-derived antigens. GST-tagged (with GST tag cleaved) or His-tagged proteins 
were used as antigens. The antigens were also coupled to a NHS-activated column, which was 
then used for affinity purification of the generated antibodies. Protein A sepharose purification 
of the antibodies was also performed to achieve a pure IgG preparation. Fab fragments were 
produced by cleavage using immobilized papain. The specificity of the antibodies was tested 
by Western blot using protein extracts from lamprey and rat brain or spinal cord tissues. 
Specificity was also verified by immunoprecipitation experiments (see below). 
 
Pull-down assays and immunoprecipitations 

To verify that the cloned lamprey orthologs share the same binding partners as mammalian 
orthologs, pull-down assays were performed on lamprey tissue extracts. Lamprey brains or 
spinal cords were homogenized in a buffer containing 20 mM HEPES (pH 7.4), 150-200 mM 
KCl/NaCL, 1-5 mM MgCl2, 1-10 mM EDTA, and protease inhibitors. The homogenate was 
incubated with Triton X-100 (0.5-1%) followed by high-speed centrifugation. The supernatant 
was saved and used as a Triton-extract in pull-down assays and immunoprecipitations. In pull-
down assays the supernatant was incubated with glutathione sepharose loaded with the GST 
fusion protein of interest. In some experiments, domain-specific antibodies were added in this 
step for analysing interfering properties of the antibodies. In immunoprecipitations, the Triton 
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extract was incubated with antibodies and protein A sepharose. After several washing steps the 
bound proteins were eluted with SDS-PAGE sample buffer and analyzed with SDS-PAGE and 
Western blot. 
 
Liposome binding/tubulation/budding assays 

To investigate protein function in relation to lipids a range of different in vitro methods have 
recently emerged from many labs. In this thesis, liposomes were prepared in order to 
investigate lipid binding and tubulating properties of proteins. Liposomes were either prepared 
from brain extract lipids (Folch fraction) or from pure phospholipid/cholesterol components. In 
some cases rhodamine labelled phospholipids or lipophilic fluorophores were used for 
visualization of the liposomes. Liposomes were prepared with a mini-extruder to generate 
liposomes of an approximate diameter of 0.1-0.4 m. For binding assays, the liposomes were 
incubated with proteins, followed by centrifugation. The pellet was analyzed with SDS-PAGE 
and Western blot. For tubulation assays the liposome/protein mix was either put on a grid for 
EM analysis or on a slide for confocal microscopy analysis. Liposomes were also used in a 
SUPER template assay to investigate budding properties of proteins (Pucadyil and Schmid, 
2008). Here, the fluorescently labelled liposomes were incubated with silica beads to generate 
a membrane reservoir for studying membrane budding events. 
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MEMBRANE CURVATURE IN CLATHRIN-COAT FORMATION  

A major task of the endocytic machinery is to form the plasma membrane into a highly curved 
synaptic vesicle. There are several considerations that preclude membrane deformation 
including lipid composition, the membrane proteins present, the surrounding cytoskeleton, 
scaffolding proteins nearby, and amphipathic helix insertion (McMahon and Gallop, 2005). 
These processes probably work in parallel and include involvement of many proteins that 
regulate the timing and spatiality of membrane curvature. An additional unique task for the 
endocytic machinery in the synapse is the formation of vesicles of uniform size (40-50 nm). In 
this chapter, one family of endocytic proteins (ENTH/ANTH proteins) that are proposed to be 
involved in membrane curvature generation will be considered. A major focus will be on the 
ENTH protein epsin 1, which in Paper I was linked to clathrin-mediated endocytosis at the 
synapse. 
 

ENTH/ANTH proteins 

The epsins, AP180, and CALM (clathrin-assembly lymphoid myeloid leukaemia protein) 
belong to a family of proteins that share a highly conserved N-terminal region of about 150 
amino acids, called the ENTH domain (in the epsins) and the ANTH domain (in AP180 and 
CALM) (Legendre-Guillemin et al., 2004) (Figure 3). There are four differentially expressed 
isoforms of epsin in mammals (1-4) where epsin 1 is enriched in brain, epsin 2 and 4 (also 
called CLINT1, epsinR, or enthoprotin) are ubiquitously expressed, and epsin 3 is expressed in 
keratinocytes 3 (Chen et al., 1998; Kalthoff et al., 2002; Mills et al., 2003; Rosenthal et al., 
1999; Spradling et al., 2001; Wasiak et al., 2002). AP180 and CALM are closely related but 
AP180 appears to be the brain-specific isoform compared to the ubiquitously expressed 
CALM. AP180 was found independently by several different labs and been variously named 
AP-3 (Keen and Black, 1986), NP185 (Kohtz and Puszkin, 1988), and F1-20 (Zhou et al., 
1992).  
 The ENTH/ANTH domain has a globular structure containing 8 alpha helices (De 
Camilli et al., 2002). ENTH/ANTH domains interact preferentially with PI(4,5)P2-containing 
membranes and the ENTH domain tubulates liposomes in vitro (Ford et al., 2002; Itoh et al., 
2001). Upon binding to membranes an additional amphipathic helix (helix O) is formed and 
inserted in the membrane (only seen with ENTH domains and not with ANTH domains) (Ford 
et al., 2002). The insertion of an amphipathic helix is thought to promote membrane bending. 
Further investigation of the ENTH membrane interaction showed that the ENTH domain has 
the property of self association and is able to form protein complexes that further promote 

Figure 3. Domain structure of the ENTH/ANTH family of proteins. The proteins contain a 
globular ENTH/ANTH domain in the N-terminal and an unstructured C-terminal with various 
peptide motifs binding to clathrin, AP-2, and EH-domain proteins. A lamprey ortholog of epsin 
was cloned in Paper I. It showed high sequence similarity to mammalian epsin 1. 
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membrane bending (Yoon et al., 2010). Other protein binding properties have been described 
in addition to the membrane binding. A two-hybrid screen showed binding to the transcription 
factor PLZF (promyelocytic leukaemia zinc finger), linking epsin to the nucleus and 
transcription (Hyman et al., 2000). Tubulin is another protein binding partner of the 
ENTH/ANTH domain, which potentially could couple the endocytic machinery to 
microtubuli-mediated transport (Hussain et al., 2003). In addition, studies in yeast have 
demonstrated that the ENTH domain may be involved in actin dynamics by interacting with 
GTPase-activating proteins linked to Cdc42 (Aguilar et al., 2006). 
 The c-terminus of epsin in isoforms 1-3 contains repeats of a short peptide motif, DPW 
(up to eight repeats in epsin 1). These motifs have been shown to preferentially bind to the -
ear of AP-2 (Brett et al., 2002). AP180 and CALM also contain -ear binding motifs including 
DPF and FxDxF motifs (Brett et al., 2002). The epsins bind clathrin via type I and type II 
clathrin boxes and AP180/CALM binds clathrin via repeats of DLL motifs (Drake and Traub, 
2001). Overexpression of the clathrin/AP-2 binding (CLAP) domain of the epsins/AP180 has 
been shown to be a powerful tool in causing inhibition of clathrin-mediated endocytosis in 
both non-neuronal and neuronal cell cultures (Chen et al., 1998; Granseth et al., 2006). The 
epsins and CALM also contain several NPF motifs that interact with EH domain modules 
found in Eps15 and intersectin (Chen et al., 1998; Yamabhai et al., 1998). In addition the 
epsins also contain UIMs, linking them to the uptake of ubiquitinated cargo (Polo et al., 2002). 
 In Paper I a Lampetra fluviatilis ortholog of epsin was cloned (Figure 3 and Paper I, 
Figure 1A). The ENTH domain, including the residues essential for membrane binding, was 
highly conserved (80% similiarity) (Paper I, Supplementary Figure S1). Its lipid binding and 
tubulating properties were further confirmed in various in vitro assays (Paper I, Figure 1B and 
Supplementary Figure S2). Furthermore two or three UIMs (in different splice forms) could be 
identified followed by the repeated motifs of clathrin boxes, DPW, and NPF. Ubiquitin 
(unpublished observations), clathrin, and AP-2 binding (Paper I, Figure 1C and 1H) were 
conserved in lamprey epsin but no binding to EH-domain proteins could be detected 
(unpublished observations).  The lamprey epsin clone was further used to generate domain-
specific reagents (i.e. polyclonal antibodies) to investigate the function of epsin in synaptic 
vesicle endocytosis (see below). 
 
The epsins – key components of clathrin-mediated endocytosis? 

The structure of ENTH/ANTH proteins suggests a model where the ENTH/ANTH domain is 
anchored to the membrane leaving its C-terminus to recruit coat components and perhaps to 
stimulate clathrin assembly. Both AP180 and epsin can efficiently recruit clathrin to PI(4,5)P2-
enriched phospholipid monolayers and polymerize clathrin into lattices (Ford et al., 2002). In 
the case of clathrin-epsin the lattices were invaginated while for clathrin-AP180 the lattices 
were flat. Thus, the epsins seem to be more potent in deforming membranes than AP180. 
These findings support a model where epsin function is a key component in clathrin-mediated 
endocytosis driving membrane curvature. The presence of at least one kind of epsin in almost 
all cells furthermore supports a key role of the epsins in clathrin-mediated endocytosis. When 
expressed as GFP-epsin in COS7 cells, epsin colocalizes with clathrin (Rappoport et al., 2006; 
Zoncu et al., 2007) and knockdown studies and overexpression of dominant negative mutants 
have linked epsin 1 with transferrin uptake and EGF receptor uptake, respectively (Deinhardt 
et al., 2006; Ford et al., 2002; Vanden Broeck and De Wolf, 2006). However, epsin 1 appears 
not to be an obligatory component in endocytosis, as it is not involved in clathrin-dependent 
uptake of Tetanus toxin into motor neurons (Deinhardt et al., 2006). Drosophila melanogaster 

epsin (i.e. liquid facets) has been specifically linked to uptake of ubiquitinated cargo and 
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regulation of the Notch signalling pathway (Cadavid et al., 2000; Chen et al., 2002; Overstreet 
et al., 2004; Tian et al., 2004). Knockouts of epsin 1 and 2 in mice result in embryonic lethality 
with a Notch signalling defect phenotype consistent with the Drosophila studies (Chen et al., 
2009). In yeast, epsin and AP180 seem to have a redundant role where only complete 
knockout of all isoforms affects endocytosis (Maldonado-Baez et al., 2008). 
 
Epsin in synaptic vesicle endocytosis 

In the first description of mammalian epsin 1, the colocalization of epsin with synaptophysin 
was observed (Chen et al., 1998). Immunogold labelling of isolated synaptosomes also showed 
that epsin was present on clathrin-coated pits. However, in proteomic studies of purified brain 
clathrin-coated vesicles, epsin has been reported to be partly lost (Hawryluk et al., 2006). In 
Paper I co-microinjection of fluorescently labelled epsin and VAMP-2 (a synaptic vesicle 
marker) antibodies into living lamprey reticulospinal axons was performed. The antibodies co-
accumulated at spots showing that epsin is enriched at synaptic release sites (Figure 4A and 
Paper I, Figure 2A). In order to localize epsin at the ultrastructural level pre-embedding 
immunogold was performed. Epsin CLAP antibodies were applied to open axons, which had 
either been kept at resting conditions (low Ca2+) or at stimulating conditions (high K+). At 
stimulating conditions, clathrin-coated pits could be observed in the peri-active zone. These 
were labelled with epsin antibodies, showing that epsin is a component of clathrin-coated pits 
induced by synaptic activity (Figure 4B and Paper I, Figure 2B). 
 
 
 
 
 
 

 To test the functional model of epsin where the ENTH domain interacts with 
membranes and C-terminal region with coat components, polyclonal antibodies were 
generated against the ENTH and CLAP domain, respectively (Paper I, Figure 1D and 1E). 
These antibodies disrupted the membrane tubulating and clathrin/AP-2 binding properties of 
lamprey epsin in vitro, respectively (Paper I, Figure 1F, 1I, and Supplementary Figure S2). 
Acute perturbation of epsin by intraaxonal microinjection of antibodies to either the ENTH 
domain or the CLAP region disrupted synaptic vesicle recycling as shown as a stimulus-
dependent loss of synaptic vesicles (Figure 5A and 5B and Paper I, Figure 3B and 6A). 
However, the effects on clathrin-coated pit formation were different depending on the 
antibodies: after ENTH antibody injection the number of clathrin-coated structures in the 
periactive zone was strongly reduced whereas injection of CLAP antibodies induced an 
increase in the relative abundance of shallow versus invaginated coated pits. The lack of 
clathrin-coated pits following ENTH domain perturbation is consistent with a model that 
implies that epsin binding to PI(4,5)P2 promotes membrane curvature along with recruitment 
of AP2 and clathrin. This effect is similar to that following expression of epsin with a mutation 

Figure 4. A) Confocal image of a giant axon microinjected with labelled epsin (red) and 
VAMP-2 (green) antibodies showing that epsin is accumulated at synaptic regions. Scale bar = 
1 m. B) Electron micrograph of pre-embedding immunogold with epsin antibodies on opened 
giant axons (stimulated with high K+) showing that epsin is accumulated on activity-induced 
clathrin-coated pits in the peri-active zone. Scale bar = 200 nm.  
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in the ENTH domain (disrupting lipid binding) in HeLa cells where clathrin-coated 
endocytosis was inhibited (Ford et al., 2002).  
  

 ENTH antibody injections were also combined with pre-embedding immunogold 
labelling for the coat marker amphiphysin. Amphiphysin labelling was decreased in the peri-
active zone consistent with a mislocalization of coat components (Paper I, Supplementary 
Figure S4). Surprisingly, disrupting epsin’s clathrin/AP2 binding domains does not affect the 
recruitment of coat proteins to sites of endocytosis (Figure 5B), indicating that other proteins 
are probably responsible for this recruitment (e.g. AP180 and amphiphysin). However, the 
coated pits formed were flatter and larger than those in unperturbed synapses (Figure 6A-B 
and Paper I, Figure 4A-G). Synaptic vesicle size was not changed showing that the enlarged 
coated pits did not proceed to vesiculation. Another abnormality observed was large patches of 
clathrin and large clathrin-covered membrane invaginations (Figure 6C-D and Paper I, Figure 
4E-F and 5A-D). A possible explanation for these effects is that steric hindrance by the epsin-
bound antibody prevents the formation of highly curved coated pits. Similar effects have been 
seen when amphiphysin’s CLAP domain has been perturbed with antibodies (Evergren et al., 

Figure 5. Electron micrographs of stimulated synapses where epsin function has been 
perturbed with either ENTH (A) or CLAP (B) antibodies. Note the depletion of synaptic 
vesicle in both cases and the increase of clathrin-coated structures on cisternae (arrows) and 
plasma membrane (open arrows) in the CLAP perturbed synapse.  Scale bar = 1 m. a, 
axoplasmic matrix; d, dendrite; sv, synaptic vesicles.  

Figure 6. Examples of clathrin-coated pits that have been perturbed with epsin-CLAP 
antibodies. Shallow (A) and non-constricted (B) clathrin-coated pits at the plasma membrane 
were larger than control clathrin-coated pits. C) Example of a flat clathrin-coated patch at the 
plasma membrane. D) Example of a large abnormal clathrin-coated structure with vacuolar and 
tubular regions. Scale bars = 100 nm (A-C) and 200 nm (D). 
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2004a). Another possible explanation is that epsin controls synaptic vesicle size by linking 
curvature formation with coat assembly thereby restricting assembly to curved membrane 
regions. According to this model, epsin could still contribute to curvature formation after 
perturbation of clathrin-AP2 interactions, but stabilization of curvature by the emerging coat is 
disturbed. Under these conditions epsin may retain indirect connections with clathrin and AP2 
via NPF–EH domain interactions (e.g. intersectin or eps15).  
 
Forming the perfect synaptic vesicle 

The control of synaptic vesicle size probably involves several proteins. For example, clathrin 
itself has been shown to be essential for curvature formation (Hinrichsen et al., 2006). AP180 
was identified as an abundant component of clathrin-coated pits purified from brain extracts 
and has been shown in vitro to stimulate clathrin polymerization (Ahle and Ungewickell, 
1986). Only one isoform of CALM/AP180 exists in Drosophila melanogaster and 
Caenorhabditis elegans and interestingly, knockouts in both organisms have effects on 
synaptic vesicle size, strongly suggesting a direct role of AP180 in vesicle size regulation 
(Nonet et al., 1999; Zhang et al., 1998). However the inability of the ANTH domain to deform 
membranes in vitro indicates that AP180 may not be able to work on its own. A possible 
hypothesis is that the ENTH domain of epsin performs the membrane bending while the C-
terminus of AP180 with dispersed clathrin-binding sites stabilizes the growing clathrin coat to 
the correct size. It is also possible that epsins only act at the beginning of endocytosis in 
forming the initial clathrin-coated bud (by inducing membrane curvature) and that other 
membrane bending proteins (e.g. BAR domain proteins) are important for later stages. The 
strong homology and possible redundancy seen in knockout studies between the ANTH and 
ENTH domains indicate probable similar functions for the two domains. An alternative and 
tempting hypothesis is that the ENTH/ANTH domain proteins are important in protein sorting. 
Although no direct binding to synaptic vesicle proteins have been observed, AP180 mutants 
showed that AP180 is required for either recycling of vesicle proteins and/or maintaining the 
distribution of both vesicle and synaptic proteins in the nerve terminal (Nonet et al., 1999; 
Zhang et al., 1998). In addition, a systemic gene analysis of mutants responsible for snc1 
(VAMP/synaptobrevin homologue) endocytosis in yeast, identified AP180 as a cargo-specific 
adaptor (Burston et al., 2009). Furthermore, epsin 4 has been shown to bind the SNARE 
homolog Vti1B, suggesting a potential role for epsins in SNARE sorting (Hirst et al., 2004). 
Together the ENTH/ANTH domain containing proteins, stonins, and AP-2 (adaptors for 
synaptotagmin) may assemble the synaptic vesicle proteins into the growing clathrin coat to 
the correct size in order to form a new fusion-competent synaptic vesicle.     
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FISSION OF CLATHRIN-COATED VESICLES – ROLE OF EHD 

The final step of endocytosis involves cutting the clathrin-coated pit from the plasma 
membrane. The dynamin protein is generally considered to be responsible for fission but its 
exact mechanism is not clear and the characterization of other interacting proteins is important 
for a full understanding of dynamin-mediated fission. For example, the SH3 domain 
containing proteins (e.g. syndapin, amphiphysin, endophilin, intersectin) may help in 
recruiting dynamin to sites of endocytosis and in forming tubular membrane structures via 
their BAR domains (discussed in next chapter). Here, a completely different type of possible 
fission regulator is discussed, the ATPase protein EHD, which was linked to dynamin-
mediated fission of clathrin-coated vesicles in the synapse in Paper II. 
 
 
 
 
 
 

EHD – a membrane deforming ATPase 

EHDs are conserved membrane binding ATPases implicated in intracellular membrane 
trafficking (Grant and Caplan, 2008). The mammalian genome contains four genes (EHD1-4), 
which are broadly expressed in different tissues, including brain (EHD1, 3, and 4) (Blume et 
al., 2007). A single EHD gene is present in Caenorhabditis elegans (termed RME-1) and 
Drosophila melanogaster (termed Past-1) (Pohl et al., 2000). EHDs consist of an N-terminal 
G-domain, which binds ATP, a coiled coil domain involved in dimerization, and a C-terminal 
EH domain (Figure 7). The EH domain interacts with NPF motif-containing proteins like 
Rabenosyn-5, Rab11-FIP2, and syndapin (Braun et al., 2005; Naslavsky et al., 2004; 
Naslavsky et al., 2006; Xu et al., 2004). 
 The previously solved crystal structure of EHD2 revealed that its nucleotide-binding 
G-domain is similar to the GTP-binding domain of dynamin (Daumke et al., 2007). Its ATPase 
activity is stimulated upon lipid binding and oligomerization, similar to the assembly-
stimulated activity of dynamin (i.e. GTPase activity for dynamin) (Daumke et al., 2007). 
Recent studies in Caenorhabditis elegans have shown that RME-1 interacts and colocalizes 
with the BAR domain containing protein AMPH-1 (the only Caenorhabditis elegans member 
of the Amphiphysin/BIN1 family of BAR-domain proteins); AMPH-1 was proposed to 
regulate EHD spiral assembly (Pant et al., 2009).  
 In Paper II, a lamprey ortholog of EHD was cloned. Lamprey EHD is most similar to 
mammalian EHD1 and EHD3 and it is broadly expressed in different tissues, including the 
brain (Paper II, Figure 2B and Supplementray Figure 1). The domain structure as well as the 
lipid binding and tubulating properties of EHD were found to be conserved (Paper II, Figure 

Figure 7. Domain structure of human dynamin 1, EHD 1-4, and the lamprey EHD ortholog 
cloned in this study. Dynamin consists of five domains: a GTPase domain that binds and 
hydrolyzes GTP, a PH domain that binds membranes, a GED domain that stimulates self-
assembly and GTPase activity, a middle domain important for self-assembly, and a proline-
rich domain (PRD) domain that binds SH3 domains in other proteins. EHDs consists of an N-
terminal ATPase domain that binds and hydrolyzes ATP, a coiled-coil (CC) domain involved 
in dimerization, and a C-terminal EH domain that binds NPF motifs. 
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1A and 1B). A functional budding assay was set up to measure a possible EHD budding 
mechanism. In this assay (SUPER template methodology), silica beads are covered with an 
excess fluorescently labeled membrane (Pucadyil and Schmid, 2008). Upon addition of 
dynamin in the presence of GTP vesicle budding occurs which can be monitored in real-time 
(Figure 8B, Paper II, Figure 1E). EHD was shown to efficiently bind the beads although no 
budding events could be detected (Figure 8A, Paper II, Figure 1C and 1D). However, the 
possibility that EHD could enhance dynamin-induced budding still remained, which was tested 
by adding both EHD and dynamin to the SUPER templates in the presence of ATP and GTP. 
Surprisingly, the presence of EHD strongly suppressed budding induced by dynamin (Figure 
8C, Paper II, Figure 1F). The inhibition of budding was strictly dependent on ATP hydrolysis 
since no inhibition was observed when the non-hydrolysable analog of ATP (ATP S) was 
used (Figure 8D, Paper II, Figure 1G). These results indicate that EHD and dynamin can 
interact in a nucleotide-dependent manner in a reduced system, but the physiological relevance 
of this observation is not clear.  

EHD and endocytic trafficking 

A role of EHD proteins in endocytic trafficking was first described in the Caenorhabditis 

elegans mutant RME-1 (Grant et al., 2001). It was shown to be important for yolk receptor 
recycling and is expressed in all kind of cells where it localizes to recycling endosomes and the 
plasma membrane. In mammalian cells, EHDs have been linked to the recycling of many 
transmembrane cargo proteins like transferrin receptors, AMPA receptors, and 1 integrins 
(Jovic et al., 2007; Park et al., 2004a; Rapaport et al., 2006) as well as to the internalization of 

Figure 8. Superimposed images (150 images in total) of recorded membrane dynamics in the 
SUPER template assay system for 150 seconds. (A) No budding was observed when EHD was 
added to the beads in the constant presence of ATP and GTP. (B) Addition of purified rat 
dynamin led to massive budding of small membrane vesicles from the SUPER-templates 
(constant presence of GTP and ATP). (C) No budding events were detected when Dynamin 
and EHD were mixed (constant presence of GTP and ATP). (D) By replacing ATP with 
ATP S the EHD-mediated inhibition of dynamin function could be reversed. Membrane 
budding thus occurs in the constant present of ATP S and GTP. 
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the transferrin receptor, IGF1-receptor, Trk-receptor, GLUT4, and L1NgCAM (Guilherme et 
al., 2004; Park et al., 2004b; Rotem-Yehudar et al., 2001; Shao et al., 2002; Yap et al., 2010). 
Although the four mammalian isoforms have very high sequence identity they seem to work in 
different pathways (Grant and Caplan, 2008). Most of the identified pathways with known 
EHD involvement are clathrin-independent but EHD1 has been shown to form complexes with 
clathrin and AP-2 indicating a role of EHDs in clathrin-dependent endocytosis as well (Rotem-
Yehudar et al., 2001).  
 
EHD in synaptic vesicle recycling 

The subcellular localization of the EHD family of proteins in neurons had not been yet fully 
described. Therefore, the localization of EHD in neurons was investigated in Paper II by 
microinjecting antibodies in living lamprey reticulospinal axons. The antibodies accumulated 
in spots and colocalized with the synaptic vesicle marker synaptotagmin, showing that EHD is 
accumulated at synaptic release sites (Figure 9A and Paper II, Figure 3A). Endocytic 
structures enriched with dynamin and its interaction partners like endophilin, amphiphysin, 
and intersectin can be trapped with GTP S (Sundborger, 2010). In Paper II, axons were 
injected with GTP S followed by pre-embedding immunogold labeling for EHD. Gold 
particles could be detected on the neck region of GTP S trapped clathrin-coated pits but not on 
the coat (Figure 9B and Paper II, Figure 3B and 3C). 
 
 
 
 
 
 
 
 
 
 
 
 

 The immunogold labeling data suggest a role of EHD in the clathrin-dependent 
synaptic vesicle recycling pathway. However, EHDs have been shown in other systems to 
have a preference for tubular structures in the cell, which in this case was induced artificially 
with GTP S injections (Blume et al., 2007; Galperin et al., 2002; Jovic et al., 2009). To test 
whether EHD indeed has a role in the clathrin-dependent synaptic vesicle endocytosis pathway 
EHD function was perturbed by intraaxonal microinjection of EHD antibodies. Perturbation of 
EHD in living reticulospinal axons resulted in a stimulus-dependent partial depletion of 
synaptic vesicles (Paper II, Figure 4A and 4C). The loss of vesicles was accompanied with an 
increase in the number of clathrin-coated pits strongly suggesting the importance of EHD in 
clathrin-dependent recycling of synaptic vesicles (Paper II, Figure 4B). A large proportion of 
the clathrin-coated pits had long necks, which were considerably longer than those of clathrin-

Figure 9. A) Confocal image of a giant axon microinjected with labelled EHD (green) and 
synaptotagmin (red) antibodies showing that EHD is accumulated at synaptic regions. B) 
Electron micrograph of pre-embedding immunogold labelling with EHD antibodies on opened 
giant axons (stimulated with 5 Hz) showing that EHD is accumulated on GTP S-induced 
clathrin-coated pits in the peri-active zone. Scale bar = 100 nm. 
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coated pits in control axons (Figure 10A and 10B, Paper II, Figure 4C and 4D). In EHD 
antibody-injected axons the length from the base at the plasma membrane to the top of the 
coated pit membrane reached up to 200 nm, while in control axons the length never exceeded 
100 nm (Paper II, Figure 4E). This phenotype further suggests that EHD is important at a late 
stage of clathrin-coated vesicle formation. Similar effects have been seen following 
microinjection of GTP S (Tomilin et al., 2007) or the endophilin SH3 domain (Gad et al., 
2000). These reagents are expected to affect dynamin supporting the idea that the present 
phenotype is due to defects in dynamin function. In a separate experiment, dynamin pre-
embedding immunogold labeling was performed on the EHD antibody-induced long necks. 
Dynamin was detected on the necks, thus indicating that EHD functions in a dynamin-
dependent pathway but also that dynamin recruitment to neck regions seems unaffected 
(Paper II, Figure 5A and 5B). It is possible that EHD has a role in other pathways, such as the 
bulk endocytic pathway. Some endosome-like structures with clathrin-coated pits were seen in 
EHD antibody-injected axons although it is difficult to judge if these reflect a direct defect in 
bulk endocytosis or are a result of membrane expansion due to defects in the direct clathrin-
dependent pathway (Paper II, Supplementary Figure 2).  
 The in vitro budding assays, synaptic localization, and acute perturbation of EHD in 
living synapses indicate that EHD participates in recycling of synaptic vesicles. The data 
further suggest that EHD is involved in dynamin-mediated fission. 

 
Role of EHD in regulating GTPase proteins 

The mechanism of dynamin-mediated fission is unclear although extensive research has been 
done during the last few decades. Studies in in vitro systems have shown that dynamin alone is 
capable of binding, tubulating, and cutting liposomes into small vesicles (Pucadyil and 
Schmid, 2008; Roux et al., 2006). Surprisingly, studies of dynamin 1 knockout mice have 
shown that fission can still go on without dynamin although it seems to occur at a slower speed 
(Ferguson et al., 2007). In yeast, fission seems to be independent of dynamin and instead 
dependent on amphiphysins and actin-related mechanisms (Toret and Drubin, 2006). The 
phenotype observed in EHD perturbation experiments in Paper II is morphologically similar 

Figure 10.  In vivo perturbation of EHD. (A) Electron micrograph of a synapse in an axon 
microinjected with L-EHD antibodies and stimulated at 5 Hz for 30 min. Note the clathrin-
coated pit with long neck (arrow). Scale bar = 500 nm. a=axoplasmic matrix, d=dendrite, 
sv=synaptic vesicles. (B) Examples of clathrin-coated pits with long necks. Thin ring-like 
structures are visible at the necks (arrows). Scale bar = 200 nm. 
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to the clathrin-coated pit phenotype induced by GTP S injection. Thus, it is possible that 
interfering with EHD results in a defect in the GTPase activity of dynamin. The role of GTP 
binding and hydrolysis in regulating dynamin-dependent fission is not fully understood. 
Dynamin can deform liposomes into tubes and subsequent addition of GTP contracts the tubes 
resulting in tube fragmentation (Roux et al., 2006). In other studies GTP hydrolysis was shown 
to cause dynamin oligomers to disassemble suggesting a dynamic GTP-dependent binding and 
release to membranes, thereby promoting fission (Bashkirov et al., 2008; Pucadyil and 
Schmid, 2008; Pucadyil and Schmid, 2009). It was also shown that short dynamin spirals were 
more efficient in fission than longer spirals (Pucadyil and Schmid, 2008). 
 An interesting parallel is that EHD has also been linked previously to other GTP-
binding proteins belonging to the Rab family. For example, both EHD1 and Rab11 have been 
shown to participate in the recycling pathway from the perinuclear endoplasmatic reticulum 
compartment to the plasma membrane (Caplan et al., 2002; Lin et al., 2001; Ullrich et al., 
1996). In addition, both EHD4 and Rab4 localize to early endosomes where they have been 
suggested to control the recycling of receptors from this organelle (Sharma et al., 2008; Van 
der Sluijs et al., 1992). As in the case of EHD and dynamin in Paper II, no direct interaction 
between Rabs and EHDs has been described. But interestingly, direct interactions have been 
described between EHDs and Rab effectors, i.e. Rabenosyn and Rab11-Fab2 (Naslavsky et al., 
2004; Naslavsky et al., 2006). Another interesting finding is the possibility of EHD in the 
regulation of Rabs. Depletion of EHD4 leads to enhanced levels of GTP-bound active Rab5 
associated with endosomal membranes (Sharma et al., 2008). Thus, it seems that EHD and 
small GTPases cooperate in endocytic processes making the possible dynamin-EHD 
cooperativity found in Paper II appealing. However, it is also possible that the phenotype 
observed in EHD perturbation experiments in Paper II can be coupled to regulation of Rabs. 
Equally, GTP S injections may potentially affect all GTPase proteins in the synapse, including 
Rab proteins. Although Rabs are more functionally connected to membrane transport and 
fusion rather than with clathrin-mediated endocytosis and fission from the plasma membrane, 
the interesting finding that many of the Rabs (including Rab3, Rab5, Rab7, and Rab11) are 
specifically localized to synaptic vesicles suggests that there might be uncovered endocytic 
functions of Rabs (Takamori et al., 2006).  
 Future studies incorporating other components of the protein machinery that 
coordinates late stages of synaptic vesicle endocytosis will be required to elucidate the precise 
role of EHD in this process. It will also be interesting to investigate if EHD’s role in fission is 
a general mechanism in other types of endocytic pathways. 
  



 

 24

SYNAPTIC VESICLE ENDOCYTOSIS AT HIGH RATES OF 
STIMULATION 

During intense synaptic activity synaptic membrane is added to the plasma membrane at a 
high rate. Under such conditions clathrin-mediated endocytosis might be too slow to keep up 
with recycling new synaptic vesicles and to preserving synapse morphology. However, another 
way to cope with a large load of synaptic vesicle membrane would be that larger pieces of 
membrane (endosome-like) are retrieved, from which vesicles can bud at a later stage. This 
form of endocytosis, often called bulk endocytosis, has indeed been observed as a result of 
intense stimulation by many investigators (Clayton et al., 2008; De Lange et al., 2003; Heuser 
and Reese, 1973; Leenders et al., 2002; Teng et al., 2007). The process can occur rapidly 
although the subsequent budding from the endosome-like structures can be slow (Clayton et 
al., 2008; Wu and Wu, 2007). The molecular components of bulk endocytosis are unknown 
although both actin and dynamin have been linked to this process (Ferguson et al., 2007; Holt 
et al., 2003; Richards et al., 2004). Here the role of the F-BAR protein, syndapin, in synaptic 
vesicle endocytosis is discussed (Paper III). Syndapin is able to bind and tubulate membranes 
and to interact with dynamin and actin-regulating proteins, making it a possible key candidate 
molecular component in bulk endocytosis (Ahuja et al., 2007; Kessels and Qualmann, 2004; 
Qualmann et al., 1999). 
 
 
 
 
 
 
 

Syndapin - an F-BAR domain protein 

The BAR (Bin/Amphiphysin/RVS) domain is a protein module which is conserved from yeast 
to mammals (Gallop and McMahon, 2005). The domain can be found in many proteins 
involved in membrane trafficking (Figure 11). They form dimers that are banana shaped and 
bind to membranes with their concave faces. The binding of BAR domains to liposomes is 
affected by the curvature of the membrane and it is possible that BAR domains function as 
both curvature sensors and generators (Gallop and McMahon, 2005). Some of the BAR 
domains have an N-terminal amphipathic helix that can be inserted into membranes and induce 
membrane curvature (Gallop et al., 2006). The amphiphysins and endophilins contain such N-
BAR domains. Other BAR domains contain an FCH (FER-CIP4 homology) domain at their 
N-terminus and are consequently called F-BAR domains (Aspenstrom, 2009; Itoh et al., 2005). 
Pacsins/syndapins and formin binding protein 17 (FBP-17) are examples of proteins belonging 
to this subfamily of BAR proteins. Crystallization of the F-BAR domain of FBP-17 showed 
that the banana-shaped dimer has a larger curvature diameter when compared to other BAR 
domains (Shimada et al., 2007). The F-BAR domain was later shown to be capable of forming 

Figure 11. Domain structure of some of the BAR domain containing proteins. The proteins 
contain an F-BAR/N-BAR domain in the N-terminal and a SH3 domain in the C-terminal. 
Syndapin and amphiphysin also contain various peptide motifs that bind to clathrin, AP2 and 
EH-domain proteins. A lamprey ortholog of syndapin was cloned in Paper III. It showed high 
sequence similarity to mammalian syndapin 1.  
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oligomers via lateral interactions, which was suggested as the underlying mechanism for 
driving membrane curvature formation (Frost et al., 2008). The subsequent analysis of 
syndapin´s F-BAR domain confirmed that it has a similar structure to that of FBP-17 (Rao et 
al., 2010; Wang et al., 2009). In addition, BAR domain proteins may contain other domains 
that link them to other functions. For example lipid binding domains like the PH and PX 
domain can be found in oligophrenin and sorting nexins, respectively (Ellson et al., 2002; 
Lemmon, 2007). The brain enriched BAR proteins endophilin 1 (N-BAR), amphiphysin 1 (N-
BAR), and syndapin 1 (F-BAR) all have a SH3 domain in the C-terminal, which is a protein 
module that binds proline rich domains (PRDs) in other proteins such as dynamin. The SH3 
domain of syndapin in addition binds to synaptojanin, synapsin, N-WASP, and Cordon-Blue 
(Ahuja et al., 2007; Qualmann et al., 1999). Syndapin also contains two repeats of NPF motifs, 
which mediate binding to EH domain proteins as discussed in the previous chapter. In Paper 

III, a syndapin ortholog in Lampetra fluviatilis was cloned (Figure 11 and Paper III, Figure 
1A-B). The F-BAR domain, NPF motifs, and SH3 domains were conserved as well as the SH3 
binding partners dynamin and N-WASP (Paper III, Figure 1C). The lamprey syndapin clone 
was further used to generate domain-specific reagents (i.e. polyclonal antibodies and Fab 
fragments) to investigate the function of syndapin in synaptic vesicle endocytosis (Paper III, 
Figure 2A). 
  
Cellular functions of syndapin 

Overexpression of syndapin in cultured cells leads to the formation of filopodia, which is an 
actin-dependent process. As this induction was rescued by overexpression of the C-terminal 
region of syndapin’s binding partner N-WASP, this finding strongly suggests a role of 
syndapin in regulating actin polymerization (Qualmann and Kelly, 2000). In cultured neurons, 
colocalization of syndapin with dynamin, N-WASP, and synaptophysin was observed 
indicating a synaptic localization of syndapin (Kessels and Qualmann, 2006; Qualmann et al., 
1999). Syndapin’s role in clathrin-mediated endocytosis is somewhat unclear. It co-localizes 
poorly with clathrin (Modregger et al., 2002) and no direct binding to endocytic coat proteins 
have been reported. Overexpression of the SH3 domain in HeLa cells does inhibit transferrin 
receptor uptake, although this can be explained by a general inhibition of dynamin function 
(Qualmann and Kelly, 2000; Simpson et al., 1999). Overexpression of syndapin II in primary 
rabbit lacrimal acini led to an accumulation of clathrin-coated pits, and postsynaptic 
endocytosis of a subset of NMDA (N-methyl-D-aspartic acid) receptors appears to be 
dependent on syndapin thus indicating a possible role of syndapin in clathrin-mediated 
endocytosis at least in some cell types (Da Costa et al., 2003; Perez-Otano et al., 2006).  
 
Role of syndapin in synaptic vesicle endocytosis  

Although syndapin has been localized to synapses in previous studies (Qualmann et al., 1999), 
it remains unclear whether this occurs in the presynaptic compartment. Co-microinjection of 
labelled syndapin and VAMP-2 antibodies in Paper III showed a specific presynaptic 
localization of syndapin although it cannot be excluded that syndapin is also present in the 
post-synaptic compartment (Figure 12A, Paper III, Figure 2B). Gold particles accumulated in 
the peri-active zone area during pre-embedding immunogold labelling on opened axons but no 
labelling of clathrin-coated pits could be detected (unpublished observations). 
  Syndapin antibodies (raised against the full-length protein) were used in microinjection 
experiments in lamprey giant reticulospinal axons to examine the functional role of syndapin. 
Recordings in postsynaptic target neurons showed that the amplitude of the EPSPs was not 
affected by syndapin antibody injection at a low rate of stimulation (0.2 Hz) (Figure 12B, 
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Paper III, Figure 3A). Furthermore, the morphology of synapses in syndapin antibody 
injected axons stimulated at this rate for 30 minutes appeared unaffected: the number of 
synaptic vesicles and clathrin-coated pits when compared to control synapses was not 
significantly changed (Paper III, Figure 3B-C). This rate of stimulation is sufficient for 
detecting clathrin-related phenotypes since a reduction of synaptic vesicles and accumulation 
of clathrin-coated pits was observed at this condition after microinjection of the SH3 domain 
of amphiphysin (Shupliakov et al., 1997). Thus, syndapin does not appear to be important for 
synaptic vesicle recycling at low levels of stimulation.  
   
 
 
 
 
 
 
 
 
 
 

 To test the function of syndapin at higher rates of stimulation, reticulospinal EPSPs 
were recorded before and after a period of very intense stimulation (50 Hz for 10 minutes). 
When comparing control and syndapin antibody injected axons, the recovery of the EPSPs was 
delayed in syndapin antibody injected axons (Paper III, Figure 6E). In morphological 
experiments the effects of syndapin antibodies could be detected even with a less extreme (i.e. 
physiological) stimulation paradigm. A stimulus-dependent loss of synaptic vesicles 
accompanied with an accumulation of membrane structures (cisternae) were observed when 
axons were stimulated at a rate of 5 Hz for 30 minutes (Figure 13A and Paper III, Figure 5A 
and 6A). Thus, during more intense stimulation (i.e. 5-50 Hz), syndapin participates in 
synaptic vesicle endocytosis. It is notable that after perturbation of several endocytic proteins, 
the number of coated pits increases at similar stimulation conditions (Evergren et al., 2004a; 
Shupliakov et al., 1997). After perturbation of syndapin, however, the number of clathrin-
coated pits on the plasma membrane induced by stimulation (5 Hz for 30 minutes) did not 
differ from that in control axons (Paper III, Figure 6D). To further investigate the role of 
syndapin in clathrin-mediated budding, the ultrastructural changes were examined after a 15 
minute recovery period. The depletion of synaptic vesicles as well as accumulated cisternae 
remained while the number of clathrin-coated pits on the plasma membrane was decreased to 
control values (Paper III, Figure 6D). Thus, syndapin perturbations appear to have little direct 
effect on clathrin-mediated endocytosis at the plasma membrane. 
 The decrease in the number of synaptic vesicles corresponded with an accumulation of 
cisternae (Figure 13A-B and Paper III Figure 5A-E and 6B). The absence of detectable 
effects on clathrin-mediated endocytosis suggests that their occurrence cannot merely be 

Figure 12. (A) Confocal image of a giant axon microinjected with labelled syndapin (green) 
and VAMP-2 (red) antibodies, showing that syndapin is accumulated at synaptic release sites. 
(B) Amplitude of a reticulospinal EPSP (dots and line) recorded during stimulation at 0.2 Hz. 
Labelled syndapin antibodies were injected after 5 minutes of recording. The bars show the 
fluorescence intensity at the release sites. Sample traces show average at 1-2 and 17-18 min, 
respectively. 
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explained by a compensatory expansion of the plasma membrane. It might instead reflect a 
specific perturbation of the bulk endocytic pathway. To verify that the cisternae contained 
synaptic vesicle membrane, microinjection experiments were combined with pre-embedding 
immunogold for the synaptic vesicle protein VAMP-2. The cisternae were highly positive for 
VAMP-2 indicating that the accumulated cisternae contained synaptic vesicle membrane 
(Figure 13A-B and Paper III, Figure 4 and 5A-E). This hypothesis was further supported by 
the finding of narrow connections of the cisternae to the plasma membrane (arrows in Figure 
13B). A separate type of experiment was performed in which endocytosis was investigated in 
the absence of ongoing exocytosis. Axons were stimulated at 20 Hz for 30 min to deplete 
synaptic vesicle clusters followed by a rapid cooling to 1°C to inhibit endocytosis. Antibodies 
were then injected and the temperature was subsequently raised to 8°C to allow endocytosis 
and recovery of the synaptic vesicle pool. A recovery was observed in control antibody 
injected synapses but depletion of synaptic vesicles and occurrence of cisternae could be 
observed in syndapin-perturbed synapses (Paper III, Figure 7). This indicates that the 
accumulated cisternae, rather than resulting from a gradual invagination during sustained 
stimulation, reflected an endocytic process such as bulk retrieval.  

 Syndapin interacts with dynamin and N-WASP via its SH3 domain, linking it to both 
fission and actin regulation. Analysis of dynamin and actin levels after syndapin stimulation 
did not reveal any change in the synaptic distribution of dynamin (at least at the light 
microscopic level) while a stimulation-dependent decrease in actin levels, as monitored with 
Alexa-labeled actin, was observed (Paper III, Supplementary Figures 4 and 5). To further 
investigate the role of syndapin’s SH3 interaction partners, Fab fragments were purified 
against the SH3 domain. Injection of these Fab fragments produced a similar effect as 
injections of antibodies made against the full-length syndapin (Paper III, Figure 8).  
 Thus, antibody perturbation of syndapin in a living synapse showed an involvement of 
syndapin in synaptic vesicle recycling evoked by intense stimulation. The data further suggest 
that syndapin is important for bulk endocytosis and that it may take part in stabilizing the 
plasma membrane in the periactive zone. 
 The activation of the bulk endocytic pathway during intense synaptic activity suggests 
that there is a molecular sensor for such a change in intensity.  Calcium influx is a plausible 
trigger since an increase in the presynaptic calcium concentration is directly related to the level 
of synaptic activity. Electrophysiological studies have indeed shown that this pathway (as well 
as other types of endocytosis) is dependent on calcium and the calcium binding protein 

Figure 13. Electron micrograph of a synapse from an axon injected with syndapin antibodies 
and stimulated at 5 Hz for 30 minutes. (A) The number of synaptic vesicles was decreased but 
no accumulation of clathrin-coated pits on the plasma membrane was observed. Instead an 
accumulation of cisternae with clathrin-coated pits was observed. (B) The cisternae were 
connected to the plasma membrane (arrow) and positive for the synaptic vesicle marker 
VAMP-2 (gold particles). 
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calmodulin (Wu et al., 2009). Calmodulin activates the protein phosphatase calcineurin, which 
has been shown to dephosphorylate a range of synaptic proteins (i.e. the dephosphins) (Marks 
and McMahon, 1998; Robinson et al., 1993). Interestingly, the dephosphorylation of one of the 
key dephosphins, dynamin, occurs at the same stimulation conditions that activate bulk 
endocytosis (Clayton et al., 2009). This finding is further supported by the accumulation of 
endosome-like structures at high rates of stimulation in dynamin 1 knockouts (Ferguson et al., 
2007). Although dynamin interacts with many SH3 domain-containing proteins via its PRD, 
syndapin is its only known binding partner that requires dynamin dephosphorylation to bind 
(Anggono et al., 2006). Thus, it is possible that syndapin is the key recruiter and regulator of 
dynamin in the bulk endocytic pathway where the observed accumulation of cisternae in 
paper III could be an effect of the mislocalization or dysfunction of dynamin as a result of 
perturbing syndapin. How syndapin specifically recognizes bulk endocytic membrane, rather 
than membrane for single-synaptic vesicle endocytosis, is unclear. However, it is possible that 
the F-BAR domain has a preference for a more shallow curvature, which could recruit 
syndapin to large invaginations. Syndapin also interacts with N-WASP, which may activate 
the arp2/3 complex to nucleate actin polymerization. The F-BAR domain can form dimers and 
oligomers and it is thus possible that syndapin can interact with both dynamin and N-WASP at 
the same time. The reduction in actin labelling in syndapin-perturbed synapses indicated that 
the accumulated cisternae could be an effect of impaired actin dynamics. 
 Recent studies in Drosophila melanogaster identified the lipase Rolling blackout as 
another possible key component of bulk endocytosis, indicating a role of phospholipid 
modifcations in this pathway (Vijayakrishnan et al., 2009). Future studies incorporating other 
molecular components of the protein machinery that coordinates bulk endocytosis will be 
required to elucidate the mechanisms underlying this process.  
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CONCLUDING REMARKS 

The molecular machinery responsible for proper recycling of synaptic vesicles is far from 
completely understood. In this thesis, three proteins were linked to this process for the first 
time. Morphological phenotypes of antibody perturbations also linked the proteins to distinct 
and specific functions within the synapse. 
 
In paper I, epsin was shown to be a component of clathrin-coated pits induced by synaptic 
activity. Perturbation of epsin with two different antibodies impaired synaptic vesicle 
recycling, measured as a loss of synaptic vesicles. Perturbation of the N-terminus inhibited 
coat assembly while perturbation of the clathrin/AP-2-binding domain resulted in abnormal 
coat assembly. These findings suggest a model where epsin links membrane deformation to 
clathrin-coated pit formation within the periactive zone and thus may regulate synaptic vesicle 
size.  
 
In paper II, the ATPase EHD was shown in vitro to be capable of inhibiting dynamin-
dependent budding in a manner that was strictly dependent on ATP hydrolysis. EHD was 
localized to the neck region of endocytic structures induced by GTP S in the periactive zone of 
synapses. Perturbation of EHD resulted in a depletion of synaptic vesicles and an accumulation 
of clathrin coated pits with very long necks indicating an impairment of endocytic fission. 
These findings suggest a new regulatory mechanism of dynamin-mediated fission involving 
EHD. 
 
In paper III, an accumulation of syndapin at pre-synaptic release sites was shown. Presynaptic 
microinjection of syndapin antibodies inhibited synaptic vesicle recycling evoked by intense 
stimulation but not by light stimulation. The perturbation was further associated with massive 
accumulation of membranous cisternae and invaginations, but not of clathrin-coated pits at the 
plasma membrane. The findings suggest a model where syndapin is required for bulk 
endocytosis and to stabilize the plasma membrane at intense synaptic activity. 
 
Thus, the results in this thesis from immunolocalization studies together with acute 
perturbations of endocytic proteins in the lamprey giant reticulospinal axons have added new 
knowledge about the molecular network that mediates synaptic vesicle recycling.  
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under den här tiden gjort så otroligt mycket roligt tillsammans men framförallt så har vi 
frambringat våra två underbara barn, Samuel och Liv. Ni betyder allt! 
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