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Synaptic endocytosis retrieves exocytosed vesicles and maintains synaptic 

transmission which is essential to neural circuit functions. Accumulated studies suggest 

that calcium influx triggers synaptic vesicle endocytosis, which must undergo 

membrane pit formation and fission of the pit’s neck to generate vesicles. However, the 

calcium sensor that links calcium to endocytic machinery remains not well understood; 

whether pit formation involves clathrin remains debated, what mechanism controls the 

endocytic vesicle size remains not well understood either; the mechanism that couples 

exo- to endocytosis remains not fully understood either. My thesis work aims at 



  

improving our understanding of each of these questions. I studied endocytosis using a 

combination of techniques, including gene knockout, gene knockdown, fluorescence 

imaging, electron microscopy, and molecular biology techniques. I identified the 

calcium sensors that link calcium influx to endocytosis – the protein kinase C α and β 

isoforms and calmodulin. I found that clathrin is involved in mediating endocytosis at 

synapses, which may clarify the doubts on whether clathrin is indispensable for 

synaptic vesicle endocytosis. I found that dynamin is crucial not only for fission as 

generally thought, but also for controlling the vesicle size at hippocampal synapses, 

which enhances our understanding on how vesicle size is regulated at synapses. I found 

that NSF, which disassembles the SNARE complex, is crucial for mediating synaptic 

vesicle endocytosis, which enhance our understanding of the mechanisms that couple 

exo- to endocytosis. Consequently, In summary, I identified endocytosis calcium 

sensor as protein kinase C (α and β isoforms) and calmodulin; found clathrin in playing 

a role in pit formation, discovered a novel function of dynamin in controlling vesicle 

size, and reveal NSF in coupling exo- to endocytosis. These findings contribute to 

better understanding regulation of endocytosis at synapses.  
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Chapter 1: Introduction 

 

1.1 Synaptic transmission and vesicle recycling 

The nervous system processes environmental information to guide behaviors. 

Such processes are carried out by neural circuits, in which neurons interconnect with each 

other via a structure called a synapse. Signal transmission at synapses is mostly chemical, 

but can also be electrical. The present study focuses on chemical transmission at 

synapses, the release of neurotransmitters and their effects on postsynaptic neurons. A 

synapse is composed of a presynaptic axon terminal, a synaptic cleft, and a postsynaptic 

compartment usually located at the dendrite of the postsynaptic neuron. 

Neurotransmitters are produced, transported into vesicles, released from exocytotic 

vesicles into the synaptic cleft, and finally bind to receptors on postsynaptic dendrites or 

cell bodies to generate a postsynaptic potential.  

To release transmitters from vesicles, vesicles fuse with the plasma membrane, a 

process called exocytosis. Vesicle fusion opens a pore to discharge vesicular contents, 

including neurotransmitters, to the synaptic cleft. There are three modes of fusion, full-

collapse fusion, kiss-and-run, and compound fusion (Figure 1.1). Full-collapse fusion 

expands the fusion pore until the vesicle is flat, having fused with the plasma membrane 

(Figure 1.1), allowing for rapid and complete release of vesicular contents (Ceccarelli et 

al., 1973). Kiss-and-run involves only fusion pore opening and closure, without the 

vesicle flattening at the plasma membrane characteristic of full-collapse fusion 

(Ceccarelli et al., 1973) (Figure 1.1). The fusion pore during kiss-and-run fusion is 

thought to be narrow, which may slow down transmitter release and even cause 
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incomplete release if the pore closes quickly enough (Albillos et al., 1997; Ceccarelli et 

al., 1973; De Toledo et al., 1993; He et al., 2006; Klyachko & Jackson, 2002). Compound 

fusion involves vesicle-vesicle fusion before exocytosis (Figure 1.1). It may enhance 

synaptic strength and mediate a large portion of post-tetanic potentiation after repetitive 

stimulation (Fioravante et al., 2011; He et al., 2009; L.-G. Wu et al., 2014; Xue & Wu, 

2010). 

 

 
 
Figure 1.1. Three modes of exocytosis, full-collapse fusion, kiss-and-run, and compound fusion, may be 

associated with clathrin-mediated endocytosis, kiss-and-run, and bulk endocytosis, respectively. 

 

Exocytosed vesicles are recycled via a process called endocytosis, which prevents 

the vesicle pool from being exhausted by exocytosis. Endocytosis is thus crucial in 

maintaining vesicle pools, exocytosis, and synaptic transmission (Ceccarelli et al., 1973; 

Heuser & Reese, 1973; Kononenko & Haucke, 2015; Wu et al., 2014). In addition, 
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endocytosis preserves the morphological integrity of the cells (Alabi & Tsien, 2013; 

Bittner & Kennedy, 1970).  

 

1.2 Modes of endocytosis 

1.2.1 Modes of endocytosis differing in speed, vesicle size, or amount 

The kinetics of endocytosis depend on the parameters of stimulation, as 

demonstrated at many synapses. For example, at calyx of held synapses, where 

endocytosis can be measured with capacitance measurements, rapid endocytosis (time 

constant: ~1-3 s) is observed after an action-potential-like stimulus, whereas slow 

endocytosis (time constant: ~10-30 s) is observed after a brief train of action-potential-

like stimuli or a 20-ms depolarization (Renden & von Gersdorff, 2007; Sun & Wu, 2001; 

Sun et al., 2002; Wu et al., 2005; Wu et al., 2009). In addition to inducing rapid 

endocytosis, an increase in stimulation intensity also increases the frequency of bulk 

endocytosis, a mode of endocytosis that retrieves vesicles much larger than regular 

vesicles (Wu et al., 2005; Wu et al., 2009). Further increases in stimulation intensity 

induce endocytosis overshoot, a form of endocytosis that retrieves more vesicles than 

were exocytosed (Renden & von Gersdorff, 2007; Wu et al., 2009; Xue et al., 2012).  

 

1.2.2 Four mechanistically different modes of endocytosis  

1.2.2.1 Clathrin-mediated endocytosis 

 Clathrin-mediated endocytosis (CME), a classical form of endocytosis, involves 

the generation of clathrin-coated pits (CCPs) and membrane scission at the neck of pits 

that converts them into vesicles (Fig. 1.1). CCPs accumulate after exocytosis (Heuser, 
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1989; Heuser & Reese, 1973). Blockage of scission, the final step of endocytosis, leads to 

accumulation of CCPs and clathrin-coated vesicles (CCVs). Blockage of CME by 

perturbations leads to inhibition of vesicle recycling (Ferguson et al., 2007; Granseth et 

al., 2006; Hayashi et al., 2008; Heerssen et al., 2008; Kasprowicz et al., 2008; Milosevic 

et al., 2011; Raimondi et al., 2011; Shupliakov, 1997; von Kleist et al., 2011; Zhang et 

al., 1998). These results suggest that CME plays a role in synaptic vesicle endocytosis. 

However, recent studies suggest that clathrin is not necessary for synaptic transmission, 

indicating that clathrin-mediated endocytosis is not essential at synapses (Kim & Ryan, 

2009; Kononenko, 2014). Thus, whether clathrin is indispensable for synapses remains 

debated. This point will be further discussed in a later chapter.  

 Three clathrin heavy chains (CHCs) and three clathrin light chains (CLCs) 

combine to form a clathrin triskelion. Clathrin triskelia combine to form pentagons and 

hexagons, assemble lattices, and coat plasma membrane in CME. The first step of CME 

is called nucleation, which is thought to start with interaction among clathrin triskelia, 

adaptor proteins and phosphatidylinositol-2-bisphosphate (PIP2) (Cocucci et al., 2012; 

Heuser, 1980; Kelly et al., 2014; Lampe et al., 2016). After nucleation, clathrin, adaptor 

proteins, cargos, and accessory factors interact with each other while the “coat” grows, 

and subsequently forming an invaginated bud with a narrow neck. Then, fission takes 

place at the neck, mediated by a GTPase, dynamin. Fission results in the pinch off of a 

vesicle from plasma membrane, followed by uncoating of the clathrin-coat (Ferguson & 

De Camilli, 2012; Koenig & Ikeda, 1996; Saheki & De Camilli, 2012).  

 Currently, there are two hypotheses regarding how CCPs grow and form 

curvatures, the curvature constant model and the area constant model (Lampe et al., 2016; 
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Saffarian et al., 2009). In the curvature constant model, the CCP grows continuously as 

an invaginated bud as it sustains a constant curvature (Kirchhausen, 2009). In the area 

constant model, the clathrin triskelia polymerize and extend to a larger but less curved 

coat, called a coated plaque. The plaque moves inward from the plasma membrane 

shortly before vesicle fission (Avinoam et al., 2015; Heuser, 1980; Larkin et al., 1986). 

The second model is energetically unfavorable because of the conversion from hexagons 

to pentagons during curvature formation (Den Otter & Briels, 2011; Heuser, 1980; 

Kirchhausen, 2009; Saffarian et al., 2009).  

 The clathrin-coat consists of two layers, the interior layer formed by adaptors and 

the exterior layer formed by clathrin. The adaptor proteins bind to phosphoinositides 

(PIs), such as phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) and phosphatidylinositol 

3,4,5-trisphosphate (PI(3,4,5)P3) (Beck & Keen, 1991; Edeling et al., 2006; Schmid & 

McMahon, 2007). These proteins also bind to the N-terminal, β-propeller domain of the 

clathrin heavy chain (Edeling et al., 2006; Schmid & McMahon, 2007) and some other 

cargos, adaptors, and endocytic proteins (Haucke, 1999; Saheki & De Camilli, 2012). 

Adaptor protein complex 2 (AP2) is abundant at the plasma membrane. This adaptor 

complex comprises four subunits, including two large subunits, α and β2 (~100 kDa), a 

medium subunit, μ2 (~50kDa), and a small one, δ2 (~20kDa) (Edeling et al., 2006). The 

complex interacts with transmembrane proteins carrying tyrosine-based motifs and 

dileucine-based motifs (Kononenko & Haucke, 2015). For instance, by interaction with 

tyrosine-based motifs, AP2 plays a role in internalization of synaptotagmin, a calcium 

sensor in exocytosis, by binding to its C2B domain (Haucke, 1999; Ullrich et al., 1994; 

Zhang et al., 1994).  
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 Another adaptor protein, stonin 2 (Drosophila homolog stoned B or C. elegans 

homolog unc41) contains a C-terminal μ-homology domain with similarities in sequence 

to the sorting signal motif of the μ subunit of AP2. Thereby, stonin 2 also recognizes the 

C2 domains of synaptotagmin and plays an organizational role in endocytic 

internalization and synaptotagmin recycling (Diril et al., 2006; Fergestad & Broadie, 

2001; Kononenko et al., 2013; Maritzen et al., 2010; Mullen et al., 2012). Moreover, 

stonin 2 regulates interactions between AP2 and synaptotagmin (Fergestad & Broadie, 

2001) just as AP2 regulates the ability of stonin 2 to facilitate endocytic internalization 

and recycling of synaptagmin also depends on AP2 (Diril et al., 2006). In addition, stonin 

2 contains two asparagine-proline-phenyalanine (NPF) motifs which bind to epidermal 

growth factor receptor substrate 15 (EPS15) and intersectin, two accessory proteins 

involved in scaffolding (Maritzen et al., 2010).  

 There are two AP180 N-terminal homology (ANTH) domain proteins as adaptors: 

clathrin coat assembly protein 180 (AP180), expressed in neurons, and its homolog, 

clathrin assembly lymphoidmyeloid leukemia (CALM), expressed ubiquitously (Morgan 

et al., 1999; Saheki & De Camilli, 2012; Yao et al., 2003). These two proteins regulate 

sorting of synaptobrevin, a key factor in exocytosis, via its direct association with their 

ANTH domain (Burston et al., 2009; Dittman & Kaplan, 2006; Koo et al., 2011; Nonet et 

al., 1999; Sharon et al., 2011).  

 As mentioned above, nucleation in CME requires clathrin triskelia, adaptor 

proteins, and PIP2. PIP2 is phosphorylated derivative of PIs, which are key elements of 

membrane identity. Different PIs associate with specific lipid binding motifs of proteins, 

so the distribution of PIs is critical for targeting these proteins to their correct subcellular 
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locations (Behnia & Munro, 2005; Lemmon, 2008; Matteis & Godi, 2004; Simonsen et 

al., 2001). PI(4,5)P2, one PIP2, plays a crucial role in endocytosis. It binds adaptor 

proteins, like AP2, AP180, CALM, and some accessory proteins, including members of 

the bin/amphiphysin/rvs (BAR) domain protein family (Posor et al., 2015; Simonsen et 

al., 2001). Furthermore, PI(4,5)P2 activates AP2, changing it from its closed 

conformation to its open conformation (Jackson et al., 2010). In addition, it is required 

for vesicle fission mediated by dynamin (Lee et al., 1999; Vallis et al., 1999).  

 Beyond the core molecules that are required for and very involved in CME, there 

are accessory proteins that assist in or regulate CME. These accessory proteins provide 

protein or lipid interactions and contain typical domains for such a purpose, such as 

ANTH, BAR, pleckstrin homology (PH), and src homology 3 (SH3) domains; also 

commonly found are NPF motifs or other motifs for binding proteins (Dittman & Ryan, 

2009; Slepnev & De Camilli, 2000). Besides protein binding, these proteins may play 

roles in phosphorylation, phosphoinositide metabolization, scaffold generation, curvature 

generation, or curvature sensing (Saheki & De Camilli, 2012). For instance, EPS15 and 

intersectin are accessory proteins provide scaffolding function (Kaksonen & Roux, 2018).  

 PI(4,5)P2 metabolizing enzymes are involved in CME. PI(4,5)P2 is synthesized by 

phosphatidylinositol-4-phosphate [PI(4)P]-5-Kinases (PIP5Ks) (Krauß & Haucke, 2007), 

and type I PIP5K interacts with the μ2 subunit of AP2, which is involved in nucleation 

(Krauss et al., 2006). On the other hand, before fission, synaptojanin 1, a PI(4,5)P2 

phosphatase, is recruited to the necks of CCVs (Saheki & De Camilli, 2012), and the 

dephosphorylation of PI(4,5)P2 facilitates AP2 disassembly from the membrane (Edeling 

et al., 2006).  
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 Formation of curvature buds follows nucleation. Membrane curving requires: 1) 

insertion of amphipathic helices of endocytic proteins into the cytosolic leaflet of the 

membrane to generate asymmetry of the lipid bilayer (Antonny, 2011; Farsad et al., 2001; 

Ford et al., 2002; Gallop et al., 2006; Masuda et al., 2006) and 2) formation of 

homodimers or heterodimers of proteins containing BAR domains. The dimers are 

crescent-shaped and positively charged on their surface, allowing them to bind optimally 

to the negatively charged lipid bilayer to induce and sense membrane curvature (Frost et 

al., 2008; Frost et al., 2009; Gallop et al., 2006; Masuda et al., 2006; Peter, 2004; 

Shimada et al., 2007; Weissenhorn, 2005). For example, endophilin contains N-terminal 

amphipathic helices and a BAR domain, and the two motifs work together as a functional 

module (called the N-BAR domain), to promote dimerization and membrane 

deformation. This protein also contains an SH3 domain and plays a role in fission and 

uncoating by interacting with the proline-rich domains of dynamin and synaptojanin 

(Dittman & Ryan, 2009; Farsad et al., 2001; Gallop et al., 2006; Ringstad et al., 2001).  

 In addition to curvature-generation proteins, actin cytoskeleton may be required to 

overcome resistance forces from the spontaneous tendency of the lipid bilayer to remain 

flat (Kessels & Qualmann, 2021). In addition, some actin regulatory factors also regulate 

endocytosis indirectly. For example, huntingtin interacting protein 1 related (Hip1R) 

blocks actin assembly associated with endocytosis by forming a complex with cortactin, a 

protein that binds to actin filament and actin related protein 2/3 (ARP2/3) complex (Le 

Clainche et al., 2007).  

Dynamin mediates CCP fission, a process whose details will be illustrated in a 

later section. After CCVs are released from plasma membrane, two mechanisms are used 
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to uncoat them. First, because clathrin coat shedding is an ATP dependent process, heat 

shock protein 70 (HSC70), an ATPase, is involved. HSC70 and its cofactor auxilin 

regulate this uncoating process (Braell et al., 1984; Kaksonen & Roux, 2018; Schlossman 

et al., 1984; Ungewickell, 1985; Ungewickell et al., 1995; Xing et al., 2010). Second, 

synaptojanin catalyzes PI(4,5)P2 hydrolysis, which is required for adaptor proteins to 

separate from the inner layer of CCVs (Edeling et al., 2006; Kaksonen & Roux, 2018; 

Saheki & De Camilli, 2012).  

 

1.2.2.2 Kiss-and-run 

Kiss-and-run is a combined process of exocytosis and endocytosis in which fusing 

vesicles do not collapse into cell membrane during or after neurotransmitter release (Fig. 

1.1). Thereby, kiss-and-run keeps vesicular identity and bypasses the sorting mechanism. 

Kiss-and-run was originally proposed by Ceccarelli and his colleagues in 1973, based on 

the Ω-shaped pits visible in electron microscopy (EM) imaging at the frog neuromuscular 

junction (Ceccarelli et al., 1973). However, there was no convincing evidence to 

determine whether the Ω-shaped pits were an intermediate status of full collapse or pore 

closure until capacitance recordings shed light on the subject. Capacitance flickers were 

observed, and the pores were determined to be ~0.5-3 nm in diameter, as measured by 

pore conductance (Albillos et al., 1997; De Toledo et al., 1993; He et al., 2006; Klyachko 

& Jackson, 2002).  

Recently, the process of kiss-and-run has been directly observed under the 

stimulated emission depletion (STED) microscope (Shin et al., 2018; Shin et al., 2021; 

Zhao et al., 2016). Hemi-fusion (one layer of the lipid bilayer of the exocytic vesicle 
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fuses with the plasma membrane) and hemi-fission (one layer of the lipid bilayer of the 

endocytic vesicle fissions from the plasma membrane) stages have also been observed in 

live imaging. Additionally, pore opening and closure are regulated by actin and dynamin 

(Shin et al., 2018; Shin et al., 2021; Zhao et al., 2016).  

 

1.2.2.3 Bulk endocytosis 

When synaptic vesicles fuse with the plasma membrane after a stimulus, 

sometimes extra membrane is retrieved through large infoldings at the distal area of the 

active zone. Then, the infoldings undergo fission to produce intracellular endosome-like 

structures or cisternae, which are much larger than regular vesicles. This retrieval process 

is called bulk endocytosis, a nonselective endocytosis for membrane uptake (Clayton et 

al., 2008; Hayashi et al., 2008; Heuser & Reese, 1973; Holt et al., 2003; Miller & Heuser, 

1984; Paillart et al., 2003; Wu & Wu, 2007) (Fig. 1.1). The size of synaptic vesicles 

reformed from bulk endocytosis is less homogeneous compared to that at rest or under 

mild stimulation, and hence fidelity of vesicle size is partially lost (Saheki & De Camilli, 

2012). Nonetheless, some endocytic cargoes, including synaptophysin, Synaptobrevin 2, 

and vesicular glutamate transporter (v-Glut) are recycled by bulk endocytosis, though the 

underlying mechanism of this recycling remains largely unknown (Chanaday et al., 

2019). In addition, vesicle associated membrane protein 4 (VAMP4) is favorably 

accumulated by bulk endocytosis, suggesting VAMP4 involvement in bulk endocytosis 

(Nicholson-Fish et al., 2015).  

Bulk endocytosis retrieves membrane in a time span from less than a second to a 

much longer time, resulting in endosome-like structures or cisternae with an average 
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diameter of 150 nm. This process is actin and formin dependent, but clathrin and AP2 

independent (Clayton & Cousin, 2009; Soykan et al., 2017; Wu et al., 2016). Cyclin 

dependent kinase 5 (Cdk5) and glycogen synthase kinase 3 (GSK3) facilitate bulk 

endocytosis via several endocytic proteins, such as syndapin and dynamin (Evans & 

Cousin, 2007; Renard & Boucrot, 2021; Smillie et al., 2013). Flower is a synaptic-

vesicle-associated calcium channel located near the active zone. This channel provides 

calcium influx to trigger bulk endocytosis during intense stimulations (Yao et al., 2017; 

Yao et al., 2009). Furthermore, calcium sensors are expected to play a key role, and 

calcineurin (CaN) could be involved in bulk endocytosis. CaN is a calcium-dependent 

phosphatase that dephosphorylates many endocytic proteins at synapses, including 

dynamin. Dephosphorylated dynamin associates with syndapin to activate bulk 

endocytosis (Clayton et al., 2009; Nguyen et al., 2014). CaN may be involved in bulk 

endocytosis, as supported by three pieces of evidence. First, this protein is located in the 

cytosol with a low affinity for calcium, and thus can only be activated during large 

calcium influxes caused by strong nerve activity (Nguyen et al., 2014). Second, dynamin 

1 is dephosphorylated by CaN only when stimulation reaches the threshold to activate 

bulk endocytosis (Clayton & Cousin, 2009). Third, bulk endocytosis is inhibited by CaN 

chemical blockers in neuron cultures (Evans & Cousin, 2007).  

The role of dynamin in bulk endocytosis is somewhat debated. On the one hand, 

mutation of phosphorylation sites of dynamin 1 inhibits bulk endocytosis (Clayton & 

Cousin, 2009). On the other hand, bulk endocytosis still proceeds in mouse neurons with 

double knockouts of dynamin 1 and dynamin 3, although dynamin 2 involvement cannot 

be ruled out (Y. Wu et al., 2014). Nevertheless, shibire (dynamin homolog in Drosophila) 
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inactivation does not cause large pit accumulation, but rather causes bulk membrane 

invagination at the plasma membrane, suggesting that dynamin is involved in fission 

during bulk endocytosis (Kasprowicz et al., 2014).  

 

1.2.2.4 Ultrafast endocytosis 

Another category of vesicle recycling is called “ultrafast endocytosis” (add 

jorgenson paper citation here). Ultrafast endocytosis is clathrin-independent endocytosis, 

and it is triggered within 30 ms to 1 s after a single optical stimulation through 

channelrhodopsin at physiological temperature. This form of endocytosis is found at the 

lateral edges of active zones. It generates relatively homogenously sized vesicles with a 

diameter ~60-80 nm (Delvendahl et al., 2016; Soykan et al., 2017; Watanabe, Liu, et al., 

2013; Watanabe, Rost, et al., 2013). Single vesicle pHluorin experiments from another 

publication demonstrate that ultrafast endocytosis (with mean duration of 200-300 ms) 

also can be triggered at 24 °C, even though it is not dominant (Chanaday & Kavalali, 

2018). After ultrafast endocytosis, the large vesicles are converted to small vesicles via 

clathrin-coated vesicle formation from these large endosome-like structures in ~10-20 s 

(Watanabe et al., 2014).  

Ultrafast endocytosis is inhibited by latrunculin-A, which blocks actin 

polymerization, and dynasore, which blocks dynamin (Watanabe, Rost, et al., 2013). 

However, dynasore blocks actin, cholesterol, and lipid rafts as well, so further evidence is 

required to prove whether dynamin mediates ultrafast endocytosis (Preta et al., 2015). 

Moreover, ultrafast endocytosis shares other components of CME, such as synaptojanin 
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and endophilin. These two proteins enhance ultrafast endocytosis during vesicle neck 

formation and clathrin uncoating (Watanabe et al., 2018).  

 

1.2.2.5 Comparison of the mechanisms of endocytosis 

Ultrafast endocytosis is less understood for two reasons. First, common imaging 

systems have difficulty capturing ultrafast dynamics. Second, live assays typically make 

indirect measurements. For example, pHluorin experiments measure pH changes instead 

of endocytosis.  

Both ultrafast endocytosis and kiss-and-run recycle vesicles quickly, but they 

differ in location and vesicle size. Ultrafast endocytosis is triggered at lateral edges of the 

active zone, while kiss-and-run occurs within the active zone. Furthermore, the synaptic 

vesicles do not collapse during kiss-and-run, and thus the vesicle size does not change. 

The vesicle size of ultrafast endocytosis is larger than that of synaptic vesicles. 

Both ultrafast endocytosis and bulk endocytosis form endosomes, but the former 

process is much faster. Moreover, ultrafast endocytosis forms uniform vesicles with a 

diameter of ~60-80 nm, whereas vesicles formed during bulk endocytosis are larger and 

more heterogeneous in size.  

 

1.2.3 Correlation between endocytosis dyanmics and mechanisms  

CME may contribute to slow endocytosis since slow endocytosis is blocked when 

CME-related proteins are perturbed (Artalejo et al., 1995; Granseth et al., 2006; Jockusch 

et al., 2005; Kim & Ryan, 2009; Milosevic et al., 2011; Schuske et al., 2003; von Kleist 

et al., 2011; Willox & Royle, 2012; Wu et al., 2009; Yim et al., 2010). Mostly, kiss-and-
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run is fast, which contributes to rapid endocytosis, but a small portion of kiss-and-run, 

called cavicapture, is slow in chromaffin cells, and probably mediates slow endocytosis 

(Elhamdani, 2006; Perrais et al., 2004). Bulk endocytosis takes a few seconds or more, 

and hence it could mediate slow and fast endocytosis (Wu & Wu, 2007; Wu et al., 2009). 

Last, ultrafast endocytosis is the fastest mode of endocytosis (Watanabe, Liu, et al., 2013; 

Watanabe, Rost, et al., 2013).  

As mentioned before, rapid endocytosis (time constant: ~1-3 s) is observed after 

an action-potential-like stimulus at calyx of held synapses, and both rapid and slow 

endocytosis are evoked by more intense stimulation. Rapid endocytosis is inhibited by 

loss of actin, suggesting actin involvement in rapid endocytosis (Wu et al., 2016). 

Furthermore, dynamin is likely involved in rapid endocytosis because it is blocked by 

dynamin inhibitors (Wu et al., 2009; Yamashita et al., 2005).  

 

1.3 Coupling between exocytosis and endocytosis 

1.3.1 Endocytosis maintains exocytosis 

First, endocytosis prevents the vesicle exhaustion that is an inevitable 

consequence of unopposed exocytosis, evident from experiments on the shibire 

Drosophila mutant (whose homolog is dynamin in mammals). This mutant is temperature 

sensitive, and its function is deactivated over 29 °C. Its deactivation blocks endocytosis 

and eventually paralyzes the animal (Delgado et al., 2000; Koenig & Ikeda, 1989; Koenig 

& Ikeda, 1996). Furthermore, endocytosis may maintain the size of synaptic vesicles and 

thereby sustain neural transmission at boutons (Wu & Wu, 2009). 
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Moreover, endocytosis retrieves comparable membrane area to that fused during 

exocytosis over a time course from tens of milliseconds to a few minutes. This 

compensatory endocytosis tightly couples with exocytosis, which prevents cells from 

swelling or shrinking (Haucke et al., 2011; Smith & Neher, 1997; Watanabe, Rost, et al., 

2013; Wu et al., 2007).  

 

1.3.2 Mode coupling for exo-endocytosis 

Furthermore, not only amount and timing are coupled, but also certain types of 

exocytosis may couple with specific types of endocytosis. For instance, full-collapse 

fusion is proposed to associate with CME given that CCVs are similar to synaptic 

vesicles in size (Heuser & Reese, 1973, 1981; Miller & Heuser, 1984). As mentioned, 

kiss-and-run retrieves the same vesicle as a combination of exocytosis and endocytosis. 

Compound fusion is thought to be coupled with bulk endocytosis (Fig. 1.1). 

 

1.3.3 Endocytosis clear the active zone to facilitate endocytosis 

Endocytosis may be critical in clearing exocytic proteins from the active zone, 

and thus may enhance replenishment of the readily releasable pool (RRP). There are two 

pieces of evidence for this claim. First, short-term depression is enhanced within 20-40 

ms at 50 Hz stimulation in neuromuscular junctions of fruitflies by clathrin knockdown 

or shibire mutation (Kawasaki et al., 2000; Wu & Borst, 1999). This response is so rapid 

that it could not result from vesicular recycling. It has been proposed that endocytosis 

promotes RRP refilling by clearing exocytotic proteins and membrane to facilitate vesicle 

docking at the active zone (Hosoi et al., 2009; Kawasaki et al., 2000; Wu et al., 2009). 
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Second, the calyx of held is a high-frequency firing synapse, and this high frequency 

firing is maintained by clearance of the active zone (Haucke et al., 2011; Neher, 2010). 

Some endocytic proteins, like intersectin 1 (aforementioned), are critical for this 

clearance (Hosoi et al., 2009; Sakaba et al., 2013). In sum, endocytosis removes fused 

membrane and proteins to facilitate subsequent docking of synaptic vesicles (Hosoi et al., 

2009). 

 

1.3.4 Exocytosis plays roles in initiation of endocytosis  

SNARE proteins (synaptobrevin, syntaxin and synaptosome associated protein 25 

[SNAP25]) mediate exocytosis. Studies suggest that these three proteins also play roles in 

endocytosis at calyx and hippocampal synapses. For example, both rapid and slow 

endocytosis are blocked by tetanus toxin and botulinum neurotoxins that cleave these 

SNARE proteins at the calyx (Xu et al., 2013). Synaptobrevin or SNAP25 knockdown 

also blocks endocytosis at hippocampal synapses (Zhang et al., 2013).  

Moreover, synaptotagmin is the calcium sensor for exocytosis and critical for 

initiation of endocytosis. Its loss causes inhibition of endocytosis in mouse hippocampal 

synapses, the calyx of Held, and neuromuscular junctions (Hosoi et al., 2009; Jorgensen 

et al., 1995; Littleton et al., 2001; Nicholson-Tomishima & Ryan, 2004; Poskanzer et al., 

2003; J. Yao et al., 2012).  

 

1.3.5 Lipid involvement in exo-endocytosis coupling 

Beyond the role of PIP2 in endocytosis described in Section 1.2.2.1, PI(4,5)P2 also 

promotes exocytosis by increasing the probability of vesicle release. The mechanism of 
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this promotion is still not fully understood. It has been suggested that PI(4,5)P2 may 

facilitate recruitment of several PI(4,5)P2 binding proteins, such as Munc13 and 

synaptotagmin (Lauwers et al., 2016; Martin, 2015; Walter et al., 2017). In addition, 

PI(4,5)P2 interacts with some other exocytic proteins, including Double C2-Like Domain-

Containing Protein (Doc2) and syntaxin (Koch & Holt, 2012). Consequently, PIP2 play 

key roles in both exo- and endocytosis. It may play a role in exo-endocytosis coupling. 

 

1.4 Medical significance 

Understanding endocytosis may help medically because some endocytic proteins 

are associated with neurodegenerative diseases. For examples, mutation of α-synuclein, 

which causes dementia and Parkinson’s disease, blocks rapid endocytosis, slow 

endocytosis, and replenishment of the RRP at calyces (Xu et al., 2016). AP2 and AP180 

are linked to Alzheimer’s disease. Auxilin and synaptojanin are associated with 

Parkinsonism (Edvardson et al., 2012; Krebs et al., 2013; Yao & Coleman, 1998). 

Endophilin, a curvature sensing protein in CME, is linked to ataxia (John et al., 2016).  

 

1.5 Background and Significance of thesis projects 

1.5.1 Calcium Sensors in endocytosis 

Two pieces of evidence demonstrate that calcium triggers endocytosis (Hosoi et 

al., 2009; L.-G. Wu et al., 2014; Wu et al., 2009). First, at the calyx of Held, decreasing 

the extracellular calcium concentration or adding a calcium chelator, BAPTA, decreases 

the rate of slow and rapid endocytosis up to 1500 fold and blocks endocytic overshoot. 

Accordingly, increasing the calcium current charge enhances the rate and overshoot of 
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endocytosis significantly. Second, the calcium chelator EGTA inhibits bulk endocytosis. 

Moreover, calcium influx enhances rapid and slow endocytosis at chromaffin cells and 

hippocampal cells (Artalejo et al., 1995; Chiang et al., 2014; Sun et al., 2010).  

How does calcium triggers endocytosis?  To address this question, the first task is 

to identify the calcium sensor(s). CaN is a candidate mentioned earlier. Calmodulin 

(CaM) is another candidate, because chemical blockers and knockdown of CaM inhibit 

endocytosis (Sun et al., 2010). However, we do not know whether CaM involvement in 

endocytosis depends on calcium binding to CaM. Thus, it remains unclear whether CaM 

is a calcium sensor for endocytosis.   

Our lab studied these calcium sensors by knockout calcium-activated protein 

kinase C (PKC) α or β isoform (PKCα or PKCβ) and CaM isoform 2 (CaM2) in mice 

(Fig.1.2B). The hypothesis was that CaM and PKC are calcium sensors for calcium-

triggered endocytosis. The lab found that PKCα, PKCβ and CaM2 serve as calcium 

sensors at conventional hippocampal synapses. This finding suggests that calcium 

triggers endocytosis via PKC-mediated phosphorylation and CaM-mediated 

dephosphorylation. 
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Figure 1.2. A, Calcium triggers SNARE-dependent vesicle fusion, then triggers endocytosis, which is also 

SNARE-dependent. This panel shows the starting point of the present research. B-E, Four research projects 

with question marks showing the questions being addressed in the present thesis: B, What are the calcium 

sensors of endocytosis? C, Does dynamin have an additional role before fission? D, Is clathrin involved in 

synaptic vesicle endocytosis? E, Is NSF (for disassembling SNARE proteins) involved in coupling 

exocytosis to endocytosis? F, Summary of all four projects with four question marks. 

 

 

1.5.2 Dynamin 

Dynamin is a GTPase that mediates vesicle fission during endocytosis. There are 

three isoforms of dynamin in mammals, where dynamin 1 is expressed most abundantly 

and specifically in the nervous system (Saheki & De Camilli, 2012). Previous studies 
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show that knocking out dynamin 1 only significantly inhibits endocytosis in cortical 

neurons during, not after, stimulation (Ferguson et al., 2007; Raimondi et al., 2011). 

Consequently, the current view on dynamin 1 is that it increases endocytic capacity and 

velocity during stimulation in small, conventional, central synapses. Here, this issue is re-

examined in hippocampal synapses containing conventional small boutons (Gan & 

Watanabe, 2018; Kavalali & Jorgensen, 2014; Kononenko & Haucke, 2015; L.-G. Wu et 

al., 2014).  

In contrast to the results obtained at cortical synapses, the present research found 

that dynamin 1 plays a critical role in endocytosis after both low and high frequency 

action potential trains at hippocampal synapses (Fig.1.2C). Unexpectedly, it was also 

found that dynamin1 is important in controlling vesicle size, a function that must occur 

at a step before fission, during formation of the endocytic vesicle. Thus, dynamin1 is 

more important than previously recognized in mediating endocytosis and controlling 

vesicle size at conventional small-bouton hippocampal synapses. 

 

1.5.3 Clathrin 

Although traditionally CME is considered essential to synaptic transmission, 

recent studies at hippocampal synapses reported that clathrin knockdown, conditional 

knockout of AP2 (Kononenko, 2014), or ~96% knockdown of AP2 (Kim and Ryan, 

2009) only inhibits vesicle protein endocytosis to a rather minor extent at room 

temperature, suggesting that clathrin is dispensable for vesicular protein endocytosis 

(Kononenko, 2014). However, ultrastructural examination suggests that clathrin is 

required for vesicle budding from endosomes (Kononenko, 2014). Using ‘flash-and-



 

21 

 

freeze’ electron microscopy (EM), where high-pressure freezing is timed after action 

potentials evoked by light-induced channelrhodopsin activation, recent studies suggest 

that an ultrafast (~50-100 ms) clathrin-independent mechanism, which forms large 

endosomes from the plasma membrane, mediates synaptic vesicle endocytosis at 

physiological temperature, whereas clathrin mediates vesicle budding from endosomes 

(Watanabe, Liu, et al., 2013; Watanabe, Rost, et al., 2013; Watanabe et al., 2014). Only at 

room temperature, clathrin mediates synaptic vesicle endocytosis (Watanabe et al., 2014). 

Consistent with these EM results, acute photo-inactivation of clathrin light chain or 

clathrin heavy chain does not inhibit membrane internalization, but rather blocks vesicle 

budding from endosomes in Drosophila neuromuscular junctions (Heerssen et al., 2008; 

Kasprowicz et al., 2008); reducing clathrin in Caenorhabditis elegans does not affect 

vesicle number in nerve terminals or spontaneous release (Sato et al., 2009). Taken 

together, except an early study (Granseth et al., 2006), most recent studies seem to agree 

that endocytosis is mediated by a clathrin-independent mechanism at synapses. However, 

although these studies agree that endocytosis is clathrin-independent at synapses, they 

disagree about the details, such as the temperatures at which this rule applies. For 

example, the flash-and-freeze EM suggests that synaptic vesicle endocytosis in 

hippocampal synapses is clathrin-independent only at physiological temperature and 

clathrin-dependent at room temperature (Watanabe et al., 2014), which is in conflict with 

a study suggesting that clathrin is not necessary at room temperature in hippocampal 

synapses (Kononenko, 2014). 

Here we determined whether synaptic vesicle endocytosis depends on clathrin at 

hippocampal synapses by knocking out clathrin (Fig.1.2D). We found that endocytosis of 
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vesicular proteins at hippocampal synapses is clathrin-dependent, suggesting that clathrin 

is required for vesicular protein endocytosis at these synapses. We found that the clathrin 

dependency was not evident until clathrin was reduced by more than ~74%, which may 

help to reconcile the conflict of whether clathrin is essential for vesicular protein 

endocytosis at hippocampal synapses between previous and present studies (Granseth et 

al., 2006; Kononenko, 2014). It is concluded that clathrin is indispensable for synaptic 

vesicular protein endocytosis. 

 

1.5.4 NSF 

After a synaptic vesicle is released, the SNARE complex is dissociated by an 

ATPase N-Ethylmaleimide Sensitive Factor (NSF). Following exocytosis, disassembly of 

SNARE proteins by NSF is required (Jackson & Chapman, 2008; Südhof, 2004). 

Whether NSF plays a role in endocytosis and thus may contribute to exo-endocytosis 

coupling is not well understood. However, this possibility seems likely considering that 

SNARE proteins are involved in endocytosis. I hypothesized that NSF is involved in 

mediating endocytosis (Fig.1.2E). This hypothesis was tested, and the results indicate that 

NSF is involved in endocytosis at small conventional hippocampal synapses. This finding 

suggests a new endocytosis model in which newly disassembled SNARE proteins are 

involved in endocytosis by binding and recruiting endocytosis proteins to mediate 

endocytosis.  
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Chapter 2: Protein kinase C and calmodulin serve as calcium sensors 

for calcium-stimulated endocytosis at synapses 

*This chapter is derived from Jin, Y.H.*, Wu, X.S.*, Shi, B.*, Zhang, Z., Guo, X., Gan, L., Chen, Z., Wu, 

L.G. (2019) Protein Kinase C and Calmodulin Serve as Calcium Sensors for Calcium-Stimulated 

Endocytosis at Synapses. J Neurosci. 39(48):9478-9490. (*Jin, Y.H., Wu, XS and Shi, B. contributed 

equally to this work.) 

 

*The transgenic mice were produced by Lin Gan. The pHluorin imaging data was produced by Yinghui Jin, 

Xinsheng Wu and me. I am responsible for EM data. 

 

2.1 Introduction 

Endocytosis mediates fundamental functions, such as vesicle re- cycling to sustain 

synaptic transmission, intracellular trafficking of proteins and lipids vital for every cell, 

and viral entry (Kononenko & Haucke, 2015; L.-G. Wu et al., 2014). Two sets of 

evidence at calyx of Held synapses suggest that calcium triggers slow endocytosis (10 s), 

rapid endocytosis (<~3 s), bulk endocytosis, and endocytosis overshoot (Hosoi et al., 

2009; Wu et al., 2009; Yamashita et al., 2010) (for review, see L.G. Wu et al., 2014). 

First, lowering extracellular calcium or buffering calcium with BAPTA reduces the rate 

of rapid and slow endocytosis by ~50 to 1500 folds and abolishes endocytosis overshoot, 

whereas increasing calcium current charges increases endocytosis rate by hundreds of 

folds and promotes endocytosis overshoot. Second, calcium chelator EGTA inhibits bulk 

endocytosis and reduces the fission pore closure rate. Consistent with these results, 

calcium influx triggers rapid endocytosis at chromaffin cells (Artalejo et al., 1995; 

Chiang et al., 2014) and slow endocytosis at hippocampal synapses (Sun et al., 2010); 

calcium influx upregulates rapid, slow, bulk, and/or overshoot endocytosis at 

hippocampal synapses, retinal nerve terminals, hair cells, chromaffin cells and pituitary 
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neurons (Balaji et al., 2008; Clayton et al., 2009; Moser & Beutner, 2000; Neves et al., 

2001; Sankaranarayanan & Ryan, 2001; Smith & Neher, 1997; Thomas et al., 1994). 

Like calcium-induced exocytosis, the first step in the study of calcium-stimulated 

endocytosis is to identify calcium sensor. The candidate being considered for the last two 

decades is calcium/ calmodulin-activated CaN, which dephosphorylates endocytic 

proteins (Cousin & Robinson, 2001). Pharmacological block or knock-down of CaM and 

knockout of CaN led to slower endocytosis at synapses, raising the possibility that CaM 

and CaN serve as the calcium sensors for endocytosis (Cottrell et al., 2016; Sun et al., 

2010; X.-S. Wu et al., 2014). However, whether CaM or CaN involvement in endocytosis 

depends on their calcium binding, the condition required for establishing CaM/CaN as 

the calcium sensor, has not been tested. 

My lab researched on the calcium sensors by knockout calcium-activated protein 

kinase C (PKC) α or β isoform (PKCα or PKCβ), and CaM isoform 2 (CaM2) in mice. Our 

hypothesis was these knockouts inhibit endocytosis at mouse hippocampal boutons. We 

also tested whether the inhibition could be rescued by the wild-type (WT) or the calcium-

binding-deficient proteins. I found out that PKCα, PKCβ and CaM2 serve as calcium at 

small conventional synapses. The results suggest that calcium triggers endocytosis via 

PKC-mediated phosphorylation and CaM-mediated dephosphorylation. 

 

2.2 Materials and Methods 

2.2.1 Animals.  

Animal care and use were performed according to National Institutes of Health 

(NIH) guidelines and were approved by the NIH Animal Care and Use Committee. 
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PKCα
+/- mice were purchased from The Jackson Laboratory; PKCβ

-/- and CaM2
-/- mice 

were generated by us, as described in detail in the legends to Figures 2.1A and 2.3A. 

Knockout mice of either sex were obtained by heterozygous and homozygous breeding 

using standard mouse husbandry procedures. Mouse genotypes were determined by PCR. 

WT littermates and WT non-littermates of either sex were used as controls. 

 

2.2.2 Hippocampal culture and imaging.  

Mouse hippocampal culture was prepared as described previously 

(Sankaranarayanan & Ryan, 2000; Sun et al., 2010). Hippocampal CA1-CA3 regions 

from P0 mice were dissected, dissociated, and plated on Poly-D-lysine-treated coverslips. 

Cells were maintained at 37°C in a 5% CO2 humidified incubator with a culture medium 

consisting of Neurobasal A (Invitrogen), 10% fetal bovine serum (Invitrogen), 2% B-27 

(Invitrogen), 1% Glutamax-1 (Invitrogen). On 5–7 d after plating, neurons were 

transfected with plasmids using Lipofectamine LTX (Invitrogen).  

Hippocampal cultures were transfected with a plasmid containing synaptophysin 

tagged with the pH-sensitive pHluorin2X (SypH, provided by Dr. Yong-Ling Zhu) (Zhu 

et al., 2009) for imaging of endocytosis. cDNA encoding human PKCα WT was 

amplified from pHACE-PKCα (Add- gene, 21232) and subcloned into PmCherry-N1 

(Clontech) (mCherry used for recognition of transfection). Mutant PKCα
D/A was 

generated by replacing the five aspartates in the calcium binding C2 domain (Nalefski & 

Falke, 1996) with alanines through site-directed mutagenesis (QuikChange Lightning; 

Agilent Technologies). Similar to WT PKCα, PKCβ
D/A was subcloned into PmCherry-N1. 
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The cDNA encoding CaM or CaM1234, provided by the late Dr. David Yue, was 

subcloned into PmCherry-N1. For PKC or CaM rescue experiments (see Figs. 2.2, 2.4), 

we transfected PKC or CaM plasmid along with SypH. PKC or CaM plasmid contained 

mCherry, which was used for us to recognize transfected cells. After transfection, 

neurons were maintained at 37°C in a 5% CO2-humidified incubator for another 8 –12 

day before experiments. 

Action potential was evoked by a 1 ms pulse (20 mA) through a platinum 

electrode. The bath solution contained the following (in mM): 119 NaCl, 2.5 KCl, 2 

CaCl2, 2 MgCl2, 25 HEPES, 30 glucose, 0.01 6-cyano-7- nitroquinoxaline-2, 3-dione 

(CNQX), and 0.05 D,L-2-amino-5- phosphonovaleric acid (AP-5), pH 7.4 , adjusted with 

NaOH. In temperature experiments, we heated the culture chamber using a temperature 

controller (TC344B; Warner Instruments, Hamden, CT). Imaging was performed after 

the culture was at 34 –37°C for 15–30 min. The temperature was verified with another 

small thermometer (BAT-7001H; Physitemp Instruments) in the chamber. SypH images 

were acquired at 1 Hz using Nikon A1 confocal microscope (60X, 1.4 numerical aperture 

[NA]), and analyzed with Nikon software.  

 

2.2.3 Western blot.  

Neurons were washed three times with ice-cold PBS. Cell lysates were prepared 

in the modified RIPA buffer containing protease inhibitors (Thermo Scientific). Equal 

amounts of proteins, determined by BCA protein assay (Thermo Scientific), were loaded 

onto SDS-PAGE gel and immunoblotted using antibodies against PKCα (1: 250; Sigma-

Aldrich), PKCβ (1:250; u), CaM (1:200, Millinpore), clathrin heavy chain (1:1000; BD 
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Bioscience), dynamin (1:1000; BD Biosciences; recognizing all dynamin isoforms, 

including 1, 2, and 3) and β-actin (1:2000; Abcam). 

 

2.2.4 Data collection and measurements of T and Ratedecay.  

For SypH signal in hippocampal cultures, the Ratedecay was measured from 

boutons’ SypH fluorescence trace in the first 4 –10 s after stimulation. 

 

2.2.5 Electron microscopy.  

Hippocampal cultures were fixed with 4% glutaraldehyde (freshly prepared, 

Electron microscopy sciences, Hatfield, PA) in 0.1 M Na-cacodylate buffer solution 

containing for at least 1 h at 22–24°C and stored in 4°C refrigerator overnight. The next 

day, cultures were washed with 0.1 M cacodylate buffer, and treated with 1% OsO4 in 

cacodylate buffer for1h on ice, and 0.25% uranyl acetate in acetate buffer at pH 5.0 

overnight at 4°C, dehydrated with ethanol, and embedded in epoxy resin. Thin sections 

were counterstained with uranyl acetate and lead citrate then examined in a JEOL200CX 

TEM. Images were collected with a CCD digital camera system (XR-100; AMT) at a 

primary magnification of 10,000 –20,000X. Synapses were selected based on the 

structural specialization including synaptic vesicle clustering, synaptic cleft and the 

postsynaptic density. 

 

2.2.6 Experimental design and statistical analyses.  

Data are presented as means ± s.e.m. The statistical test used was t test with equal 

variance, although t test with unequal variance gave the same result.  
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For pHluorin imaging, each experiment included 20 –30 boutons showing 

fluorescence increase (region of interest: 2 µm X 2 µm). Approximately one to three 

experiments were taken from each culture. Each culture was from 3–5 mice. Each group 

of data was obtained from at least four batches of cultures (4–12 cultures).  

For electron microscopy, synapses were selected based on the structural 

specialization, including synaptic vesicle clustering, synaptic cleft, and the postsynaptic 

density. Each group of data was taken from 100–132 synaptic profiles from 4–12 mice. 

 

2.3 Results 

2.3.1 PKC Knockout mouse generation. 

We generated PKCα
-/- mice by breeding PKCα

-/- mice from The Jackson Laboratory and 

generated PKCβ
-/- mice by ourselves (Fig. 1A). Targeted embryonic stem cells 

(Prkcbtm1a(EUCOMM)Wtsi line EPD0233_5_F09) obtained from The International Mouse 

Phenotyping Consortium were injected into C57BL/6J blastocysts to generate chimeras 

(Fig. 2.1A). Chimeric mice were then bred with C57BL/6J mice to generate PKCβ 

targeted germline mice (PKCβ
+/loxP). PKCβ

+/loxP mice were bred with CMV-Cre mice (The 

Jackson Laboratory, 006054) to delete exon 4 of PKCβ 3 gene, which resulted in the 

generation of PKCβ
-/+ mice (Fig. 2.1A). PKCβ

-/+ mice were used to establish the PKCβ
-/- 

mouse line (Fig. 2.1A). Western blot at PKCα
-/- or PKCβ

-/- hippocampal cultures showed 

that PKCα or PKCβ were not expressed, whereas other endocytic proteins, including 

clathrin, dynamin and AP2 were not affected (Fig. 2.1B). 
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Figure 2.1. PKC and its calcium-binding domain are required for endocytosis at hippocampal synapses. A, 

Schematic illustration of the generation of PKCβ
-/- mice. PKCβ gene has five exons, three of which (3, 4, 

and 5) are shown. Targeted embryonic stem (ES) cells (Prkcbtm1a(EUCOMM)Wtsi line EPD0233_5_F09) were 

obtained from The International Mouse Phenotyping Consortium and were injected into C57BL/6J 

blastocysts to generate chimeras. Chimeric mice were then bred with C57BL/6J to generate PKCβ targeted 

germline mice (PKCβ
+/loxP). PKCβ

+/loxP mice were bred with CMV-Cre mice (The Jackson Laboratory, 
006054) to delete exon 4, generating PKCβ

-/+ mice, which were used to establish the PKCβ
-/- mouse line. 

Mouse genotypes were determined by PCR. B, Western blot of PKCα, PKCβ, adaptor protein 2 (AP2), 

clathrin heavy chain (CHC), dynamin, and β-actin in WT, PKCα
-/- (A), and PKCβ

-/-- (B) hippocampal 

culture. Results in A and B were repeated by 2– 4 times. C, FSypH traces (normalized to baseline, left) and 

Ratedecay (right) induced by Train40Hz (bar) in WT (n = 14 experiments) or PKCα
-/- (n = 28 experiments) 

hippocampal culture at 22–24°C. Data plotted as mean + s.e.m.; *p < 0.05; **p < 0.01, t test (applies to all 

similar graphs). Throughout the study, each experiment contained 20 –30 boutons; 1–3 experiments were 
taken from 1 culture; each culture was from 3–5 mice; each group was from 4 –12 cultures. D, Applying 

MES solution (pH:5.5, bars) quenched FSypH (mean + s.e.m.) to a similar level (lowest dash line) before 

and after a 10 s train of stimuli in PKCα
-/- boutons (n = 6 experiments, 22–24°C). ΔS, SypH at resting 

plasma membrane quenched by MES. E–G, Similar to C, but at 34 –37°C (E), in PKCβ
-/- culture (F), or 

after a 10 s train at 20 Hz (G). E, WT, n = 6 experiments; PKCα
-/-, n = 6. F, WT, n = 14; PKCβ

-/-, n = 5. G, 

WT, n = 16; PKCα
-/-, n = 22. H, FSypH traces and Ratedecay induced by Train40Hz (bar) in WT boutons (n = 

14), PKCα
-/- boutons (PKCα

-/--, n = 28), PKCα
-/- boutons rescued with WT PKCα (containing mCherry for 

recognition, PKCα
-/-+ PKCα, n = 7), and in PKCα

-/- boutons rescued with PKCα
D/A and mCherry (PKCα

-/-+ 

PKCα
D/A, n = 8). I, Protein sequence of PKCα and PKCα

D/A C2 domain. The Ca 2+-coordinating aspartates 

of PKCα (bold) were mutated to alanines (red) in PKCα
D/A. J, we expressed PKCα-GFP (left two panels) or 

PKCα
D/A -GFP (right two panels) in HEK293T cells and monitored the subcellular distribution of the 

kinase. The Ca2+ ionophore, ionomycin (10 µM, 15 min), induced translocation of PKCα-GFP toward the 

plasma membrane, but did not alter the intracellular distribution of PKCα
D/A -GFP. Such results were 

observed in 3 experiments (each experiment had 2–3 cells). K, Left, PKCα
-/- neurons rescued with WT 

PKCα (containing mCherry for recognition, PKCα
-/-+ PKCα), or with PKCα D/A and mCherry (PKCα

-/-+ 

PKCα
D/A). Right, Fluorescence intensity of mCherry (FmCherry) in PKCα

-/-+ PKCα neurons (n = 10) and 

PKCα
-/-+ PKCα

D/A neurons (n = 13). FmCherry was measured from both soma and branches. *, p < 0.05; **, p 

< 0.01 (t test).  The transgenic mice were produced by Lin Gan. The data was produced by Yinghui Jin, 
Xinsheng Wu and me. 

 

2.3.2 PKC calcium-binding domain is needed for endocytosis at hippocampal 

synapses. 

In cultures transfected with pH- sensitive synaptophysin-pHluorin2X (SypH), a 

10 s train of stimuli (1 ms/20 mA) at 40 Hz (Train40Hz), which generated an action 

potential train, induced a SypH fluorescence (FSypH) increase (ΔF) and then decrease  

(Fig. 1C), reflecting exocytosis and endocytosis, respectively. In WT at 22–24°C (applies 

if not mentioned otherwise), FSypH decayed mono-exponentially with a τ of 20.0 ± 1.4 s, 

reflecting slow endocytosis; the initial decay rate (Ratedecay) was 4.6 ± 0.4%/s (n = 14 
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experiments, 7 cultures, each culture from 3–5 mice; Fig. 2.1C). In PKCα
-/- cultures, FSypH 

decay was slower with a Ratedecay ~41% of WT (Fig. 2.1C). 

Is the slower FSypH decay due to slower reacidification or endocytosis? In PKCα
-/- 

cultures, MES solution with a pH of 5.5 applied before Train10s quenched FSypH to the 

background level and decreased FSypH by ΔS (Fig. 2.1D), which reflected the preexisting 

SypH molecules at the plasma membrane. Washing out MES solution led to recovery of 

FSypH to baseline (Fig. 2.1D). We then applied a 10 s train of stimuli and applied MES 

solution at 10 s after the stimulation train, at which FSypH remained well above the 

baseline. FSypH was quenched to a level similar to that in MES solution before the 

stimulation train (lower dotted line; Fig. 2.1D), but much lower than that predicted, if 

FSypH decay is due to reacidification (upper dotted line; Fig. 2.1D, n = 6). Quenched FSypH 

recovered above baseline after MES washout, confirming the prolonged presence of 

SypH at the plasma membrane (Fig. 2.1D). Thus, slower FSypH decay in PKCα
-/- cultures 

primarily reflected slower endocytosis. 

Prolonged FSypH decay and reduced Ratedecay were also observed at 34 –37°C (Fig. 

2.1E, PKCα
-/- culture), at PKCβ

-/- culture (Fig. 2.1F), and after a 10 s action potential train 

at 20 Hz (Fig. 2.1G, PKCα
-/- culture). Ratedecay in PKCα

-/- culture was rescued to the WT 

level by transfection of WT PKCα, but not a mutant PKCα (Fig. 2.1H ), in which 5 

aspartates in its calcium binding C2 domain were mutated to alanines (PKCα
D/A; Fig. 

2.1I ) (Nalefski & Falke, 1996).  

PKCα
D/A neither binds calcium nor is translocated to the plasma membrane by 

calcium as WT PKC (Newton, 2010) (D. Fiorovante and W. Regehr, personal 

communication. see also Fig. 2.1J). The fluorescence of mCherry was similar in PKCα
-/- 
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neurons overexpressed with PKCα and mCherry or with PKCα
D/A and mCherry (Fig. 

2.1K, t test, p = 0.84), consistent with similar expression level of PKCα and PKCα
D/A. 

Together, these results suggest that PKC calcium binding domain is needed for 

endocytosis. PKC may thus serve as an endocytosis calcium sensor. 

 

2.3.3 EM suggests PKC involvement in endocytosis of regular vesicles and bulk 

endosomes. 

 We performed EM to examine ultrastructural changes in PKCα
-/- hippocampal 

cultures. Horseradish peroxidase (HRP, 5 mg/ml, bath) was added for assay of vesicular 

uptake. At rest, HRP-positive [HRP(+)] vesicles were minimal; most vesicles were HRP-

negative [HRP(-)] (Fig. 2.2A, B); the number of HRP(+) and HRP(-) vesicles and their 

sum in boutons were similar in WT and PKCα
-/- cultures (data not shown). To ex- amine 

endocytosis, we applied 90 mM KCl with HRP for 1.5 min, and fixed samples at 0, 3 and 

10 min after KCl/HRP application. In WT boutons, compared with the resting condition, 

HRP(+) vesicles increased from time 0 to 10 min after KCl, reflecting vesicle endocytosis 

(Fig. 2.2A, B) as previously shown (Wu et al., 2016; Y. Wu et al., 2014). Compared with 

WT boutons, HRP(+) vesicles were significantly reduced at each time point after KCl in 

PKCα
-/- boutons (Fig. 2.2A, B), suggesting inhibition of endocytosis.  

In WT boutons, we observed HRP(+) bulk endosomes (Fig. 2.2A), defined as 

vesicles with a diameter 80 nm or with a cross section area more than that of a 80 nm 

vesicle (~0.005 µm2). Bulk endosome area increased at time 0, then decreased at 3 and 10 

min (Fig. 2.2A, C), suggesting generation of bulk endosomes and subsequent conversion 

to vesicles as previously shown (Wu et al., 2016; Y. Wu et al., 2014). Similar trends were 
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observed in PKCα
-/-, but at a lower level, which was significant at 10 min time point (Fig. 

2.2C), suggesting inhibition of bulk endocytosis. These EM data confirmed the 

involvement of PKC in endocytosis. Results shown in Figure 5, A–C, were obtained at 

room temperature (22–24°C). Results similar to Figure 2.2A–C, were also observed at 

physiological temperature (37°C; Fig. 2.2D, E), at which bulk endocytosis was more 

severely inhibited, suggesting more involvement of PKC in bulk endocytosis in 

physiological temperature.  

 

 

Figure 2.2. PKCα knockout affects endocytosis examined with EM at hippocampal synapses. A, EM 

images of WT and PKCα
-/- hippocampal boutons at rest (Rest) and at 0 min (K+), 3 min and 10 min after 
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1.5 min 90 mM KCl application. For Rest, HRP was included for 1.5 min; for KCl application, HRP was 

included only during KCl application (see labels). B, C, Number of HRP(+) vesicles (B) and the bulk 

endosome area (C) per square micrometer of synaptic cross-section are plotted versus the time before 

(Rest) and at 0 min (K+), 3 min, and 10 min after the end of KCl application in WT and PKCα
-/- 

hippocampal cultures (mean + s.e.m., each group was from 100 –132 synaptic profiles from 4 –12 mice). 

The temperature before fixation was 22–24°C. D, E, Similar to B and C, respectively, except that the 

temperature was 37°C before fixation. *, p < 0.05; **, p < 0.01; ***, p < 0.001 (t test). 

 

While we examined bulk endocytosis with EM at a time scale of minutes, this 

does not mean that bulk endocytosis is completely independent of rapid and slow 

endocytosis measured at live synapses. Bulk endocytosis detected with capacitance 

measurements can be rapid or slow, within ~1–20 s after stimuli, and contributed to 

mediating rapid and slow endocytosis (Wu & Wu, 2007). Bulk endocytosis detected with 

EM after rapid freezing can be ultrafast, within hundreds of milliseconds after an action 

potential like stimulation in physiological temperature (Watanabe, Rost, et al., 2013). 

Thus, rapid and slow endocytosis may be due to formation of bulk endosome-like 

structures as well as regular-size vesicles.  

 

2.3.4 CaM2 Knockout mouse generation 

 Here we verified this suggestion by gene knockout, and more importantly, deter- 

mined whether calcium binding with CaM is needed, the basic criteria for being a 

calcium sensor. Among 3 CaM genes (CaM1, CaM2, and CaM3) encoding the same 

CaM, we generated CaM2
loxP mice by CRISPR technique as illustrated in Figure 2.3A. 

sgRNAs were designed by using CRISPR Design (https://zlab.bio/ guide-design-

resources) to identify unique target sites through- out the mouse genome (Fig. 2.3A). 

sgRNAs were transcribed in vitro using the MEGAshortscript T7 Transcription Kit from 

synthetic double-strand DNAs and purified using MEGAclear kit (Fig. 2.3A). A mixture 
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of Cas9 mRNA, sgRNAs and ssDNA templates was injected into the cytoplasm of one 

cell-stage fertilized embryos harvested from C57BL/6J mice (Fig. 2.3A). Viable two- cell 

stage embryos were transferred into the oviducts of female surrogates to generate founder 

mice (Fig. 2.3A). Founders with loxP inserts were identified by PCR and sequencing, and 

were subsequently bred with C57BL/6J mice to generate heterozygous mice (Fig. 2.3A). 

CaM2
loxP mouse was crossed with CMV-Cre mouse to generate CaM2

-/- mouse.  
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Figure 2.3. CaM and its calcium-binding domain are required for endocytosis at hippocampal synapses. A, 

Generation of Calm2loxP mice (Calm2: Calmodulin 2 gene). sgRNAsweredesignedbyusing 

CRISPRDesign(https://zlab.bio/guide-design-resources) to identify uniquetarget sites 

throughoutthemousegenome. sgRNAsweretranscribed in vitro using the MEGAshortscript T7 Transcription 

Kit (Life Technologies) from synthetic double-strand DNAs purchased from IDT (Integrated DNA 

Technologies) and purified using MEGAclear kit (Life Technologies). A mixture of Cas9 mRNA (TriLink 
Biotechnologies, 100 ng/µl), sgRNAs (50 ng/µl), and ssDNA templates (100 ng/µl, synthesized by IDT) 

was injected into the cytoplasm of one cell-stage fertilized embryos harvested from C57BL/6J mice (The 

Jackson Laboratory, 000664). Viable two-cell stage embryos were transferred into the oviducts of female 

surrogates to generate founder mice. Founders with loxP inserts were identified by PCR and sequencing, 

and were subsequently bred with C57BL/6J mice to generate heterozygous mice. The primers used to 

identify the 5' and 3' loxP insertions were Calm2 mtF: 5'-CCATGAACCTTGAACCTGTAGGATCCA-3' 

and Calm2 mtR: 5'-ATGCTACATTCAACTTGTCACCATTCGAATTCA-3'. B, Western blot of CaM, 

AP2, clathrin heavy chain (CHC), dynamin (Dyn), and β-actin in WT and CaM2
-/- brain. B, CaM Western 

blot intensity (CaM Int, a.u.) from WT or CaM2
-/- culture. C, FSypH traces (normalized to baseline) and 

Ratedecay induced by Train40Hz (bar) in WT (n = 14 experiments) or CaM2
-/- (n = 8) hippocampal culture at 

22–24°C (mean + s.e.m.). D, Similar to C, but at 34 –37°C (WT, n = 6; CaM2
-/-, n = 4). E, Similar to C, 

but after a 10 s train at 20 Hz (WT, n = 16; CaM2
-/-, n = 7). F, FSypH traces and Ratedecay induced by 

Train40Hz in WT hippocampal boutons (n = 14 experiments, with SypH transfection), CaM2
-/- boutons (n = 

8, with SypH transfection), CaM2
-/- boutons transfected with a plasmid containing CaM and mCherry 

(mCherry for recognition, SypH was cotransfected, n = 4, CaM2
-/-+CaM), and CaM2

-/- boutons transfected 

with a plasmid containing CaM1234 and mCherry (n = 4, CaM2
-/-+M). Temperature was 22–24°C. *, p < 

0.05; **, p < 0.01 (t test). The transgenic mice were produced by Lin Gan. The data was produced by 

Yinghui Jin, Xinsheng Wu and me. 

 

 In CaM2
-/- hippocampal synapses, Western blot showed significant reduction of 

CaM, but not other major endocytic proteins (Fig. 2.3B).  

 

2.3.5 Calmodulin calcium binding domain is needed for endocytosis at hippocampal 

synapses. 

 Ratedecay was significantly reduced after a 40 or 20 Hz train, particularly the 40 Hz 

train at either 22–24°C or 34–37°C (Fig. 2.3C–E). Consistently, the time course of FSypH 

decay at CaM2
-/- synapses was slower (Fig. 2.3C–E). The slower FSypH decay was not due 

to slower reacidification, as revealed with acid-quenching of surface SypH (data not 

shown). Thus, CaM2 knockout inhibits endocytosis, consistent with previous knockdown 

experiments (Sun et al., 2010). The Ratedecay was rescued to the WT level by transfecting 

CaM2
-/- culture with SypH and WT CaM cDNA, but not with SypH and CaM1234 mutant 
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cDNA (Fig. 2.3F) where mutation in four calcium binding sites prevents calcium binding 

with CaM1234 (Xia et al., 1998). Thus, the calcium binding domain of CaM is needed to 

rescue endocytosis, suggesting that CaM serves as a calcium sensor. 

 

2.3.6 EM suggests CaM involvement in endocytosis of regular vesicles and bulk 

endosome. 

 

Figure 2.4. CaM2 knockout affects endocytosis examined with EM at hippocampal synapses. A, EM 

images of WT and CaM2
-/- hippocampal boutons at rest (Rest) and at 0 min (K+), 3 min and 10 min after 1.5 

min application of KCl and HRP (same arrangements as in Fig. 2.2A). B, I, The number of HRP(+) 

vesicles (B) and the bulk endosome area (C) per square micrometer of synaptic cross-section are plotted 

versus the time before (Rest) and at 0 min (K+), 3 min, and 10 min after KCl/HRP application in WT and 

CaM2
-/- hippocampal cultures (22–24°C). Data are expressed as mean + s.e.m.; each group was from 100 –

132 synaptic profiles from 4 –12 mice. D, E, Similar to B and C, respectively, except that the temperature 

was 37°C. ***, p < 0.001 (t test). 
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We examined CaM2
-/- hippocampal cultures with the same EM approach used for 

PKC knockout. HRP(+) vesicles were minimal at rest, but increased at 0–10 min after 

KCl application in WT, which reflected vesicle endocytosis (Fig. 2.4A, B). The in- crease 

of the HRP(+) vesicle number was substantially inhibited in CaM2
-/- boutons (Fig. 2.4A, 

B), confirming inhibition of endocytosis in CaM2
-/- boutons. HRP(+) bulk endosome was 

significantly reduced to near 0 at each time point (0 –10 min) after KCl application in 

CaM2
-/- boutons (Fig. 2.4C ), suggesting involvement of CaM in bulk endocytosis. While 

results in Figure 7, G–I, were observed at room temperature, similar results were 

observed at physiological temperature (37°C; Fig. 2.4D, E), suggesting calmodulin 

involvement in endocytosis at both room and physiological temperature. 

 

2.4 Discussion 

We showed that PKCα and PKCβ knockout (Fig. 2.1) inhibited slow endocytosis 

measured with SypH imaging after action potential trains at 20–40 Hz at cultured 

hippocampal synapses at 22–37°C. This inhibitory effect (by PKCα knockout) was 

rescued by overexpressing WT PKCα, but not PKCα
D/A that could not bind calcium (Fig. 

2.1). We generated CaM2
-/- mice and found that CaM2 knockout inhibited slow and rapid 

endocytosis at calyces (Fig. 2.3), and inhibited slow endocytosis at hippocampal 

synapses, which could be rescued by overexpressing WT CaM, but not CaM1234 that 

could not bind calcium (Fig. 2.3). EM showed that PKCα and CaM2 knockout reduced 

HRP(+) vesicles and HRP(+) bulk endosomes generated via bulk endocytosis (Figs. 2.2, 

2.4). Together, these results suggest that calcium binding with the calcium sensor PKCα, 
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PKCβ and CaM mediate calcium- dependent trigger and speed up of slow, rapid and bulk 

endocytosis at synapses. 

Early studies showed that PKC phosphorylates dynamin 1 and prevents dynamin 

1 interaction with membrane phospholipids in vitro (Powell et al., 2000; Robinson et al., 

1993). However, a subsequent study from the same lab shows that cyclin-dependent 

kinase 5, but not PKC phosphorylates dynamin 1 in vivo (Tan et al., 2003). The role of 

PKC in endocytosis has since not been considered. The present work suggests that 

calcium binding with PKC mediates calcium-stimulated slow and rapid endocytosis. PKC 

might stimulate endocytosis via phosphorylating serine/ threonine of its substrates 

(Cousin & Robinson, 2001). 

Studies with pharmacology and knock-down suggest CaM involvement in 

endocytosis (Sun et al., 2010; Wu et al., 2009; Yamashita et al., 2010; Yao & Sakaba, 

2012). By knocking out Calm2 gene, we provided the first genetic evidence suggesting 

CaM involvement in bulk endocytosis (Figs. 2.4). Furthermore, by performing rescue 

experiments, we provided the missing evidence showing that CaM serves as a calcium 

sensor for endocytosis (Fig. 2.3). Potential downstream targets of CaM may include CaN 

and/or myosin light chain kinase (MLCK) for three reasons. First, both CaN and MLCK 

are activated by CaM; second, CaN dephosphorylates many endocytic proteins, and CaN 

knockout inhibits endocytosis at calyceal, hippocampal and cerebellar synapses; and 

third, MLCK, which is involved in controlling the readily releasable pool size (Srinivasan 

et al., 2008), facilitates endocytosis via actomyosin interaction, and actin is essential for 

synaptic vesicle endocytosis (Cousin & Robinson, 2001; Delvendahl et al., 2016; Li et 
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al., 2016; Soykan et al., 2017; Sun et al., 2010; X.-S. Wu et al., 2014; Wu et al., 2016; 

Yue & Xu, 2014).  

We do not know why endocytosis involves two calcium sensors, PKC and CaM. 

Given that PKC mediates phosphorylation, and CaM may activate CaN or MLCK to 

mediate dephosphorylation or phosphorylation (Cousin & Robinson, 2001; Yue & Xu, 

2014), we suggest that calcium triggers and facilitates endocytosis by phosphorylation 

and dephosphorylation of the endocytosis machinery. Since endocytosis may be 

composed of multiple steps, such as formation of a membrane pit, formation of a narrow 

pore, hemi-fission, and fission (Kononenko & Haucke, 2015; Mettlen et al., 2018; Shin et 

al., 2018; Zhao et al., 2016), it might be possible that PKC and CaM are involved in these 

different transitions. 

Knockout or knock-down of synaptotagmin 1 led to slowdown of endocytosis, 

raising the possibility that synaptotagmin 1 may be another calcium sensor for 

endocytosis (Nicholson-Tomishima & Ryan, 2004; Poskanzer et al., 2006; J. Yao et al., 

2012; L. H. Yao et al., 2012). However, a recent study shows that slower endocytosis in 

synaptotagmin 1 knockout synapses is due to asynchronous vesicle fusion caused by 

synaptotagmin 1 knockout (Li et al., 2017). Endocytosis after asynchronous fusion is 

slower than that after synchronous fusion, suggesting that synaptotagmin 1 is not an 

endocytosis calcium sensor (Li et al., 2017). While the evidence for transient calcium 

influx in stimulating endocytosis is overwhelming in a variety of stimulation conditions 

(see introduction), it has been suggested that prolonged calcium dialysis or calcium after 

a single action potential may not facilitate endocytosis, but inhibit endocytosis (Leitz & 

Kavalali, 2011; Li et al., 2017; Von Gersdorff & Matthews, 1994; Wu & Wu, 2014). 
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Caution is therefore needed when considering our findings in these conditions. It should 

be noted that a 1 ms APe induces rapid endocytosis with a τ of ~2 s, whereas depol20ms 

induces slow endocytosis with a τ of ~15–20 s at calyces (Wu et al., 2005). Similar 

results were observed at goldfish bipolar synapses and cerebellar mossy fiber boutons 

(Delvendahl et al., 2016; Von Gersdorff & Matthews, 1994). These observations may be 

explained by the prolonged global calcium increase caused by increased depolarization, 

which has been shown to inhibit endocytosis (Von Gersdorff & Matthews, 1994; Wu & 

Wu, 2014). Saturation of the endocytosis capacity, as previously proposed 

(Sankaranarayanan & Ryan, 2000; Sun et al., 2002; Wu et al., 2005) might also 

contribute to this observation. 

Calcium triggers many forms of endocytosis, including rapid, slow, bulk, and 

overshoot endocytosis in nerve terminals (L.G. Wu et al., 2014), endocrine cells (Artalejo 

et al., 1995; Chiang et al., 2014; L.G. Wu et al., 2014) and dendrites (Kennedy & Ehlers, 

2006). Our finding that calcium binding with the calcium sensors PKC and CaM 

mediates calcium-stimulated endocytosis may apply to these calcium-dependent forms of 

endocytosis in neurons and endocrine cells. It might also apply to the calcium-triggered 

fusion pore (Chiang et al., 2014; Shin et al., 2018) and fission pore closure (Wu et al., 

2009) that control exo- and endocytosis efficiency, and to calcium- and endocytosis-

dependent RRP replenishment that sustains synaptic transmission.  
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Chapter 3: Dynamin 1 controls vesicle size and endocytosis at 

hippocampal synapses 

*This chapter is derived from Shi, B.*, Jin, Y.H.*, Wu, L.G. (2022) Dynamin 1 controls vesicle size and 

endocytosis at hippocampal synapses. Cell Calcium, 103:102564. (*Shi, B. and Jin, Y.H. contributed 

equally to this work.) 

 

*I am responsible for the project, and Yinghui Jin contributed some of the data. 

 

3.1 Introduction 

Calcium influx triggers vesicle fusion to release transmitters and hormones, which 

mediate synaptic transmission and control animal behaviors(L.-G. Wu et al., 2014). After 

vesicle fusion, exocytosed vesicles must be retrieved via endocytosis, which recycles 

exocytosed vesicles and thus maintains synaptic transmission (Gan & Watanabe, 2018; 

Kononenko & Haucke, 2015; Saheki & De Camilli, 2012; L.-G. Wu et al., 2014; Wu & 

Wu, 2014). Endocytosis must transform flat plasma membrane into oval/round vesicles 

(Heuser & Reese, 1973; Shin et al., 2021). Over the last several decades many proteins 

and lipids have been identified to be involved in this curvature transition processes. The 

most ubiquitous protein being identified in various forms of endocytosis is dynamin, a 

GTPase that catalyzes membrane fission, the last step of endocytosis that converts 

membrane pits into vesicles (Antonny et al., 2016). Despite these significant progresses, 

our understanding of the mechanisms that control the endocytic vesicle size remains 

poorly understood. For two reasons, vesicle size is important for nerve terminals to 

maintain calcium-triggered exocytosis that mediates synaptic transmission crucial for any 

neuronal circuits. First, if the vesicle is too big, a nerve terminal would contain much less 

vesicles that can be exhausted much more rapidly during high frequency firing, resulting 

in failure of synaptic transmission. Second, accumulated studies suggest that in addition 



 

43 

 

to vesicular transmitter concentration (Wu et al., 2007), vesicle size may determine the 

quantal size, a basic parameter that can determine and regulate synaptic strength (Zhang 

et al., 1998). More generally speaking, vesicle size is important in determining what 

endocytosis can take up, including large viruses or toxins, or small membrane-associated 

proteins and lipids, and in deciding the efficiency and strategy of endocytosis for a given 

cell – small but frequent versus large but infrequent vesicle making. 

 Deletion of AP180 increases the vesicle size by about ~20% and the quantal size 

by ~60%, suggesting that AP180 is involved in controlling vesicle size (Zhang et al., 

1998). The involvement of AP180 in controlling vesicle seems to imply the involvement 

of clathrin in controlling vesicle size. However, perturbation of clathrin did not reach a 

consensus. For example, acute photoinactivation of clathrin light chain or clathrin heavy 

chain blocks vesicle generation, causes accumulation of large internal membrane 

compartments, and increases vesicle sizes at drosophila neuromuscular junctions 

(Heerssen et al., 2008; Kasprowicz et al., 2008). In contrast, mutation of clathrin heavy 

chain in C. elegans, which impairs receptor-mediated endocytosis, reduces synaptic 

vesicle size by ~14% (Sato et al., 2009). Knockdown of clathrin did not significantly 

affect ultrafast endocytosis or slow endocytosis at mouse hippocampal synapses 

(Kononenko, 2014; Watanabe et al., 2014) but see (Granseth et al., 2006), where electron 

microscopy was performed, but did not report vesicle size changes (Kononenko, 2014; 

Watanabe et al., 2014). In summary, our understanding of the endocytic molecules 

involved in controlling vesicle size is poor.   

In the present work, we report that knockout of dynamin 1, the main dynamin 

isoform in the brain, increased the vesicle diameter by as much as ~40% at hippocampal 
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nerve terminals. This is a surprising finding, because dynamin has been well known for 

several decades as a GTPase responsible for the last step of endocytosis, fission, which 

forms a vesicle by cutting the neck of a membrane pit. Our finding suggests that dynamin 

1 has an additional crucial function in endocytosis – controlling vesicle size at central 

synapses. Furthermore, we found that dynamin 1 plays a more critical role than 

previously recognized at central synapses, because dynamin 1 knockout at hippocampal 

synapses generated a much larger block of endocytosis measured after low and high 

frequency action potential trains than previously reported at cortical synapses (Ferguson 

et al., 2007; Raimondi et al., 2011).  

 

3.2 Materials and Methods 

3.2.1 Animals. 

Animal care and use were carried out according to NIH guidelines and were 

approved by the NIH Animal Care and Use Committee.  Dynamin 1+/- (Dnm1+/-) mice 

were purchased from the Jackson Laboratory. Dnm1-/- mice of either sex were obtained 

by heterozygous breeding using standard mouse husbandry procedures. Mouse genotypes 

were determined by PCR, and verified in some experiments with western blot. Wild-type 

littermates and wild-type non-littermates of either sex were used as control. 

 

3.2.2 Hippocampal culture and imaging. 

Mouse hippocampal culture was prepared as described previously 

(Sankaranarayanan and Ryan, 2000; Sun et al., 2010). Hippocampal CA1-CA3 regions 

from P0 mice were dissected, dissociated, and plated on Poly-D-lysine treated coverslips. 
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Cells were maintained at 37°C in a 5% CO2 humidified incubator with a culture medium 

consisting of Neurobasal A (Invitrogen, Carlsbad, CA), 10% fetal bovine serum 

(Invitrogen, Carlsbad, CA), 2% B-27 (Invitrogen, Carlsbad, CA), 0.25% glutamax-1 

(Invitrogen, Carlsbad, CA), and 0.25% insulin (Sigma, St. Louis, MO). On 5-7 days after 

plating, neurons were transfected with plasmids using Lipofectamine LTX (Invitrogen, 

Carlsbad, CA).  

Hippocampal cultures were transfected with a plasmid containing SypH, provided 

by Dr. Yong-Ling Zhu (Zhu et al., 2009) for the imaging of endocytosis. cDNA encoding 

human Dnm1 wild-type was amplified from Dnm1-pmCherryN1 (Addgene #27697). 

Dnm1 plasmid was transfected along with SypH, and it contained mCherry, which was 

used for us to recognize the transfected cells. After transfection, neurons were maintained 

at 37°C in a 5% CO2 humidified incubator for another 6-8 days before experiments. 

Action potential was evoked by a 1 ms pulse (20 mA) through a platinum electrode. 

The bath solution contained (in mM): 119 NaCl, 2.5 KCl, 2 CaCl2, 2 MgCl2, 25 HEPES 

(buffered to pH 7.4), 30 glucose, 0.01 6-cyano-7-nitroquinoxaline-2, 3-dione (CNQX), and 

0.05 D,L-2-amino-5-phosphonovaleric acid (AP-5). The culture chamber for imaging was 

heated using a temperature controller (TC344B,Warner Instruments, Hamden, CT), which 

set the temperature during imaging at 34-37oC. Imaging was performed after the culture 

was at 34-37oC for 15-30min. The temperature was verified with another small 

thermometer (BAT-7001H, Physitemp Instruments, Clifton, NJ) in the chamber. SypH 

images were acquired at 10 Hz using Nikon A1 confocal microscope (60X, 1.4 NA), and 

analyzed with Nikon software.  
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3.2.3 Western blot. 

For Western blot, neurons were washed three times with ice-cold PBS. Cell 

lysates were prepared in the modified RIPA buffer containing protease inhibitors 

(Thermo Scientific, Rockford, IL). Equal amounts of proteins, determined by BCA 

protein assay (Thermo Scientific, Rockford, IL), were loaded onto SDS-PAGE gel and 

immunoblotted using antibodies against clathrin heavy chain (1:1,000; BD Bioscience, 

San Jose, CA), dynamin (1:1,000; BD Bioscience, San Jose, CA, recognizing all dynamin 

isoforms, including 1, 2 and 3), dynamin 1 (1:1,000; Thermofisher, Waltham, MA) and 

-actin (1:2,000; Abcam, Cambridge, United Kingdom). 

 

3.2.4 Electron microscopy. 

Hippocampal cultures were fixed with 4% glutaraldehyde (freshly prepared, Electron 

microscopy sciences, Hatfield, PA) in 0.1 N Na-cacodylate buffer solution containing for 

at least one hour at 22-24oC, and stored in 4°C refrigerator overnight. The next day, cultures 

were washed with 0.1N cacodylate buffer, and treated with 1% OsO4 in cacodylate buffer 

for 1 hr on ice, and 0.25% uranyl acetate in acetate buffer at pH 5.0 overnight at 4°C, 

dehydrated with ethanol, and embedded in epoxy resin. Thin sections were counterstained 

with uranyl acetate and lead citrate then examined in a JEOL 200 CX TEM. Images were 

collected with a CCD digital camera system (XR-100 from AMT, Danvers, MA) at a 

primary magnification of 10,000-20,000X. Synapses were selected based on the structural 

specialization including synaptic vesicle clustering, synaptic cleft and the postsynaptic 

density.  
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3.2.5 Data collection and measurements of the decay time constant and Ratedecay. 

The time constant (τ) of fluorescence decay was measured from exponential fit of 

the decay. For SypH signal in hippocampal cultures, the Ratedecay was measured from 

boutons’ SypH fluorescence trace in the first 4–10 s after stimulation. 

 

3.2.6 Experimental Design and Statistical Analyses. 

Means were presented as ±s.e.m. The statistical test was t-test. We used t test 

with equal variance, although t-test with unequal variance gave the same result. For 

pHluorin imaging, each experiment included 20-30 boutons showing fluorescence 

increase (region of interest: 2m X 2 μm). ~1-3 experiments were taken from 1 culture. 

Each culture was from 3-6 mice. Each group of data was obtained from at least four 

batches of cultures (4-7 cultures). 

 

3.3 Results 

3.3.1 Dynamin 1 knockout severely inhibits endocytosis after 5-40Hz action 

potential trains. 

Dynamin 1 knockout slows down endocytosis significantly only during high 

frequency firing, but not after high or low frequency firings at conventional small 

boutons of cortical synapses (Ferguson et al., 2007; Raimondi et al., 2011). To determine 

whether this observation applies beyond cortical synapses, we examined endocytosis at 

hippocampal synapses lacking dynamin 1. To detect endocytosis, we transfected the 

hippocampal cultures with pH sensitive synaptophysin-pHluorin2X (SypH). Application 

of a 10 s train of stimuli (1 ms/20 mA) at 20 Hz (Train20Hz), which generated an action 
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potential train (Sankaranarayanan and Ryan, 2001; Sun et al., 2010), and it induced a 

FSypH increase (ΔF) and then decline, which reflect exocytosis and sequent endocytosis 

(Fig. 3.1A, B) (Kavalali & Jorgensen, 2014).  

In wild-type (WT) control culture at 22–24°C, the initial FSypH decay rate 

(Ratedecay) was 5.5 ± 0.5%/s, which was calculated after normalizing the ΔF to 100%. 

ΔF/F was 316 ± 52% over the baseline fluorescence intensity F (n=11 experiments, 1-3 

experiments per culture, 6 cultures, each culture from 3–6 mice; Fig. 3.1C). In dynamin 

1-/- (Dmn1-/-) cultures, dynamin 1 was knocked out, as verified with western blot (data not 

shown) (Ferguson et al., 2007); FSypH decay was much slower as compared to control 

(Fig. 3.1A, B), the Ratedecay was significantly reduced to ~41% of the WT level (Fig. 

3.1C), and F/F was also reduced substantially (Fig.3.1A,C). While these results were 

obtained at room temperature, similar results were obtained at physiological temperature 

(34-37oC) after action potential trains at 20 Hz (WT,6experiments; Dmn1-/-, 4 

experiments) or 40 Hz (WT, 5experiments; Dmn1-/-, 4 experiments; Fig.3.2H-J). The 

slower FSypH decay time course, smaller Ratedecay, and smaller F were rescued to the 

control level by transfecting WT dynamin 1 (Dnm1) to Dmn1-/- cultures (Fig.3.1A-C).  
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Figure 3.1. Dynamin 1 knockout severely inhibits endocytosis after repetitive firing at 20 Hz at 

hippocampal synapses. A-C, FSypH traces (A,B), Ratedecay (C,left) and ΔF/F (C,right) induced by Train20Hz 

(10 s train of action potentials at 20 Hz) in wild-type (WT) cultures (n=10experiments), Dnm1-/- cultures 

(n=6 experiments), or Dnm1-/- hippocampal cultures overexpressed with WT dynamin 1 (Dnm1-/-

+Dnm1; containing mCherry for recognition, n=5). FSypH traces in panelB are the same as those in panel 
A, but with the peak FSypH rescaled (Norm FSypH) to the same amplitude for better comparison of time 

courses. Temperature and data analysis (applies to Figs. 1-4, if not specifically mentioned): 22–24°C; data 

expressed as mean+s.e.m. ***, p < 0.001 (t test, compared to WT). D, Applying MES solution (pH: 5.5) 

quenched FSypH (mean+s.e.m.) to a similar level (lowest dash line) before and after a 10 s train of stimuli 

in Dnm1-/- cultures (n=5 experiments, 22–24°C). ΔS: SypH at resting plasma membrane quenched by 
MES (see main text for more description). 

 

To exclude the possibility that the slower FSypH decay in Dnm1-/- culture is not due 

to slower reacidification, we applied the MES solution with a pH of 5.5 before and after 

the Train20Hz. Before Train20Hz, the MES solution quenched FSypH to the background level, 

resulting in a decrease of FSypH by ΔS (Fig. 3.1D), which reflected the preexisting SypH 

molecules at the plasma membrane surface. Washing out MES solution led to recovery of 

FSypH to baseline (Fig. 3.1D). We then applied Train20Hz to induce exo-endocytosis 

(Fig.3.1D). At 10 s after Train20Hz, at which FSypH remained well above the baseline, we 

applied the MES solution again, which quenched FSypH to a level similar to that during 
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MES application before Train20Hz (lower dotted line; Fig. 3.1D), but much lower than that 

predicted (FSypH decrease by S) if FSypH decay is due to reacidification (upper dotted 

line; Fig. 3.1D, n=5). FSypH recovered above baseline after MES washout, confirming 

the prolonged presence of SypH at the plasma membrane (Fig. 3.1D). Thus, slower FSypH 

decay in Dmn1-/- cultures primarily reflected slower endocytosis. 

The slower FSypH decay was accompanied by a reduction of ΔF, suggesting that 

exocytosis is reduced. Reduction of F is not the reason for the slower FSypH decay, 

because smaller F induced by a 2s train of stimulation at 20Hz or by a lower frequency 

stimulation train does not prolong FSypH decay (Sun et al., 2010; Wu et al., 2016) (see 

alsoFig. 3.2,5-Hztrain). Inhibition of endocytosis may account for the reduction of ΔF, 

because endocytosis may facilitate vesicle replenishment to the readily releasable pool 

during repetitive stimulation by facilitation of the active zone clearance after exocytosis 

(Hosoi et al., 2009; L.-G. Wu et al., 2014; Wu et al., 2009). Consistent with this 

explanation, inhibition of proteins involved in endocytosis, such as dynamin, CaN, CaM, 

actin and potassium channel Kv3.3, has all been shown to slow down endocytosis and 

reduce exocytosis during repetitive stimulation (Jin et al., 2019; Sun et al., 2010; Wu et 

al., 2009; Wu et al., 2021; Wu et al., 2016).  

Next, we determined whether the slower FSypH decay in Dmn1-/- cultures 

depended on the frequency of stimulation. We found that FSypH decay was slower with a 

smaller Ratedecay after a 10s action potential train at 40 Hz (Fig. 3.2A-C) or at 5 Hz (Fig. 

3.2D-F) in Dmn1-/- cultures. Ratedecay was 65±12% (n=8) of WT control after the 5-Hz 

train, but 41±2% (n=6) and 33 ± 8% (n=6) of WT control after the 20-Hz and 40-Hz 

train, respectively (Fig.3.2G). The Ratedecay reduction after the 5-Hz train was not as 
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significant as those after 20-Hz or 40-Hz train (Fig.3.2G). Thus, dynamin1 is important 

in mediating endocytosis after both low and high frequency firing, but more crucial after 

higher frequency firing.  

 

 

Figure 3.2. Dynamin 1 knockout inhibits endocytosis after repetitive firing at 5 or 40 Hz at hippocampal 

synapses. A-C, FSypH traces (A,B), Ratedecay (C,left) and ΔF/F (C,right) induced by a 10-s train of action 

potentials at 40 Hz) in wild-type (WT) cultures (n=14experiments) or Dnm1-/- cultures (n=6 

experiments). FSypH traces in panelB are the same as those in panel A, but with the peak FSypH rescaled to 
the same amplitude for better comparison of time courses. D-F, Similar arrangement as A-C respectively, 

except that the stimulation was a 10-s train of action potentials at 5 Hz (WT, 9 experiments; Dnm1-/-, 8 
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experiments). G, Ratedecay after 5, 20, and 40 Hz action potential train in the WT and Dnm1-/- culture. For 

each frequency of stimulation, Ratedecay was normalized to the mean of the corresponding WT Ratedecay. 

This plot aims for comparing the degree of reduction of Ratedecay at different frequencies. 5Hz: WT, n = 9; 
Dnm1-/-, n = 8 (original data from Fig. 3.2D-F). 20 Hz: WT, n = 10, Dnm1-/-, n = 6 (original data from Fig. 

3.1A-C). 40 Hz: WT, n = 14, Dnm1-/-, n = 5 (original data from Fig. 3.2A-C). H-J, Similar arrangement as 

A-C respectively, except that the experiments at physiological temperature (WT, 5 experiments; Dnm1-/-, 4 

experiments), ***, p < 0.001; *, p < 0.05 (t test, compared to WT). 
 

3.3.2 Dynamin 1 knockout enlarges the size of synaptic vesicles. 

In WT hippocampal cultures, the vesicle diameter, examined with electron 

microscopy (EM), ranged from 17 to 249nm with a mean of 

38.6±0.2nm(n=2170vesicles,22boutons,4cultures,Fig.3A-C). Among these 

vesicles, 98.9% (2146outof2170vesicles) had a diameter < 80nm; their mean diameter 

was 37.6 ± 0.1 nm (n=2146vesicles,Fig. 3.3D), which reflects the mean diameter of 

synaptic vesicles. The remaining 1.1% had a diameter >80nm, which is previously 

defined as endosome-like structures (Wu et al., 2016; Y. Wu et al., 2014). These WT 

control results were similar to previous reports (Wu et al., 2016; Y. Wu et al., 2014).  

In Dnm1-/- culture, the vesicle diameter ranged from 22 to 315nm with a mean of 

63.2±0.5nm(n=2628vesicles,49boutons,5cultures), which was on average ~64% 

larger than that (38.6±0.2nm) in WT control (Fig.3.3A-C). 80% of vesicles (2101 out 

of 2628) in Dnm1-/- culture had a diameter <80nm; their mean diameter was 52.5 ± 0.3 

nm (n=2101vesicles), which was on average ~40% larger than the corresponding 

control (37.6 ± 0.1 nm,n=2146vesicles,Fig. 3.3D). The percentage of vesicles with a 

diameter >80nm was 20%, which was much larger than the corresponding WT control 

(1.1%). In summary, the mean diameter of all vesicles and synaptic vesicles 

(diameter<80nm) in Dnm1-/- culture were on average ~40-64% larger than the 
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corresponding WT control, suggesting that dynamin1 is crucial in controlling synaptic 

vesicle size. 

 

 

Figure 3.3. Dynamin 1 knockout significantly increases the vesicle size at hippocampal synapses. A, 

Electron microscopic image of synaptic boutons from wild-type (WT) or Dnm1-/- hippocampal culture. B, 

Upper: Vesicle diameter distribution: The normalized number of vesicles (Norm Nves) plotted versus the 

vesicle diameter in WT (left axis) or Dnm1-/- (right axis) hippocampal cultures. Vesicles with a diameter 

difference within 10 nm is binned together. The total vesicle number is normalized as 1 for each group of 

data. WT: 2170 vesicles, 22boutons, 4 cultures, each culture from 6 mice; Dnm1-/-: 2628 vesicles, 49 
boutons, 5 cultures, each culture from 3-5 mice. Lower: Same as in left panel, but with the WT and Dnm1-/- 

data plotted at different scales such that the peak Nves (norm) for WT and Dnm1-/- cultures is at the same 

vertical level, which shows a clear right shift of the distribution for Dnm1-/- cultures. C, Mean (± s.e.m.) 

vesicle diameter from WT (2170vesicles) and Dnm1-/- (2628vesicles) culture. Vesicles with a diameter 
between 17-315 nm are all included. D, Mean (± s.e.m.) vesicle diameter for vesicles with a diameter less 

than 80 nm from WT (2101vesicles) and Dnm1-/- (2146vesicles) culture. ***, p < 0.001 (t test, compared 
to WT). 

 

To determine whether the increase in vesicle size in Dnm1-/- nerve terminals is 

due to formation of large pits, we examined membrane pits in boutons before, and 0, 3, 

and 10 min after 90 mM KCl application for 1.5 min. Membrane pits, which may appear 

as -shape (or dome shape), inverse U-shape or -shape (Fig. 3.4A); they were defined 

as having a height >15 nm, a base of 20-120 nm, and a height/base ratio >0.15 
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(Fig.3.4A). The pit number per bouton (cross section) reached the peak at 3-10min after 

KCl application (Fig. 3.4B), likely because endocytosis continued for >10 min after KCl 

(Y. Wu et al., 2014). In Dnm1-/- boutons, the pit number after KCl was significantly 

higher than control boutons at every time point measured (Fig. 3.4B), likely because the 

block of fission dynamin 1 knockout caused pit accumulation. The pit height (from base 

membrane) was also significantly higher in Dnm1-/- boutons than in control boutons at 

any time point before or after KCl application (Fig.3.4C). These results suggest that that 

in Dnm1-/- boutons larger pits are generated after depolarization-induced exocytosis (Fig. 

3.4), which eventually form larger vesicles observed in resting conditions (Fig. 3.3). 

Dynamin 1 is thus a crucial molecule controlling the vesicle size at hippocampal 

synapses.   

 

 

Figure 3.4. Dynamin 1 knockout significantly increases the membrane pit size at hippocampal synapses. A, 

Sampled EM images of membrane pits from WT (upper) and Dnm1-/- (lower) boutons. B, The number of 

pits per bouton cross section before (R) and at 0, 3, and 10 min after KCl application (90 mM, 1.5 min) in 

WT boutons (110boutons, 3 cultures) and in Dnm1-/- boutons (110 boutons, 3 cultures) boutons. Each 
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culture was from 3-5 mice. C, The pit height before (R) and at 0, 3, and 10 min after KCl application (90 

mM, 1.5 min) in WT boutons (110boutons, 3 cultures) and in Dnm1-/- boutons (110 boutons, 3 cultures) 
boutons, *, p < 0.05; **, p < 0.01 (t test, compared to WT). D, A model for the Dnm1 function during 

endocytosis based on the results. 

 

3.4 Discussion 

We found that dynamin1 knockout significantly slowed down endocytosis after 

action potential trains at 5-40Hz with more slowdown observed at higher frequency at 

cultured hippocampal synapses (Figs.3.1,3.2). More importantly, dynamin1 knockout 

increased the diameter of synaptic vesicles (less than 80 nm vesicles) by as much as 

~40% (Fig.3.3). Such an increase was accompanied by an increase of the size of 

membrane pits, the precursor for forming larger vesicles (Fig.3.4). These results suggest 

that dynamin 1 is crucial for not only membrane fission as generally thought, but also 

controlling synaptic vesicle sizes at hippocampal synapses. Furthermore, we found that 

dynamin 1 plays a more crucial role than being recognized previously at small 

conventional boutons.  

 Our observation that synaptic vesicle diameter was enlarged by as large as ~40% 

in Dnm1-/- hippocampal synapses is a surprising finding. Previous studies reported only 

~8-10% increase in vesicle diameter in Dnm1-/- cortical synapses and calyx-type synapses 

(Ferguson et al., 2007; Lou et al., 2008). Even with dynamin 1 and 3 knockout, the 

vesicle diameter was increased by only ~14% (Raimondi et al., 2011). While these results 

may suggest that dynamin regulates vesicle size, the small degrees of increase have led to 

a general neglection of this potentially important function of dynamin over the years. The 

large degree of increase (~40%) at Dnm1-/- hippocampal synapses reported here re-

established dynamin as an important regulator of vesicle size. This function must take 
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place before fission, because we found that membrane pits generated after depolarization 

were much larger in Dnm1-/- synapses than in WT (Fig. 3.4). Our finding is consistent 

with studies suggesting that dynamin facilitates clathrin-coated pit maturation before 

fission (for review, see (Mettlen et al., 2018)). We thus suggest modifying dynamin 

models by including a new function beyond fission – control of the endocytic membrane 

pit size and thus the resulting endocytic vesicle size. 

 One may ask why dynamin 1 knockout did not increase the vesicle size at cortical 

synapses and calyx-type synapses as large as at hippocampal synapses reported here. 

Although we do not know the answer, one possibility could be dynamin 1 does not play 

at these synapses as important endocytic roles as at hippocampal synapses. Consistent 

with this possibility, dynamin 1 knockout at conventional small-boutons cortical synapses 

inhibited endocytosis severely only during, but not after high frequency firing (Ferguson 

et al., 2007; Raimondi et al., 2011). These studies had led to a view that dynamin 1 is 

essential only when exocytosis is intense during high frequency firing that requires a 

large endocytic capacity to retrieve intensely exocytosed vesicles. Otherwise, other 

dynamin isoforms may have overlapped roles with dynamin 1 and may exert their roles in 

the absence of dynamin 1. The present work showed that knockout of dynamin 1 alone is 

sufficient to inhibit endocytosis after low and high frequency firing (Figs.3.1,3.2), 

suggesting that dynamin 1’s role in endocytosis after repetitive firings at low and high 

frequency at hippocampal synapses is much larger than that at cortical synapses. 

Consistent with this suggestion, dynamin 1 knockout at the large calyx-type synapse also 

inhibits endocytosis after prolonged depolarizing pulses (Lou et al., 2008). In summary, 

the present work reveals a much more important role than previously recognized for 
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dynamin 1 in mediating endocytosis and especially in controlling vesicle size at a step 

before fission at hippocampal small-bouton synapses.  
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Chapter 4: Clathrin is essential for endocytosis of synaptic vesicle 

proteins at mammalian central synapses 

*The transgenic mice were produced by Lin Gan. The pHluorin imaging data was produced by Zhen 

Zhang, Sunghoon Lee, Xinsheng Wu and me. I am responsible for EM data. 

 

4.1 Introduction 

Synaptic vesicle endocytosis retrieves fused vesicles from the plasma membrane 

to sustain synaptic transmission, the fundamental building block for the function of the 

neural circuits (Saheki & De Camilli, 2012). The discovery of Synaptic vesicle 

endocytosis in 1970s began an intense debate on whether Synaptic vesicle endocytosis 

is mediated by a classical clathrin-dependent mechanism, involving membrane 

invagination, coated pit formation, and fission, or by kiss-and-run, involving only fusion 

pore opening and closure  (Alabi & Tsien, 2013; Aravanis et al., 2003; Ceccarelli et al., 

1973; Fernández-Alfonso & Ryan, 2004; Gandhi & Stevens, 2003; Granseth et al., 2009; 

He & Wu, 2007; He et al., 2006; Heuser & Reese, 1973; Zhang et al., 2009). Clathrin-

dependent endocytosis has been supported by many sets of circumstantial evidence, such 

as the observation of the clathrin-coated pits after exocytosis and accumulation of 

clathrin-coated pits after block of vesicle recycling (Ferguson et al., 2007; Kononenko & 

Haucke, 2015; Saheki & De Camilli, 2012; Shupliakov, 1997). Accordingly, clathrin-

dependent endocytosis has often been considered a major form of Synaptic vesicle 

endocytosis for several decades (Saheki & De Camilli, 2012). However, crucial testing of 

the clathrin hypothesis by perturbing clathrin or AP2 led to controversial results. At 

hippocampal synapses at room temperature, an early study reported that knockdown of 

clathrin nearly entirely blocks synaptic vesicle protein endocytosis (Granseth et al., 
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2006), suggesting an indispensable role of clathrin in synaptic vesicle endocytosis. In 

contrast, recent studies at hippocampal synapses at room temperature reported that 

clathrin knockdown, conditional knockout of AP2 (Kononenko, 2014), or ~96% 

knockdown of AP2 (Kim & Ryan, 2009) only inhibits vesicle protein endocytosis to a 

rather minor extent, suggesting that clathrin is dispensable for vesicular protein 

endocytosis (Kononenko, 2014). Ultrastructural examination suggests that clathrin is 

required in vesicle budding from endosome (Kononenko, 2014). Using ‘flash-and-freeze’ 

electron microscopy (EM), where high-pressure freezing is timed after action potentials 

evoked by light-induced channelrhodopsin activation, recent studies suggest that an 

ultrafast (~50-100 ms) clathrin-independent mechanism, which forms large endosomes 

from the plasma membrane, mediates Synaptic vesicle endocytosis at physiological 

temperature, whereas clathrin mediates vesicle budding from endosomes (Watanabe, Liu, 

et al., 2013; Watanabe, Rost, et al., 2013; Watanabe et al., 2014). Only at room 

temperature, clathrin mediates Synaptic vesicle endocytosis (Watanabe et al., 2014). 

Consistent with these EM results, acute photo-inactivation of clathrin light chain or 

clathrin heavy chain does not inhibit membrane internalization, but blocks vesicle 

budding from endosome in drosophila neuromuscular junction (Heerssen et al., 2008; 

Kasprowicz et al., 2008); reducing clathrin in Caenorhabditis elegans does not affect 

vesicle number in nerve terminals and spontaneous release (Sato et al., 2009). Taken 

together, except an early study (Granseth et al., 2006), most recent studies seem to agree 

that endocytosis is mediated by a clathrin-independent mechanism. However, even for 

these apparently agreeable studies, the detail does not agree with each other. For 

example, the flash-and-freeze EM suggests a clathrin-independent synaptic vesicle 
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endocytosis only in physiological temperature, but a clathrin-dependent synaptic vesicle 

endocytosis at room temperature in hippocampal synapses (Watanabe et al., 2014), which 

is in conflict with a study suggesting that clathrin is dispensable at room temperature in 

hippocampal synapses (Kononenko, 2014). 

 In the present work, my lab examined whether Synaptic vesicle endocytosis 

depends on clathrin at hippocampal synapses by performing conditional clathrin 

knockout for the first time in mammalian synapses and by recording Synaptic vesicle 

endocytosis with imaging of synaptic vesicular membrane proteins. We found that 

endocytosis of vesicular proteins in hippocampal synapses was slow and clathrin-

dependent after a wide range of stimulation conditions, at physiological temperature, 

suggesting an essential role of clathrin in vesicular protein endocytosis. We found that 

the clathrin-dependency was not evident until clathrin was reduced by ~80% or more, 

which may help to reconcile the conflict regarding whether clathrin is essential for 

vesicular protein endocytosis at hippocampal synapses (Granseth et al., 2006; 

Kononenko, 2014). 

 

4.2 Methods and Materials 

4.2.1 Animals. 

Animal care and use were performed according to National Institutes of Health 

(NIH) guidelines and were approved by the NIH Animal Care and Use Committee. 

CHCLoxp/Loxp mouse generation is described in Fig. 4.1A and legends. Conditional 

knockout mice of either sex were obtained by heterozygous and homozygous breeding 

using standard mouse husbandry procedures. Mouse genotypes were determined by PCR. 
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4.2.2 Hippocampal culture and imaging.  

Mouse hippocampal culture was prepared as described previously 

(Sankaranarayanan & Ryan, 2000; Sun et al., 2010). Hippocampal CA1-CA3 regions 

from P0 mice were dissected, dissociated, and plated on Poly-D-lysine-treated coverslips. 

Cells were maintained at 37°C in a 5% CO2 humidified incubator with a culture medium 

consisting of Neurobasal A (Invitrogen), 10% fetal bovine serum (Invitrogen), 2% B-27 

(Invitrogen), 1% Glutamax-1 (Invitrogen). On 5–7 d after plating, neurons were 

transfected with plasmids using Lipofectamine LTX (Invitrogen).  

 Hippocampal cultures were transfected with a plasmid containing synaptophysin 

tagged with the SypH, provided by Dr. Yong-Ling Zhu (Zhu et al., 2009) alone (control) 

or with L309 plasmid containing Cre/mCherry. A nuclear localization sequence was 

tagged at the N-terminal of Cre, and cloned into L309 vector via BamHI and EcoRI sites. 

Accordingly, mCherry was expressed in the nucleus.  

 Action potential was evoked by a 1 ms pulse (20 mA) through a platinum 

electrode. The bath solution contained the following (in mM): 119 NaCl, 2.5 KCl, 2 

CaCl2, 2 MgCl2, 25 HEPES, 30 glucose, 0.01 6-cyano-7- nitroquinoxaline-2, 3-dione 

(CNQX), and 0.05 D,L-2-amino-5- phosphonovaleric acid (AP-5), pH 7.4 , adjusted with 

NaOH. In temperature experiments, we heated the culture chamber using a temperature 

controller (TC344B; Warner Instruments, Hamden, CT). Imaging was performed after 

the culture was at 34 –37°C for 15–30 min. The temperature was verified with another 

small thermometer (BAT-7001H; Physitemp Instruments) in the chamber. SypH images 
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were acquired at 1 Hz using Nikon A1 confocal microscope (60X, 1.4 numerical aperture 

[NA]), and analyzed with Nikon software. 

 

4.2.3 Immunohistochemistry.  

 Neurons were fixed with 4% paraformaldehyde, permeabilized with 0.3% Triton 

X-100, and subsequently incubated with primary and secondary antibodies. Primary 

antibodies were diluted in PBS containing 10% donkey serum and incubated with cells 

for 1 h at room temperature. After several rinses in PBS, cells were incubated with 

fluorescence-conjugated donkey anti- mouse, anti-sheep, or anti-rabbit IgG (1:1000, 

Invitrogen) for 2 h at room temperature. Primary antibodies included mouse anti-CHC 

(1:500, Abcam). mCherry fluorescence imaging was performed simultaneously to 

identify cells transfected with Cre/mCherry. 

 

4.2.4 Data collection and measurements of T and Ratedecay.  

For SypH signal in hippocampal cultures, the Ratedecay was measured from 

boutons’ SypH fluorescence trace in the first 4 –10 s after stimulation. 

 

4.2.5 AAV-Cre-mCherry plasmid construction and virus packaging. 

Cre-mCherry was amplified from the plasmid L309-Cre-mCherry, and replaced 

the Cre-GFP fragment from AAV-Cre/GFP plasmid (from Dr. Huaibin Cai Lab, or 

Addgene #49056, Watertown, MA, USA) via EcoRI and XhoI sites. The plasmid was 

packaged into serotype AAV-DJ by Vigene Biosciences (Rockville, MD). 
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4.2.6 Western blot.  

Neurons were washed three times with ice-cold PBS. Cell lysates were prepared 

in the modified RIPA buffer containing protease inhibitors (Thermo Scientific). Equal 

amounts of proteins, determined by BCA protein assay (Thermo Scientific), were loaded 

onto SDS-PAGE gel and immunoblotted using antibodies against clathrin heavy chain 

(1:1000; BD Bioscience) and β-actin (1:2000; Abcam). 

 

4.2.7 Electron microscopy.  

Hippocampal cultures were fixed with 4% glutaraldehyde (freshly prepared, 

Electron microscopy sciences, Hatfield, PA) in 0.1 M Na-cacodylate buffer solution 

containing for at least 1 h at 22–24°C and stored in 4°C refrigerator overnight. The next 

day, cultures were washed with 0.1 M cacodylate buffer, and treated with 1% OsO4 in 

cacodylate buffer for1h on ice, and 0.25% uranyl acetate in acetate buffer at pH 5.0 

overnight at 4°C, dehydrated with ethanol, and embedded in epoxy resin. Thin sections 

were counterstained with uranyl acetate and lead citrate then examined in a JEOL200CX 

TEM. Images were collected with a CCD digital camera system (XR-100; AMT) at a 

primary magnification of 10,000–20,000X. Synapses were selected based on the 

structural specialization including synaptic vesicle clustering, synaptic cleft and the 

postsynaptic density. 

 

4.2.8 Experimental design and statistical analyses.  

Data are presented as means ± s.e.m. The statistical test used was t test with equal 

variance, although t test with unequal variance gave the same result.  
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For pHluorin imaging, each experiment included 20–30 boutons showing 

fluorescence increase (region of interest: 2 µm X 2 µm). Approximately one to three 

experiments were taken from each culture. Each culture was from 3–5 mice. Each group 

of data was obtained from at least four batches of cultures (4–12 cultures).  

For electron microscopy, synapses were selected based on the structural 

specialization, including synaptic vesicle clustering, synaptic cleft, and the postsynaptic 

density. Each group of data was taken from 100–101 synaptic profiles from 4 –12 mice. 

 

4.3 Results 

4.3.1 Clathrin conditional knockout. 

 We generated clathrin heavy chain (CHC) conditional knockout (CHCLoxP/LoxP) 

mice by floxing CHC Exon 2 (Fig. 4.1A). Breeding CHCLoxP/LoxP mice with actin -Cre 

or synapsin-Cre mice that express Cre broadly produced no CHC knockout mice (> 30 

pups from > 5 litters), likely due to embryonic death. We thus induced CHC gene 

deletion by transfecting a plasmid containing Cre and mCherry to hippocampal neurons 

cultured from CHCLoxP/LoxP mice (Fig. 4.1B). At 6 days after Cre transfection (Day6Cre), 

CHC antibody staining in neuronal somata expressing mCherry was reduced to 12% of 

control, the neighboring un-transfected neurons (Fig. 4.1B). 
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Figure 4.1. Inhibition of FSypH decay after AP trains at Day6Cre hippocampal synapses by Lipofectamine 

transfection at 34-37 oC. A, Procedure for generating CHC conditional knockout mouse. Wild-type CHC: 

endogenous CHC contains E1, E2, E3, and E4 exons. CHC targeting construct: A 7.7 kb CHC genomic 

DNA fragment containing E2 and E3 was used as the homologous arm, and was subcloned at the SacII and 

NotI sites of the cloning vector containing a negative selection marker, diphtheria toxin A gene (DTA). A 

loxP site was inserted at 538 bp upstream of E2 and a Frt-loxP-flanked Neomycin (Neo) cassette was 
inserted at 640 bp downstream of E2 for positive selection. CHCLoxP+Neo: The CHC targeting construct was 

linearized and electroporated into G4 embryonic stem (ES) cells as described previously4. Targeted ES 

cells were selected by Neo selectant, G418, and identified by Southern blot. Targeted ES cells were 

injected into C57BL/6J blastocysts implanted in ICR females, giving rise to mouse chimeras. Chimeric 

mice were bred with C57BL/6J mice to generate CHC targeted germline mice (CHCNeo+LoxP). CHCLoxP: 

Crossing CHCNeo+LoxP mice with ROSA26-FLPe mice (Jackson Laboratory) removed the FRT-flanked Neo 

gene in off springs, leading to generation of CHC conditional knockout (CHCLoxp) mice. CHC: introducing 
the Cre recombinase deletes E2 and creates a premature termination codon in E3, giving rise to the CHC 

null (CHC) allele. B, Sampled CHC antibody staining at 6days after Cre/mCherry transfection to 

CHCLoxp/Loxp hippocampal culture. Arrow: Cre/mCherry-transfectedneuron (lowerCHCstaining); triangle: 

un-transfected neuron (higherCHCstaining). C-E, FSypH traces (d), Ratedecay (e) and F (e) induced by 
AP20H/10s, AP20H/0.5s and AP80H/10s in Ctrl (black) and Day6Cre (red) culture at 34-37oC. Ratedecay 

(%/s,mean+s.e.m) was measured from normalized FSypH traces with F=100%, F refers to the percent 
increase of FSypH over baseline. Ctrl: CHCLoxp/Loxp synapses transfected with SypH alone for 6 days. *, 

p<0.05; **,p<0.01 (t test). The transgenic mice were produced by Lin Gan. The FSypH traces was 
produced by Zhen Zhang, Sunghoon Lee, Xinsheng Wu and me. 

 

4.3.2 FSpH decay is clathrin-dependent at 34-37oC. 

We transfected CHCLoxP/LoxP hippocampal neurons with pH-sensitive 

synaptophysin-pHluorin 2x (SypH) alone (control) or plus Cre/mCherry to delete CHC. 6 

days later, we performed SypH imaging of endocytosis induced by 3 action potential 

(AP) trains, 20 Hz for 10 s (AP20Hz/10s) or 0.5 s (AP20Hz/0.5s) and 80 Hz for 10 s 

(AP80Hz/10s). In control at 34-37oC, ΔF after AP20Hz/10s decayed bi-exponentially with τ of 

7.4 ± 0.5 s (weight: 0.8) and 46.0 ± 7.1 s, respectively (n = 9); ΔF after AP20Hz/0.5s 

decayed mono-exponentially with a τ of 12.2 ± 2.1 s (n = 5); ΔF after AP80Hz/10s 

decayed bi-exponential with τ of 13.1 ± 1.3 s (weight: 0.5) and 56.0 ± 0.5 s, 

respectively (n = 7, Fig. 4.1C). At 34-37oC at Day6Cre synapses, both fast and slow 

components were abolished, suggesting that clathrin is involved in these different speeds 

of endocytosis; Ratedecay was reduced to 2-24% of control (Fig. 4.1C, D, n = 4-11); ΔF 

after AP20Hz/10s and AP80Hz/10s, but not after AP20Hz/0.5s, was reduced that depleted the 
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readily releasable pool (Fig. 4.1E). Thus, Ratedecay was substantially reduced at Day6Cre 

synapses at both room (data not shown) and physiological (Fig. 4.1C-E) temperature. 

Co-transfection of wild-type CHC with SpH/Cre/mCherry to CHCLoxp/Loxp cultures 

for 6 days rescued CHC expression to a level similar to or higher than control, and 

rescued Ratedecay to the control level (data not shown). 

 

4.3.3 EM suggests clathrin involvement in endocytosis of regular vesicles and bulk 

endosomes. 

To examine ultrastructural changes, we transduced AAV-Cre into hippocampal 

cultures for 48 hours, remove AAV by change media, and then culture for another 6 days 

(Day8AAV-Cre), which reduced CHC detected with Western blotting to 21.6±2.4% of 

control (Fig.4.2A, B), suggesting that most neurons were transfected with Cre. Similar to 

Day6Cre cultures, ΔFSypH decay after Train20Hz/10s was blocked in Day8AAV-Cre cultures. 

Electron microscopic examination in Day8AAV-Cre cultures showed that synapses appeared 

normal for bouton areas. Vesicle numbers (79.22±4.80 per µm2, n=100) was significantly 

less than in control (101.21±9.03 per µm2, n=100, Fig. 4.2C). Moreover, vesicle diameter 

(41.96±0.26nm,n=983) was slightly but significantly larger than in control (37.94 ± 

0.16nm,n=1088,Fig.4.2D). 
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Figure 4.2. AAV-Cre induction into CHCLoxP/LoxP cultures reduces clathrin expression and block 

endocytosis examined with EM at hippocampal synapses at 37 oC. A, Western blot of CHC and actin in Ctrl 

and Day12AAV-Cre hippocampal cultures. Control cultures were taken from CHCLoxP/LoxP cultures. B, 

Normalized Western blot intensity from Ctrl (3 cultures) or Day12AAV-Cre hippocampal cultures (AAV-Cre, 

3 experiments). The Ctrl culture include wild-type and CHCLoxP/LoxP culture without Cre transduction. C, 
Vesicle number per µm2 in Ctrl and Day8AAV-Cre hippocampal boutons at rest. D, Vesicle diameter in Ctrl 

and Day8AAV-Cre hippocampal boutons at rest. E, EM images of Ctrl and Day8AAV-Cre hippocampal boutons 

at rest (Rest) and at 0 min (KCl), 3 min and 10 min after 1.5 min application of 90 mM KCl. Rest: HRP 

included for 1.5 min; Other groups: HRP included only during 1.5min KCl application. F, G, The number 

of HRP(+) vesicles (left) and bulk endosome area (right,perµm2synapticcrosssection) plotted versus the 
time before (Rest) and at 0 min (KCl), 3 min and 10 min after KCl/HRP application in Ctrl (black) and 

Day8AAV-Cre (red) cultures (mean+s.e.m.). Each group: 100-101 synaptic profiles, 3cultures. *, p<0.05; 

***, p<0.001 (t test). 
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 Horseradish peroxidase (HRP, 5 mg/ml, bath) was added for assay of vesicular 

uptake at physiological temperature. At rest, HRP-positive [HRP(+)] vesicles were 

minimal; most vesicles were HRP-negative [HRP(-)] (Fig. 4.2E, F); the number of 

HRP(+) and HRP(-) vesicles and their sum in boutons were similar in control and CHC-/- 

cultures (data not shown). To examine endocytosis, we applied 90 mM KCl with HRP for 

1.5 min, and fixed samples at 0, 3 and 10 min after KCl/HRP application. In control 

boutons, compared with the resting condition, HRP(+) vesicles increased from time 0 to 

10 min after KCl, reflecting vesicle endocytosis (Fig. 4.2E, F) as previously shown (Wu 

et al., 2016; Y. Wu et al., 2014). Compared with control boutons, HRP(+) vesicles were 

significantly reduced at each time point after KCl in CHC-/- boutons (Fig. 4.2E, F), 

suggesting inhibition of endocytosis. 

 In the control group, HRP(+) bulk endosomes were observed in the boutons (Fig. 

4.2E), defined as vesicles with a diameter 80 nm or with a cross section area more than 

that of a 80 nm vesicle (~0.005 µm2). The area of HRP(+) bulk endosomes raised after 

high potassium application (time 0 min), then decreased during the two following time 

points (3 and 10 min) (Fig. 4.2E, G), suggesting generation of bulk endosomes and 

subsequent conversion to vesicles as previously shown (Wu et al., 2016; Y. Wu et al., 

2014). Compared with control boutons, HRP(+) vesicles were significantly reduced at 0 

and 3 min time point after KCl in CHC-/- boutons (Fig. 4.2E, G). The bulk endosome in 

knockout broke down very slow and there was no significant difference with control (Fig. 

4.2G), suggesting inhibition of bulk endocytosis. These EM data confirmed the 

involvement of CHC in endocytosis at physiological temperature (37°C).  
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4.4 Discussion 

In the results shown so far, my lab used a wide range of AP trains, but not a single 

AP yet, one of the main stimulus used in the flash-and-freeze EM studies (Watanabe, 

Rost, et al., 2013; Watanabe et al., 2014). One may wonder whether ultrafast clathrin-

independent endocytosis dominates after a single AP. To address this question, my 

colleague quantified endocytosis after single AP. 18.5 ± 1.6% was ultrafast endocytosis 

(< 1 s), 39.0 ± 3.7% was fast (1-10 s), 22.0 ± 2.4% was slow (10-70 s), and 20.5 ± 2.6% 

was ultra-slow.  

Consequently, we found that clathrin is essential for endocytosis at live 

hippocampal synapses after a wide range of stimuli, including 1- 800 APs by performing 

conditional CHC knockout in mice.  

 My lab also tested whether the Ratedecay reduction depended on the extent of CHC 

reduction, another colleague performed SypH imaging at 2, 4, 5 and 6 days after Cre 

transfection, at which CHC was reduced to a value ranging from ~86% to 12% of control. 

We found that from day 2 to 6 at 22- 24oC, Ratedecay after AP20Hz/10s decreased. The 

decrease was minor at day 2 and 4, at which CHC was ~86% and 26% of control, 

respectively; the decrease was dramatic at day 5 and 6, at which CHC was ~22% and 

12% of control, respectively. These results showed a dose-dependent relation between 

Ratedecay and CHC level. These results provide crucial evidence establishing clathrin as 

an indispensable molecule for synaptic vesicle protein endocytosis in a variety of 

physiological stimulation conditions at hippocampal synapses and help to explain the 

often-negative effects of clathrin inhibition on Synaptic vesicle endocytosis. Given the 

involvement of clathrin, synaptic vesicle protein endocytosis must be analogous to 
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classical clathrin-dependent endocytosis, involving membrane invagination, coated pit 

formation and fission (Saheki & De Camilli, 2012). 

 Whether Synaptic vesicle endocytosis is mediated in a similar manner as the 

classical receptor-mediated endocytosis, in which clathrin plays an essential role, has 

been intensely debated for many years (see Introduction). Crucial test of this idea relies 

on knocking down or photo-inactivating clathrin. With few exception (Granseth et al., 

2006), most studies (Heerssen et al., 2008; Kasprowicz et al., 2008; Kononenko, 2014; 

Sato et al., 2009; Watanabe et al., 2014) did not reveal a significant block of Synaptic 

vesicle endocytosis, but endosomal vesicle budding, leading to a current view that 

clathrin is dispensable for Synaptic vesicle endocytosis (Kononenko & Haucke, 2015; 

Kononenko, 2014; Watanabe et al., 2014). Flash-and-freeze EM works in hippocampal 

synapses suggest that the clathrin-independent mechanism is ultrafast at physiological 

temperature but is replaced with slow clathrin-dependent endocytosis at room 

temperature (Watanabe, Rost, et al., 2013; Watanabe et al., 2014). Our finding that 

reducing CHC by ~74% and ~88% caused negligible and substantial inhibition of SypH 

endocytosis, respectively. Our results may account for the minor or lack of effects in 

most manipulations of clathrin and thus may help to reconcile the controversy regarding 

the role of clathrin in Synaptic vesicle endocytosis. For example, at the same 

hippocampal synapse, a study reported that reducing clathrin by ~70-75% did not 

substantially block vesicular protein endocytosis, suggesting that clathrin is dispensable 

for Synaptic vesicle endocytosis (Kononenko, 2014). In contrast, another study found that 

reducing clathrin by ~88% substantially blocked of vesicular protein endocytosis, 

suggesting that clathrin is indispensable for Synaptic vesicle endocytosis (Granseth et al., 
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2006). This sharp conflict could be due to the seemingly subtle differences in the clathrin 

knockdown by ~70-75% and by ~88%.  

 Knockdown or knockout of clathrin adaptor AP2 affects synaptic vesicular 

protein endocytosis or membrane endocytosis to a minor or negligible extent (Gu et al., 

2008; Kim & Ryan, 2009; Kononenko, 2014). This observation may not necessarily 

contradict our finding, because other adaptor proteins, such as AP1, AP3, stonin, and 

AP180, might compensate for AP2 loss. Our results do not exclude the presence of 

clathrin-independent endocytosis at other cells. For example, with pharmacological tools 

to perturb clathrin function, rapid endocytosis with a time constant of ~1 s or less has 

been suggested to be mediated by a clathrin-independent mechanism in chromaffin cells, 

goldfish retinal bipolar nerve terminals, and mossy fiber boutons (Artalejo et al., 1995; 

Delvendahl et al., 2016; Jockusch et al., 2005). 

 Our results are in apparent conflict with recent flash-and-freeze EM works 

suggesting that Synaptic vesicle endocytosis is slow and clathrin-dependent at room 

temperature, but ultrafast and clathrin- independent at physiological temperature at 

hippocampal synapses (Watanabe et al., 2014). The stimulation used in flash-and-freeze 

EM work was 1-100 AP induced optogenetically at 20 Hz with 4 mM extracellular 

calcium at room temperature and physiological temperature, whereas we used 1-800 AP 

at 0.03-80 Hz with 2-4 mM extracellular calcium in both temperatures. Thus, the 

discrepancy is unlikely to be due to different stimulation conditions. 

 The possibility that might account for the apparent difference in our results and 

the flash-and-freeze EM works is the differences in the methods used to measure and 

interpret ultrafast endocytosis. SypH endocytosis were measured in live synapses in the 
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present work, whereas ultrafast endocytosis was interpreted largely based on the ultra-

transient appearance of putative endocytic intermediates observed under the EM from 

different boutons frozen at various times after light-induced channelrhodopsin activation 

(Watanabe, Rost, et al., 2013; Watanabe et al., 2014). While the interpretation of ultrafast 

endocytosis seems reasonable, it is unclear whether every putative endocytic intermediate 

observed is due to endocytosis. For example, the ultra-transient appearance of membrane 

invagination is interpreted as the intermediate of bulk endocytosis but could be 

membrane folding due to addition of exocytosed vesicle membrane that increases the 

plasma membrane area. While large Ω-shaped membrane profile is interpreted as a result 

of membrane invagination followed by formation of the Ω- profile, the possibility that it 

is due to fusion that generates an Ω-profile could not be completely excluded. The fusion-

generated Ω-profile (without collapse) might move from the release site to the peri-active 

zone and enlarge to some extent as recently observed in chromaffin cells (Chiang et al., 

2014), which might account for the reported transient appearance of large Ω-profiles at 

the peri-active zone (Watanabe, Rost, et al., 2013; Watanabe et al., 2014). The possibility 

that delayed exocytosis, including compound exocytosis of large vesicles (due to vesicle-

vesicle fusion) (He et al., 2009; Matthews & Sterling, 2008) at the peri-active zone, 

contributes to the reported ultra-transient appearance of Ω-profiles at the peri-active zone 

(Watanabe, Rost, et al., 2013; Watanabe et al., 2014) could not be fully excluded either. 

In addition to revealing clathrin as the essential molecule for synaptic vesicular 

protein endocytosis, the present work generated CHCLoxp/Loxp mice for the first time, 

which makes it possible to reduce clathrin to a greater extent than the knockdown 

technique. This provides a powerful tool to study the role of clathrin in endocytosis, 
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intracellular trafficking, and many other biological processes where clathrin may be 

crucial, yet relatively insensitive to traditional clathrin knockdown.  



 

75 

 

Chapter 5: NSF is involved in mediating endocytosis at synapses 

*The transgenic mice were produced by Lin Gan. I am responsible for the data. 

 

5.1 Introduction 

Exocytosis releases transmitters to mediate synaptic transmission. It is well 

established that exocytosis is catalyzed by the SNARE complex, composed of 

synaptobrevin at the vesicle membrane and SNAP-25 and syntaxin at the plasma 

membrane (Jackson & Chapman, 2008; Südhof, 2004). After exocytosis, the SNARE 

complex is disassembled by the ATPase NSF for the next round of exocytosis (Südhof, 

2004), and endocytosis takes place to retrieve the fused vesicle membrane and proteins 

within a few seconds to tens of seconds (Wu et al., 2007). Endocytosis may involve 

membrane invagination and fission, which are mediated by an array of endocytic 

proteins, such as dynamin, clathrin, AP2, AP180, endophilin, synaptojanin, intersectin, 

and auxilin, which are different from core exocytosis proteins mentioned above (Dittman 

& Ryan, 2009). Moreover, all three SNARE proteins play roles in endocytosis in calyx 

and hippocampal synapses (Xu et al., 2013; Zhang et al., 2013). Here I tested whether 

NSF is also involved in mediating synaptic vesicle endocytosis. I found that indeed NSF 

is involved in mediating endocytosis. My results suggest new endocytosis model in 

which newly disassembled SNARE proteins by NSF are involved in endocytosis by 

binding and recruiting endocytosis proteins to mediate endocytosis. 

 

5.2 Methods and Materials 

5.2.1 Animals. 
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Animal care and use were performed according to National Institutes of Health 

(NIH) guidelines and were approved by the NIH Animal Care and Use Committee. 

NSFLoxp/Loxp mouse generation is produced by our previous lab member Lin Gan. 

Conditional knockout mice of either sex were obtained by heterozygous and homozygous 

breeding using standard mouse husbandry procedures. Mouse genotypes were determined 

by PCR. 

 

5.2.2 Hippocampal culture and imaging.  

Mouse hippocampal culture was prepared as described previously 

(Sankaranarayanan & Ryan, 2000; Sun et al., 2010). Hippocampal CA1-CA3 regions 

from P0 mice were dissected, dissociated, and plated on Poly-D-lysine-treated coverslips. 

Cells were maintained at 37°C in a 5% CO2 humidified incubator with a culture medium 

consisting of Neurobasal A (Invitrogen), 10% fetal bovine serum (Invitrogen), 2% B-27 

(Invitrogen), 1% Glutamax-1 (Invitrogen). On 7–10 days after plating, neurons were 

transfected with plasmids using Lipofectamine LTX (Invitrogen).  

 Hippocampal cultures were transfected with a plasmid containing SypH, provided 

by Dr. Yong-Ling Zhu (Zhu et al., 2009) alone (control) or with L309 plasmid containing 

Cre/mCherry. A nuclear localization sequence was tagged at the N-terminal of Cre, and 

cloned into L309 vector via BamHI and EcoRI sites. Accordingly, mCherry was 

expressed in the nucleus.  

The cDNA encoding NSF (Novopro) or NSFE329Q (Genecopoeia), was subcloned 

into EBFP2-C1 (Addgene #54665), and EBFP2 was used for us to recognize transfected 

cells. For the rescue experiments (see Fig. 5), we transfected NSF or NSFE329Q plasmid 
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along with SypH and Cre/mCherry. After transfection, neurons were maintained at 37°C 

in a 5% CO2-humidified incubator for another 2 day before experiments. 

 Action potential was evoked by a 1 ms pulse (20 mA) through a platinum 

electrode. The bath solution contained the following (in mM): 119 NaCl, 2.5 KCl, 2 

CaCl2, 2 MgCl2, 25 HEPES, 30 glucose, 0.01 6-cyano-7- nitroquinoxaline-2, 3-dione 

(CNQX), and 0.05 D,L-2-amino-5- phosphonovaleric acid (AP-5), pH 7.4 , adjusted with 

NaOH. In temperature experiments, we heated the culture chamber using a temperature 

controller (TC344B; Warner Instruments, Hamden, CT). Imaging was performed after 

the culture was at 34 –37°C for 15–30 min. The temperature was verified with another 

small thermometer (BAT-7001H; Physitemp Instruments) in the chamber. SypH images 

were acquired at 1 Hz using Nikon A1 confocal microscope (60X, 1.4 numerical aperture 

[NA]), and analyzed with Nikon software. 

 

5.2.3 Data collection and measurements of T and Ratedecay.  

For SypH signal in hippocampal cultures, the Ratedecay was measured from 

boutons’ SypH fluorescence trace in the first 4 –10 s after stimulation. 

 

5.2.4 Experimental design and statistical analyses.  

Data are presented as means ± s.e.m. The statistical test used was t test with equal 

variance, although t test with unequal variance gave the same result.  

For pHluorin imaging, each experiment included 20–30 boutons showing 

fluorescence increase (region of interest: 2 µm X 2 µm). Approximately one to three 
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experiments were taken from each culture. Each culture was from 3–5 mice. Each group 

of data was obtained from at least four batches of cultures (4–12 cultures).  

 

5.3 Results 

5.3.1 NSF involvement in slow endocytosis at room temperature. 

We transfected NSFLoxP/LoxP hippocampal neurons with pH-sensitive 

synaptophysin-pHluorin 2x (SypH) alone (control) or plus Cre/mCherry to delete NSF 5-

6 days later, we performed SypH imaging of endocytosis at room temperature (the same 

for below, if not mentioned). An action potential train of 10 s at 20 Hz (AP20Hz/10s) 

induced a fluorescence increase then decrease, reflecting exocytosis and endocytosis. In 

control, the initial decay rate was 3.9%/s, and the peak of the ΔF over the baseline (ΔF/F) 

is 161.0%. In NSF KO cultures, decay rate was ~74.6% slower than control (Fig. 5A-C). 

Decay rate in NSF KO culture was rescued to the control level by transfection of WT 

NSF. After an action potential train for 10 s at 40 Hz (AP40Hz/10s) in WT cultures, the 

initial decay rate was 3.5%/s in control, and the peak of the ΔF is 223.9%. In NSF KO 

cultures, the decay rate was ~75.7% slower than control (Fig. 5D-F). Following a 10 s 

action potential train at 5 Hz (AP5Hz/10s), the initial decay rate was 5.4%/s in control, and 

the peak of the ΔF is 36.7%. In NSF KO cultures, decay rate was ~60.3% slower than 

control (Fig. 5G-I). These results suggest that NSF is crucial in mediating endocytosis at 

5-40 Hz of stimulation.  

 

5.3.2 NSF involvement in slow endocytosis at physiological temperature. 
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Ultrafast endocytosis has been shown to occur only in physiological temperature 

(add citation). To determine whether NSF involvement in endocytosis observed at room 

temperature (Fig. 5) is applicable to physiological temperature we repeated experiments 

at physiological temperature. AP20Hz/10s induced an initial decay rate of 5.2%/s in control, 

and ΔF amplitude of 192.3%. In NSF KO cultures, the decay rate was ~74.9% slower 

than control (Fig. 5J-L). The decay rate was ~74.6% slower at room temperature, 

suggesting the NSF involvement in endocytosis at both room temperature and 

physiological temperature.  
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Figure 5. NSF and its ATP hydrolyzing function are required for endocytosis at hippocampal synapases. A-

C, FSypH traces (A,B), Ratedecay (C,left) and ΔF/F (C,right) induced by Train20Hz (10 s train of action 

potentials at 20 Hz) in wild-type (WT) cultures (n=20experiments), NSF-/- cultures (n=19 experiments), 

or NSF-/- hippocampal cultures overexpressed with WT NSF (NSF-/-+NSF; containing EBFP2 for 

recognition, n=23). FSypH traces in panelB are the same as those in panel A, but with the peak FSypH 
rescaled (Norm FSypH) to the same amplitude for better comparison of time courses. D-F, Similar 
arrangement as A-C respectively, except that the stimulation was a 10-s train of action potentials at 40 Hz 

(WT, 11 experiments; NSF-/-, 10 experiments). G-I, Similar arrangement as A-C respectively, except that 

the stimulation was a 10-s train of action potentials at 5 Hz (WT, 11 experiments; NSF-/-, 10 experiments). 
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Temperature (applies to Figs. A-I, M-O): 22–24°C. J-L, Similar arrangement as A-C respectively, except 

that the temperature is 34-37°C (WT, 19 experiments; NSF-/-, 9 experiments). M-O, Similar arrangement as 

A-C respectively, except that the temperature is in wild-type (WT) cultures with overexpressed WT NSF 

(n=34experiments), or mutant NSF (n=8 experiments); data expressed as mean+s.e.m.; *, p < 0.05; **, 
p < 0.01; ***, p < 0.001 (t test). 

 

5.3.3 ATP hydrolyzing is required for endocytosis at hippocampal synapses. 

 The mutant, NSFE329Q, loses the function to hydrolyze ATP and thus to 

disassemble SNARE proteins (Whiteheart et al., 1994). We found that AP20Hz/10s induced 

the initial decay rate of 3.3%/s in control with transfection of WT NSF, but a decay rate 

~55.9% slower than the control with transfection of NSFE329Q (Fig. 5M-O). These results 

suggest that NSF-mediated ATP hydrolysis and SNARE disassembly are required for 

endocytosis. NSF may thus contribute to coupling between exocytosis and endocytosis. 

 

5.4 Discussion 

5.4.1 Comparison and reconciliation with previous studies. 

While it seems rather surprising that NSF is involved in endocytosis at 

hippocampal synapses with NSF knockout, its endocytic role is consistent with studies in 

systems other than vesicular exo-endocytosis. For example, NSF is involved in AMPA 

receptor endocytosis at dendrites (Lee et al., 2002). 

Moreover, our lab previously found that three SNARE proteins play roles in 

endocytosis in calyx and hippocampal synapses (Xu et al., 2013; Zhang et al., 2013). 

Assigning four core exocytosis proteins (three SNAREs plus NSF) into the endocytosis 

model is likely to have a wide application, considering that NSF and SNARE proteins 

mediate vesicle fusion at synapses, non-neuronal secretory cells, and many intracellular 

fusion events (Südhof, 2004).  
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 The involvement of exocytosis proteins in endocytosis may not be limited to NSF 

and SNARE complex. Synaptotagmin is involved in endocytosis after action potential 

trains at drosophila synapses and hippocampal synapses (Nicholson-Tomishima & Ryan, 

2004; Poskanzer et al., 2006; J. Yao et al., 2012). However, a recent study did not find 

such a role during a depol20ms or depol20msX10 at calyces (Wu et al., 2009). The 

discrepancy might be due to different stimuli. It remains possible that with prolonged 20 

ms depolarization, the calcium sensor for mediating endocytosis might shift (Yao & 

Sakaba, 2012). 

The dual role of core exocytosis proteins suggests that exo- and endocytosis may 

take place at the same location or nearby. Consistent with this possibility, NSF, SNARE 

proteins, and classical endocytosis proteins are physically connected to calcium channels 

(Khanna, Li, Bewersdorf, et al., 2007; Khanna, Li, Schlichter, et al., 2007), and clathrin-

mediated endocytosis occurs near active zones at snake neuromuscular junctions (Teng & 

Wilkinson, 2000). 

 Although ATP hydrolysis is required for endocytosis (Heidelberger, 2001), its 

underlying mechanism was unclear. The present work suggests that it is largely due to the 

ATPase NSF. Photolysis of a caged NSF peptide after ~10 s stimulation did not block a 

form of endocytosis that lasts for ~5 min at squid synapses, leading to the conclusion that 

NSF is not involved in endocytosis (Kuner et al., 2008). However, the discrepancy can be 

reconciled by the possibility that NSF may have disassembled the SNARE complex after 

exocytosis that takes place during the 10 s stimulation period, making it too late for the 

NSF peptide uncaged after the 10 s stimulation to inhibit SNARE disassembly. 
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5.4.2 A model to account for the coupling between exo- and endocytosis. 

We found that NSF, which disassembles the SNARE complex after exocytosis, 

and three SNARE proteins are involved in endocytosis. Since clostridial toxins cleave 

SNARE proteins only when SNARE proteins are disassembled (Niemann et al., 1994) 

and could inhibit endocytosis without affecting exocytosis (Xu et al., 2013), they must 

inhibit endocytosis by cleaving the newly disassembled SNARE proteins after 

exocytosis. These results led to a model in which three SNARE proteins disassembled by 

NSF after exocytosis are required to mediate endocytosis. 

Our model may account for the exo-endocytosis coupling with respect to the time 

and the amount. The SNARE complex disassembly may signal the endocytosis starting 

time and thus explain why endocytosis follows exocytosis, because the endocytic 

machinery may need and thus wait for newly disassembled SNARE proteins to 

participate in endocytosis. The amount of newly disassembled SNARE proteins, which is 

proportional to the amount of recently exocytosed vesicles, may signal the amount of 

endocytosis to match the exocytosis amount, likely because more vesicle retrieval may 

require participation of more disassembled SNARE proteins. This model may also 

explain why no endocytosis occurs when calcium influx, which can trigger endocytosis 

(Clayton & Cousin, 2009; Hosoi et al., 2009; Wu et al., 2009; Yao et al., 2009), does not 

induce exocytosis (Wu et al., 2005; Yamashita et al., 2005). At single boutons, the release 

probability during an action potential is often low (Zucker & Regehr, 2002). The 

requirement of newly disassembled SNARE proteins to initiate or mediate endocytosis 

may thus prevent futile endocytosis in the absence of exocytosis during an action 

potential. We therefore suggest that both calcium influx and the SNARE complex 
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disassembly are required to initiate or mediate compensatory endocytosis, which follows 

and matches the amount of exocytosis. 

Although we suggested that newly disassembled SNARE proteins by NSF are 

involved in endocytosis, we could not rule out the possibility that pre-existing free 

SNARE proteins are involved in endocytosis. However, pre-existing SNARE proteins 

may not necessarily conflict with newly disassembled one, because they might exist at a 

concentration too low to mediate endocytosis, or might be bound with other proteins 

(e.g., calcium channels or other SNAREs). Newly disassembled SANREs may provide a 

locally high concentration of free SNAREs soon after exocytosis to mediate endocytosis.  

We found that endocytosis was not entirely abolished by NSF knockout. Whether 

the remaining endocytosis is due to the remaining NSF/SNAREs or independent of 

NSF/SNAREs is unclear. Addressing this question in the future would allow us to 

determine whether NSF and SNARE proteins play a regulatory or essential role in 

endocytosis. 
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