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AN ANALYSIS OF SYNAPTOTAGMINS IN CAENORHABDITIS ELEGANS 

 

Laura Winzenread, Ph.D. 

The Rockefeller University 2013 

 

     Neurotransmission involves the release of neurotransmitters from a pre-

synaptic neuron, followed by the reuptake of the protein components of the 

synaptic vesicle. The basic steps of synaptic vesicle exocytosis and endocytosis 

have been elucidated, and a number of components of the neurotransmission 

machinery have been identified. The exact function of each component, however, 

has been difficult to ascertain as many components act in multiple steps of 

neurotransmission.  

     In my thesis, I describe the identification of a mutation in the snt-1 gene, which 

encodes a member of the synaptotagmin family in Caenorhabditis elegans. 

Synaptotagmins are best known as the calcium-sensing proteins for regulated 

synaptic vesicle exocytosis. I examined the effects of this lesion on a number of 

sensory neurons and motor neurons, in order to ascertain the uniformity of the 

phenotype between different regions of the nervous system. I utilized known 

synaptic vesicle markers to visualize synaptic vesicle distribution and to quantify 

the effect of a snt-1 mutation in vivo. I found that snt-1 reduced synaptic 

clustering of the SV marker RAB-3 in multiple cell types.    



      SNT-1 has previously been implicated in both exocytosis and endocytosis in 

GABAergic motor neurons of C. elegans. To extend these results, I examined the 

effect of SNT-1 on sensory neurons and used mutations to critically test the 

endocytosis-exocytosis model. To this end, I examined endocytosis and 

exocytosis mutants alone and in the snt-1 mutant background. Blocking 

exocytosis in the snt-1 mutant partially restores synaptic clustering of synaptic 

vesicle marker RAB-3. The suppression of the snt-1 mutant phenotype is 

consistent with SNT-1 playing a key role in endocytosis downstream of regulated 

exocytosis. 

 The C. elegans genome contains seven identified synaptotagmin family 

members, of which only snt-1 has previously been studied. I characterized the 

phenotypes of null mutations of snt-2, snt-4, snt-5, and snt-6 in several sensory 

neurons, and found that some of the synaptotagmin family members affect 

synaptic vesicle distribution. The increased SV clustering in snt-2, snt-4, and snt-

5 mutants suggests that these synaptotagmins may promote SV exocytosis, 

inhibit endocytosis, or regulate the size of vesicle pools at the active zone. I also 

executed an analysis of a set of snt double mutants to determine which SNT 

family members were acting in shared or parallel pathways. 
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Introduction 

 

An Introduction to Neurotransmission and Its Molecular Components 

     Neurons communicate with each other via specialized regions at points of cell 

contact known as synapses. Typically, when a pre-synaptic neuron releases 

neurotransmitters, the neurotransmitter receptor of the post-synaptic neuron 

binds to the released ligand and opens to allow depolarizing cations or 

hyperpolarizing ions into the neuron; these individual synaptic events 

(miniEPSCs) on the dendrite and cell body are summed to regulate postsynaptic 

action potentials. An action potential travels along the axon to the presynaptic 

region of that neuron, where it leads to the opening of voltage-gated calcium 

channels. As calcium flows into the neuron, proteins that control synaptic vesicle 

release sense the local calcium influx via calcium binding domains.  These 

calcium-sensing proteins allow the vesicle-release machinery to fuse docked 

vesicles with the cell membrane, driving neurotransmitter release into the 

synaptic cleft and the transfer of information through a new set of synapses 

(Figure 1). 

     Before a vesicle fuses with the membrane to release neurotransmitter, the 

vesicle must first be trafficked correctly to the active zone of the presynaptic 

neuron and then docked close to the plasma membrane. A docked vesicle is 

recognized by its proximity to the active zone in electron micrographs. After 

docking, vesicles have to be primed, a process that makes them release- 
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competent, but still blocked from full fusion until they receive the appropriate 

signal to fuse (reviewed in Barclay et al., 2012).  

     Active zones are regions in the presynaptic neuron where the calcium 

channels, synaptic vesicles, and vesicle release machinery can be collectively 

confined, thus facilitating rapid neurotransmission in response to calcium signals 

(reviewed in Sudhof and Rizo, 2011). The calcium signals within the active zone 

are highly transient, on the order of less than one msec, because the calcium ion 

itself is promptly buffered (Meinrenken et al., 2003). This rapid signal is sufficient 

for neurotransmitter release (Augustine et al., 2003). In Caenorhabditis elegans, 

unc-2 encodes the corresponding calcium channel alpha subunit (Schafer and 

Kenyon, 1995).   

     The SNAREs, or soluble N-ethylmalemide-sensitive factor attachment protein 

receptors, are essential for vesicle fusion and comprised of three parts: 

synaptobrevin, syntaxin, and SNAP-25 (Sudhof et al., 2009). The vSNARE 

synaptobrevin is a component of synaptic vesicles, and the tSNARE components 

syntaxin and SNAP-25 are localized to the target plasma membrane. The 

matchup of vSNARE and tSNAREs leads to a formation of a SNARE complex, a 

four-helix coiled-coil bundle competent for fusion (Sudhof and Rizo, 2011). As 

well as being directly involved in fusion, SNAREs play some role in docking and 

priming steps. In mammals, SNARE complexes lacking synaptobrevin have 

severely impaired vesicle docking (de Wit et al., 2009), and in Caenorhabditis 

elegans, the syntaxin homolog unc-64 has a role in vesicle docking (Hammarlund 
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et al., 2007).  The SNARE complex is disassembled by NSF, the N-

ethylmalemide-sensitive factor, which functions as an ATPase (Sollner et 

al.,1993).  All three of the SNARE protein homologs are essential for nervous 

system function in Caenorhabditis elegans (Brenner, 1974). Neurotoxin 

experiments conducted in 1992 and 1993 showed that all three SNARE proteins 

are necessary for synaptic vesicle fusion (Reviewed in Sudhof and Rizo, 2011). 

Briefly, the studied neurotoxins infiltrate the presynaptic active zone and behave 

as proteases that target either synaptobrevin, syntaxin, or SNAP-25, specifically 

impeding presynaptic membrane fusion without perturbing the morphology of the 

axon (Link et al., 1992; Schiavo et al., 1992; Blasi et al, 1993 a, b).  

     The amount of SNARE complex assembly is correlated with the size of the 

readily releasable pool of vesicles (Lonart and Sudhof, 2000). The readily 

releasable pool of vesicles consists of docked vesicles in the active zone; these 

are the first vesicles to undergo fusion upon stimulation (Neher, 1998; Pieribone 

et al., 1995; Stevens and Tsujimoto, et al. 1995). 

     The entire recycling vesicle pool is comprised of both the readily-releasable 

and reserve pool of vesicles (Fernandez-Alfonso and Ryan, 2008). The 

proportion of the total vesicle pool that recycles fluctuates from synapse to 

synapse and from neuron to neuron in hippocampal cell culture. This variation is 

not dependent on the age of the culture, but high vesicle number in a bouton is 

correlated with a higher percentage of recycling vesicles. Recycling and resting 
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pools of vesicles both seem to shuttle between synaptic boutons (Fernandez-

Alfonso and Ryan, 2008).   

     Generally, there are three recognized types of synaptic exocytosis: evoked 

neurotransmitter release, asynchronous release (Pang and Sudhof, 2010), and 

spontaneous mini release (Reviewed in Sudhof, 2012a). Evoked release is 

triggered by calcium influx. Asynchronous release is difficult to detect unless the 

principal calcium sensor for evoked release is ablated (Geppert et al., 1994). 

Spontaneous release was first uncovered by Fatt and Katz and may or may not 

use an alternative vesicle pool than is used during evoked release (Sara et al., 

2005).  

     UNC-13/Munc13 is an active zone localized protein (Brose et al., 1995). UNC-

13/Munc13 facilitates SNARE complex formation most likely through via its 

interactions with syntaxin (Betz et al., 1997; Brose et al., 2000), and UNC-

13/Munc13 proteins are essential for priming of synaptic vesicles (Augustin et al., 

1999). In an unc-13 mutant background, vesicles appear to contact the plasma 

membrane, but synaptic vesicle release is blocked (Augustin et al., 1999). unc-13 

mutants were assayed for their spontaneous miniPSC rate, to determine if 

synaptic vesicles were still primed in the absence of functional UNC-13. The 

spontaneous miniPSC rate was decreased if not absent for all alleles tested, 

indicating a lack of primed vesicles. In addition, unc-13 mutant animals had more 

synaptic vesicles docked, but this was due to an overall increase in SV number 

as the percentage of docked vesicles was the same in wild type animals as in 
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unc-13 mutants (Richmond, et al., 1999). UNC-13 is required at a step after 

docking, and may actually be required for more than one step. Without functional 

UNC-13, which normally primes synaptic vesicles for fusion, the readily-

releasable pool of synaptic vesicles decreases, in spite of an increase in the 

number of docked vesicles. UNC-13 is proposed to play a role in priming by 

promoting the opening of syntaxin (reviewed in Weimer and Richmond et al., 

2005). In fact, UNC-13 must bind to syntaxin in order for SV exocytosis to 

proceed properly (Madison et al., 2005). unc-13 encodes a protein with C1 and 

C2 homology domains (Maruyama and Brenner, 1991), that binds diacylglycerol 

(DAG), phorbol esters, calcium ions, and phospholipids (Burns and Bell, 1991; 

Kaibuchi et al., 1989). These and other results are among the arguments that 

SNARE complex formation facilitated by UNC-13 is the biochemical instantiation 

of priming.  

     UNC-18/Munc18 is a member of the SM (Sec1/Munc18 like) family of proteins 

that function as partners of the SNARE complex (Jahn and Fasshauer, 2012). 

unc-18  is expressed in all neurons, and unc-18 mutants are severely 

uncoordinated in their locomotion, a phenotype referred to as Unc (Weimer and 

Richmond, 2005; Hosono and Kamiya, 1991). Fusion of synaptic vesicles is 

severely diminished in the absence of either SM proteins or SNARE proteins 

(reviewed in Sudhof, 2012b). Munc18 was isolated bound to the t-SNARE 

syntaxin-1 (Hata et al., 1993).  SM protein binding to syntaxin-1 is proposed to 

recruit the SM protein to the site of SV fusion. SM proteins are then thought to 
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interact with the components of the SNARE complex and to promote SNARE 

complex assembly (Jahn and Fasshauer, 2012). Munc18 protein is shaped like 

an arch, with a central crevice that binds to syntaxin-1 (Burkhardt et al., 2008; 

Misura et al., 2000). Munc18 may keep syntaxin closed to prevent premature 

SNARE assembly (Jahn and Fasshauer, 2012). Munc13 is required for Munc18 

to disengage from the closed syntaxin-1 protein; Munc18 then binds to 

synaptobrevin in the SNARE complex (reviewed in Parisotto et al., 2012). The 

pool of primed vesicles is reduced in unc-18 mutants, hinting that UNC-18 plays 

a role in either vesicle priming, vesicle docking, or both stages of vesicle fusion. 

unc-18 mutants contain more synaptic vesicles than wildtype animals, but the 

proportion of docked vesicles is reduced, suggesting that UNC-18 promotes 

vesicle docking (reviewed in Weimer and Richmond, 2005). In addition, some 

reports in C. elegans unc-18 (e81) null mutants show decreased number of 

synaptic vesicles docked at the plasma membrane (Weimer et al., 2003) and 

decreased number of synaptic vesicles tethered within one vesicle diameter (0nm 

to <25nm) from the plasma membrane (Gracheva et al., 2010).  Munc18 binds 

Rab3 in mammalian cell culture, suggesting one means of Munc18 interacting 

with synaptic vesicles (Graham et al., 2008).  

     Rab proteins are GTP-binding proteins that are thought to play various roles in 

vesicular membrane trafficking (reviewed in Stahl et al., 1996). Rab3 proteins 

specifically associate with synaptic vesicles in mammalian brain (Fischer von 

Mollard et al., 1991). Because Rab3 proteins disassociate from synaptic vesicles 
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during exocytosis, they are believed to play a role in the release of 

neurotransmitters (Fischer von Mollard et al., 1991). The mammalian homolog of 

RAB-3, Rab3A, associates with synaptic vesicles after Golgi transport and 

dissociates from SVs during recycling. Rab3A protein remains associated with 

SV membranes during the fusion step of exocytosis (Matteoli et al., 1991). 

Rab3A appears to dissociate from synaptic vesicles after nerve terminal 

stimulation (Fisher v Mollard et al., 1991). In C. elegans rab-3 mutants, the 

distribution of synaptic vesicles in the presynaptic terminals is diffuse with fewer 

vesicles clustered near the active zone, hinting at a defect in SV docking (Nonet 

et al., 1997). The strong association of RAB-3 with synaptic vesicles makes it a 

widely-used marker of synaptic vesicles in vivo.  

      Another protein thought to be an accurate marker of presynaptic vesicle 

clusters is synaptobrevin (Nonet,1999). Alterations of the distribution of 

GFP::SNB-1 can be utilized to identify defects in SV recycling. Accumulation of 

GFP::SNB-1 in the plasma membrane indicates endocytic defects; abnormal 

accumulation of GFP::SNB-1 in puncta in the axon, whether by increased puncta 

number, larger puncta, or brighter puncta often indicates exocytic defects 

(Sieburth et al., 2005). Synaptic proteins distribute in a punctate pattern in C. 

elegans axons because neurons form en passant synapses (Ch’ng et al., 2008). 

Fluorescent puncta created by tagged SV-associated proteins such as SNB-1 

and RAB-3 correspond to pre-synaptic vesicle clusters (Sieburth et al., 2005). 

The brightness of GFP::SNB-1 punctal fluorescence correlates with SV numbers 
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in the presynaptic regions; the brightness of diffuse GFP::SNB-1 in the axon 

correlates with the amount  of synaptobrevin in the plasma membrane (Sieburth 

et al., 2005; Dittman and Kaplan, 2006; Fernandez-Alfonso et al., 2006; Ch’ng et 

al., 2008).  

     sad-1 encodes a serine/threonine kinase that localizes to regions of the axon 

enriched in synapses. sad-1 mutant animals have disorganized clusters of 

synaptic vesicles and axon termination defects in some sensory neurons. 

Overexpression of SAD-1 results in the formation of ectopic SV clusters in the 

dendrite. SAD-1 is necessary for presynaptic vesicle clustering, and it regulates 

the size, shape and position of the SV clusters (Crump et al., 2001). 

     unc-104 encodes a member of the kinesin family, and UNC-104 functions as a 

microtubule-based motor in the nervous system. unc-104 expression is restricted 

to neurons; UNC-104 transports synaptic vesicles anterogradely along the axon 

to the active zone (Hall and Hedgecock, 1991).  

      Synaptic vesicle endocytosis occurs at the perisynaptic zone, which is 

adjacent to the active zone (Brodin and Shupliakov, 2006). Clathrin-mediated 

endocytosis is considered the dominant endocytic pathway and requires the 

clathrin adaptor proteins AP2 and AP180. AP2 and AP180 are recruited to the 

SV fusion site, potentially via interactions with synaptotagmin and synaptobrevin 

(Reviewed in Richmond, 2007). In C. elegans, dpy-23 encodes the µ2 (AP50) 

subunit of the AP2 complex (Harris et al., 2001). dpy-23 mutants have fewer SVs, 

suggesting that DPY-23 plays a role in synaptic endocytosis (Gu et al., 2008). 
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UNC-11 is the CALM/AP180 homolog in C. elegans. UNC-11 accumulates at 

synapses, and synaptobrevin is mislocalized in unc-11 mutants (Nonet et al., 

1999). After clathrin is recruited to the site where vesicle fusion occurred, clathrin 

accumulation and formation initiates vesicle budding (reviewed in Richmond, 

2007).  

     Dynamin DYN-1 separates the budding vesicle from the plasma membrane in 

a step called fission. Dynamin interacts with UNC-57 endophilin (Ringstad et al., 

1997), but it is unclear how this interaction impacts fission. UNC-57 endophilin 

acts with UNC-26 synaptojanin to encourage budding of endocytosing vesicles 

(Schuske et al., 2003 and Harris et al., 2000; reviewed in Richmond, 2007).  

     After fission of the endocytosing vesicle from the plasma membrane, the 

clathrin cage disassembles in a process referred to as uncoating. Following 

uncoating, vesicles may be sorted to the pool of vesicles localized to the active 

zone for re-release or they may be transported to early endosomes for total 

disassembly preceding repacking into a new synaptic vesicle (reviewed in 

Richmond, 2007).  

     Interestingly, calcium is believed to play a role in regulating endocytosis in 

addition to its critical role in triggering exocytosis. For example, in hippocampal 

neuronal cell culture, the rate of endocytosis has been shown to increase to a 

“saturated” level as intracellular calcium increases (Balaji et al., 2008). 

Furthermore, P/Q-type voltage-gated calcium channels, such as the VGCC with 
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the UNC-2 subunit that is involved in triggering exocytosis, appear to provide the 

calcium influx that also elicits endocytosis (Xue et al., 2012). 

 

Synaptotagmin is a synaptic calcium sensor 

     One of the proteins expressed in presynaptic neurons is synaptotagmin, a 

transmembrane protein with a single membrane-spanning domain that is 

localized to the presynaptic membrane near and often within the active zone. 

Synaptotagmins were first found through a genome-wide search for neuronal 

genes encoding proteins with calcium binding domains (Brose et al., 1992). In 

general, members of the synaptotagmin family contain six domains: an amino-

terminal intravesicular domain, a transmembrane domain, a spacer domain, two 

C2 domains that may or may not bind calcium depending on the amino acid 

sequence in that particular isoform, and a short carboxy-terminal domain (Nonet 

et al., 1993; Perin et al., 1991). Mammalian Syt1 has been shown to bind to 

multiple components of the synapse such as syntaxin (Kee and Scheller, 1996), 

neurexin adhesion molecules (Hata et al., 1993), the β-SNAP cofactor for the 

NSF ATPase that dismantles SNARE complexes (Schiavo et al., 1995), and the 

endocytosis adaptor AP2 (Zhang et al., 1994). 

     In mammals, there are 17 identified synaptotagmin genes (Dean et al., 

2012a). Not all synaptotagmin isoforms bind calcium; in fact, is has been 

estimated that half of the calcium-binding or C2-domains lack the residues 

required for calcium ion binding (von Poser et al., 1997). C2 is a calcium- and 
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lipid-binding domain, so the isoforms lacking the calcium-binding residues may 

be acting as lipid-associated synaptotagmins. In mammals, the eight calcium-

binding synaptotagmins have a range of apparent calcium-binding affinities, 

which hints that they may respond to different cellular calcium signals (Sugita et 

al., 2002). The calcium binding kinetics of each synaptotagmin isoform may be 

useful predictors of their individual expression patterns (Sudhof and Rizo, 2011). 

All of the calcium-binding isoforms appear to bind SNARE proteins and to 

phospholipids in a calcium-dependent manner (Li et al., 1995; Sutton et al., 1999; 

Sugita et al., 2002; Hui et al., 2005).  

     The best-studied member of the mammalian synaptotagmin family is Syt1, 

which binds calcium as well as syntaxin (Kee and Scheller, 1996). These 

properties first suggested that Synaptotagmin-1 controls synaptic vesicle release 

from neurons by linking Ca2+ with the SNARE complex, the dominant model in 

the field. Human Syt1 cycles through many conformations, both calcium bound 

and unbound, that could contribute its many functions such as membrane 

insertion, calcium ion sensing, and neuronal plasticity mediation (Gauer et al., 

2012). 

     Some structure-function studies have been performed on rat Syt1. X-ray 

crystallography revealed that the three aspartic acid residues in C2A are the key 

calcium-binding amino acids (Sutton et al., 1995). NMR studies showed that the 

C2A domain binds three calcium ions, and the C2B domain binds two calcium 

ions (reviewed in Rizo et al., 2012).  
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     Although the Syt1 C2-domains have somewhat low Ca2+ affinity (on the 

millimolar level), their apparent Ca2+ affinity increases one hundred to one 

thousand fold when negatively charged phosopholipids are present (Zhang et al., 

1998). In order for Syt1 to bind to phospholipids, both calcium and negatively 

charged phospholipids, such as phosphatidyl-inositolphosphates must be present 

(Pang et al., 2006). Recent reports have suggested that Syt1, when tethered to 

membrane, can promote vesicle docking and fusion in the absence of calcium 

(Lee, et al., 2010). Using an in vitro vesicle mixing assay, Kim and colleagues 

concluded that Syt1 binds t-SNARE and PIP2, resulting in vesicle tethering in the 

absence of calcium. Upon synaptobrevin interacting with tSNARE and forming 

the SNARE complex, Syt1 detaches from the complex. Once calcium is added to 

the assay, however, Syt1 reassociates with the SNARE complex in a PIP2-

dependent step (Kim et al., 2012). It has been estimated from these in vitro 

assays that Syt1 promotes docking of vesicles one thousand fold, compared to 

vesicle mixing assay controls containing only vSNARE and tSNARE proteins.  

     Cryo-Electronmicroscopy results suggested that the C2B domain may act to 

bring two membranes into close proximity (Arac et al., 2006). The proposed 

model was that Syt1 C2B domain bridged the vesicle bilayer and the plasma 

membrane in a calcium-dependent manner (Arac et al., 2006). Two arginines in 

the C2B domain were later identified to be critical for this membrane linking, and 

additional experiments demonstrated that bridging was more probable if one of 

the bilayers contained SNARE complexes, hinting that Syt1 functions may 
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include bringing vesicles close to the plasma membrane (reviewed in Rizo et al., 

2012). 

     Genetic studies of synaptotagmin were first conducted in Drosophila 

melanogaster and Caenorhabditis elegans; analysis of C. elegans synaptotagmin 

(snt-1) mutants will appear in the next section. In D. melanogaster, 

synaptotagmin 1 was initially thought to act as a clamp, blocking synaptic vesicle 

fusion until calcium flowed into the active zone (Littleton et al., 1994). Fly syt1 is 

pan-neuronally expressed, and Syt1 protein is sub-cellularly localized to 

synapses (Littleton et al., 1993a). Flies with mutations in syt1 often arrest as first-

instar larvae, hinting that Syt1 plays a major role in nervous system function 

(Littleton et al., 1994). Partial loss of function mutation of syt1 causes a small 

increase in spontaneous synaptic vesicle release and a large decrease in evoked 

synaptic vesicle release (Littleton et al., 1993c). Intragenic complementation is 

evident between some syt1 alleles, a feature that suggests Syt1 may form a 

multimeric complex in Drosophila (Littleton et al., 1994). 

     The first C2 domain structure was determined using the C2A domain of the rat 

Syt1 protein (Sutton et al., 1995). C2 domains contain a β-sandwich with flexible 

connecting loops at both sides of the sandwich; the loops emerging from the top 

of the C2 domain form the calcium-binding domain (Sutton et al., 1995). Every 

subsequently studied C2 domain determined has demonstrated nearly identical 

loops and folds (reviewed in Sudhof, 2012a). Interestingly, disturbing the calcium-

binding capability of the C2B domain of Syt1 is more disruptive to functioning 
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than disturbing the calcium-binding capability of the C2A domain (Mackler et al., 

2002; Robinson et al., 2002). From these structural analyses, it was unclear 

whether synaptotagmins operated as clamps on vesicle fusion which were only 

disengaged upon calcium binding or as enhancers of membrane interaction 

(Chicka et al., 2008). 

     Syt1 mutant mice have damaged evoked excitatory post-synaptic currents 

(EPSCs), specifically a diminished fast synchronous component of the response 

in hippocampal neurons (Geppert et al., 1994). In cell cultures derived from 

mouse hippocampal neurons, overexpressing Syt1 raises the probability of 

evoked release (Han, et al., 2004). In the cortical neurons, Syt1 mutant mice 

display attenuated inhibitory post synaptic currents (IPSCs) (Xu et al., 2007). Of 

eight tested synaptotagmin proteins, only Syt1, Syt2, and Syt9 are capable of 

rescuing the Syt1 knockout (Xu et al., 2007). 

     A recent study by Dean and colleagues surveyed many of the mammalian Syt 

isoforms for their cellular and subcellular localization patterns in hippocampal 

neurons (Dean, et al., 2012a). Some synaptotagmins are trafficked to axons, 

some to dendrites, and some to both loci (summarized in Table 1). In addition, 

many of the isoforms seemed to localize to specific secretory organelles within 

cellular compartments. Syt isoforms were also assayed for membrane-recycling 

capabilities using a pH-sensitive GFP protein, pHluorin, fused to the predicted 

luminal end of each isoform (Miesenbock et al., 1998; Diril et al., 2006). If a Syt is 
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targeted to a vesicle that fuses to a less acidic compartment or extracellular 

space, fluorescent signal increases. An advantage of using this system is that the  

hippocampal cells in the culture can be easily stimulated by depolarization, and 

then each Syt-pHluorin fusion protein assessed for any changes in GFP 

fluorescence levels, indicating a vesicle fusion event.  

Table 1. Mammalian Syt Cellular Expression Patterns 

     (Adapted from Dean, et al., 2012a) SV=Synaptic Vesicle Associated 
 

     Of the synaptotagmin isoforms tested, only Syt10-pHluorin failed to show a 

change in fluorescence suggesting regulated fusion. Syt1 and Syt2 both 

responded to the depolarization stimulus with a kinetic pattern typical of synaptic 

vesicle release dynamics. Because other Syt isoforms had different time scales 

of responses than Syt1 and Syt2, perhaps these Syt isoforms are targeted to 

vesicles that are not classical synaptic vesicles packaged with neurotransmitter 

but rather other vesicle subtypes. Syt3, for example, responded to depolarization 

with a decrease in fluorescence, suggesting that it is endocytosed as a result of 

depolarization. Perhaps Syt3 acts to modulate the amount of receptors on the 

cell surface and thus moderate the neuronal response. Dean and colleagues also 

Axons Dendrites Both  No Response Not in Brain 
Syt1 (SV) Syt3 Syt4 Syt10 Syt8 

Syt2 (SV) Syt11 Syt6  Syt14 

Syt5  Syt9  Syt15 

Syt7  Syt12   

Syt17     
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noted a general trend that synaptotagmins that recycle exclusively in axons 

displayed increased surface expression compared to other isoforms, hinting that 

it may be possible to predict in which region of the neuron a Syt recycles based 

on the fraction of surface fluorescence signal compared to the amount of internal 

protein signal (Dean et al., 2012a). Most of the identified synaptotagmin proteins 

are associated with vesicles of some sort, but the contents and types of vesicles 

containing synaptotagmins remains unclear (reviewed in Sudhof, 2012a).  

     The complexities of Syt function can be exemplified by Syt4, which is thought 

to affect many diverse processes. Syt4 and Syt7 act together to control 

somatodendritic dopamine release. This release requires the SNARE complex 

and specific sources of calcium from N- or P/Q-type voltage-gated calcium 

channels. Syt1 is also present in dopaminergic cells, supporting the idea that 

multiple Syt isoforms can be present in a single cell, controlling distinct types of 

neurotransmission (Mendez et al., 2011).  

     Syt1, Syt4, Syt7 and Syt9 associate with different sized dense core vesicles 

(DCVs) in PC12 neuroendocrine cell culture (Zhang et al., 2011b). Syt4 is a 

negative regulator of exocytosis in PC12 cells (Wang et al. 2001), and is 

localized to the Golgi, on immature vesicles, and on mature DCVs (Berton, et al., 

2000; Ibata et al., 2000; Fukuda et al., 2001). Each of the other three 

synaptotagmin isoforms in PC12 cells, with the exception of Syt4, exhibits 

varying calcium sensitivities, varying divalent cation sensitivities, varying 

responsiveness to the inhibition by Syt4, and varying preference for full fusion 



	
   18 

versus kiss-and-run fusion. These results suggest that a DCV of a specific size 

will exocytose depending on the stimulation and the proportion of Syt isoforms 

associated with it (Zhang et al., 2011b).   

     In rat hippocampal neuron culture, Syt4 is associated with vesicles containing 

BDNF (Brain-Derived Neurotrophic Factor) in both the axons and the dendrites 

(Dean, et al., 2009). Because Syt4 does not have the residues in its C2-domains 

that allow for calcium binding, it can bind SNARE proteins, but does not bind 

membranes upon calcium influx (Chapman et al., 1998; Wang and Chapman, 

2010). As a result, BDNF release is inhibited by Syt4 (Dean et al., 2009). 

Knocking out Syt4 induces an increase of miniEPSCs and a decrease of 

miniEPSCs, thereby affecting modifying both excitatory and inhibitory synapses 

(Dean et al., 2012b). In these rat hippocampal cultures, Syt4 acts via BDNF to 

modulate exocytosis in response to activity by synaptic scaling, potentially at 

highly localized sites with a fairly fast time scale (Dean et al., 2012b).  

     In mouse hippocampal neurons, Syt4 plays multiple roles in vesicle 

maturation and release. In Syt4 knockout cultures, the Golgi area is 

approximately 40% larger in volume than in wildtype neuron culture, implicating 

Syt4 in synaptic vesicle biogenesis or transport. Furthermore, Syt4 knockout 

cultures have less synaptic vesicles compared to wildtype control culture, 

suggesting that Syt4 normally blocks vesicle fusion in mouse hippocampal 

neurons. Additional experiments showed a further decrease of synaptic vesicles 

in Syt4 knockout cells after stimulation compared to wildtype cells. Thus 
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synaptotagmin 4 in mouse hippocampal neurons functions in both early vesicle 

biogenesis or trafficking steps and acts to maintain a particular amount of 

synaptic vesicles in the active zone (Arthur et al., 2010).  

     Another example of Syt4 inhibiting vesicle fusion comes from mouse 

hypothalamus (Zhang, et al., 2011a). Syt4 expression in the hypothalamus 

neurons directly coincides with the oxytocin expression pattern. High 

magnification immunostaining revealed that Syt4 was present on vesicles 

containing oxytocin. Syt4 knockout mice maintain normal weight over a yearlong 

feeding period, even when fed a high-fat diet that caused obesity in wildtype 

littermate controls. Injecting oxytocin into the brains of wildtype mice resulted in a 

significant suppression of food intake in the four hours post-injection. 

Administering oxytocin antagonists to wildtype mice caused weight gain and an 

increase in food intake. Similarly, rescuing Syt4 under the oxytocin promoter in 

Syt4 knockout animals resulted in both weight gain and increased food intake. 

Oxytocin levels within the blood of Syt4 knockout were twice the concentration of 

oxytocin in wildtype animals, illustrating that Syt4 normally inhibits oxytocin 

release. In addition, wildtype mice fed the high-fat diet had a 40% reduction in 

oxytocin levels, demonstrating a link between oxytocin and obesity. These results 

show that Syt4 can inhibit neuropeptide release in specific parts of the 

mammalian brain, but it is unclear whether Syt4 acts directly or indirectly on 

these neuropeptides (Zhang et al., 2011a).  
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     An additional Syt relevant to peptide release is Syt10. In mouse olfactory bulb 

neurons, Syt1 and Syt10 both act to trigger exocytosis, but each protein controls 

the release of distinct, non-overlapping subsets of vesicles. Syt10 facilitates 

exocytosis of vesicles that are non-synaptic and contain IGF-1 (Insulin-like 

Growth Factor-1); Syt1 drives exocytosis of synaptic vesicles within the same 

cells (Cao et al., 2011). Syt10 is one of the calcium binding synaptotagmins that 

is thought to dimerize (Fukuda et al., 1999). Thus, two synaptotagmins can 

function within cells, both as calcium sensors, to control separate secretory 

pathways using nearly identical mechanisms.  Syt10-controlled exocytosis is 

restricted to the cell body and dendrites of olfactory bulb neurons. Loss of Syt10 

results in diminished IGF-1 secretion, which then causes smaller cell size with 

decreased dendritic branching. Additionally, in Syt10 knockout mice, the synaptic 

density of the neurons in the external plexiform layer of the olfactory bulb is 

decreased, but the synaptic density of the neurons in the glomerular level of the 

olfactory bulb remains at wildtype levels. Overall, the loss of dendrites coupled 

with the loss of synaptic vesicles in some neurons of the olfactory bulb 

contributed to an cumulative loss of synapses within the olfactory bulb in Syt10 

knockout mice, rendering them slower food finders in a timed assay (Cao et al., 

2011). Electrophysiology results of Syt10 knockout neurons confirmed that 

synaptic transmission on the whole was diminished. Thus, synaptotagmins can 

change neurotransmission in a calcium-dependent manner, without physically 

controlling the release of vesicles containing neurotransmitters or neuropeptides 
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(Cao, et al. 2011).  Moreover, multiple synaptotagmin isoforms can function in the 

same cell, regulating distinct vesicle fusion pathways.  

     Synaptotagmins are also expressed in non-neuronal cells. For example, Syt2 

is found in mast cells of the immune system in mice (Baram et al., 1999). Syt2 

appears to both block and facilitate exocytosis in mast cells, depending on the 

intracellular calcium concentration (Nagai, et al., 2011).  

 

Synaptotagmins in Caenorhabditis elegans 

     There are seven snt genes predicted in the C. elegans genome, though only 

snt-1 has been studied (Nonet et al., 1993; Jorgensen et al., 1995; Mathews et 

al., 2007). snt-1 mutants have jerky uncoordinated body movements, are 

constipated and starved (Raizen et al., 1995), and have slower, irregular 

pharyngeal pumping rates (Avery, 1993 and Steger et al., 2005).  

     Synaptic transmission mutants usually have uncoordinated locomotion due to 

disturbed communication at the neuromuscular junctions (Reviewed in 

Richmond, 2007). Specific locomotion defects in snt-1 mutants include the 

“shrinker” phenotype (Nonet, et al., 1993).  The “shrinker” phenotype is 

characterized by touching animals lightly on the head or by tapping the plate on 

which the worms are growing. If the muscles on both the dorsal and ventral sides 

of the animal contract simultaneously, as opposed to in tandem, the anterior part 

of the worm shortens or shrinks. This “shrinker” defect is typically indicative of 

dysfunction of the inhibitory GABAergic motor neurons controlling sinusoidal 
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motion at high locomotion speeds. In spite of this locomotion defect, snt-1 

mutants often display normal body waves during slow forward movement, 

indicating that excitatory acetylcholine neurons retain some function.  

     Direct evidence that snt-1 affects exocytosis in C. elegans first came from 

electrophysiological recordings from pharyngeal muscles, which stimulate 

pharynx pumping and thus play a role in C. elegans feeding behavior. 

Extracellular recordings on dissected pharynxes showed that snt-1 mutant 

phanryngeal glutamatergic motor neurons have asynchronous and decreased 

neurotransmission compared to the wildtype (personal communication from J.A. 

Dent, M.W. Davis, and L. Avery reported in Jorgensen et al., 1993; Steger, et al., 

2005).  This abnormal spiking pattern was proposed to be a result of a reduction 

of acetylcholine release by the MC “pacemaker” neuron that coordinates 

pharyngeal pumping. Decreased acetylcholine release may cause the smaller 

excitatory post-synaptic potentials that are unable to generate full action 

potentials to stimulate pumping (Steger et al., 2005). 

     Indirect but highly suggestive evidence that SNT-1 affects exocytosis in C. 

elegans came from the observation that snt-1 mutants also show resistance to 

aldicarb, an acetylcholinesterase inhibitor (Nonet et al., 1993). The aldicarb 

resistance assay is used in C. elegans to indirectly quantify neurotransmitter 

release at neuromuscular junctions. Acetylcholine is released by motor neurons 

at excitatory neuromuscular junctions to stimulate muscle contraction and thus 

locomotion. Aldicarb, an acetylcholinesterase inhibitor, causes paralysis as 
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normal-functioning motor neurons release acetylcholine that cannot be broken 

down by the aldicarb-inhibited acetylcholinesterase present in the neuromuscular 

junction.  Overabundance of acetylcholine in the synaptic cleft leads to 

hypercontraction. In the aldicarb resistance assay, animals are placed in the 

presence of aldicarb and assayed for time to total paralysis. Animals can be 

classified as Ric (Resistors to Inhibitors of Cholinesterase) or Hic 

(Hypersensitivity to Inhibitors of Cholinesterase) (Reviewed in Rand, 2007). snt-1 

mutants are Ric, suggesting that acetylcholine release is decreased at 

neuromuscular junctions (Nonet et al., 1993; Jorgensen et al., 1995).  However, 

the fact that snt-1 mutants have contracted muscles in the presence of aldicarb 

indicates that some acetylcholine is released and that exocytosis of acetylcholine 

is not completely blocked in snt-1 mutants (Nonet et al., 1993). This result also 

indicates that SNT-1 is most likely not the only calcium sensor for synaptic 

vesicle fusion in motor neurons (Nonet et al., 1993), and is supported by the 

evidence that other synaptic vesicle mutants such as unc-13 exhibit more severe 

defects in coordinated movement than snt-1. While snt-1 mutants were some of 

the first identified RIC mutants (they were once named ric-2), they did not appear 

in screens for resistance to the acetylcholine agonist levamisole. This suggests 

that the acetylcholine receptors on muscle are still active but that snt-1 mutants 

release less acetylcholine from their motoneurons than wildtype animals (Avery, 

1993).  
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     Recent optogenetic tools have been utilized in C. elegans to probe specific 

neurotransmitter release at neuromuscular junctions (NMJs). A light-gated cation 

channel, Channelrhodopsin-2 (ChR2), was selectively expressed in 

motoneurons, allowing for specific and precise stimulation of neurons without the 

variability and damage caused by using shocks to stimulate voltage-gated 

calcium channels during traditional electrophysiology. An additional benefit of 

ChR2 in C. elegans is that the transparent nematode permits stimulation and 

response assays to be conducted in vivo, without dissection. The readout for 

ChR2 stimulation in motoneurons was measurement of body length (Liewald et 

al., 2008). Neurons innervate muscles at the NMJs using both excitatory 

cholinergic connections and inhibitory GABAergic connections (White et al., 

1986). Acetylcholine is released at excitatory NMJs and results in muscle 

contraction; GABA is released at inhibitory NMJs and results in muscle 

relaxations (reviewed in Richmond, 2007). When ChR2 was expressed in 

GABAergic neurons, light-induced depolarization caused paralysis and body 

elongation that could be recovered over time after light pulses ended. Stimulating 

ChR2 in cholinergic neurons resulted in contraction and a decrease in body 

length, due to the excitation of body wall muscles. Whole cell voltage-clamp 

recordings performed on body wall muscles confirmed neurotransmitter release 

from the motoneurons by detecting evoked postsynaptic currents (ePSCs). In 

snt-1 null mutants, GABA-ePSCs were severely reduced, reiterating the 

involvement of SNT-1 in normal GABA-ergic function as alluded to by the 
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“shrinker” phenotype. Acetylcholine-ePSCs were also dramatically reduced in 

snt-1 null mutant worms compared to wildtype, again confirming the cellular basis 

for the resistance to cholinesterase phenotype. Repeated photo-stimulation of 

ChR2, i.e. stimulus trains, in either cholinergic or GABA-ergic neurons in a snt-1 

mutant background resulted in ePSC responses that decayed over time, 

indicating synaptic vesicle depletion on a faster scale than wildtype and hinting at 

SNT-1 acting in the vesicle recycling pathway (Liewald et al., 2008).  

    In spite of the fact that proteins other than synaptotagmins have calcium-

binding domains, only synaptotagmins have been shown to play a role as 

calcium-sensors in neurotransmission. For example, although rabphilin contains 

calcium binding domains, synaptotagmin rabphilin snt-1; rbf-1 double mutants 

have locomotion defects, abnormal pharyngeal pumping rates, and defecation 

defects only as severe as snt-1 single mutants. This experiment shows that 

neuronally-expressed RBF-1 does not function as an additional calcium sensor 

responsible for synaptic vesicle fusion beyond the synaptic vesicle fusion 

controlled by SNT-1 (Staunton et al., 2001).  

     Although acetylcholine release in snt-1 mutants is impaired, additional 

mutations can further limit the release of acetylcholine. wsp-1 is epistatic to snt-1; 

the double mutant is aldicarb sensitive. A loss of function mutation in wsp-1 

enhances the aldicarb sensitivity in tomosyn tom-1(ok 285) mutants. WSP-1 

protein localizes to the perisynaptic region, adjacent to RAB-3. wsp-1 mutants 
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most likely have a slightly unstable actin cytoskeleton, aiding in SV docking and 

fusion (Zhang and Kubiseski, 2010).  

SNT-1 and Endocytosis 

     In addition to its inferred role in exocytosis, Syt1 is directly involved in 

endocytosis (Yao, et al. 2012a). When examined using electron microscopy, snt-

1 mutant motor neurons had fewer synaptic vesicles in the VA, VB, and VD motor 

neurons (Jorgensen et al., 1995). To rule out vesicle biogenesis defects, snt-1 

mutant was crossed with unc-104, which affects the kinesin required for SV 

transport to synapses. In unc-104;snt-1 double mutants, many SVs were 

observed in the cell body by EM, indicating that SVs could form and accumulate 

in the absence of SNT-1. The synaptic vesicle-associated protein RAB-3 was 

also reported to be present in axons, although these data were not shown 

(Jorgensen et al., 1995). A second vesicle-associated protein, synaptobrevin-1 

tagged with GFP is reduced and diffuse in VD and DD neurons of snt-1 mutants, 

dovetailing with the electron microscopy results showing fewer synaptic vesicles 

in the mutants (Jorgensen et al., 1995).       

      Wildtype synaptotagmin may promote vesicle fusion, block vesicle fusion, or 

enhance endocytosis of fused vesicles via its interaction with the clathrin AP2 

complex (Zhang et al., 1994). Teasing apart the roles of synaptotagmin in 

exocytosis and endocytosis will add to our understanding of synaptotagmin’s role 

in the vesicle release and recycling pathways (Yao et al., 2012a). These two 

pathways are not necessarily tethered to each other (Dittman and Kaplan, 2006).  
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Cell Biology of SNT-1 

     Vesicle trafficking motors are critical in the correct sub-cellular distribution of 

SNT-1. In wildtype C. elegans neurons, synapses form en passant rather than in 

a restricted manner at an axon terminus (White, 1986). Kinesin motors act in 

neurons to transport cargo, including synaptic vesicles and many SV-associated 

proteins in the anterograde direction from the cell body down the axon. When the 

kinesin motor UNC-104/Kif1A is impaired, SNT-1 fails to distribute along the axon 

and remains restricted to the neuronal cell body (Nonet et al., 1993). A second 

motor that contributes to synaptic vesicle distribution is dynein, which acts to 

carry cargo, including synaptic vesicle proteins retrogradely. The dynein-dynactin 

complex is considered the major retrograde motor (Goldstein and Yang, 2000). In 

dhc-1(js319) dynein mutants and dnc-1(or404ts) dynactin adaptor mutants, 

synaptotagmin accumulates in the terminal tip of the mechanosensory neuron 

AVM, bypassing its normal site (Koushika et al., 2004). This same 

misaccumulation happens in the absence of either UNC-116 kinesin heavy chain 

or UNC-16 JIP3 homolog, that acts as a cargo adaptor for kinesin motors. 

Although UNC-116 is an anterograde motor, it targets dynein as cargo to the 

nerve terminus where it begins its retrograde, cargo-laden journey to the soma 

(Arimoto et al., 2011).  

Molecular Biology of C. elegans snt-1 

     The C. elegans snt-1 gene is located on chromosome II  (Nonet et al., 1993) 

and encodes two isoforms, A and B. The A isoform is strongly expressed in most 
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neurons, and the SNT-1A protein is sub-cellularly localized to synaptic-rich 

regions of the neurons (Nonet et al., 1993; Mathews et al., 2007).  SNT-1A 

protein was also observed in secretory uterine cells in C. elegans (Nonet et al., 

1993). SNT-1B protein was detected at lower levels than SNT-1A, and in fewer 

neurons (Mathews et al., 2007). 

      The genetic difference between the two isoforms lies in the alternative forms 

of the sixth exon (Fig. 2) (Craxton, 2001). This alternative splicing of the sixth 

exon of synaptotagmin is conserved in Aplysia (Nakhost, et al., 2004).  C. 

elegans exon 6A is 134 nucleotides long and encodes 45 amino acids, and the 

non-overlapping exon 6B is 140 nucleotides long and encodes 47 amino acids 

(Mathews, et al., 2007). The sixth exon in C. elegans lies within the highly  

conserved C2B calcium-binding domain (Mathews et al., 2007). C. elegans SNT-

1A has 78% amino acid identity to rat synaptotagmin I (Nonet et al., 1993). 

     Elimination of SNT-1A results in uncoordinated movement defects, slowed 

growth and defecation defects; elimination of SNT-1B results in no behavioral 

defects (Nonet et al., 1993; Mathews et al., 2007). However, expressing either 

snt-1A or snt-1B isoform under a strong pan-neuronal promoter in null mutants 

fully rescues pharyngeal pumping rates, thrashing in liquid, and defecation 

completion frequency (Mathews et al., 2007). Thus both isoforms are capable of 

 some measure of phenotypic rescue if widely expressed, and the most important 

difference between them is their cellular expression patterns.   
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     An analysis of the available alleles of snt-1 was performed by Mathews and 

colleagues in 2007. Alleles of snt-1 have been isolated from screens for aldicarb 

resistance, a screen for feeding mutants, and a screen for defecation-defective 

mutants. Two of these studied alleles are relevant in this work: md290 and 

md257.  snt-1(md290) is a 3.3 kilobase deletion that eliminates ~85% of the 

coding sequence, leaving some of the intravesicular N-terminus, and is 

considered the canonical null allele (Mathews et al., 2007). snt-1(md257) is a 2 

base pair deletion in exon 6A that only affects the SNT-1A isoform, and these 

mutants have intact defecation behavior but defective locomotory behavior 

(Mathews et al., 2007). When snt-1 alleles have been assayed for protein 

production using anti-SNT antibodies, most lines show no immunoreactivity, and 

the lines that do have some detectable signal have reduced immuno-staining 

compared to wildtype (Nonet et al., 1993; Mathews et al., 2007). The only 

published structure-function analysis experiment of SNT-1 to date revealed that a 

VIL motif in exon 5 is necessary for trafficking SNT-1 from the cell body to the 

synapse (Mathews et al., 2007). As this motif is in the fifth exon, it affects both A 

& B isoforms; VIL deletion most likely results in protein misfolding, and thus 

retention in the cell body secretory pathway by chaperone proteins (Mathews et 

al., 2007). In general, mutations in the C2B domain have a more severe impact 

on neurotransmission than mutations in the C2A domain (Koch and Holt, 2012).  

     To further the studies of SNT-1 in C. elegans, we analyzed the effects of a 

snt-1 mutation in four classes of neurons. I will first describe the isolation of the 
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ky1002 allele of snt-1 and its mapping and characterization. I will then go on to 

describe the phenotype of snt-1(ky1002) mutant animals, by examining RAB-3 

distribution in three classes of sensory neurons and one class of motor neurons. 

Then I will describe experiments that confirm that SNT-1 plays a key role in 

endocytosis in C. elegans. Next, I will present an analysis of the phenotypes 

resulting from null mutations of snt-2, snt-4, snt-5, or snt-6. I will then describe 

the quantification of phenotypes of double mutants in which two synaptotagmin 

genes are mutated. Finally, I will discuss future directions for study.  
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Glossary of Most-Referenced Genes (Mammalian Homologs in 
Parentheses)  
 
dpy-23 (AP50)     Encodes  DPY-23, the µ2 subunit of the AP2 clathrin adaptor 
protein required for endocytosis. dpy-23 mutants have fewer synaptic vesicles in 
the axon compared to wildtype animals. SV endocytosis in dpy-23 mutant 
animals is impaired, but not eliminated.  
 
rab-3  (rab3A)     Encodes RAB-3, a GTP-binding protein that is believed to 
associate with synaptic vesicles at the time that they are transported from the 
Golgi to the active zone and to disassociate from SVs before their return to the 
Golgi during the recycling steps after endocytosis. RAB-3 is considered a 
synaptic vesicle marker.  
 
sad-1 (BRSK1)     Encodes a serine/threonine kinase, SAD-1, which localizes to 
synapse-rich regions of axons. sad-1 mutants have disorganized clusters of 
synaptic vesicles; SAD-1 is regulates the pattern of the distribution of synaptic 
vesicles in the active zone. For the purposes of this thesis, SAD-1 is used as a 
marker for the active zone and perisynaptic region of axons. 
 
snb-1 (VAMP1 and VAMP2)     Encodes synaptobrevin, the vesicle-associated 
vSNARE that, when complexed with syntaxin and SNAP-25, bundles to form the 
SNARE complex.  SNB-1 is considered a synaptic vesicle marker.  
 
snt-1 (syt1) Encodes synaptotagmin, a vesicle-associated protein with two C2 
domains that may bind calcium. snt-1 mutants appear to be both exocytosis and 
endocytosis defective.  
 
unc-2 (alpha subunit) Encodes the alpha subunit of a voltage-gated calcium 
channel. For the purposes of this thesis, UNC-2 is considered a marker of 
voltage-gated calcium channels.   
 
unc-11 (CALM/AP180)     Encodes UNC-11, the clathrin adaptor protein AP180.  
SNB-1 (synaptobrevin), but not SNT-1 or RAB-3, is mislocalized in unc-11 
mutants. UNC-11 is thought to regulate clathrin-cage assembly during 
endocytosis. UNC-11 is not required for endocytosis, but endocytosis is abnormal 
in unc-11 mutant animals. 
 
unc-13 (Munc13)     Encodes UNC-13, a protein localized to the active zone, 
where SV exocytosis occurs.  UNC-13 interacts with the tSNARE syntaxin to 
facilitate SV exocytosis. unc-13  mutants have more SVs docked at the plasma 
membrane, indicating that UNC-13 is required for SV priming and may play an 
additional role in subsequent steps of exocytosis. SV exocytosis is severely 
blocked in unc-13 mutants.  
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unc-18 (Munc18)     Encodes UNC-18, a chaperone protein that regulates the 
transport of syntaxin from the endoplasmic reticulum to the active zone. UNC-18 
also promotes SV docking and may play an additional role in other steps of 
exocytosis. SV exocytosis is severely blocked in unc-18 mutants. 
 
unc-104 (KIF1a)     Encodes UNC-104, a microtubule-based kinesin motor that 
transports SVs anterogradely along the axon to the active zone. unc-104 mutants 
have fewer synaptic vesicles in the axon compared to wildtype animals. 
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Results 

 

A Screen for Mutants Affecting Synapses in PQR Neurons 

     To identify genes that affect synapse distribution or synaptic connectivity, we 

designed an EMS-based screen using the integrated marker kyIs512, which 

reports GRASP (GFP Reconstituted Across Synaptic Partners) signals between 

the PQR sensory neuron and the AVA backward command neurons.  

     The use of the split GFP is a technique developed by Evan Feinberg known 

as GRASP, or GFP Reconstitution Across Synaptic Partners. Two fragments of 

the split GFP are expressed in non-overlapping subsets of cells. These GFP 

fragments alone are not fluorescent. When the two parts are fused to synaptic 

transmembrane proteins, synapses between cells are marked with an 

extracellular GFP signal.  GRASP specifically marks a small number of synapses 

in areas of the worm, such as the nerve ring and ventral nerve cord, that are 

synaptically enriched (Feinberg et al., 2008).  

     The kyIs512 transgene combines four elements: gcy-36::ptp-3A::spGFP11, a 

fusion protein of a receptor tyrosine phosphatase (PTP-3A) with an extracellular 

domain conjugated to a portion of the GFP molecule, expressed in PQR, AQR, 

and URX neurons; flp-18::nlg-1::spGFP1-10,  a fusion protein of neuroligin, a 

synaptically-associated molecule conjugated to the remaining portion of the GFP 

molecule, expressed specifically in the AVA command interneurons; flp-

17::mCherry, a co-injection marker that marks the pair of BAG head neurons 
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brightly enough to be seen under a fluorescent dissecting microscope; and gcy-

36::mCherry::rab-3, which marks the RAB-3 synaptic vesicle associated GTPase 

in the PQR, AQR, and URX neurons (Fig. 3) 

     I performed a clonal screen by examining the F2 progeny of F1 animals 

(Supp. Fig. 1). I screened the progeny of 500 F1 worms, which represents ~1000 

heterozygous mutagenized genomes, for the absence of either mCherry or GFP. 

118 potential candidate mutants were pulled out of the screen. 72 candidates 

were deficient in the GRASP GFP signal, 28 candidates were deficient in the 

mCherry::RAB-3 signal, and 18 candidates had mixed phenotypes (some 

animals had a mutant mCherry::RAB-3 phenotype and some had mutant GRASP 

phenotype) (Fig. 4a). Approximately twenty worms were examined per line; each 

potential mutant line had between one and four mutant animals in this pool of 

twenty (Fig. 4b). Any animals with a mutant phenotype were then picked from the 

slide to a new plate, for further examination in subsequent generations. 

     In the second screen through these 118 potential mutant lines, 58% showed 

transmission of a mutant phenotype to subsequent generations.  Interestingly, 

some lines that had previously shown GRASP defects now showed mCherry 

defects and vice versa (Fig. 4c). At this time, the penetrances of the mutant 

phenotypes were also determined for each line (Fig. 4d).  The thirteen lines with 

the highest penetrance (15% and above) were selected to be outcrossed to the 

kyIs512 starting strain, in order to facilitate future mapping of mutations.  



Targeting

Ca++

mcherry::RAB-3

a

Figure 3. A simple model of the kyIs512 transgene products.  (a) mCherry::RAB-3 
and PTP-3a::spGFP11 are expressed in the pre-synaptic neurons. NLG-
1::spGFP1-10 is expressed in the post-synaptic neurons. (b) GFP signal is seen 
when the pre-synaptic PTP-3a::spGFP11 and the post-synaptic NLG-
1::spGFP1-10 components come in close enough proximity to each other, a 
small distance indicating that the two neurons are synaptic partners. 

Pre-synaptic Neuron

Post-synaptic Neuron
GRASP Signal

NLG-1::spGFP1-10PTP-3a::spGFP11

b
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Figure 4. Screen Results. 118 potential mutant lines were identified in the initial 
screen and then screened a second time for phenotype transmission to subse-
quent generations and for phenotype penetrance. (a) Histogram of phenotypes 
displayed in the initial screen. (b) Histogram of the number of mutant animals 
found within a single group of twenty sibling F2 animals. For a recessive muta-
tion, five mutant F2s are expected if the mutation is 100% penetrant. (c) Histo-
gram of the phenotypes displayed by the potential mutant lines when examined 
in F3 or later generations. (d) Histogram of penetrance of mutant phenotypes in 
F3 or later generations.

a b

c d

37



	
   38 

      The outcrossing strategy entails crossing each mutant line to the kyIs512 

starting strain, then examining the progeny of the cross progeny to identify F2 

animals that retain the mutant phenotype. F2 animals that display the mutant 

phenotype are believed to still carry the mutation of interest, but also to have 

exchanged approximately 50% of their genome, which has been exposed to 

EMS, with the wildtype starting strain genome.  Initially, eleven of the 13 potential 

mutant strains were crossed to the starting strain. (Strain 10.6 was not 

outcrossed at that time because it grew slowly; strain 11.11 was not outcrossed 

at that time because the plate contained contaminating bacteria.) Of the eleven 

outcrossed lines, three lines, 27.2, 21.1, and 26. 7 did not produce F2 progeny 

with any detectible mutant phenotype. The eight outcrossed lines that did have 

progeny displaying a mutant phenotype all displayed mCherry::RAB-3 defects, 

regardless of whether they had previously been GRASP defective or 

mCherry::RAB-3 defective. The mutation in line 9.19 appeared to be linked to the 

X chromosome. After four outcrosses, the mutation in line 26.11 appeared to be 

dominant or X-linked. Also, after four outcrosses, line 12.2, which had animals 

with GRASP defects and animals with mCherry::RAB-3 defects before the 

outcrossing, produced animals with mCherry::RAB-3 defects, but no F2 animals 

with GRASP defects, in a ratio that suggested that the mutation in line 12.2 was 

dominant. This shift in phenotype and penetrance after outcrossing raised the 

possibility that several of the mutations in the outcrossed lines may be linked to 

the kyIs512 transgene itself. 
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     To sidestep this possibility, I chose to focus on the potential mutant line with 

the highest penetrance, line 10.6, which also happened to be slow growing and 

uncoordinated (Unc).  

Table 2. Thirteen Potential Mutant Lines Before and After Backcrossing 

 

Line 

 

Phenotype 

 

Penetrance 

Number of 
Times 
Backcrossed 

 
Phenotype  
After  
Backcrossing 

10.6 RAB-3 Defective 100% 0  

30.5 RAB-3 Defective 94% 4 RAB-3 Defective 

27.2 Mixed Defects 61% 0  

37.2 RAB-3 Defective 35% 2 RAB-3 Defective 

9.19 RAB-3 Defective 25% 4 RAB-3 Defective 

26.11 RAB-3 Defective 24% 4 RAB-3 Defective 

21.12 GRASP Defective 22% 2 RAB-3 Defective 

19.3 Mixed Defects 17% 2 RAB-3 Defective 

20.6 GRASP Defective 17% 2 RAB-3 Defective 

21.1 GRASP Defective 17% 0  

12.2 Mixed Defects 16% 4 RAB-3 Defective 

26.7 Mixed Defects 15% 0  

11.11 Mixed Defects 75% 0  

 
     The potential mutant line that I had identified as line 10.6 was mCherry::RAB-

3 defective (Fig. 3). The mutation that caused this defect was named ky1002,  



Figure 5. WT and snt-1(ky1002) animals in the kyIs512 marked background. (a) 
Wildtype. Top panel shows mCherry::RAB-3 expression in PQR; bottom panel 
shows GRASP expression between PQR and AVA neurons. (b) snt-1(ky1002). 
Top panel shows mCherry::RAB-3 expression in PQR; bottom panel shows 
GRASP expression between PQR and AVA neurons. White arrows indicate 
fluorescent puncta examined in the screen. 

a

b

Wildtype

snt-1(ky1002) initially designated 10-6
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indicating that it was the 1002nd mutant allele to be generated and catalogued in 

the lab.  

      To verify that the ky1002 mutation was not specific to the kyIs512 integrated 

marker, the ky1002; kyIs512 line was crossed to another line containing a 

YFP::RAB-3 fusion protein expressed in the PQR neuron, kyIs403. In the kyIs403 

background, the ky1002 phenotype resulted in a reduced YFP::RAB-3 signal, 

with a diffuse, rather than punctate distribution (Fig. 6).  

     As the ky1002 mutation was outcrossed, it appeared that the YFP::RAB-3 

defect was highly linked to an uncoordinated (Unc) locomotion phenotype. This 

linkage facilitated the mapping of the ky1002 mutation.  

Mapping of ky1002 

     A common method of mapping mutations in C. elegans involves using a highly 

divergent wild strain isolated in a pineapple field in Hawaii, CB4856 (Jakubowski 

and Kornfeld, 1999). The standard lab strain N2 and CB4856 differ from each 

other at many sites, including insertions and deletions. PCR primer sets flanking 

5879 predicted insertions or deletions were designed by Andres Bendesky to 

generate genotypic markers that could be easily scored with a single PCR 

reaction.  

     Coarse mapping of ky1002, was conducted using three primer pairs detecting 

deletions per chromosome—one on the left arm, one in the center of the 

chromosome, and one on the right arm; ky1002 displayed linkage to the markers 

on chromosome II (Fig. 7a, b)  



a

b

c

Wildtype snt-1(ky1002)

Figure 6. WT and snt-1(ky1002) animals in the kyIs403 marked background. (a) 
Brightfield illumination. Left column of panels are all from the same wildtype 
animal; right column of panels are from the same snt-1(ky1002) animal. (b) 
YFP::RAB-3 expression. (c)YFP::RAB-3 expression with brightness increased. 
Note that YFP::RAB-3 puncta that were not visible in panel (b) are now visible in 
panel (c) in the snt-1(ky1002) animal.
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Figure 7. Mapping Strategy and Mapping Results. (a) The genetic crossing 
scheme, set up to generate mapping lines containing the ky1002 mutation in a 
CB4856 background. (b) Coarse mapping results. White boxes in the table indi-
cate that the genotyping reaction failed or was uninterpretable. (c) Finer mapping 
results. White boxes in the table indicate that the genotyping reaction failed or 
was uninterpretable. Expected result: enrichment of N2 DNA (blue) compared to 
CB4856/HW DNA (red) near gene of interest.
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     To further map the locus of ky1002, three more primer pairs were selected on 

the left arm of chromosome II (Fig. 7c), and 26 additional F2 lines were assayed 

for the presence of Hawaiian DNA in this region (data not shown). These results 

confirmed that ky1002 most likely was within a 4.9 megabase region on the left 

arm of chromosome II between the insertion or deletion at 4.7 megabases and 

the insertion or deletion at 8.6 megabases.  

ky1002 is not an allele of unc-104 

      The uncoordinated (Unc) phenotype of the ky1002 line combined with the 

mapping data suggested a candidate gene, unc-104, as a promising locus for the 

ky1002 mutation.  unc-104, which is homologous to Kif-1A, encodes a kinesin-

like motor protein that is required for anterograde axonal transport of synaptic 

vesicles (Hall and Hedgecock, 1991). Synaptic vesicle-associated proteins like 

RAB-3, SNB-1, and SNT-1 all require UNC-104/Kif1A to correctly localize at the 

synaptic terminal (Nonet et al., 1993, 1997, 1998). The abnormal and dim RAB-

3::YFP phenotype in ky1002 is related to but milder than that of an unc-104 null 

mutant, in which all YFP::RAB-3 would be lost from synapses and axons.  

     Primers were designed to sequence the coding regions of unc-104 in the 

ky1002 line.  One tyrosine to adenine transversion was identified in the ninth 

exon that was predicted to change a valine to a glutamic acid residue. When the 

same region was also sequenced in the non-EMS-treated CX11472 starting 

strain, however, this same base change was present. Furthermore, Patrick 

McGrath had identified this base change in his work mapping the differences 
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between the lab wildtype strain and the published worm genome, indicating that it 

was present in the starting strain.  

     In conjunction with this sequencing, a number of other experiments were 

performed that supported the hypothesis that ky1002 was not a mutation in unc-

104. ky1002 and unc-104(e1265) complemented each other for the YFP::RAB-3 

phenotype. Additionally, kyIs403; unc-104(e1265) and kyIs403; ky1002 had 

different YFP::RAB-3 phenotypes; unc-104(e1265) had YFP::RAB-3 signal only 

in the PQR cell body, unlike the diffuse signal in the axon of ky1002. This was 

also the case in the kyIs512 background. These results suggest that ky1002 is 

not an allele of unc-104.  

ky1002 is an allele of snt-1 

     Another candidate gene, snt-1, was tested as the locus of the ky1002 allele 

while further outcrossing and mapping continued.  Primers were designed to 

sequence the entire coding region of snt-1.  A mutation in ky1002 changing a 

guanine to an adenine was identified at the splice junction preceding exon 6A 

(Fig. 8). This mutation was not present in the starting strain, and matched the 

most common change caused by EMS mutagenesis.   

     The canonical snt-1 allele, md290, failed to complement ky1002 for both the 

YFP::RAB-3 phenotype and for the Unc locomotion defect.  Furthermore, a 

kyIs403; snt-1(md290) strain closely resembled the kyIs403; ky1002 line in 

YFP::RAB-3 distribution and dimness (Fig. 9, Fig. 10, Supp. Fig. 2).  

Microinjection of two separate fosmids, each containing the full snt-1 gene,  
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a

b

c

Figure 9. snt-1(ky1002) and snt-1(md290) both have diffuse, dim YFP::RAB-3 
clusters in PQR. (a) Wildtype. (b) snt-1(ky1002). (c) snt-1(md290). All images are 
the same magnification. (b) and (c) images have brightness increased so that 
YFP::RAB-3 puncta are as bright as wildtype puncta. Note puncta in (b) and (c) 
are close in brightness to the background fluorescence in the gut of the worm. 

48



Figure 10. snt-1(ky1002) and snt-1(md290) affect YFP::RAB-3 fluorescence in 
PQR (a) Total fluorescence in the region of interest in PQR in each worm. 
(***p<0.001 versus wildtype, unpaired t-test) (b) Total fluorescence value divided 
by the number of pixels above the noise threshold, indicating the brightness of 
the fluorescent signal. (***p<0.001 versus wildtype, unpaired t-test) (c) Number of 
fluorescent puncta in the region of interest in each worm. (n.s. is not statistically 
significant). (a-c) Wildtype data were collected using the same strain on different 
days. (d) Representation of YFP::RAB-3 puncta in PQR neuron and model of 
YFP::RAB-3 associated with a synaptic vesicle.
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rescued the YFP::RAB-3 fluorescence to wild-type levels (Fig. 11). These 

molecular and genetic results identify snt-1 as the gene affected by the ky1002 

mutation (Fig. 12). snt-1(ky1002) mutation causes a G to T transition in the 

nucleotide immediately preceding exon 6A, which suggested that the snt-

1(ky1002) mutant phenotype may be caused by a mis-splicing of SNT-1A. 

     To understand how the nucleotide change in snt-1(ky1002) in the splice site 

preceding exon 6A affected snt-1 function, rtPCR was performed (Fig. 13).  Total 

RNA was isolated from four N2 wildtype samples and four snt-1(ky1002) mutant 

samples, and reverse transcribed to a cDNA library. PCR with a primer pair that 

recognized exon 1 and exon 8 was performed to detect all snt-1 mRNA. These 

primers amplified a single band from wild-type cDNA, but amplified two bands 

differing by approximately 100 base pairs from the snt-1(ky1002) cDNA samples. 

Spliced snt-1A mRNA is predicted to yield a fragment 1326 nucleotides in length, 

whereas snt-1B mRNA should yield a fragment 1332 nucleotides in length, and 

exon 6A is 134 nucleotides long. Both bands amplified from snt-1(ky1002) 

samples were cut out of the gel and sequenced. The larger of the two bands 

contained exon 6B, representing snt-1B spliced cDNA, but the smaller of the two 

bands skipped exon 6, splicing from exon 5 to exon 7. Thus, the snt-1(ky1002) 

mutation indeed causes a mis-splicing of the snt-1A transcript, excluding exon 

6A. This exclusion of 6A is predicted to cause a frameshift that results in an early 

stop 11 amino acids after exon 5. This truncation would occur within the C2B 

calcium-binding domain. Some studies suggest that disturbing the calcium- 
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Figure 11. Map of Contents of Fosmid WRM 0625cD08. 

52



Figure 12. snt-1(ky1002) and snt-1(md290) alleles are both rescued by injection 
of the fosmid WRM 0625cD08. (a) Total fluorescence in the region of interest in 
PQR in each worm. (b) Total fluorescence value divided by the number of pixels 
above the noise threshold, indicating the brightness of the fluorescent signal. (c) 
Number of fluorescent puncta in the region of interest in each worm. (d) Repre-
sentation of YFP::RAB-3 puncta in PQR neuron and model of YFP::RAB-3 asso-
ciated with a synaptic vesicle.
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Figure 13. The snt-1(ky1002) mutations causes a mis-splicing of the snt-1A 
transcript. (a) Image of gel from rtPCR. Wildtype lanes have a single band that is 
approximately 1330 nucleotides in length. ky1002 lanes have two bands: one that 
is 1332 nucleotides and encodes a complete snt-1B mRNA and one that is 1192 
nucleotides and encodes a truncated snt-1A mRNA (b) Schematic of rtPCR with 
primers. Arrows approximate predicted primer annealing loci.
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binding capability of the C2B domain of Syt1 is more disruptive to functioning 

than disturbing the calcium-binding capability of the C2A domain (Mackler et al., 

2002; Robinson et al., 2002). Thus, a truncated SNT-1A protein lacking a C2B 

domain, as would be produced in a snt-1(ky1002) mutant, would be severely 

defective.  

ky1002 Affects Other Synaptic Markers in PQR    

     In mammals, RAB3A seems to detach from SV membranes after vesicle 

fusion (Fischer v. Mollard et al., 1991). RAB-3 reversibly associates with synaptic 

vesicles, depending on the nucleotide bound to RAB-3 (Stahl, et al., 1996). In 

general, mutations that affect RAB-3 usually also affect SNB-1 and vice versa 

(Ch’ng et al., 2008). However, at least one mutation in sng-1, the C. elegans 

synaptogyrin homolog, alters SNB-1 patterns in the nerve cord, but not RAB-3 

patterns (Abraham et al., 2011). Thus, both SNB-1 and RAB-3 markers should be 

examined in mutant backgrounds. To ask whether snt-1(ky1002) was affecting 

synaptic vesicle distribution versus affecting the RAB-3 fusion protein markers in 

the kyIs403 and kyIs512  marked backgrounds, snt-1(ky1002) was crossed into 

PQR-marked background carrying an extrachromosomal array containing a 

synaptobrevin fluorophore fusion protein, SNB-1::YFP (Fig. 14). ky1002 mutant 

animals had the same number of SNB-1::YFP puncta as wild-type animals, but 

their SNB-1::YFP puncta were dimmer in the mutant background, resulting in a 

significantly reduced total fluorescence in the mutant line. This result indicates 

that snt-1(ky1002) lesion produces a reduction in multiple synaptic vesicle 



Figure 14. snt-1(ky1002) affects SNB-1::YFP fluorescence in PQR. (a) Total 
fluorescence in the region of interest in PQR in each worm. (**p<0.01 versus 
wildtype, unpaired t-test) (b) Total fluorescence value divided by the number of 
pixels above the noise threshold, indicating the brightness of the fluorescent 
signal. (***p<0.001 versus wildtype, unpaired t-test) (c) Number of fluorescent 
puncta in the region of interest. (n.s. is not statistically significant) (d) Represen-
tation of SNB-1::YFP puncta in PQR neuron and model of SNB-1::YFP associ-
ated with a synaptic vesicle.
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markers, suggesting that SNT-1 plays a role in determining the amount of 

synaptic vesicles in the axon.  

Characterizing ky1002 in AWC, PVD, and DD Neurons 

    The screen, rescue, and initial characterization of snt-1(ky1002) mutation were 

all performed in a single sensory neuron, PQR. Previous studies had examined 

the effects of snt-1(md290) on SNB-1 in VD and DD neurons and on synaptic 

vesicles in the ventral nerve cord (Jorgensen et al., 1995).  In addition, the SNT-

1A isoform is reported to be expressed in most neurons (Mathews et al., 2007). If 

snt-1(ky1002) affects the SNT-1A isoform, then snt-1(ky1002) mutation is likely to 

cause synaptic vesicle aberrations within many different neurons, not just PQR. I 

tested this hypothesis by examining a variety of sensory and motor neurons.  

AWC   

    In order to determine whether ky1002 affected sensory neurons besides PQR, 

the ky1002 allele was crossed into the kyIs442 background, which labels AWC 

synapses. kyIs442 is an integrated marker containing three constructs: odr-

3::mCherry::rab-3, which marks RAB-3 synaptic vesicle associated protein in 

AWC sensory neuron; odr-3::GFP::unc-2, which marks UNC-2 alpha subunit of a 

voltage-gated calcium channel (VGCC) in AWC; and unc-122::dsRed, a co-

injection marker. 

     ky1002 contained significantly dimmer and significantly fewer mCherry::RAB-3 

puncta in AWC as well as an overall lower mCherry::RAB-3 fluorescence than in 
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wild-type (Fig. 15). This result demonstrates that snt-1(ky1002) affects both the 

AWC sensory neurons and the PQR sensory neuron.  

     The GFP::UNC-2 signal was also examined and quantified in AWC. UNC-2 

forms the alpha subunit of presynaptic voltage-gated calcium channels that 

increase the local calcium concentration near vesicles to trigger fusion (reviewed 

in Richmond et al., 2007). The number of UNC-2 puncta was similar in both wild-

type and snt-1(ky1002) mutant backgrounds, but the UNC-2 puncta were 

somewhat brighter, resulting in an increased, statistically significant GFP::UNC-2 

fluorescence signal in the mutant background (Fig. 16).   

     The presentation of a normal number and spacing of UNC-2 puncta suggests 

that AWC still has presynaptic active zone specializations in the snt-1(ky1002) 

mutant. The increased UNC-2 fluorescence could be an indicator that the AWC 

sensory neurons have undergone homeostatic plasticity. For example, the 

neurons could be attempting to compensate for the lack of the canonical SNT-1 

calcium sensor by allowing for more calcium influx during a depolarization. 

Indeed, calcium channels and synaptotagmin are proposed to interact with each 

other in neurons (reviewed in Augustine et al., 2003). This interaction is possibly 

due to direct binding or through indirect binding with SNARE as the adaptor. 

Theoretically, positioning calcium complex and synaptotagmins closely would 

increase the probability of synaptotagmin sensing calcium before it is buffered 

away (reviewed in Augustine et al., 2003). Thus, the effect of snt-1(ky1002) on  



Figure 15. snt-1(ky1002) reduces mCherry::RAB-3 fluorescence in AWC. (a) Total 
fluorescence in the region of interest in AWC in each worm. (***p<0.0001 versus 
wildtype, unpaired t-test) (b) Total fluorescence value divided by the number of 
pixels above the noise threshold, indicating the brightness of the fluorescent 
signal. (***p<0.001 versus wildtype, unpaired t-test) (c) Number of fluorescent 
puncta in the region of interest in each worm. (**p<0.01 versus wildtype,  
unpaired t-test) (d) Representation of mCherry::RAB-3 puncta in AWC neuron 
and model of mCherry::RAB-3 associated with a synaptic vesicle. 
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Figure 16. snt-1(ky1002)  brightens GFP::UNC-2 puncta in AWC. (a) Total fluores-
cence in the region of interest in AWC in each worm. (**p<0.01 versus wildtype, 
unpaired t-test) (b) Total fluorescence value divided by the number of pixels 
above the noise threshold, indicating the brightness of the fluorescent signal. 
(n.s., not statistically significant) (c) Number of fluorescent puncta in the region of 
interest in each worm. (n.s., not statistically significant) (d) Representation of 
GFP::UNC-2 puncta in AWC neuron and model of GFP::UNC-2 subunit 
assembled into a Voltage-Gated Calcium Channel. 
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UNC-2 in AWC may hint at a conserved functional interaction between SNT-1 

and voltage-gated calcium channels. 

 Moreover, previous studies in Drosophila melanogaster have shown that such 

a homeostatic mechanism of modulation pre-synaptic vesicle release exists and 

that it occurs primarily through the UNC-2 homolog Cacophony (Frank et al., 

2006). Impairing the post-synaptic receptor function at the neuromuscular 

junction results in a compensating increase of pre-synaptic vesicles referred to as 

synaptic homeostasis (Frank et al., 2006). Parts of the pathway leading to 

synaptic homeostasis have been uncovered; signals in the pre-synaptic neuron 

ultimately converge on the Cacophony protein, an UNC-2 homolog (Frank et al., 

2009). This homeostatic signaling system that originates in the post-synaptic 

muscle and then feeds back to the pre-synaptic neuron appears to be a very 

rapid (on the order of ~10 minutes) means of conferring plasticity on the circuit 

(Frank et al., 2006). The increased UNC-2 protein in the AWC neuron is hinting 

that the synaptic homeostasis found in Drosophila melanogaster may also be 

conserved in C. elegans, and may even use the same protein pathways. 

PVD 

 Synapses in the PVD sensory neuron, which mediates responses to light, 

cold, and harsh touch, were examined using the kyIs445 integrated marker. 

kyIs445 consists of three plasmids: des-2::mCherry::rab-3, which marks RAB-3 

synaptic vesicle associated protein in PVD sensory neuron; des-2::sad-1::GFP, 



66 

which marks SAD-1 serine/threonine kinase in PVD; and odr-1::dsRed, a co-

injection marker. 

     The ky1002 allele significantly reduced the number, but did not affect the peak 

brightness of mCherry::RAB-3 puncta. The overall total fluorescent signal of 

mCherry::RAB-3 was significantly reduced, however, indicating that the size of 

these puncta was also smaller in the mutant background in wildtype (Fig. 17). 

This result suggests that snt-1(ky1002) affects synaptic vesicles in PVD as well 

as in AWC and PQR. 

     The SAD-1::GFP marker was also present in the kyIs445 PVD-marked 

background; sad-1 encodes a conserved serine/threonine kinase that is localized 

near, but not on synaptic vesicles. SAD-1 helps establish neuronal polarity, 

promotes synapse formation, and maintains SV clustering patterns in later larval 

stages (Crump et al., 2001; Kim et al., 2008). sad-1 mutants have diffuse clusters 

of synaptic vesicles, overextended axons, and dendritically mislocalized synaptic 

vesicles (Crump et al., 2001). The snt-1(ky1002) mutation did not affect on the 

SAD-1::GFP marker in PVD neurons, indicating that this perisynaptic protein 

does not relocalize in concert with synaptic vesicles (Fig. 18). 

DD 

     Synapses in the six DD GABAergic motor neurons, which mediate sinusoidal 

locomotion, were examined using the kyIs476 integrated marker. kyIs476 

consists of three plasmids: unc-25::mCherry::rab-3, which marks RAB-3 synaptic 

vesicle associated protein in GABAergic neurons, including DD neurons; unc- 



Figure 17. snt-1(ky1002) affects mCherry::RAB-3 in PVD. (a) Total fluorescence 
in the region of interest in PVD in each worm. (**p<0.01 versus wildtype, 
unpaired t-test) (b) Total fluorescence value divided by the number of pixels 
above the noise threshold, indicating the brightness of the fluorescent signal. 
(n.s., not statistically significant) (c) Number of fluorescent puncta in the region of 
interest in each worm. (*p<0.05 versus wildtype, unpaired t-test) (d) Representa-
tion of mCherry::RAB-3 puncta in PVD neuron and model of mCherry::RAB-3 
associated with a synaptic vesicle.
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Figure 18. snt-1(ky1002) has no significant effect on SAD-1:GFP fluorescence in 
PVD. (a) Total fluorescence in the region of interest in PVD in each worm. (n.s., 
not statistically significant) (b) Total fluorescence value divided by the number of 
pixels above the noise threshold, indicating the brightness of the fluorescent 
signal. (n.s., not statistically significant) (c) Number of fluorescent puncta in the 
region of interest in each worm. (n.s., not statistically significant) (d) Representa-
tion of SAD-1::GFP puncta in PVD neuron and model of SAD-1::GFP in the 
cytoplasm near the synaptic vesicles.
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Figure 19. snt-1(ky1002) affects mCherry::RAB-3 puncta number in DD neurons. 
(a) Total fluorescence in the region of interest in DD in each worm. (n.s., not 
statistically significant) (b) Total fluorescence value divided by the number of 
pixels above the noise threshold, indicating the brightness of the fluorescent 
signal. (n.s., not statistically significant) (c) Number of fluorescent puncta in the 
region of interest in each worm. (*p<0.05 versus wildtype, unpaired t-test) (d) 
Representation of mCherry::RAB-3 puncta in DD neurons and model of 
mCherry::RAB-3 associated with a synaptic vesicle.
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Figure 20. snt-1(ky1002) mutation causes mCherry::RAB-3 puncta to be less 
circular with a smaller interpunctal distance. (a) Four representative images of 
mCherry::RAB-3 in DD neurons in wildtype animals. (b)  Four representative 
images of mCherry::RAB-3 in DD neurons in four snt-1(ky1002) mutant animals. 
All images at the same magnification.
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Figure 21. snt-1(ky1002) effects on GFP::UNC-2 puncta number in DD neurons. 
(a) Total fluorescence in the region of interest in DD in each worm. (n.s., not 
statistically signficant) (b) Total fluorescence value divided by the number of 
pixels above the noise threshold, indicating the brightness of the fluorescent 
signal. (n.s., not statistically significant) (c) Number of fluorescent puncta in the 
region of interest in each worm. (n.s., not statistically significant) (d) Representa-
tion of GFP::UNC-2 puncta in DD neurons and model of GFP::UNC-2 subunit 
assembled into a Voltage-Gated Calcium Channel. 
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25::GFP::unc-2, which marks UNC-2 alpha subunit of a voltage-gated calcium 

channel (VGCC) in GABAergic neurons, including DD neurons; and odr-

1::mCherry, a co-injection marker. 

     The snt-1(ky1002) mutant showed significant difference in the mCherry::RAB-

3 puncta number, but did not significantly affect overall fluorescence or 

brightness in DD GABAergic neurons (Fig. 19) . This result indicates that snt-

1(ky1002) affects motor neurons in addition to sensory neurons, suggesting that 

snt-1(ky1002) probably affects all of the neurons in which SNT-1A is produced. 

While the image quantification method detects some parameters of 

mCherry::RAB-3 puncta signal, it does not describe the roundness of the puncta 

or the interpunctal distance, both of which are strikingly affected by the snt-

1(ky1002) mutation in DD neurons (Fig. 20). This qualitative result supports the 

idea that snt-1(ky1002) mutation affects many neurons, but with effects that vary 

in detail between different cell types. 

 There are fewer GFP::UNC-2 puncta in the DD neurons, but this result is not 

statistically significant, due to the small dataset (n=6) (Fig. 21). Furthermore, 

measuring GFP::UNC-2 puncta in the kyIs476 background was technically 

difficult. A very dim signal that could not be detected by eye and required longer-

than-usual exposure times, coupled with photobleaching problems and gut 

fluorescence proved rather challenging. Thus, these results do not support or 

refute the GFP::UNC-2 results seen in AWC. 
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Conclusion: snt-1(ky1002) affects RAB-3 in multiple neurons. 

Table 3. Changes in RAB-3 fluorescent signal by cell type 
Cell Type Total Fluorescence Puncta Brightness Puncta Number 

PQR   no change 

AWC    

PVD  no change  

DD no change no change  

 

     In conclusion, in addition to reducing the YFP::RAB-3 signal in PQR, snt-

1(ky1002) also affects RAB-3 signal in AWC, PVD, and DD neurons, indicating 

that snt-1a expression is critical in multiple neuron types throughout the body. 

Interestingly, the snt-1(ky1002) mutation caused an increase in GFP::UNC-2 total 

fluorescence in AWC, hinting at a homeostatic compensatory mechanism that is 

possibly conserved in other species. This result could not be confirmed in DD 

neurons due to technical difficulties. 

     To further investigate the potential synaptic homeostasis mechanisms in C. 

elegans, I examined the GFP::UNC-2 signal in a number of synaptic mutant 

backgrounds to determine if other endocytosis or exocytosis mutants showed an 

increase in GFP::UNC-2 expression (Supp. Fig. 4). An interesting result was 

obtained from elks-1(tm1233), which knocks out the single C. elegans ELKS 

homolog. ELKS expression in C. elegans is restricted to the active zone, where 

exocytosis of synaptic vesicles occurs (Deken et al., 2005). ELKS-1 is not 

essential for synaptic transmission; elks-1 mutants have no aldicarb resistance or 

sensitivity compared to wildtype animals and closely resemble wildtype animals 
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in electrophysiology experiments (Deken et al., 2005). ELKS interacts with UNC-

10, but this interaction is not necessary for the proper localization of RIM to the 

active zone (Deker et al., 2005). ELKS is proposed to act as a scaffold-like 

protein at the active zone. unc-10 encodes the only RIM (Rab3 Interacting 

Molecule) protein in C. elegans (Koushika et al., 2001). elks-1(tm1233) mutants 

had normal mCherry::RAB-3 signal in AWC, but a significant increase in 

GFP::UNC-2 total fluorescence. This effect is perhaps an indicator that in the 

absence of the organizing scaffold ELKS molecule, the active zone is less 

restricted within the axon, and an increased number of UNC-2-containing 

voltage-gated calcium channels must be generated to maintain synaptic signaling 

capacity. Thus, elks-1 is a second example, with unc-13, of a mutant that 

increases synaptic UNC-2. 

      Another mutant examined was unc-18(e234), in which exocytosis is severely 

blocked at the docking step. unc-18(e234) mutant animals showed significantly 

increased mCherry::RAB-3 brightness compared to wildtype animals, but did not 

differ from wildtype animals in terms of GFP::UNC-2 fluorescent signal. dyn-

1(ky51) carries a mutation in the dynamin gene that is required for vesicle fission 

during endocytosis. dyn-1(ky51) animals had no mCherry:: RAB-3 defects, but 

had a significantly decreased GFP::UNC-2 fluorescent signal. This result hints 

that perhaps, when exocytosis is occurring at a rate that outpaces endocytic re-

uptake of vesicles, the UNC-2-containing voltage-gated calcium channel is down-

regulated, in an attempt to rebalance the exocytosis to a lower level. 
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     UNC-10 is believed to play a role in the SV priming step of exocytosis, 

possibly through interactions with syntaxin-1 (Koushika et al., 2001). In the case 

of the unc-10(e102) mutant animals, the GFP::UNC-2 total fluorescence and 

brightness of signal were significantly reduced compared to wildtype. This 

decreased GFP::UNC-2 signal is not surprising considering that the RIM proteins 

have been shown to bind to calcium channels and to recruit calcium channels to 

active zones in mice (Reviewed in Sudhof 2012b). This interaction between the 

C.elegans RIM UNC-10 and calcium channels may be conserved in the worm as 

well, and would account for the decreased GFP::UNC-2 signal seen in AWC in 

this experiment. Nonetheless, the results with dyn-1 and unc-10 should be 

interpreted with caution, since RAB-3 signal has a trend to lower levels. 

Therefore, like dpy-23 and unc-11 (shown in the next section), it is possible that 

dyn-1 and unc-10 cause a general down-regulation of synaptic markers.  

 

Defining the role or roles of SNT-1 in the neurotransmission cycle 

     Endocytosis and exocytosis are highly correlated. Synaptic stimulation that 

causes increased vesicle exocytosis also causes correlated increased 

endocytosis; endocytosis ceases when exocytosis is blocked (Dittman and Ryan, 

2009). SNT-1 has been implicated in both endocytosis and exocytosis in VD and 

DD neurons; we asked which of these processes leads to its effects in AWC 

neurons (Jorgensen et al., 1995). 
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     First, the snt-1(md290) phenotype was compared to known endocytosis and 

exocytosis mutants. To represent endocytosis mutants, dpy-23(e840) (AP2) and 

unc-11(ky280) (AP180) clathrin adaptor protein mutants were used. The 

exocytosis mutant unc-13(e51) (Munc-13) was employed for comparison. The 

kyIs442 AWC-marked line was examined and quantified in each mutant 

background. dpy-23, unc-11, and unc-13 mutants all displayed reduced 

mCherry::RAB-3 signal in AWC (Fig. 22). In every case, there were fewer and 

dimmer puncta, contributing to an overall mCherry::RAB-3 fluorescence 

reduction. GFP::UNC-2 signal was also reduced in these mutant backgrounds 

(Fig. 23). Both endocytosis mutants and the exocytosis mutant had reduced 

number of GFP::UNC-2 puncta and overall less total fluorescence. In addition the 

unc-13(e51) (Munc-13) exocytosis mutant and the unc-11(ky280) (AP180) 

endocytosis mutant had dimmer GFP::UNC-2 puncta than wildtype. The lack of 

delineation between endocytosis mutant phenotype and exocytosis mutant 

phenotype made this experiment difficult to interpret. In particular, the overall  

change in fluorescence could indicate that transgene expression was reduced in 

these strains for some reason. 

    As a next approach, we used genetics to ask where SNT-1 acts in the SV 

release and recycling pathway. There are three potential ways to decrease the 

number of synaptic vesicles in the axon. One is to decrease the number of 

vesicles made and trafficked to the active zone. Overactive exocytosis could also 

result in decreased SV number in the axon. Finally, defective endocytosis could  



Figure 22. Endocytosis mutants and exocytosis mutants alike decrease 
mCherry::RAB-3 fluorescence in AWC. (a) Total fluorescence in the region of 
interest in AWC in each worm.  (***p<0.001 versus wildtype, ANOVA with Tukey’s 
Post Test). (b) Total fluorescence value divided by the number of pixels above the 
noise threshold, indicating the brightness of the fluorescent signal.  (***p<0.001 
versus wildtype, **p<0.01 versus wildtype, and n.s. not statistically significant 
ANOVA with Tukey’s Post Test). (c) Number of fluorescent puncta in the region of 
interest in each worm.(*p<0.05 versus wildtype, n.s. not statistically significant 
Kruskal-Wallis ANOVA with Dunn’s Multiple Comparisons Post Test) (d) Model of 
steps of neurotransmission with UNC-13, UNC-11, and DPY-23 shown at sites of 
action. Representation of mCherry::RAB-3 puncta in AWC neuron and model of 
mCherry::RAB-3 associated with a synaptic vesicle. 
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Figure 23. Endocytosis mutants and exocytosis mutants alike have decreased 
GFP::UNC-2 fluorescence in AWC. (a) Total fluorescence in the region of interest 
in AWC in each worm. (**p<0.01 versus wildtype, n.s. not statistically significant 
Kruskal-Wallis ANOVA with Dunn’s Multiple Comparisons Post Test) (b) Total 
fluorescence value divided by the number of pixels above the noise threshold, 
indicating the brightness of the fluorescent signal. (**p<0.01 versus wildtype, 
*p<0.05, and n.s. not statistically significant ANOVA with Tukey’s Post Test). (c)
Number of fluorescent puncta in the region of interest in each worm. (**p<0.01, 
n.s. not statistically significant ANOVA with Tukey’s Post Test). (d) Model of steps 
of neurotransmission with UNC-13, UNC-11, and DPY-23 shown at sites of 
action. Representation of GFP::UNC-2 puncta in AWC neuron and model of 
GFP::UNC-2 subunit assembled into a Voltage-Gated Calcium Channel.
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result in SV depletion after exocytosis that could not be recovered through 

subsequent endocytosis.  

     One experiment to address whether snt-1 affects SV biogenesis used a null 

allele of unc-18 (munc18).  UNC-18 (Munc18) is an Sec1/Munc18 like or SM-

protein, thought to play a key role in priming and/or docking of synaptic vesicles. 

Double mutant lines were generated that contained the snt-1(md290) null allele 

and an unc-18(e234) nonsense allele in the PQR-marked background. Because 

UNC-18 (Munc18) interacts with RAB-3 (Rab3B), the SV marker used was SNB-

1::YFP. snt-1(md290) showed a significant reduction in SNB-1::YFP brightness 

compared to wildtype (Fig. 24), which is consistent with the result of snt-

1(ky1002) reducing SNB-1::YFP signal (Fig. 14). unc-18(e234) did not 

significantly affect SNB-1::YFP compared to wildtype, indicating that while 

exocytosis was blocked in the unc-18(e234) background, SV-associated SNB-

1::YFP was still being trafficked to the active zone at a normal level. When two 

snt-1(md290); unc-18(e234) double mutant lines 3G and 4E were examined, they 

most closely resembled wildtype and unc-18(e234) single mutant phenotypes. 

Notably, the snt-1(md290); unc-18(e234) 3G mutant line had significantly brighter 

SNB-1::YFP signal than the snt-1(md290) single mutant, suggesting suppression 

of the snt-1(md290) phenotype. However, the effect of snt-1(md290) in the 

experiment was small, and the suppression minimal, raising concerns about its 

reliability. These results overall indicated that SNB-1::YFP marker, which was 

introduced in the background by a chromosomal array, was not capable of  



Figure 24. unc-18 may suppress the snt-1 defect in total synaptic SNB-1::YFP 
fluorescence. (a) Total fluorescence in the region of interest in PQR in each 
worm. (n.s. not statistically significant Kruskal-Wallis ANOVA with Dunn’s Multiple 
Comparisons Post Test) (b) Total fluorescence value divided by the number of 
pixels above the noise threshold, indicating the brightness of the fluorescent 
signal. (*p<0.05 snt-1 versus wildtype and snt-1 versus double mutant, n.s., not 
statistically significant, ANOVA with Tukey’s Post Test) (c) Number of fluorescent 
puncta in the region of interest in each worm. (n.s. not statistically significant 
Kruskal-Wallis ANOVA with Dunn’s Multiple Comparisons Post Test) (d) Model of 
UNC-18 acting in exocytosis during docking and priming via interactions with 
syntaxin-1 and the SNARE complex. Representation of SNB-1::YFP puncta in 
PQR neuron and model of SNB-1::YFP associated with a synaptic vesicle.
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providing strong evidence that blocking exocytosis suppresses the snt-1 mutant 

phenotypes.    

     Next, a null allele of unc-13/munc13 was crossed into the snt-1(md290) 

mutant background. unc-13 mutants are defective in most or all 

neurotransmission (Miller et al, 1996). In C. elegans UNC-13 plays a role in 

synaptic vesicle fusion in addition to its role in vesicle priming (Madison et al., 

2005). unc-13(e51) single mutant animals had significantly less YFP::RAB-3 

fluorescence in their PQR puncta than wildtype, but the puncta number and 

brightness did not differ significantly from wildtype, suggesting that YFP::RAB-3 

puncta may be slightly larger in unc-13(e51) mutants than in wildtype (Fig. 25). 

snt-1(ky1002) showed a reduction in YFP::RAB-3 brightness and total 

fluorescence compared to wildtype, but did not differ from wildtype in YFP::RAB-

3 puncta number. snt-1(ky1002) single mutant animals differed significantly from 

unc-13(e51) animals in YFP::RAB-3 puncta number, brightness, and total 

fluorescence. unc-13(e51); snt-1(ky1002) double mutants more closely 

resembled unc-13(e51) mutants, and not snt-1(ky1002) mutants, in terms of 

YFP::RAB-3 brightness and total fluorescence. Thus, the unc-13(e51) mutation 

suppresses the snt-1(ky1002) phenotype, consistent with a snt-1 defect in 

endocytosis, but also consistent with the possibility of SNT-1 acting downstream 

of UNC-13 in exocytosis. Furthermore, this result indicates that even in a snt-

1(ky1002) background, synaptic vesicles marked with RAB-3 are still correctly 

assembled and trafficked to the active zone if their exocytosis is blocked by an  



Figure 25 unc-13 in PQR suppresses the effect of snt-1 on total synaptic 
YFP::RAB-3 fluorescence. (a) Total fluorescence in the region of interest in PQR 
in each worm.  (*p<0.05, **p<0.01, ***p<0.001, ANOVA with Tukey’s Post Test) 
(b) Total fluorescence value divided by the number of pixels above the noise 
threshold, indicating the brightness of the fluorescent signal.  (***p<0.001; n.s. 
not statistically significant, ANOVA with Tukey’s Post Test) (c) Number of fluores-
cent puncta in the region of interest in each worm. (*p<0.05; n.s. not statistically 
significant Kruskal-Wallis ANOVA with Dunn’s Multiple Comparisons Post Test). 
(d) Model of UNC-13 acting at the priming step of endocytosis. Representation of 
YFP::RAB-3 puncta in PQR neuron and model of YFP::RAB-3 associated with a 
synaptic vesicle. 
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unc-13 mutation, thus excluding the possibility that snt-1 mutants are defective in 

earlier steps SV biogenesis.  

 

Characterizing other synaptotagmin mutants 

Similarities of C. elegans synaptotagmins to mammalian synaptotagmins: 

     There are seven synaptotagmin genes in the C. elegans genome. All of these 

molecules share common domains including C2A and C2B regions. SNT-1, SNT-

2, SNT-4, SNT-5, SNT-6, and SNT-7 are predicted to be membrane-associated, 

whereas SNT-3 may not have a transmembrane domain. The exact orthologues 

within large gene families are not entirely clear, but with that caveat, using the 

TreeFam database for synaptotagmins (www.treefam.org, see methods), it was 

determined that C. elegans snt-1 was most closely related to C.elegans snt-3 and 

Drosophila melanogaster syt-F3.  Both C. elegans snt-1 and snt-3 were related to 

mammalian Syt2, Syt1, and Syt5. C. elegans snt-2 was somewhat related to 

Homo sapiens syt8 and Mus musculus syt8. C. elegans snt-4 and snt-5 most 

closely resembled Homo sapiens Syt4 and Syt11, and were more distantly 

related to mammalian homologs of Syt9, Syt3, Syt6, and Syt10. C. elegans snt-6 

was related to the Homo sapiens Syt7, and C. elegans snt-7 was related to 

mammalian Syt12, Syt13, Syt15, and Homo sapiens Syt17. All C. elegans 

synaptotagmin genes showed strong similarities to other worm species 

synaptotagmin homologs e.g. C. briggsae and C. remanei, but not to 

synaptotagmins of other model organisms.  
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     In general, the gene size of the snt family member is between 4 and 6 

kilobases, with spliced mRNAs between 798-1377 nucleotides and peptides 

ranging from 265 amino acids in length to 458 amino acids. The snt-5 gene 

spans 18.4 kilobases, and is the largest snt gene; it also codes for the longest 

protein by six amino acids.  

     To understand what role other members of the synaptotagmin family might be 

playing in C. elegans, null mutant alleles of snt-2(tm1711), snt-4(ok503), snt-

5(ok3287), and snt-6(ok3496) were crossed into a kyIs403 background, and 

expression in PQR was examined (Fig. 26). snt-2(tm1711) showed slightly 

brighter YFP::RAB-3 puncta with a small, not statistically significant increase in 

total fluorescence compared to wildtype. snt-4(ok503) had significantly brighter 

YFP::RAB-3 puncta than wildtype and a significant increase in total fluorescence 

compared to wildtype. snt-5(ok3287) mutant animals had significantly brighter 

YFP::RAB-3 puncta than wildtype, but similar numbers of puncta and total 

fluorescence to wildtype. snt-6(ok3496) had slightly fewer YFP::RAB-3 puncta 

compared to wildtype; however, the YFP::RAB-3 puncta as bright as wildtype 

puncta and the total fluorescence was comparable to wildtype. The results of snt-

2(tm1711), snt-4(ok503), and snt-5(ok3287) represented the first time a C. 

elegans synaptotagmin mutation was identified that increased synaptic vesicle 

markers in neurons. This type of phenotype would be predictably present if 

exocytosis of marked synaptic vesicles was decreased in PQR in snt-2, snt-4, 

and snt-5 mutants.  



Figure 26. Some synaptotagmin null mutations affect YFP::RAB-3 fluorescence 
in PQR. (a) Total fluorescence in the region of interest in PQR in each worm. (b) 
Total fluorescence value divided by the number of pixels above the noise thresh-
old, indicating the brightness of the fluorescent signal. (c) Number of fluorescent 
puncta in the region of interest in each worm. (*p<0.05 versus wildtype, 
***p<0.001 versus wildtype, n.s. not statistically significant; ANOVA with Tukey’s 
Post Test) d) Representation of YFP::RAB-3 puncta in PQR neuron and model of 
YFP::RAB-3 associated with a synaptic vesicle. 
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Table 4. Changes in YFP::RAB-3 fluorescence in PQR 

Synaptotagmin Total Fluorescence Puncta Brightness Puncta Number 

snt-2 Slight increase Slight increase no change 

snt-4   no change 

snt-5 no change  no change 

snt-6 no change no change Slight decrease 
 

     Null mutant alleles were also examined in AWC, using the kyIs442 marker. 

Both snt-2(tm1711) and snt-5(ok3287) had slightly more mCherry::RAB-3 puncta 

than wildtype (Fig. 27). In snt-5(ok3287) mutant background, mCherry::RAB-3 

puncta were also slightly brighter than wildtype puncta, contributing to a 

significantly higher overall total fluorescence of mcherry::RAB-3 signal in AWC. 

These results indicate that SNT-5 and perhaps SNT-2 play a role in synaptic 

vesicle exocytosis in AWC. Alternatively, SNT-2 and SNT-5 may play a role in 

controlling the size of the pool of vesicles docked in the active zone.  

Table 5. Changes in mCherry::RAB-3 fluorescence in AWC 

Synaptotagmin Total Fluorescence Puncta Brightness Puncta Number 

snt-2 no change no change Slight increase 

snt-4 no change no change no change 

snt-5 Slight increase Slight increase  
 

     The AWC GFP::UNC-2 fluorescent signal was also examined in snt-

2(tm1711), snt-4(ok503), and snt-5(ok3287) single mutant backgrounds (Fig. 28).  



Figure 27. Mutations in some of the synaptotagmin family slightly affect 
mCherry::RAB-3 fluorescence in AWC. (a) Total fluorescence in the region of 
interest in AWC in each worm. (Kruskal-Wallis ANOVA with Dunn’s Multiple 
Comparisons Post Test was used. n.s. not statistically significant compared to 
wildtype) (b) Total fluorescence value divided by the number of pixels above the 
noise threshold, indicating the brightness of the fluorescent signal. (Kruskal-
Wallis ANOVA with Dunn’s Multiple Comparisons Post Test was used. n.s. not 
statistically significant compared to wildtype) (c) Number of fluorescent puncta in 
the region of interest in each worm. (ANOVA with Tukey’s post-test was used. 
**p<0.01 versus wildtype, n.s. not statistically significant) (d) Representation of 
mCherry::RAB-3 puncta in AWC neuron and model of mCherry::RAB-3 associ-
ated with a synaptic vesicle. 
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Figure 28. Mutations in the synaptotagmin family genes do not significantly affect 
GFP::UNC-2 fluorescence in AWC. (a) Total fluorescence in the region of interest 
in AWC in each worm. (Kruskal-Wallis ANOVA with Dunn’s Multiple Comparisons 
Post Test was used. n.s. not statistically significant compared to wildtype) (b) 
Total fluorescence value divided by the number of pixels above the noise thresh-
old, indicating the brightness of the fluorescent signal. (Kruskal-Wallis ANOVA 
with Dunn’s Multiple Comparisons Post Test was used. n.s. not statistically 
significant compared to wildtype) (c) Number of fluorescent puncta in the region 
of interest in each worm. (ANOVA with Tukey’s Post Test was used. n.s. not 
statistically significant) (d) Representation of GFP::UNC-2 puncta in AWC neuron 
and model of GFP::UNC-2 subunit assembled into a Voltage-Gated Calcium 
Channel. 
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The single synaptotagmin mutants were not significantly altered compared to 

wildtype GFP::UNC-2 expression.  

Analysis of snt Double Mutants 

     Phenotypic examination of double mutants is a genetic strategy to determine 

whether two genes function in the same pathway. In addition, reports in 

Drosophila melanogaster indicate that some synaptotagmins form homo- and 

hetero-oligomers, and act in vivo as oligomeric complexes (Perin et al., 1991; 

Littleton et al., 1994). To this end, double mutant lines were generated in the 

kyIs403 PQR-marked background.  

     First, snt-1(ky1002); snt-2(tm1711) and snt-1(md290); snt-2(tm1711) 

phenotypes were examined (Fig. 29). The snt-1(ky1002); snt-2(tm1711) double 

mutant line had the same number of YFP::RAB-3 puncta on average as the snt-

1(ky1002) and snt-2(tm1711) single mutant lines and the wildtype line, but in total 

fluorescence more closely resembled snt-1(ky1002) than either wildtype or snt-

2(tm1711) alone. Puncta were dimmer in the snt-1(ky1002); snt-2(tm1711) 

double mutant than both the wild-type and the snt-2(tm1711) single mutant line 

but indistinguishable from the snt-1(ky1002) single mutant. The snt-1(md290); 

snt-2(tm1711) double mutant confirmed these results, with similar phenotypes for 

single and double mutants. The suppression of the snt-2(tm1711) phenotype by 

either snt-1(ky1002) or snt-1(md290) suggests that SNT-1A and possibly SNT-1B 

are epistatic to SNT-2 in their effect on RAB-3 puncta. In addition, this result  



Figure 29. Mutations in snt-1 are epistatic to snt-2(tm1711) in PQR. (a) Total 
fluorescence in the region of interest in PQR in each worm. (***p<0.001 versus 
wildtype, n.s. not statistically significant, ANOVA with Tukey’s Post Test used to 
analyze both sets of experiments) (b) Total fluorescence value divided by the 
number of pixels above the noise threshold, indicating the brightness of the 
fluorescent signal. (For experiment with snt-1(ky1002) allele, Kruskal-Wallis 
ANOVA with Dunn’s Multiple Comparisons Post Test was used. **p<0.01, n.s. not 
statistically significant; For experiment with snt-1(md290) allele, ANOVA with 
Tukey’s Post Test was used. ***p<0.001, n.s. not statistically significant) (c) 
Number of fluorescent puncta in the region of interest in each worm. (For experi-
ment with snt-1(ky1002) allele, Kruskal-Wallis ANOVA with Dunn’s Multiple Com-
parisons Post Test was used. n.s. not statistically significant; For experiment with 
snt-1(md290) allele, ANOVA with Tukey’s Post Test was used. n.s. not statistically 
significant) (d) Representation of YFP::RAB-3 puncta in PQR neuron and model 
of YFP::RAB-3 associated with a synaptic vesicle.
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indicates that SNT-1 and SNT-2 act on the same set of RAB-3-associated 

synaptic vesicles in PQR. 

     Next snt-4(ok503); snt-1(ky1002) and snt-4(ok503); snt-1(md290) double 

mutants phenotypes were examined in the PQR-marked background (Fig.30).  

Both snt-1(ky1002) and snt-1(md290) single mutants showed significantly 

reduced YFP::RAB-3 brightness and fluorescence compared to wildtype, but had 

no effect on the YFP::RAB-3 puncta number. snt-4(ok503) single mutant showed 

significantly increased YFP::RAB-3 total fluorescence compared to wildtype in 

both instances examined. In the experiment with snt-1(ky1002), the snt-4(ok503) 

single mutant also had increased YFP::RAB-3 puncta number. A mutation in snt-

1, either of the md290 null allele or the ky1002 allele, fully suppressed the snt-

4(ok503) phenotype. This result suggests that SNT-1A and possibly SNT-1B are 

epistatic to SNT-4 in their effect on YFP::RAB-3 puncta. This result suggests that 

SNT-4 and SNT-1 act on the same subset of RAB-3-associated vesicles in PQR.  

     Finally, to determine whether SNT-2 and SNT-4 synaptotagmins were acting 

in a coordinated manner, snt-4(ok503); snt-2(tm1711) double mutants were 

examined in the PQR-marked background (Fig. 31). The snt-4(ok503); snt-

2(tm1711) double mutant line showed an increase in total fluorescence that was 

as bright as the snt-4(ok503) single mutant. If SNT-2 and SNT-4 were acting in 

parallel pathways, the double mutant would have displayed an enhanced 

phenotype above either single mutant alone. Because the double mutant  



Figure 30. Mutations in snt-1 are epistatic to snt-4(ok503) in PQR. (a) Total fluo-
rescence in the region of interest in PQR in each worm. (For experiment with 
snt-1(ky1002) allele, Kruskal-Wallis ANOVA with Dunn’s Multiple Comparisons 
Post Test was used. **p<0.01 versus wildtype, *p<0.05 versus wildtype, n.s. not 
statistically significant, ***p<0.001; For experiment with snt-1(md290) allele, 
ANOVA with Tukey’s Post Test was used.  **p<0.01, ***p<0.001) (b) Total fluores-
cence value divided by the number of pixels above the noise threshold, indicating 
the brightness of the fluorescent signal. (***p<0.001 versus wildtype, n.s. not 
statistically significant, ANOVA with Tukey’s Post Test used to analyze both sets 
of experiments) (c) Number of fluorescent puncta in the region of interest in each 
worm. (For experiment with snt-1(ky1002) allele, Kruskal-Wallis ANOVA with 
Dunn’s Multiple Comparisons Post Test was used. n.s. not statistically significant 
For experiment with snt-1(md290) allele, ANOVA with Tukey’s Post Test was 
used. n.s. not statistically significant) (d) Representation of YFP::RAB-3 puncta in 
PQR neuron and model of YFP::RAB-3 associated with a synaptic vesicle.
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Figure 31. Mutations in snt-4(ok503) and snt-2(tm1711) are not additive in PQR.        
(a) Total fluorescence in the region of interest in PQR in each worm. (***p<0.001 
versus wildtype, **p<0.01 versus wildtype, *p<0.05, and n.s. not statistically 
significant ANOVA with Tukey’s Post Test). (b) Total fluorescence value divided 
by the number of pixels above the noise threshold, indicating the brightness of 
the fluorescent signal. (n.s. not statistically significant ANOVA with Tukey’s Post 
Test)(c) Number of fluorescent puncta in the region of interest in each worm. (n.s. 
not statistically significant Kruskal-Wallis ANOVA with Dunn’s Multiple Compari-
sons Post Test) (d) Representation of YFP::RAB-3 puncta in PQR neuron and 
model of YFP::RAB-3 associated with a synaptic vesicle.
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phenotype was only as severe as a single mutant, SNT-2 and SNT-4 may be 

acting in the same pathway in PQR, or on the same subset of synaptic vesicles.
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Discussion and Future Direction 

 

Summary of Results 

     Neurotransmission is a complex multi-step process. While the general steps 

and sequences of synaptic vesicle recycling are outlined, the details of 

exocytosis and endocytosis, and especially their regulation, remain to be 

understood. This thesis examined the contributions of the synaptotagmin family 

of proteins to neurotransmission in C. elegans.  

     My thesis work involved the identification of a novel allele of the snt-1 gene, 

ky1002 through a genetic screen for mutants with synaptic defects. The mutation 

in ky1002 causes mis-splicing of the snt-1A transcript, resulting in a frameshift 

and an early stop codon. The snt-1B mRNA was still produced in the ky1002 

mutant. snt-1(ky1002) affects both SNB-1 and RAB-3 distribution in PQR, 

suggesting that SNT-1 alters synaptic vesicle distribution in PQR. snt-1(ky1002) 

mutant animals also displayed RAB-3 defects in AWC and PVD sensory neurons, 

as well as DD GABAergic motor neurons.  

     Previous studies of snt-1 mutants had attempted to address whether SNT-1 

was acting in the vesicle exocytosis or endocytosis steps, but no experiments 

had been performed to exclude the possibility of synaptic vesicle biogenesis 

defects. To address this question, I performed experiments in which I introduced 

a mutation that blocks synaptic vesicle exocytosis and then assayed whether the 

presence of synaptic vesicle markers increased or not.  The results from these 
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experiments are consistent with snt-1 being defective in endocytosis, and 

excluded defects in synaptic vesicle packaging and trafficking to the active zone 

as the sole defect in snt-1 mutants.  

     The C. elegans genome contains seven identified synaptotagmin genes, six of 

which had been previously identified but heretofore uncharacterized. Because 

experiments performed in rat hippocampal neurons had showed that different 

synaptotagmins of those species displayed differing sub-cellular localizations, I 

examined available C. elegans synaptotagmin null alleles for synaptic vesicle 

defects. snt-4 and snt-5 mutant animals both showed significantly increased 

YFP::RAB-3 signal in PQR. In AWC sensory neurons, snt-5 mutant animals also 

had significantly increased mCherry::RAB-3 puncta number. These results were 

consistent with SNT-4, SNT-5, and possibly SNT-2 acting as positive regulators 

of exocytosis or as negative regulators of synaptic vesicle endocytosis in PQR, 

AWC, or both sensory neurons.  

     Studies of synaptotagmins in other organisms had indicated that some 

synaptotagmin family members could rescue Syt1 deficiency. Also, 

synaptotagmin proteins may form hetero-oligomers. I examined whether 

introducing a second synaptotagmin null mutation to snt-1 mutant background 

either enhanced the snt-1 mutant phenotype, indicating that SNT-1 and the 

synaptotagmin in question functioned in parallel to control neurotransmission; 

suppressed the snt-1 mutant phenotype, suggesting that the synaptotagmin in 

question played a role in a step of neurotransmission preceding the endocytosis 
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controlled by SNT-1; or displayed a phenotype identical to snt-1 mutants, 

indicating that SNT-1 is epistatic to the synaptotagmin in question. I tested snt-1; 

snt-2 double mutants and snt-4; snt-1 double mutants. Both showed phenotypes 

that closely resembled snt-1 mutant phenotype, indicating that SNT-1 is epistatic 

to SNT-2 and SNT-4. A snt-4; snt-2 double mutant line was also generated to 

asses whether SNT-2 and SNT-4 act in the same pathway or parallel pathways. 

The snt-4; snt-2 double mutant was as severe as the snt-4 single mutant, 

suggesting that SNT-2 and SNT-4 act in the same pathway in PQR or on the 

same subset of RAB-3-associated vesicles in PQR.  

      

Future Directions 

     A more rigorous rescue experiment should be performed in which the two 

isoforms, SNT-1A and SNT-1B, are introduced into snt-1 mutant backgrounds. 

For example, in the case of snt-1(ky1002) mutants, rescuing SNT-1A using an 

endogenous snt-1 promoter and assaying the synaptic distribution of RAB-3 and 

SNB-1 in several neurons would be informative. Furthermore, expressing SNT-

1A using cell-specific promoters and seeing rescue of synaptic phenotypes would 

also indicate that SNT-1A acts cell autonomously to affect synaptic vesicle 

distribution.  

     To rule out the possibility that mutations in snt-1 affect the gcy-36 promoter 

driving expression in PQR, additional analysis was performed on the kyIs403 

marked lines. Briefly, measurements were taken of the YFP::RAB-3 puncta 
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fluorescence where the synaptic vesicles were localized in PQR, designated as 

the “peak” fluorescence areas; and measurements were taken of the spaces 

between the YFP::RAB-3 puncta within the PQR neuron, designated as the 

“cord” (Supp. Fig. 3). If mutations in snt-1 were affecting the transcription of the 

integrated transgene, we would expect the peak value and the cord value to be 

decreased in snt-1 mutants, but the peak-to-cord ratio to be comparable to 

wildtype. While there was a large reduction in the peak values in snt-1 mutants, 

and a moderate reduction in the cord values as well, the peak-to-cord ratio was 

severely diminished in the snt-1 mutants compared to wildtype, indicating that 

any transcriptional defect is small compared to the defect in YFP::RAB-3 overall 

fluorescence.  

     Additional analysis confirmed that the distribution of YFP::RAB-3 puncta along 

the axon in snt-1 mutants closely resembles the wildtype distribution (Supp. Fig. 

3d). Also, the width of the YFP::RAB-3 puncta in wildtype and snt-1 mutants is 

roughly identical (Supp. Fig. 3e).  

     snt-1(ky1002) mutants also displayed a surprising effect on UNC-2 voltage-

gated calcium channel subunit in AWC (Fig. 16). To extend this result, a rescue 

experiment should be performed in which snt-1 expression is restored in AWC, to 

demonstrate that lack of a functional SNT-1A protein in AWC initiates a 

compensatory mechanism of synaptic modulation that is mediated through the 

UNC-2 protein in a cell-autonomous manner. Restoration of functional SNT-1A 
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under the AWC-specific promoter is predicted to result in expression of UNC-2 at 

wildtype levels.  

     We cannot conclude from the experiments in this thesis whether or not the 

synaptic homeostasis mechanisms evident in other model organisms are also 

present in C. elegans, but an experiment in which a post-synaptic neuron of AWC 

has an impaired neurotransmitter receptor could provide further and more 

conclusive evidence. If the homeostatic mechanism is indeed conserved, in the 

presence of such a receptor mutation, we would expect to see an increased 

GFP::UNC-2 signal and perhaps to see interesting electrophysiological effects. 

For example, if the post-synaptic neuron’s receptor could be acutely impaired on 

a temporal scale with an agonist, we might see a decrease in AWC signaling for 

a short time until the homeostatic mechanisms were activated, similar to results 

seen in Drosophila melanogaster (Frank et al., 2006). Such an experiment would 

also confirm the timescale of synaptic homeostasis mechanisms in another 

invertebrate model organism. 

Continuing the Analysis of Synaptotagmin Family Members 

     The null alleles of snt-2, snt-4, snt-5, and snt-6 were only studied in two 

sensory neurons, AWC and PQR. No mutant phenotype was detected in snt-

6(ok3496) animals, and a mutant phenotype was identified in snt-4(ok503) in 

PQR, but not in AWC. The lack of a mutant phenotype can be explained if snt-6 

is not expressed in AWC or PQR and snt-4 is not expressed in PQR. It is also 

possible that SNT-6, for example, acts on dense core vesicles or a vesicle type 
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that is not associated with RAB-3. To address this possibility, the cellular 

expression patterns and sub-cellular localization of each synaptotagmin protein 

should be determined. One method of assessing cellular expression patterns is 

to create a reporter plasmid with a promoter region of a snt gene fused to a 

fluorophore such as GFP. A strategy to determine the subcellular localization of 

various SNT proteins would be to genetically fuse the pH sensitive GFP protein, 

pHluorin, to the predicted luminal end of each synaptotagmin isoform (Dean et 

al., 2012a). Recently, a library of recombineered fosmids was generated covering 

73% of the C. elegans proteome. Briefly, fosmid transgenes were made 

containing genes tagged at the C terminus with GFP and 3xFLAG. These 

fosmids allow for the study of subcellular localization of a protein and a cellular 

expression pattern, as the transgene expression is under the control of the 

endogenous promoter (Sarov, et al. 2012).  

     It is important to note that rescue experiments for the snt-2, snt-4, and snt-5 

mutant phenotypes were not performed. Thus, the phenotypic effects present in 

the mutant backgrounds were not proved to be caused by mutations in these 

genes. Performing rescue experiments using endogenous promoters would 

prove that mutations in snt-2, snt-4, and snt-5 indeed affect RAB-3 distribution in 

PQR and/or AWC. Performing rescue experiments using cell-specific promoters 

driving expressing in either PQR or AWC would also demonstrate that these 

synaptotagmins act cell-autonomously to affect RAB-3 expression.  
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     Both snt-5 and snt-6 have two null alleles available, and this thesis work only 

made use of one of these alleles for each gene. Testing the second allele could 

confirm the phenotypes that I’ve already identified (in the case of snt-5), or the 

second allele may be a larger deletion of the gene, resulting in a more severe 

phenotype. A future study could involve generating mutations in snt-3 and snt-7, 

which currently have no mutant alleles identified.  

     To assay which synaptotagmins are affecting exocytosis or endocytosis, we 

could use synaptopHlourin, which is a fusion protein of the pH-sensitive pHluorin 

to the luminal domain of synaptobrevin (Dittman and Kaplan, 2006). Exocytosis 

mutants, such as unc-13, unc-18, and unc-64(syntaxin) all reduce 

synaptopHluorin on the surface of cholinergic motor neurons; endocytosis 

mutants, such as unc-11, dpy-23, and dyn-1(dynamin) all increase 

synaptopHluorin on the surface of cholinergic motor neurons. This experiment 

hinges on each synaptotagmin tested being endogenously expressed in the 

cholinergic motor neurons where the measurements are taken.  

Structure-Function Analyses 

     Although many EMS- and ENU-induced mutations in C. elegans have been 

sequenced, to date, only one structure function analysis has been performed on 

a synaptotagmin protein in C. elegans: the VIL domain in the fifth exon in SNT-1 

is necessary for correctly trafficking SNT-1 from the cell body to the active zone 

(Mathews et al., 2007). While we know where the C2A and C2B domains are in 

SNT-1, we do not know which residues are calcium-binding residues. A crystal 
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structure for the C2A domain of rat Syt1 showed that three aspartic acid residues 

act as the key calcium interaction amino acids in the C2A domain (Sutton et al., 

1995), and NMR results revealed that the C2B domain of Syt1 binds two calcium 

ions (reviewed in Rizo et al., 2012).  Knowing which SNT proteins bind calcium 

and which do not would aid in their analysis. A calcium-binding SNT would be 

hypothesized to play a role in exocytosis. Furthermore the calcium-binding 

residues could be mutated in SNT proteins to potentially parse the roles of that 

SNT in neurotransmission. When the calcium binding residues of mouse syt1 

were mutated, the resulting Syt1 protein was still trafficked to the presynaptic 

bouton, but fast vesicle exocytosis was severely diminished (Yao, et al., 2012b). 

The endocytosis rates were also assayed in the presence of the non-calcium-

binding mouse Syt1, and found to be slower, hinting that the endocytic defects 

characterized in snt-1 mutant backgrounds may be conserved. Mutating the 

calcium-binding residues of C2A, C2B, or both domains in SNT-1 may provide 

insight into which domains are required for endocytosis, which for exocytosis, 

and which for both steps of neurotransmission. Conversely, mutating the calcium-

binding domains to enhance their calcium affinity could potentially increase 

exocytosis speed or endocytosis rates and provide information about the 

necessity of calcium binding in both endocytosis and exocytosis.  

     Replacing the C2B calcium-binding domain of mouse Syt1 with the calcium-

binding C2B domain of mouse Syt7 renders Syt1 unable to mediate fast 

neurotransmitter release in neuronal cell culture, indicating that not all calcium-
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binding domains are equivalent and hinting that some calcium binding domains 

may have other interactions (Xue, et al., 2010). In mammals, the C2B domain is 

considered the main mediator of Syt1 interaction with the SNARE complex, as it 

is thought to bind to two membranes simultaneously: the plasma membrane and 

bilayers containing SNARES, e.g. vesicles with complexed SNARES (Arac et al., 

2006). Two arginines in the C2B domain of the mammalian Syt1 are critical for 

this interaction with two membranes (Reviewed in Rizo et al., 2012). Perhaps this 

function of the C2B domain is conserved in C. elegans. To investigate this, the 

corresponding arginines in SNT-1 could be mutated, and then animals 

expressing this mutated SNT-1 could be assayed for exocytosis, locomotion, and 

number of docked vesicles in an active zone.  In addition, a pulldown assay with 

C2B as bait could be performed and a yeast two-hybrid assay could be executed. 

Furthermore, in vitro binding assays could done with C. elegans homologs of 

syntaxin, AP2, and neurexin adhesion molecules, which have been shown to 

interact with synatptotagmin in other organisms. The PIP2-binding domains would 

also be useful to identify, as PIP2 binding to rat Syt1 increases the calcium affinity 

of the C2B domain 40-fold in vitro (van den Bogaart et al., 2012). Manipulating 

the PIP2-binding domains could provide a useful tool for dissecting the calcium 

requirements for the steps of neurotransmission in C. elegans. Moreover, in vitro 

results indicate that PI(4,5)P2 and SNAP-25 compete for binding with the rat Syt1 

C2B domain, indicating that Syt1 must sequentially interact with various partners 

(Parisotto et al., 2012). Identifying the phospholipid-binding domains, the 
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calcium-binding domains, and any protein-binding domains of the SNT proteins 

could thus provide insight in the sequence of events required for 

neurotransmission. 

Further Endocytosis Examinations 

     To further confirm that SNT-1 critically acts in the endocytosis of synaptic 

vesicles, the distribution of endocytic proteins should be examined. For example, 

APS-2::GFP is thought to mark clathrin coated pits and vesicles, GFP::RAB-5 is 

associated with early endosomes, and GFP::RAB-11 marks recycling endosomes 

(Troulinaki and Tavernarakis, 2012). A reduction in one or all of these proteins in 

the snt-1 mutant background would further support the conclusion that SNT-1 

plays a role in endocytosis.  

     On the same note, examining the distribution of UNC-57::GFP may be useful.  

unc-57 encodes endophilin, an endocytosis protein. In unc-18 and unc-13 

exocytosis mutants, UNC-57::GFP puncta fluorescence is significantly increased. 

If snt-1 mutations only affect exocytosis, then in a snt-1 mutant background, 

UNC-57::GFP fluorescence should increase. Conversely, a decrease in UNC-

57::GFP fluorescence would indicate that mutating snt-1 results in increased 

exocytosis, similar to the UNC-57::GFP decrease seen in tom-1 (tomosyn) 

mutant backgrounds. (Bai et al., 2010).  

     Another way to separate the roles of synaptotagmins in endocytosis and 

exocytosis involves retargeting the synaptotagmin to the plasma membrane in 

the active zone. Yao and colleagues showed that fusing the cytoplasmic C2A-
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C2B domain of Syt1 to an N-terminal 20 amino-acid segment of GAP-43, which is 

anchored to the plasma membrane in neurons, created a fusion protein capable 

of rescuing exocytosis in mouse syt1 knockout neurons, but incapable of 

rescuing the slow rates of endocytosis in syt1 knockout neurons. Creating a 

similar fusion protein with SNT-1 and a membrane-anchored protein could 

provide further information about neurotransmission in C. elegans. This anchored 

SNT should still be able to act in exocytosis, which could be confirmed using 

electrophysiology and synaptopHlourin. Endocytosis rates could also be 

monitored using the synaptopHluorin. If the rates of endocytosis in the presence 

of the tethered SNT are comparable to wildtype, it would suggest that that 

particular SNT is not involved in regulating endocytosis. If the rate of endocytosis 

is slower than wildtype rates, it would suggest that that particular SNT is involved 

in regulating endocytosis (Yao et al., 2012a).  

     unc-41 encodes an adaptor protein known as stonin. Stonin 2 contains an 

evolutionarily conserved β strand that interacts with the cytoplasmic domain of rat 

Syt1. Stonin 2 also directly binds to AP2, a part of the endocytosis machinery. 

Thus Stonin 2 is an endocytic adaptor protein that mediates an indirect 

interaction between the AP2 complex and Syt1, presumably during the sorting 

step of SV recycling (Jung et al., 2007). UNC-41 has been shown to recruit SNT-

1 to endocytic sites in the sublateral nerve cord of C. elegans, and 

overexpression of SNT-1 does not rescue locomotion defects of unc-41 mutant 

animals (Mullen et al., 2012).  This combination of a functional SNT-1 in a mutant 
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unc-41 background could provide an interesting background for studying the 

exocytosis functions of SNT-1 without the functional endocytosis pathway.  

     It is possible that other SNT family members could rescue endocytic defects in 

a snt-1 mutant background.  Mouse Syt1 may play a role in calcium-sensing 

during clathrin-mediated endocytosis, specifically at the fission step of vesicle 

budding. This is mediated by the Syt1-AP2 interaction. In Syt1 knockout cultures, 

calcium-independent fission still occurs, possibly aided by other synaptotagmin 

isoforms that don’t bind calcium (Yao et al., 2012b). Overexpressing 

synaptotagmin family members or driving expression of a synaptotagmin in 

neurons where it is not endogenously expressed may provide further insight to 

the binding domain requirements of the endocytic machinery. 

  



	
   121 

Materials and Methods 

 

Strains used: 

Wild type nematodes were C. elegans Bristol variety N2. Strains were cultured 

using standard techniques at 20-23°C.  

CB4856 C. elegans wild type, CB subclone of HA-8(Tc1 pattern IX) 
 

Synaptotagmin Mutants: NM204 snt-1(md290) II, FX01711 snt-2(tm1711)III, 

RB737 snt-4(ok503)I, RB2402 snt-5(ok3287)V, RB2520 snt-6(ok3496) 

PQR-marked lines: CX11472 kyIs512 [gcy-36::ptp-3A::spGFP11 2 ng μl−1, gcy-

36::mCherry::rab-3 0.4 ng μl−1, flp-18::nlg-1::spGFP1-10 10ng μl−1, pSM 50ng 

μl−1, flp-17::mCherry 2ng μl−1]  

CX1002 snt-1(ky1002); kyIs512 [gcy-36::ptp-3A::spGFP11 2 ng μl−1, gcy-

36::mCherry::rab-3 0.4 ng μl−1, flp-18::nlg-1::spGFP1-10 10ng μl−1, pSM 50ng 

μl−1, flp-17::mCherry 2ng μl−1] 

CX13911 unc-104(e1265) II; kyIs512 X[gcy-36::ptp-3A::spGFP11 2 ng μl−1, gcy-

36::mCherry::rab-3 0.4 ng μl−1, flp-18::nlg-1::spGFP1-10 10ng μl−1, pSM 50ng 

μl−1, flp-17::mCherry 2ng μl−1] 

CX7726 kyIs403 [odr-1::DsRed2; flp-18::unc-43g::DsRed2; gcy-36::YFP::rab-3; 

gcy-36::myrCFP] 

CX13716 kyIs403; snt-1(ky1002) [odr-1::DsRed2; flp-18::unc-43g::DsRed2; gcy-

36::YFP::rab-3; gcy-36::myrCFP] 
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CX15269 kyIs403 I; snt-1(md290) II [odr-1::DsRed2; flp-18::unc-43g::DsRed2; 

gcy-36::YFP::rab-3; gcy-36::myrCFP] 

CX14127 kyIs403 I; snt-6(ok3496) II  [odr-1::DsRed2; flp-18::unc-43g::DsRed2; 

gcy-36::YFP::rab-3; gcy-36::myrCFP] 

CX14128 kyIs403 I; snt-5(ok3287 ) V  [odr-1::DsRed2; flp-18::unc-43g::DsRed2; 

gcy-36::YFP::rab-3; gcy-36::myrCFP] 

CX14130 kyIs403, snt-4(ok503) I  [odr-1::DsRed2; flp-18::unc-43g::DsRed2; gcy-

36::YFP::rab-3; gcy-36::myrCFP] 

CX15267 kyIs403; snt-2(tm1711) III  [odr-1::DsRed2; flp-18::unc-43g::DsRed2; 

gcy-36::YFP::rab-3; gcy-36::myrCFP] 

CX14165 kyIs403 I; snt-1(ky1002) II; kyEx4425. [odr-1::DsRed2; flp-18::unc-

43g::DsRed2; gcy-36::YFP::rab-3; gcy-36::myrCFP] [2ng fosmid WRM0625cD08, 

10ng unc-122::GFP]  

CX14167 kyIs403 I; snt-1(md290)II; kyEx4425 [odr-1::DsRed2; flp-18::unc-

43g::DsRed2; gcy-36::YFP::rab-3; gcy-36::myrCFP] [2ng fosmid WRM0625cD08, 

10ng unc-122::GFP] 

CX15252 kyIs403 unc-13(e51) I [odr-1::DsRed2; flp-18::unc-43g::DsRed2; gcy-

36::YFP::rab-3; gcy-36::myrCFP] 

CX15255 kyIs403 unc-13(e51) I; snt-1(ky1002) II [odr-1::DsRed2; flp-18::unc-

43g::DsRed2; gcy-36::YFP::rab-3; gcy-36::myrCFP] 

CX15496 kyIs403 I; snt-1(ky1002) II; snt-2(tm1711) III [odr-1::DsRed2; flp-

18::unc-43g::DsRed2; gcy-36::YFP::rab-3; gcy-36::myrCFP] 
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CX15527 kyIs403 I; snt-1(md290) II; snt-2(tm1711) III [odr-1::DsRed2; flp-

18::unc-43g::DsRed2; gcy-36::YFP::rab-3; gcy-36::myrCFP] 

CX15522 kyIs403, snt-4(ok503) I; snt-1(ky1002) II [odr-1::DsRed2; flp-18::unc-

43g::DsRed2; gcy-36::YFP::rab-3; gcy-36::myrCFP] 

CX15525 kyIs403, snt-4(ok503) I; snt-1(md290) II; [odr-1::DsRed2; flp-18::unc-

43g::DsRed2; gcy-36::YFP::rab-3; gcy-36::myrCFP] 

CX15264 kyIs403, snt-4(ok503) I; snt-2(tm1711) III [odr-1::DsRed2; flp-18::unc-

43g::DsRed2; gcy-36::YFP::rab-3; gcy-36::myrCFP] 

CX7042 kyEx802 [odr-1::DsRed; gcy-36::snb-1::YFP] 

CX15233 unc-18(e234) X; kyEx802[odr-1::Dsred; gcy-36::snb-1::YFP] 

CX15230 snt-1(md290); unc-18(e234) kyEx802 (line 3G) [odr-1::DsRed; gcy-

36::snb-1::YFP] 

CX15231 snt-1(md290); unc-18(e234) kyEx802 (line 4E) [odr-1::DsRed; gcy-

36::snb-1::YFP] 

 

AWC-marked lines: CX10060 kyIs442 [odr-3::GFP::unc-2cDNA with synthetic 

intron 100ng μl−1, odr-3::mCherry::rab-3 1ng μl−1, unc-122::DsRed 5ng μl−1]  

CX13714 kyIs442; snt-1(ky1002) [odr-3::GFP::unc-2cDNA with synthetic intron 

100ng μl−1, odr-3::mCherry::rab-3 1ng μl−1, unc-122::DsRed 5ng μl−1] 

CX15286 kyIs442; snt-1(md290) II [odr-3::GFP::unc-2cDNA with synthetic intron 

100ng μl−1, odr-3::mCherry::rab-3 1ng μl−1, unc-122::DsRed 5ng μl−1] 
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CX15281 kyIs442; snt-2(tm1711) III [odr-3::GFP::unc-2cDNA with synthetic 

intron 100ng μl−1, odr-3::mCherry::rab-3 1ng μl−1, unc-122::DsRed 5ng μl−1] 

CX15284 kyIs442, snt-4(ok503) I [odr-3::GFP::unc-2cDNA with synthetic intron 

100ng μl−1, odr-3::mCherry::rab-3 1ng μl−1, unc-122::DsRed 5ng μl−1] 

CX15283 kyIs442 I; snt-5(ok3287) V [odr-3::GFP::unc-2cDNA with synthetic 

intron 100ng μl−1, odr-3::mCherry::rab-3 1ng μl−1, unc-122::DsRed 5ng μl−1] 

CX9471 kyIs442; unc-11(ky280)I [odr-3::GFP::unc-2cDNA with synthetic intron 

100ng μl−1, odr-3::mCherry::rab-3 1ng μl−1, unc-122::DsRed 5ng μl−1] 

CX9654 kyIs442; unc-13(e51)I [odr-3::GFP::unc-2cDNA with synthetic intron 

100ng μl−1, odr-3::mCherry::rab-3 1ng μl−1, unc-122::DsRed 5ng μl−1] 

CX9472 kyIs442; dpy-23(e840)X [odr-3::GFP::unc-2cDNA with synthetic intron 

100ng μl−1, odr-3::mCherry::rab-3 1ng μl−1, unc-122::DsRed 5ng μl−1] 

CX15786 kyIs442; unc-18(e234)X [odr-3::GFP::unc-2cDNA with synthetic intron 

100ng μl−1, odr-3::mCherry::rab-3 1ng μl−1, unc-122::DsRed 5ng μl−1] 

CX11416 kyIs442; dyn-1(ky51)X [odr-3::GFP::unc-2cDNA with synthetic intron 

100ng μl−1, odr-3::mCherry::rab-3 1ng μl−1, unc-122::DsRed 5ng μl−1] 

CX9337 kyIs442; unc-10(e102)X [odr-3::GFP::unc-2cDNA with synthetic intron 

100ng μl−1, odr-3::mCherry::rab-3 1ng μl−1, unc-122::DsRed 5ng μl−1] 

CX9272 kyIs439 [odr-3::GFP::unc-2cDNA with synthetic intron 100ng μl−1, odr-

3::mCherry::rab-3 1ng μl−1, unc-122::DsRed 5ng μl−1] 

CX9549 kyIs439; elks-1(tm1233)IV [odr-3::GFP::unc-2cDNA with synthetic intron 

100ng μl−1, odr-3::mCherry::rab-3 1ng μl−1, unc-122::DsRed 5ng μl−1] 
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PVD-marked lines: CX9797 kyIs445 [des-2::mCherry::rab-3 injected at 0.5 ng 

μl−1, des-2::sad-1::GFP 2 ng μl−1, odr-1::DsRed 30 ng μl−1] 

CX13715 snt-1(ky1002); kyIs445 [des-2::mCherry::rab-3 injected at 0.5 ng μl−1, 

des-2::sad-1::GFP 2 ng μl−1, odr-1::DsRed 30 ng μl−1] 

 

VD/DD-marked lines: CX10413 kyIs476 [unc-25::GFP::unc-2cDNA with synthetic 

intron 100ng μl−1, unc-25::mCherry::rab-3 5ng μl−1, odr-1P::mCherry 20 ng μl−1]  

CX15185 snt-1(ky1002) I; kyIs476 X [unc-25::GFP::unc-2cDNA with synthetic 

intron 100ng μl−1, unc-25::mCherry::rab-3 5ng μl−1, odr-1P::mCherry 20 ng μl−1] 

 

Microscopy Methods 

PQR Microscopy: Young adult hermaphrodites carrying the integrated kyIs403 

array were mounted on a 2% agarose pad (dissolved in sterilized distilled water) 

within a 0.02% drop of tetramisole in M9 buffer.  A 40X objective on a Zeiss 

Axioplan2 microscope with a Hamamatsu Photonics C2400 CCD camera and 

Metamorph software was used to capture the PQR neuron axon. Z-planes were 

separated by 1 micron; each stack was collected using as many planes as 

necessary to capture the whole axon (usually 20-25 slices). Later, during image 

analysis and compression, extraneous slices with no axon signal were discarded. 



	
   126 

In the kyIs403 lines, the exposure times used for each flurophore were as 

follows: CFP 300 msec, YFP 400 msec, mCherry 200 msec.  

      In the kyEx802 lines, the exposure time for YFP was 400 msec. The 40X 

objective on the same  Zeiss Axioplan2 microscope setup described above was 

used, as was a 2% agarose pad with 0.02% tetramisole in M9. 

AWC Microscopy: Young adult hermaphrodites carrying the integrated kyIs442 

array were placed on a 4% agarose pad, within a drop of 400 µM tetramisole 

dissolved in M9 buffer. For the experiments characterizing ky1002, the same 

Zeiss Axioplan2 setup with the Hamamatsu CCD camera as described above 

was used. For the experiments characterizing unc-13, unc-11, and dpy-23, a 

Zeiss Axpioplan2 microscope setup with a Hamamatsu Photonics C2400 CCD 

camera and Metamorph software was used. Additionally, for the experiments 

characterizing the synaptotagmin mutants snt-2, snt-4, snt-5, and snt-6, the 

Hamamatsu Photonics C2400 CCD camera was used.  

PVD Microscopy: Young adult hermaphrodites carrying the integrated kyIs445 

marker were mounted on a 2% agarose pad (dissolved in sterilized distilled 

water) within a drop of 400 µM tetramisole dissolved in M9 buffer.  A 40X 

objective on a Zeiss Axioplan2 microscope with a Hamamatsu Photonics C2400 

CCD camera and Metamorph software was used to capture the PQR neuron 

axon. Z-planes were separated by 1 micron; each stack was collected using as 

many planes as necessary to capture the whole axon (usually 20-25 slices). 

Later, during image analysis and compression, extraneous slices with no axon 
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signal were discarded. In the kyIs442 lines, the exposure times used for each 

flurophore were as follows: mCherry 500 msec and GFP 500 msec. 

VD/DD Microscopy: Young adults carrying the integrated kyIs476 array were 

placed on a 4% agarose pad, within a drop of 400 µM tetramisole dissolved in 

M9 buffer. After 20-30 minutes stored in a humidified chamber, an eyelash was 

used to straighten or uncurl paralyzed worms, and a coverslip was carefully 

placed over the worms on the agarose pad. Additional tetramisole was added as 

needed to prevent desiccation. Slight pressure was applied to the coverslip and a 

sliding motion was used to turn the paralyzed worms onto their ventral sides, 

leaving the dorsal DD neurons in a single plane. A Zeiss Axioplan2 microscope 

with a Hamamatsu Photonics C2400 CCD camera and Metamorph software was 

used. A single slice was taken of the DD axon fluorescence i.e. no z-stacks were 

obtained, the exposure times used for each flurophore were as follows: mCherry 

300 msec and GFP 500 msec. 

 

Image Analysis:  

To quantify fluorescence intensities, puntcal brightness, and number of puncta, 

ImageJ (US National Institutes of Health) software was used. Z-stacks were 

compressed into a single plane using the maximum projection function. The 

background intensity was determined by measuring the mean integrated density 

of three areas adjacent to the fluorescent puncta, then averaging these three 

values. This average background intensity was subtracted from the whole image 
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and pixels with a signal above an arbitrary threshold and within the axon were 

measured for total fluorescence intensity and total signal area.  The same 

arbitrary threshold was used across genotypes within a single experiment; each 

arbitrary threshold was chosen based on which value allowed for the most signal 

quantification with the least amount of noise inclusion.  

     The fluorescence intensity values were summed for each animal, as were the 

signal areas. Dividing the total fluorescence intensity per animal by the sum of its 

signal area gave an indication of the “brightness” of the puncta.  The number of 

puncta per animal was counted by eye, using the maximum projected Z-stack 

after the background had been subtracted.  

 

 

Additional Methods 

Generation of snt-1(ky1002):  The CX11472 line was mutagenized with Ethyl 

methanesulfonate according to standard protocols (Anderson, 1995).  

 

Generation and analysis of cDNAs: 

snt-1 cDNA primers: 

snt-1-cDNA-L-NheI:5’-TATTGCTAGCATGGTGAAATTAGACTTTTCGTC-3’ 

snt-1-cDNA-R-KpnI:5’-

GGCGGGTACCGGTTTCTTATCATCTTTCTTATCACCTTC-3’ 

snt-1-exon6-sequencingL:5’-TGGACGTCGGTGGTTTATCAG-3’ 
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RNA was isolated from N2 and a line carrying the snt-1(ky1002) mutation using a 

Trizol reagent. The SuperScript™ III First-Strand Synthesis System for RT-PCR 

was used to generate cDNA libraries from the isolated RNA.  

Transgenic methods: Fosmid rescue lines were generated by microinjection of 

2ng µL-1 of the fosmid 065cD08 into the gonad of both kyIs403; snt-1(md290)  

and kyIs403; snt-1(ky1002).  The injection mix for creating transgenic lines was 

2ng µL-1 of fosmid 065cD08, 10 ng µL-1- coel::GFP, 88 ng µL-1 PSM. Animals 

carrying the coel::GFP were presumed to also be carrying the fosmid.  

 

Comparison of gene homology: Using the tree families database 

(http://www.treefam.org), a search was performed using the C. elegans snt-1 

gene to determine whether any of the mammalian synaptotagmins were closely 

related to C. elegans synaptotagmins.  

 

Statistical Analysis: GraphPad Prism 5 software was used to perform statistics 

on all data. Data that did not fit a normal distribution as determined by the 

Kolmogorov-Smirnov test for normality were analyzed using Kruskal-Wallis 

ANOVA with Dunn’s Mutliple Comparisons Post Test. Data that fit a normal 

distribution were analyzed using Student’s Unpaired t-test (if only two datasets 

were being compared i.e. wildtype vs. snt-1(ky1002)) or ANOVA with Tukey’s 

Post Test for Multiple Comparisons. 



Supplementary Figure 1. Schematic of the Clonal Screen (a) The P0 animals 
were mutagenized with EMS. (b) L1 animals were prepared for long term freez-
ing and aliquotted into 100 vials. (c) L1 animals were thawed and single animals 
were picked to plates to segregate progeny. (d) The progeny of 500 F1 worms 
were examined for defects in GRASP signal or mCherry::RAB-3 signal. 

a

b

c

d
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Supplementary Figure 2. Image processing steps to analyze fluorescent puncta 
in axons. First, a Z-stack is obtained of the puncta in the axon (not shown) Using 
the ImageJ program, slices without puncta are removed from the beginning 
and/or the end of the stack. The remaining slices are compressed into a single 
plane using the maximum projection function. The background signal is calcu-
lated and subtracted from the image. (a) In the image with the background sub-
tracted, the number of puncta in the axon region are counted by eye. (b) The 
region of interest containing the fluorescent puncta is designated in ImageJ, 
using the polygon tool. (c) Using the Threshold function in ImageJ, every sample 
in an experiment is converted into a binary image in which pixels with a fluores-
cence value over an arbitrary threshold are considered signal (white regions). 
The arbitrary minimum threshold changes from experiment to experiment, but 
never changes from sample-to-sample within an experiment. From this point, 
only the pixels determined to be signal by the thresholding are included in further 
measurements. Only signal pixels within the region of interest designated in step 
(b) are used in the measurements. The fluorescence value of signal pixels within 
the region of interest is determined in ImageJ and imported into Microsoft Excel 
for tabulation. In addition, the area of the signal, which is given in pixels, is also 
imported into Microsoft Excel. For each sample, the total fluorescence value i.e. 
the integrated density is summed, as is the number of signal pixels. To determine 
the average signal brightness, the total integrated density of a sample is divided 
by the total signal area.  
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Supplementary Figure 3. Mutations in snt-1 do not severely affect transcription in 
PQR (a) Average fluorescence of puncta in PQR, normalized to wildtype. (b) 
Average fluorescence of areas between puncta within PQR axon, normalized to 
wildtype. (c) Punctal fluorescence compared to background cord fluorescence, 
normalized to wildtype. d) Distribution of fluorescent puncta along region of 
interest in PQR, measured as density of puncta in region of interest. e) Width of 
puncta in PQR axon. (Figure generated by Jeremy Dittman) 
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Supplementary Figure 4. Some endocytosis mutants and exocytosis mutants 
show effects in mCherry::RAB-3 and GFP::UNC-2 fluorescence in AWC. (a) Total 
mCherry::RAB-3 fluorescence in the region of interest in AWC in each worm.  
(n.s. not statistically significant, t-test for elks-1; n.s. not statistically significant, 
Kruksal-Wallis ANOVA with Dunn’s Multiple Comparisons Post Test for other 
mutants). (b) Total GFP::UNC-2 fluorescence in the region of interest in AWC in 
each worm.  (*p<0.05 versus wildtype, t-test for elks-1; ***p<0.001 versus wild-
type, *p<0.05 versus wildtype, and n.s. not statistically significant Kruksal-Wallis 
ANOVA with Dunn’s Multiple Comparisons Post Test for other mutants). (c) Total 
fluorescence value divided by the number of pixels above the noise threshold, 
indicating the brightness of the fluorescent signal.  (n.s. not statistically signifi-
cant, t-test for elks-1; **p<0.01 versus wildtype and n.s. not statistically significant 
Kruksal-Wallis ANOVA with Dunn’s Multiple Comparisons Post Test for other 
mutants). (d) Total fluorescence value divided by the number of pixels above the 
noise threshold, indicating the brightness of the fluorescent signal.  (**p<0.01 
versus wildtype and n.s. not statistically significant Kruksal-Wallis ANOVA with 
Dunn’s Multiple Comparisons Post Test for all columns, each mutant compared to 
its wildtype counterpart). (e)  Representation of mCherry::RAB-3 and 
GFP::UNC-2 puncta in AWC neuron, model of mCherry::RAB-3 associated with a 
synaptic vesicle, and model of UNC-2 subunit-containing voltage-gated calcium 
channel.   
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