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and stability, through interactions with syntaxin (Betz et al., 1997; 

Richmond et al., 2001; Basu et al., 2005; Madison et al., 2005; Stevens 

et al., 2005). This function of Munc13 was initially attributed to a 

post vesicle docking stage, on the basis of ultrastructural data from 

aldehyde fixed tissues which showed normal docking in null mutants 

(Aravamudan et al., 1999; Richmond et al., 1999; Varoqueaux et al., 

2002). However, recent implementation of high-pressure freeze 

(HPF) fixation methods and ultrastructural analyses have demon-

strated that the priming defects of both Munc13 and unc-13 mutants 

are associated with a pronounced reduction in plasma membrane 

docked synaptic vesicles at the active zone (defined as 0 nm between 

vesicle and plasma membranes) (Weimer et al., 2006; Siksou et al., 

2009). These contradictory results can be explained by differences 

in fixation methods (Siksou et al., 2007). That this recently revealed 

docking defect reflects the loss of assembled SNARE complexes in 

Munc13/unc-13 mutants is supported by the observation that C. 

elegans syntaxin null mutants prepared by HPF fixation exhibit a 

similar docking defect (Hammarlund et al., 2007).

Prior to this HPF data, docking was thought to occur upstream 

of vesicle priming and to involve members of the SM protein fam-

ily. The docking role of Munc18/UNC-18, based on aldehyde fixed 

INTRODUCTION

Rapid, calcium-regulated release of neurotransmitter is dependent 

on the availability of a readily releasable, primed synaptic vesicle pool 

(Sudhof, 2004). The priming process that renders this pool fusion 

competent requires the assembly of soluble N-ethylmaleimide-

sensitive factor attachment protein receptor (SNARE) complexes 

composed of the vesicle SNARE, synaptobrevin and the plasma 

membrane SNAREs, syntaxin and SNAP-25 (Jahn and Scheller, 

2006). Formation of the SNARE complex is regulated by several 

highly conserved proteins including; Munc13, the sec-1/Munc18 

(SM) protein family and tomosyn, all of which are known to bind 

syntaxin. Despite a growing consensus on the regulatory functions 

performed by these proteins, there remain some inconsistencies in 

the interpretation of precisely which stages of vesicle maturation 

are impacted, as outlined below.

It is well-established that Munc13 proteins play a critical role 

in priming, null mutants in mouse Munc13-1/2 (Augustin et al., 

1999; Varoqueaux et al., 2002). Drosophila Dunc-13 (Aravamudan 

et al., 1999) and C. elegans UNC-13 (Richmond et al., 1999) exhibit-

ing a profound loss of fusion competent synaptic vesicles. Current 

models suggest that Munc13s promote SNARE complex assembly 
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electron micrographs, show reduced membrane-associated vesicles at 

C. elegans unc-18 mutant synapses and chromaffin cells isolated from 

Munc18-1 mutant mice (Voets et al., 2001; Weimer et al., 2003). More 

recent live imaging data using total internal reflection fluorescence 

microscopy (TIRFM), suggests that Munc18 actually impacts several 

kinetically distinct events in the movements and dwell times of dense 

core vesicles relative to the plasma membrane (Toonen et al., 2006). 

These likely reflect some of the different functional roles attributed 

to SM proteins at progressive stages of secretory vesicle maturation 

including; the chaperoning of syntaxin to the membrane (Rowe 

et al., 2001; McEwen and Kaplan, 2008), the stabilization of syn-

taxin/SNAP-25 dimers in preparation for SNARE complex assembly 

(Zilly et al., 2006; de Wit et al., 2009), the docking of vesicles prior to 

priming (Voets et al., 2001; Weimer et al., 2003; Gulyas-Kovacs et al., 

2007) and the promotion of fusion competent vesicles in conjunction 

with the assembled SNARE complex (Dulubova et al., 2007; Gulyas-

Kovacs et al., 2007; Shen et al., 2007). Therefore, it seems likely that 

reevaluation of Munc18/UNC-18 ultrastructure using HPF fixation 

techniques could reveal previously unidentified changes in vesicle 

targeting reflecting these multifaceted roles in exocytosis.

Tomosyn is known to compete with Munc18 for syntaxin binding 

both in vitro (Fujita et al., 1998) and in situ (Gladycheva et al., 2007). 

Through a C-terminal SNARE binding motif, tomosyn also forms 

a SNARE complex with syntaxin and SNAP-25, excluding synapto-

brevin (Hatsuzawa et al., 2003; Pobbati et al., 2004). As a result, the 

formation of tomosyn SNARE complexes has been shown to inhibit 

vesicle priming and negatively regulate neurosecretion (Yizhar et al., 

2004; Gracheva et al., 2006, 2007; McEwen et al., 2006; Sakisaka 

et al., 2008). Consequently, loss of tomosyn at C. elegans tomosyn 

(TOM-1) mutant synapses results in increased vesicle priming and 

a concomitant increase in plasma membrane contacting synaptic 

vesicles based on HPF fixation (Gracheva et al., 2006).

Given that the opposing functions of Munc18 and tomosyn 

in the maturation of primed synaptic vesicles are dependent on 

competition for syntaxin binding, we hypothesized that analyzing 

genetic interactions between these three proteins would provide 

new insights into the specific vesicle trafficking steps that they regu-

late. We addressed this hypothesis by examining the functional 

interplay between unc-18, unc-64 and tom-1 in intact C. elegans 

mutant synapses using a combination of HPF ultrastructural and 

electrophysiological analyses.

MATERIALS AND METHODS

GENETICS

Nematode strains were maintained at 20–25°C on agar plates 

seeded with OP50 bacteria using standard methods, as described 

previously (Brenner, 1974). The strains used were: the wild-type 

Bristol N2 isolate, unc-18(b403) and RM299, unc-18(md299), 

VC223, tom-1(ok285), SY1064, tom-1(ok285);unc-18(b403), 

SY1424, tom-1(ok285);unc18(md299), EG3278, unc-64(js115) and 

oxEx536[Punc17:SYX;Pglr-1:SYX; Punc-122:GFP; lin-15(+)]; BC168, 

unc-13(s69), EG1985, unc-64(js115);oxIs34(UNC-64LE166/167AA).

ELECTROPHYSIOLOGY

Electrophysiological methods were as previously described 

(Richmond, 2009). Briefly, animals were immobilized with 

Histoacryl Blue glue, and a lateral cuticle incision was made 

with a glass needle, exposing the ventral medial body wall mus-

cles. Body wall muscle recordings were made in the whole-cell 

voltage-clamp configuration (holding potential, −60 mV) using 

an EPC-10 patch-clamp amplifier and digitized at 1 kHz. The 

extracellular solution consisted of 150 mM NaCl, 5 mM KCl, 

5 mM CaCl
2
, 4 mM MgCl

2
, 10 mM glucose, 5 mM sucrose, and 

15 mM HEPES (pH 7.3, ∼340 mOsm). The patch pipette was 

filled with 120 mM KCl, 20 mM KOH, 4 mM MgCl
2
, 5 mM 

[N-tris(Hydroxymethyl) methyl-2-aminoethane-sulfonic acid), 

0.25 mM CaCl
2
, 4 mM Na

2
ATP, 36 mM sucrose, and 5 mM EGTA 

(pH 7.2, ∼315 mOsm). Hyperosmotic responses were recorded 

using extracellular solution adjusted to 800 mOsm with sucrose. 

Data were acquired using Pulse software (HEKA, Southboro, MA, 

USA) run on a Dell computer. Subsequent analysis and graphing 

was performed using Pulsefit (HEKA), Mini analysis (Synaptosoft 

Inc., Decatur, GA, USA) and Igor Pro (Wavemetrics, Lake Oswego, 

OR, United States).

ELECTRON MICROSCOPY

N2, unc-18(b403), unc-18(md299), tom-1(ok285), unc-13(s69), 

syntaxin mosaics (ACh+/GABA-), tom-1(ok285);unc-18(b403) and 

tom-1(ok285);unc-18(md299) young-adult hermaphrodites were 

prepared by HPF fixation, as previously described (Rostaing et al., 

2004). Briefly, ∼15 animals were loaded into a specimen chamber 

filled with E. coli and immobilized by HPF at a temperature of ∼ 

−180°C under high pressure in a Bal-Tec HPM010 and immediately 

moved to liquid nitrogen.

Freeze substitution was performed in a Reichart AFS machine 

(Leica, Oberkochen, Germany) as previously described (Weimer 

et al. 2006) using tannic acid (0.1%) and 0.5% gluteraldehyde fixa-

tive introduced over 4 days and then stained with 2% osmium. 

Fixed animals were then washed and embedded in Araldite 502 

over a 48-h period at 60°C.

Serial sections were cut at a thickness of 40–50 nm, collected on 

formvar-covered carbon coated copper grids (EMS, FCF2010-Cu), 

and counterstained in 2% or 2.5% aqueous uranyl acetate for 4 min, 

followed by Reynolds lead citrate for 2 min. Images were obtained 

on a JEOL JEM-1220 transmission electron microscope (JEOL, 

Tokyo, Japan) operating at 80 kV. Micrographs were collected using 

a Gatan digital camera (Pleasanton, CA, USA).

Morphometric analysis was performed on serial sections con-

taining ventral nerve cord neuromuscular synapses. The analysis 

was performed blind. Images were quantified using NIH Image 

software. An NMJ synapse was defined as a set of serial sections 

each containing a synaptic profile, identified on the basis of a 

presynaptic specialization adjacent to a muscle membrane and 

the presence of synaptic vesicles. Several morphometric meas-

urements were obtained: synaptic vesicle density defined as the 

total number of synaptic vesicles per synaptic profile, the dis-

tance from each vesicle membrane perpendicular to the plasma 

membrane, and the distance to the proximal edge of the presy-

naptic specialization. Docked vesicles were defined as synaptic 

vesicles with 0 nm separation between vesicle and plasma mem-

brane. Tethered vesicles were defined as synaptic vesicles between 

1–25 nm from the plasma membrane. Both tethered and docked 

vesicles were graphed as percentage of total vesicle density per 

synaptic profile.
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indicating that morphological docking is largely synonymous 

with vesicle priming under these fixation conditions (Weimer 

et al., 2006).

In order to resolve this apparent conflict in the data, and to 

better understand the morphological consequences of eliminating 

UNC-18, two loss of function alleles of C. elegans unc-18(b403 and 

md299) were analyzed following HPF. Morphometric analyses of 

unc-18 mutant synaptic profiles by EM revealed a reduction in 

two vesicle pools; those docked at the plasma membrane (defined 

as 0 nm separation between vesicle and plasma membranes) and 

those tethered within one vesicle diameter (>0 nm up to 25 nm) of 

the plasma membrane (Figure 1A). Specifically, the percentage of 

docked vesicles per synaptic profile in unc-18(b403) was reduced 

to 38% of wild-type (p < 0.0001, Figures 1B,D) and vesicle tether-

ing was reduced to 43% (p < 0.0001, Figures 1B,E). Similar results 

were obtained for the second allele, unc-18(md299) in which vesicle 

docking and tethering were reduced to 41% (p < 0.0001) and 28% 

(p < 0.0001) of wild-type, respectively (data not shown).

In contrast to unc-18 mutants, unc-13(s69) mutants prepared 

by HPF (Figure 1C) exhibited reduced synaptic vesicle docking, 

(Figure 1D) (45% of wild-type, p < 0.0001) as previously observed 

(Weimer et al., 2006; Hammarlund et al., 2007), but at the same 

time accumulated tethered synaptic vesicles (124% of the wild-type, 

p = 0.0004, Figure 1E). These results indicate that UNC-18 plays a 

role in vesicle tethering that is independent of vesicle priming.

VESICLE DOCKING AND TETHERING ARE DEPENDENT ON UNC-18/

SYNTAXIN INTERACTIONS

Munc18 is known to associate with the plasma membrane through 

syntaxin interactions (Rickman et al., 2007). To test whether C. 

elegans UNC-18 is similarly targeted to the plasma membrane in 

a syntaxin-dependent manner, we compared the levels of mem-

brane-associated UNC-18 in synapses with and without syntaxin 

(UNC-64) by immunoEM analysis. Since C. elegans unc-64(js115) 

null mutants are larval lethal, we used a transgenic line in which 

viability was restored to unc-64(js115) mutants by expressing syn-

taxin (UNC-64) in cholinergic neurons (Hammarlund et al., 2007). 

Using these syntaxin mosaic animals we were able to compare the 

level of membrane-associated UNC-18 in cholinergic (syntaxin+) 

(Figure 2A) versus GABAergic (syntaxin−) (Figure 2B) neuromus-

cular junctions (NMJs) in the same worms. Whereas 67% of all 

synaptic immunogold bead labeling of UNC-18-specific antibodies 

was associated with the plasma membrane at cholinergic NMJs in 

mosaic animals (Figures 2A,C), GABAergic synapses were devoid 

of membrane-associated beads (0% of total beads) (Figures 2B,C). 

The percentage of plasma membrane-associated beads in cholin-

ergic synapses of syntaxin mosaic animals was higher than that 

observed at wild-type synapses (38%) (Figure 2C), which may 

reflect the overexpression of syntaxin in the mosaic transgenic line. 

Thus, UNC-18 association with the neuronal plasma membrane is 

dependent on the presence of syntaxin (UNC-64) in C. elegans.

Since UNC-18 requires syntaxin (UNC-64) for plasma mem-

brane localization, we predicted that in the absence of syntaxin 

both docked and tethered vesicles would be impacted. To test 

this hypothesis, we prepared unc-64 (syntaxin) mosaic worms for 

morphological analysis following HPF fixation (Figures 3A,B). As 

previously published, (Hammarlund et al., 2007) we found that 

IMMUNO-ELECTRON MICROSCOPY

Young-adult hermaphrodites for each strain were prepared by HPF 

as described above, fixed with 0.1% potassium permanganate for 

72 h and embedded in Lowicryl for 60 h under UV light.

UNC-18 antibody generation

UNC-18 polyclonal antibodies were raised in rabbits by Cocalico 

Biologicals (Reamstown, PA, USA). Rabbits were inoculated with 

purified Histidine-tagged full-length UNC-18 protein expressed 

in E. Coli. Anti-UNC-18 antibodies were affinity purified by incu-

bating whole rabbit sera with immobilized GST-tagged UNC-18 

protein (expressed in E. Coli), then eluted with ActiSep Elution 

medium (Sterogene Bioseparations, Inc, Carlsbad, CA, USA). 

Eluted antibodies were desalted on G-25 Sepadex™ and concen-

trated before use.

Post-embedding immunogold labeling

Thin (∼50 nm) sections from Lowicryl-embedded samples were 

collected as ribbons on formvar-coated nickel slot grids and immu-

nogold labeled in a similar manner to that described previously 

(Rostaing et al., 2004). The UNC-18 primary antibody was used 

at a dilution of 1:500, and TOM-1 antibody was used at 1:300. 

Secondary anti-rabbit 10 or 15 nm gold bead-conjugated antibod-

ies were diluted 1:100.

WESTERN BLOT ANALYSIS

Proteins were extracted from 50 larval stage four worms of each 

strain. Worm lysis and crude protein extraction were performed 

in 100 µl loading buffer: 0.35 M Tris pH 6.8, 10% SDS, 0.01% 

Bromophenol blue, 35% glycerol, 5% β-mercaptoethanol contain-

ing 1:50 protease inhibitor cocktail plus 1 mM EDTA (pH 8) by 

boiling for 10 min at 95°C. A fast centrifugation to pellet worm 

fragments was performed before running 20 µL of each sample 

through an 8% SDS-PAGE gel. Following protein transfer onto 

a PVDF membrane and preblocking with I-block, membranes 

were incubated in primary antibody (UNC-18 1:2000 or syntaxin 

1:2,500 generated in rabbits) overnight at 4°C, washed in TBS-T, 

and incubated in HRP-conjugated goat anti-rabbit for 1 h, and 

washed again three times in TBS-T before adding luminescent 

solution for 5 min (see Pierce detection kit). Protein levels were 

normalized to anti-tubulin (1:500 primary) immunostaining of 

stripped membranes.

RESULTS

UNC-18-DEPENDENT SYNAPTIC VESICLE TETHERING OCCURS IN THE 

ABSENCE OF DOCKING

C. elegans unc-18 mutants exhibit defects in evoked and spon-

taneous synaptic transmission and a concomitant reduction in 

the size of the readily releasable synaptic vesicle pool (Weimer 

et al., 2003). These functional defects were previously attributed 

to a reduction in synaptic vesicle docking, a morphological step 

thought to be upstream of vesicle priming. This conclusion was 

based on comparison to priming defective unc-13 mutants, which 

exhibited a normal proportion of docked vesicles in EM sections 

derived from aldehyde fixed specimens (Richmond et al., 1999). 

However, recent implementation of HPF fixation of C. elegans 

unc-13 mutants revealed a severe synaptic vesicle docking defect, 
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tethering step, whereas UNC-18/open syntaxin promotes vesicle 

docking. Thus, the involvement of UNC-18 in tethering and 

docking of synaptic vesicles depends on differential molecular 

interactions with the integral plasma membrane SNARE pro-

tein, syntaxin.

TOM-1 INHIBITS UNC-18-DEPENDENT VESICLE DOCKING  

AND TETHERING

Vertebrate tomosyn has been shown to compete with Munc18-1 

for syntaxin binding, both in vitro (Fujita et al., 1998) and in vivo 

(Gladycheva et al., 2007). Consistent with these observations, we 

found that the level of TOM-1 plasma membrane-association 

assessed by immunoEM was reduced by 67% in the GABAegic 

(syntaxin−) synapses when compared to cholinergic (syntaxin+) 

synapses in the syntaxin mosaic worms and to a similar extent when 

compared to wild-type synapses (Figures 2D–F). To determine 

whether TOM-1 and UNC-18 compete for binding to membrane-

bound syntaxin, we next examined membrane-associated TOM-1 

and UNC-18 in unc-18 and tom-1 mutants by immunoEM. Plasma 

membrane-associated anti-TOM-1 labeling was enhanced by 33% 

in unc-18 mutants (Figures 5A,C), when compared to wild-type 

synapses. Conversely, the proportion of syntaxin- dependent 

plasma membrane localized UNC-18 increased by 108% in 

the tom-1 mutant background, when compared to wild-type 

synapses (Figures 5B,D).

GABAergic synapses lacking syntaxin exhibited a large reduc-

tion in vesicle docking (66%) compared to syntaxin-expressing 

cholinergic neurons in the same worms (p < 0.0001) (Figure 3C). 

In addition, we found tethered vesicles were also reduced by 

58% in the GABAergic synapses when compared to cholinergic 

synapses (p < 0.0001) (Figure 3D). These results indicate that 

both tethering and docking of synaptic vesicles are UNC-18 and 

syntaxin dependent.

Vertebrate Munc18-1 is known to interact with closed and 

open conformations of syntaxin; these binding modes implicated 

in different Munc18-1-dependent stages of vesicle exocytosis 

(Gulyas-Kovacs et al., 2007; Rickman et al., 2007; Gerber et al., 

2008). To test whether the closed synaxin/UNC-18 complex is 

required for either the tethering or docking of synaptic vesi-

cles at C. elegans synapses, we examined syntaxin null mutants 

rescued with mutated syntaxin (UNC-64 L166A/E167A), pre-

dicted to render syntaxin constitutively open (Dulubova et al., 

1999; Richmond et al., 2001). Synapses expressing open syn-

taxin (Figure 4A) exhibited an approximately twofold higher 

ratio of docked vesicles (210%) (p < 0.0001) when compared 

to wild-type (Figure 4B), an increase that is likely due to over-

expression of open syntaxin based on Western blot analysis. 

In contrast tethered vesicles were 26% lower than wild-type 

(p = 0.0009) (Figure 4C), indicating that disruption of the 

UNC-18/closed syntaxin binding mode  negatively impacts the 

FIGURE 1 | unc-18 mutants exhibit defects in vesicle docking and tethering. 

(A–C) Representative electron micrographs of NMJ profiles prepared by HPF 

fixation for morphometric analysis from (A) wild-type (B) unc-18(b403) mutant 

and (C) unc-13(s69) mutant. Arrowheads indicate plasma membrane docked 

synaptic vesicles, arrows indicate tethered synaptic vesicles (<25 nm of the 

plasma membrane) and PD indicates the presynaptic density. Scale bar 200 nm. 

(D) Average docked and (E) tethered synaptic vesicles expressed as a 

percentage of total vesicles per synaptic profile for wild-type (n = 178 synaptic 

profiles, vesicle density 20.2 ± 0.6), unc-18(b403) (n = 60 synaptic profiles, 

vesicle density 35.2 ± 1.4) and unc-13(s69) (n = 101 synaptic profiles, vesicle 

density 24.4 ± 0.8). Statistical values represent mean ± SEM in this and 

subsequent figures. ***p < 0.001 relative to wild-type.
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 significant, p = 0.02) improvement in the ratio of tethered 

vesicles; tom-1;unc-18 doubles (54% of wild-type) compared 

to unc-18 alone (43% of wild-type,) (Figures 7A,C) whereas 

vesicle docking was substantially restored in tom-1;unc-18 dou-

bles (75% of wild-type) compared to unc-18 alone (38% of 

wild-type) (p < 0.0001, Figures 7A,B).

In previous HPF studies, we have observed a strong correlation 

between the size of the morphologically docked vesicle pool and the 

level of priming (Gracheva et al., 2006). Therefore, we predicted that 

tom-1;unc-18 double mutant synapses would show some functional 

recovery relative to unc-18, reflecting the increase in vesicle dock-

ing. Electrophysiological analysis of tom-1;unc-18 double mutants 

confirmed that the increase in docked vesicles was associated 

with improved release when compared to unc-18 single mutants 

(p = 0.0031, Figures 7D,E). Specifically, the average evoked response 

of tom-1;unc-18 double mutants was 38% of wild-type, whereas 

unc-18 single mutants was only 13.2% (Figure 7E). To determine 

whether the improvement in exocytosis reflected enhanced priming 

in tom-1;unc-18 double mutants we measured synaptic responses 

to hyperosmotic saline (Figures 7D,F). As expected tom-1;unc-18 

Based on competition between UNC-18 and TOM-1 for 

 syntaxin binding, we hypothesized that loss of TOM-1 would 

enhance UNC-18/syntaxin interactions and therefore increase the 

number of tethered as well as docked synaptic vesicles. Analysis of 

tom-1 mutants confirmed this prediction; the proportion of docked 

vesicles per profile increasing by 93% in tom-1(ok285) when com-

pared to wild-type synapses (p < 0.0001, Figures 6A,B), as previ-

ously demonstrated (Gracheva et al., 2006), and in addition vesicle 

tethering increased by 71% (p < 0.0001, Figures 6A,C), indicating 

that TOM-1 negatively regulates both UNC-18-dependent vesicle-

targeting steps. Similar results were obtained with a second allele of 

tom-1(nu468) in which docking was increased by 84% (p < 0.0001) 

and tethering by 53% (p < 0.0001, data not shown).

TOM-1 PREFERENTIALLY RESCUES SYNAPTIC VESICLE DOCKING IN 

unc-18 MUTANTS

Given the opposing roles of TOM-1 and UNC-18 in vesicle 

targeting, we next addressed whether removal of TOM-1 res-

cued either of the vesicle targeting defects of unc-18 mutants. 

In tom-1;unc-18 double mutants there was minimal (although 

FIGURE 2 | Plasma membrane-association of UNC-18 and TOM-1 is 

dependent on syntaxin. Representative micrographs prepared for 

immunoEM, showing immunogold labeling of UNC-18 (A,B) and TOM-1 (D,E) 

in cholinergic syntaxin-expressing NMJs (upper micrographs) and GABAergic 

syntaxin null NMJs (lower micrographs) from syntaxin mosaic worms (strain 

EG3278). Immunogold particles are circled. PD indicates the presynaptic 

density. Scale bar 200 nm. (C,F) The percentage of total synaptic beads that are 

associated with the plasma membrane (>30 nm) in cholinergic (syntaxin++) and 

GABAergic (syntaxin−) synapses of syntaxin mosaic worms (green bars, ) 

compared to wild-type synapses (black bars) using antibodies recognizing 

UNC-18 (C) and TOM-1(F). Bead counts were as follows: Anti-UNC-18 

(wild-type synapses: 41 synaptic profiles, 56 beads, syntaxin mosaics: 8 

cholinergic synaptic profiles, 12 beads, 7 GABAergic synaptic profiles, 7 beads). 

Anti-TOM-1 (wild-type synapses: 104 synaptic profiles, 154 beads, syntaxin 

mosaics: 28 cholinergic synaptic profiles, 29 beads, 8 GABAergic synaptic 

profiles, 16 beads).
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FIGURE 3 | Synaptic vesicle tethering and docking are syntaxin-dependent. 

Representative electron micrographs of NMJ profiles of syntaxin mosaic animals 

(strain EG3278) which have cholinergic syntaxin-expressing synapses (A) and 

GABAergic syntaxin null synapses (B). Arrowheads indicate plasma membrane 

docked synaptic vesicles, arrows indicate tethered synaptic vesicles (<25 nm of 

the plasma membrane), PD presynaptic density, scale bar 200 nm. Average 

docked (C) and tethered (D) synaptic vesicles expressed as a percentage of total 

vesicles per synaptic profile for cholinergic syntaxin-expressing synapses (syx++, 

n = 24 synaptic profiles, vesicle density 25 ± 1.0) and GABAergic syntaxin null 

synapses (syx−, n = 35 synaptic profiles, vesicle density 37.1 ± 1.6). ***p < 0.001 

GABAergic synapses relative to cholinergic synapses.

FIGURE 4 | Synaptic vesicle tethering and docking are differentially 

regulated by syntaxin open state conformation. (A) Representative 

electron micrograph of an NMJ profile from syntaxin null mutants rescued 

with open syntaxin (LE166/167AA) (strain EG1985). Arrowheads indicate 

plasma membrane docked synaptic vesicles, arrows indicate tethered 

synaptic vesicles (<25 nm of the plasma membrane), PD presynaptic density, 

scale bar 200 nm. Average docked (B) and tethered (C) synaptic vesicles 

expressed as a percentage of total vesicles per synaptic profile. Open 

syntaxin (n = 59 synaptic profiles, vesicle density 29.8 ± 1.2), wild-type 

(n = 178 synaptic profiles, vesicle density 20.2 ± 0.6). ***p < 0.001 relative to 

wild-type.
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which immobilize synaptic components on a millisecond time-scale 

avoiding artifacts associated with chemical fixation (Siksou et al., 

2007). The summed loss of both tethered and docked vesicles in 

unc-18 mutants accounts for the previously observed docking defect 

(Weimer et al., 2003). Furthermore, the observation that unc-13 

mutants prepared by HPF fixation accumulate tethered vesicles 

while losing morphologically docked vesicles, explains why we did 

not previously detect a docking defect in unc-13 mutants following 

chemical fixation, as the sum of these two pools approaches that 

of wild-type synapses (Richmond et al., 1999). This latter result is 

consistent with the analysis of mouse Munc13-1/2 double knockout 

synapses following HPF fixation, in which vesicle docking was also 

found to be reduced while tethered vesicles accumulated (Siksou 

et al., 2009), negating the previous report of normal vesicle docking 

in Munc13-1 mutants following chemical fixation (Varoqueaux 

et al., 2002). Our present results in C. elegans suggest that the major-

ity of tethered vesicles observed in Munc13-1/2 mutants are likely 

dependent on Munc18/closed syntaxin interactions, a prediction 

that will require ultrastructural analysis of mouse Munc18-1 and 

syntaxin-1 mutant synapses following HPF fixation.

In both the present study and previous studies characterizing 

unc-18 mutants a 50% decrease in syntaxin levels was observed 

(Weimer et al., 2003; McEwen and Kaplan, 2008). Although the 

level of syntaxin at ventral synapses of unc-18 mutants was not 

directly measured, an estimate based on reduced overall syntaxin 

levels and % accumulation of syntaxin in cell-bodies suggested 35% 

syntaxin remains at synapses (McEwen and Kaplan, 2008) with 

minimal impact on the percentage of membrane-bound syntaxin, 

based on immunoEM (Weimer et al., 2003). While we can’t address 

the possible effect of reduced syntaxin on vesicle tethering, we do 

not think this accounts for the severe defects in docked, fusion 

competent vesicles observed in unc-18 mutants for the following 

double mutants had increased hyperosmotic responses (62.5% of 

wild-type) relative to unc-18 mutants alone (23% of wild-type) 

(p = 0.01, Figure 7F).

Previous studies have demonstrated that, unc-18 mutants 

have a ∼50% reduction in syntaxin levels, attributed to loss of 

an UNC-18 chaperone function (Weimer et al., 2003; McEwen 

and Kaplan, 2008). Therefore, to test whether the improvement in 

vesicle priming in tom-1;unc-18 double mutants was the result of 

increased syntaxin levels we performed Western blot and densit-

ometry analysis. tom-1;unc-18 double mutants exhibited a similar 

reduction in syntaxin levels (43%) as unc-18 single mutants (61%) 

(Figures 8A,B), corresponding to the complete loss of UNC-18 pro-

tein (Figures 8A,C). Thus, the increased priming in tom-1;unc-18 

double mutants compared to unc-18 single mutants appears to 

reflect the removal of inhibitory TOM-1 binding to the remaining 

syntaxin, rather than partial recovery of syntaxin levels.

DISCUSSION

The results of this study provide evidence for two morphologi-

cally and, molecularly distinct synaptic vesicle targeting steps; a 

tethering step involving UNC-18/ closed syntaxin interactions, 

and a membrane docking step requiring both UNC-18 and open 

syntaxin that renders vesicles fusion competent. We further dem-

onstrate that both tethering and docking of synaptic vesicles are 

negatively regulated by TOM-1, which competes with UNC-18 for 

syntaxin binding.

In our previous EM analysis of unc-18 mutant synapses, using 

conventional aldehyde fixation, we reported a reduction in docked 

vesicles, defined as vesicles within one vesicle diameter of the plasma 

membrane (Weimer et al., 2003). Our present ability, to divide this 

docked pool into two molecularly distinct UNC-18-dependent tar-

geting steps is the result of applying rapid freeze fixation techniques 

FIGURE 5 | UNC-18 and TOM-1 compete for plasma membrane-association. 

Representative micrographs showing immunogold labeling of TOM-1 in 

wild-type and unc-18(md299) mutant synapses (A) and UNC-18 labeling in 

NMJs of wild-type and tom-1(ok285) mutants (B). Immunogold particles are 

circled. PD indicates the presynaptic density. Scale bar 200 nm. (C, D) The 

percentage of total synaptic beads that are associated with the plasma 

membrane (>30 nm) in TOM-1 labeled unc-18 mutants versus wild-type synaptic 

profiles (C) and UNC-18 labeling in tom-1 mutant synapses compared to 

wild-type (D). Bead counts were as follows: Anti-UNC-18 (wild-type: 41 synaptic 

profiles, 56 beads, tom-1(ok285): 31 synaptic profiles, 38 beads). Anti-TOM-1 

(wild-type: 104 synaptic profiles, 154 beads, unc-18(md299): 57 synaptic 

profiles, 93 beads).
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measured by evoked response amplitudes, thus increasing syntaxin 

levels does not bypass the requirement for UNC-18 in priming 

(Weimer et al., 2003). Third, the fact that unc18;tom-1 mutants 

exhibit significant rescue of docked, primed vesicles despite having 

a similar reduction in syntaxin to unc-18 single mutants suggests 

that there is sufficient syntaxin at the synapse in the absence of 

UNC-18 to support more docking. Based on these observations we 

propose that unc-18 mutant defects in vesicle tethering and docking 

are not simply due to reduced syntaxin levels, but rather reflect a 

specific requirement for UNC-18 in these two processes.

How the UNC-18/closed syntaxin interaction mediates the 

membrane tethering of vesicles is presently unknown and could 

involve either (or both) of the following mechanisms: (1) UNC-18/

closed syntaxin complexes may actively promote the tethering of 

synaptic vesicles at the plasma membrane via interactions with an 

unidentified vesicle tethering factor or (2) the presence of UNC-18/

closed syntaxin dimers may interfere with the completion of SNARE 

complex-dependent morphological docking, resulting in vesicles 

tethered by partially or fully assembled SNARE complexes spatially 

separated from the plasma membrane by UNC-18/closed syntaxin 

dimers. In support of the former mechanism, synaptotagmin has 

recently been proposed to act as a vesicle tethering factor in the 

Munc18-dependent docking of dense core vesicles (de Wit et al., 

2009). Specifically, vesicle docking in Munc18-1 mutant chromaf-

fin cells can be rescued by manipulations that stabilize SNAP-25/

syntaxin dimers (de Wit et al., 2009), a process normally promoted 

by Munc18-1 (Burkhardt et al., 2008; Rodkey et al., 2008). Evidence 

suggests that stabilized SNAP-25/syntaxin dimers can then act as 

acceptor complexes for vesicle-associated synaptotagmin-1, result-

ing in the restoration of vesicle docking in the absence of Munc18-1 

(de Wit et al., 2009). Since the Munc18-1 mutant chromaffin cells 

in these studies were chemically fixed, we postulate that the docking 

defects observed could actually represent loss of both tethered and 

docked vesicles. Evidence for the existence of tethered secretory 

granules has recently been reported in pancreatic cell lines using 

TIRFM (Karatekin et al., 2008). Tracking vesicle trajectories revealed 

secretory granules tethered ∼20 nm from the plasma membrane for 

often 10s of seconds, prior to docking and subsequently fusing with 

the plasma membrane in a calcium-dependent manner (Karatekin 

et al., 2008). These data indicate that tethered vesicles represent a 

prefusogenic state. A similar molecular mechanism could be at play 

in the tethering of synaptic vesicles at C. elegans synapses, since 

we know this tethering process is UNC-18 and syntaxin-depend-

ent and acts upstream of the priming process required for fusion 

(based on the accumulation of tethered vesicles in priming defec-

tive unc-13 mutants). If this tethering process occurs at C. elegans 

synapses, we would expect to see tethering defects in C. elegans 

SNAP-25(RIC-4) and synaptotagmin-1(SNT-1) mutants, as loss of 

these proteins in chromaffin cells exhibit docking defects similar 

to Munc18-1 null mutants (de Wit et al., 2009). Unfortunately, 

C. elegans ric-4 null mutants are embryonic lethal precluding EM 

analysis and snt-1 mutants exhibit profound reductions in vesicle 

density due to recycling defects (Jorgensen et al., 1995), thus the 

tethered and docked vesicle pools in these mutants can not be 

directly compared to those of unc-18 mutants. Similarly, interpreta-

tion of the docking defects observed at Drosophila synaptotagmin 

mutant synapses as well as dissociated hippocampal cultures from 

reasons. First, we have previously demonstrated that in unc-64 

heterozygotes, syntaxin levels are reduced to 30% of the wild-type 

(Weimer et al., 2003) and yet evoked release amplitude is unaffected, 

indicating that this level of syntaxin is sufficient to support normal 

levels of docked and primed vesicles. In contrast unc-18 mutants 

with similar reductions in synaptic syntaxin levels have severely 

impaired levels of docked, primed vesicles. Second, overexpression 

of syntaxin in unc-18 mutants does not rescue evoked release, as 

FIGURE 6 | TOM-1 negatively regulates synaptic vesicle docking and 

tethering. (A) Representative electron micrograph of an NMJ profile from a 

tom-1(ok285) mutant. Arrowheads indicate plasma membrane docked 

synaptic vesicles, arrows indicate tethered synaptic vesicles (<25 nm of the 

plasma membrane), PD presynaptic density, scale bar 200 nm. Average 

docked (B) and tethered (C) synaptic vesicles expressed as a percentage of 

total vesicles per synaptic profile. tom-1(ok285) (n = 115 synaptic profiles, 

vesicle density 22.1 ± 0.9), wild-type (n = 178 synaptic profiles, vesicle density 

20.2 ± 0.6). ***p < 0.0001 relative to wild-type.
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and docking defects that we observe at C. elegans syntaxin mutant 

synapses following HPF fixation (Hammarlund et al., 2007), and 

may reflect perdurance of maternal syntaxin in the small number 

of NMJs that form in embryonically lethal Drosophila null mutants 

(Featherstone and Broadie, 2002). However, there is also a lack of 

evidence for the involvement of syntaxin in synaptic vesicle dock-

ing at squid (O’Connor et al., 1997) and mammalian synapses (de 

Wit et al., 2006). In contrast, up and down regulation of Munc18-

1-levels in hippocampal autapses results in modest bidirectional 

changes in synaptic vesicle docking that correspond to changes in 

the readily releasable vesicle pool size (Toonen et al., 2006). This 

result is consistent with observed synaptic vesicle docking defects 

in the neocortex of late but not in early stage embryos or cultured 

cortical neurons from Munc18-1 null mutants (Verhage et al., 

mouse synaptotagmin-1 mutants is complicated by corresponding 

endocytic defects resulting in reduced vesicle number (Reist et al., 

1998; Liu et al., 2009). Therefore, at this point we cannot with 

any certainty, conclude that C. elegans synaptic vesicles are either 

tethered or docked via UNC-18 mediated synaptotagmin/SNARE 

interactions, only that UNC-18 and syntaxin are involved in both 

vesicle targeting steps.

Ultrastructural evidence linking UNC-18 and syntaxin to either 

synaptic vesicle tethering or docking in other systems has produced 

mixed results. Analysis of vesicle docking in Drosophila UNC-18 

(Rop) null mutant synapses is unavailable (Harrison et al., 1994), 

whereas syntaxin null mutant flies are reported to have increased 

numbers of docked vesicles at chemically fixed synapses (Broadie 

et al., 1995). This latter result conflicts with the profound tethering 

FIGURE 7 | tom-1 mutants partially rescue synaptic function in unc-18 

mutants due to an increase in the docked, fusion competent synaptic 

vesicle pool. (A) Representative electron micrograph of an NMJ profile from a 

tom-1(ok285);unc-18(b403) double mutant. Arrowheads indicate plasma 

membrane docked synaptic vesicles, arrows indicate tethered synaptic vesicles 

(<25 nm of the plasma membrane), PD presynaptic density, scale bar 300 nm. 

Average docked (B) and tethered (C) synaptic vesicles expressed as a 

percentage of total vesicles per synaptic profile for wild-type (n = 178 synaptic 

profiles, vesicle density 20.2 ± 0.6), unc-18(b403) (n = 60 synaptic profiles, 

vesicle density 35.2 ± 1.4) and tom-1(ok285);unc-18(b403) (n = 68 synaptic 

profiles, vesicle density 33.1 ± 1.2). (D) Representative evoked responses (upper 

traces) and hyperosmotic responses (lower traces) in voltage-clamped body wall 

muscles of dissected wild-type, unc-18 and tom-1;unc-18 strains. Muscle 

holding potential −100 mv, evoked stimulation 2 ms depolarization of ventral 

nerve cord, hyperosmotic application indicated by horizontal bar above traces. 

Average evoked charge integral (E) and hyperosmotic response charge integral 

(F) for wild-type, unc-18 and tom-1;unc-18. *p < 0.05, **p < 0.01, ***p < 0.001 

tom-1(ok285);unc-18(b403) double mutants relative to unc-18(b403) alone.
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vesicle delivery and membrane retention observed by TIRFM are 

expected to correlate with a reduction in docked vesicles at the 

ultrastructural level. This is indeed the case for Munc18-1 null 

mutant chromaffin cells, which exhibit a profound reduction in 

docked dense core vesicles in electron micrographs prepared by 

chemical fixation (Voets et al., 2001). In contrast, TIRFM follow-

ing disruption of syntaxin function in chromaffin cells revealed no 

alteration in vesicle delivery or plasma membrane retention, only 

reduced tethering forces, thus the level of docking in these cells 

would be predicted to be normal. However, disruption of syntaxin 

in chromaffin cells has dramatic vesicle docking defects (de Wit 

et al., 2006). Therefore, attempting to correlate the residency time 

of vesicles at the plasma membrane of chromaffin cell dense core 

vesicles observed by TIRFM analysis with changes in vesicle dock-

ing based on classical EM, presents some inconsistencies. It also 

remains to be seen whether the vesicles that appear docked in chro-

maffin cells following chemical fixation can be further subdivided 

into tethered (25 nm) and primed (0 nm) states if these cells are 

prepared by HPF fixation, and whether, as in the case of C. elegans 

unc-18 and unc-64(syntaxin mutants), chromaffin cells lacking 

Munc18-1 or syntaxin function, exhibit defects in both pools.

What then is the functional role of UNC-18/closed syntaxin-

dependent vesicle tethering? Analysis of mammalian synapses 

expressing constitutively open syntaxin suggests that loss of 

UNC-18/closed syntaxin dimers reduces the size of the primed 

vesicle pool while at the same time enhancing release rate (Gerber 

et al., 2008). The loss of primed vesicles in these synapses correlated 

with reduced levels of open syntaxin and Munc18 at the synapse, 

trafficking and stabilization of both proteins requiring Munc18/

closed syntaxin chaperone function. However, the basis for the 

increased release probability in these open syntaxin mutants is 

unknown. Our demonstration that vesicle tethering is dependent 

on UNC-18/closed syntaxin interactions provides a possible expla-

nation for this, if UNC-18/closed syntaxin interactions interfere 

with progression to the fully primed state, a model proposed by 

Gerber et al. (2008).

While Munc18/closed syntaxin dimers reduce release probabil-

ity, this result does not exclude the possibility that Munc18/closed 

syntaxin-dependent tethering also plays a permissive role in vesi-

cle maturation beyond the chaperone function. Indeed, Munc18-1 

defective in closed syntaxin binding, exhibits dense core granule 

docking and priming defects when overexpressed in Munc18-1 null 

chromaffin cells, despite restoration of greater than wild-type lev-

els of membrane-associated syntaxin and Munc18 (Gulyas-Kovacs 

et al., 2007). Thus vesicle tethering may play a positive role upstream 

of vesicle priming. The extent of the synaptic vesicle docking defect 

observed in the absence of Munc18-1/closed syntaxin interactions 

is less than that exhibited by Munc18 null chromaffin cells, sug-

gesting that docking, assessed by chemical fixation in these cells, 

likely represents two distinct pools of granules. We postulate that 

the large fraction of docked granules dependent on Munc18/closed 

syntaxin binding may be the dense core vesicle correlate of the 

synaptic vesicle tethered pool observed at C. elegans synapses fol-

lowing HPF fixation. Interestingly, while Munc18 mutants defec-

tive in closed syntaxin dimerization rescue only 23% of granule 

docking in Munc18 null chromaffin cells, 60% of release is rescued. 

These data suggest that while Munc18/closed syntaxin-dependent 

2000; Bouwman et al., 2004; Gerber et al., 2008). Why there is 

so much variability across species in the extent to which synaptic 

vesicle tethering and docking are impacted by loss of Munc-18 

and syntaxin remains to be determined and likely reflects differ-

ences in experimental methods such as genetic deletion versus toxin 

cleavage, developmental stage at which synapses were examined, 

in vivo versus cell culture conditions, as well as chemical versus 

rapid freeze fixation.

The roles of Munc18 and syntaxin in dense core vesicle tar-

geting have been investigated by both TIRFM and conventional 

EM. TIRFM real time imaging reveals changes in both delivery 

and retention time of vesicles at the plasma membrane in Munc18 

mutant chromaffin cells, as well as reduced vesicle jitter, a readout 

of tethering forces (Toonen et al., 2006). The reduction of both 

FIGURE 8 | tom-1 mutants do not affect syntaxin levels in either wild-type 

or unc-18 mutant backgrounds. (A) Representative Western blots derived 

from 50 lysed larval stage four worms probed with antibodies against syntaxin 

(upper blot) or UNC-18 (lower blot). Lanes: (1) wild-type (2) tom-1(ok285) (3) 

unc-18(md299) (4) tom-1(ok285);unc-18(md299). (B) Averaged syntaxin levels 

normalized to anti-tubulin immunostaining of stripped membranes (n = 3 

experiments). (C) Averaged UNC-18 levels normalized to anti-tubulin 

immunostaining of stripped membranes (n = 3 experiments).
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conclusion is well supported by the recent literature,  implicating 

Munc18-1 in fusion through interactions with the assembled 

SNARE complex (Gulyas-Kovacs et al., 2007; Deak et al., 2009). 

That UNC-18-dependent fusion is not merely a consequence of 

upstream tethering defects can be concluded from the analysis 

of open syntaxin mutants, which exhibit reduced tethering but 

accumulate docked vesicles, and exhibit robust release (Richmond 

et al., 2001). Whether TOM-1 normally aids in the transition from 

tethered to fully primed vesicles through the formation of tomosyn 

SNARE complexes remains to be determined.

In summary, we have identified two molecularly distinct stages 

in synaptic vesicle targeting that lead to the sequential tethering 

and docking of synaptic vesicles. Our data indicate that UNC-18 

and closed syntaxin tether vesicles close to the plasma membrane 

upstream of priming. The transition to a docked and primed 

state, requires molecular rearrangements allowing syntaxin to 

adopt an open conformation compatible with SNARE complex 

formation, with which UNC-18 interacts to promote vesicle fusion 

competence. Tomosyn regulates both tethering and priming steps 

through competition with UNC-18 for syntaxin binding. These 
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 docking is necessary for the development of a full complement 

of primed vesicles, docked granules in the absence of Munc18/

closed syntaxin have a higher release probability (Gulyas-Kovacs 

et al., 2007). This result is consistent with the observed increase 

in synaptic vesicle release probability of open syntaxin mutants 

at mammalian synapses (Gerber et al., 2008) and strengthens the 

argument that while playing permissive roles in protein stabiliza-

tion and vesicle tethering, Munc18/closed syntaxin dimerization 

also interferes with progression to the fully primed vesicle state.

In contrast to UNC-18, TOM-1 appears to negatively regulate 

both the tethering and docking of synaptic vesicles at C. elegans 

synapses (Gracheva et al., 2006). Our observations suggest that the 

accumulation of tethered vesicles in tom-1 mutants likely reflects 

enhanced UNC-18/closed syntaxin dimerization in the absence of 

competition for open syntaxin binding by TOM-1. This conclu-

sion is supported by our immunoEM data showing that membrane 

localization of both UNC-18 and TOM-1 is syntaxin-dependent and 

that the ratio of plasma membrane-associated UNC-18 is increased 

in tom-1 mutants. These results complement in situ observations 

obtained by FRET analysis in HEK-293 and chromaffin cells, in 

which tomosyn was shown to compete with Munc18 for binding to 

plasma membrane-associated syntaxin (Gladycheva et al., 2007), as 

well as the original in vitro demonstration that Munc18 and tomosyn 

compete for syntaxin binding (Fujita et al., 1998). That the enhanced 

tethering observed in tom-1 mutants reflects an increase in UNC-18/

closed syntaxin dimers is further supported by the observation that 

in tom-1;unc-18 double mutants, vesicle tethering remains close to 

the reduced levels of unc-18 single mutants.

We have previously demonstrated that increased synaptic vesicle 

docking in tom-1 mutants reflects enhanced priming (Gracheva 

et al., 2006). Therefore, we assume that the improvement in vesi-

cle priming observed in tom-1;unc-18 double mutants represents 

removal of inhibitory TOM-1/SNARE complexes, thereby permit-

ting partial rescue of the primed vesicle pool even in the absence of 

UNC-18. The fact that priming remains defective relative to wild-

type and much reduced relative to tom-1 single mutants in these 

double mutants supports the hypothesis that UNC-18 also plays 

an important role in the priming stage of vesicle  maturation. This 
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