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O p e n  S y n t a x i n  D o c k s  S y n a p t i c  V e s i c l e s
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Synaptic vesicles dock to the plasma membrane at synapses to facilitate rapid exocytosis. Docking was originally 
proposed to require the soluble N-ethylmaleimide-sensitive fusion attachment protein receptor (SNARE) proteins; 
however, perturbation studies suggested that docking was independent of the SNARE proteins. We now find that the 
SNARE protein syntaxin is required for docking of all vesicles at synapses in the nematode Caenorhabditis elegans. The 
active zone protein UNC-13, which interacts with syntaxin, is also required for docking in the active zone. The docking 
defects in unc-13 mutants can be fully rescued by overexpressing a constitutively open form of syntaxin, but not by 
wild-type syntaxin. These experiments support a model for docking in which UNC-13 converts syntaxin from the closed 
to the open state, and open syntaxin acts directly in docking vesicles to the plasma membrane. These data provide a 
molecular basis for synaptic vesicle docking.
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Introduction

Fusion o f  synaptic vesicles w ith the plasm a m em brane  is 
though t to occu r in  th ree  o rd e red  steps: docking, p rim ing, 
and  fusion f 1], T he b iological sta te  o f  a synaptic vesicle can  be 
d e fin ed  by th re e  d is tin c t p a ra m e te rs : m o rp h o lo g y  (its 
location  in  the synapse); physiology (its release com petence); 
and  m olecu lar in te rac tions. A goal o f  studies in  n e u ro 
transm ission  is to  define the state o f  the vesicle at each  step  in  
exocytosis using m orphological, physiological, and  m olecu lar 
crite ria . F o r exam ple, the final step  o f  vesicle fusion, in  w hich 
vesicles fuse w ith the plasm a m em brane, is well defined  by 
these th ree  crite ria . Fusing vesicles can  be  observed by 
e lec tron  m icroscopy [2,31 and  by electrophysio logical re c o rd 
ings [4], T he m olecu lar basis o f  fusion is though t to be 
m ed ia ted  by the soluble N -ethy lm aleim ide-sensitive fusion 
a ttach m en t p ro te in  recep to rs  SNARE pro te in s. W hen reco n 
s titu ted  in to  liposom es u n d e r  perm issive conditions, the 
SNARE p ro te in s  have been  dem o n s tra ted  to  be necessary and  
su ffic ien t fo r m em b ran e  fusion  [5-121. Specific sets o f 
com plem en tary  SNARE p ro te in s  are  localized to each cargo 
vesicle and  target co m p artm en t in  the cell and  thereby  
p rov ide d ed ica ted  fusion p ro te in s fo r each trafficking event 
f 131. F o r synaptic vesicle fusion, the vesicular SNARE p ro te in  
synap tobrev in  (also called vesicle-associated m em brane  p ro 
te in  o r  VAMP) in te rac ts  w ith the plasm a m em brane  SNARE 
p ro te in s syntaxin and  SNAP-25 to  fo rm  a four-helix  bund le  
f i l l .  T he fo rm a tio n  o f  this tightly  w ound  s tru c tu re  may 
p rov ide the driv ing force fo r fusion [15-181.

P rim ing  describes a m olecu lar sta te  in  w hich a four-helix  
SNARE com plex has fo rm ed  betw een  SNARE p ro te in s  on  a 
synaptic vesicle and  those o n  the plasm a m em brane  [11. It is 
believed th a t the SNARE p ro te in s  partia lly  w ind in to  a 
com plex, b u t m em brane fusion is arrested , and  the vesicle is 
held  in  this sta te  u n til triggered  to fuse by an  increase in  
calcium  [If)—241. Thus, the SNARE p ro te in s  fu n c tio n  b o th  in  
p rim ing  and  in  fusion. These p rim ed  vesicles a re  likely to 
co rre sp o n d  to the physiologically defined  readily  releasable 
pool [251.

D ocking precedes p rim in g  and  at this p o in t is defined 
solely by m orpho log ica l c rite ria . Synaptic vesicle docking is

observed in  e lec tron  m icrographs o f  the synapse and  is 
d e fin ed  as th e  a tta c h m e n t o f  vesicles to  th e i r  ta rg e t 
m em branes [26-281. H ow ever, the p rec ise  d e fin itio n  o f 
dock ing  is a m udd le since m orphologically  docked vesicles 
a re  th o u g h t to  in c lude  those in  b o th  the p rim ed  and  
u n p rim ed  pools [28,25)1. M oreover, because s tan d a rd  fixation 
m ethods o ften  in tro d u ce  changes in  m em brane  struc tu re , 
dock ing  is som etim es defined  as inc lud ing  all vesicles n e a r  the 
m em b ran e—usually specified as vesicles w ith in  ab o u t 30 nm  
o f  the m em brane  [30,311. Thus, even the m orphological 
defin ition  o f  docked  vesicles varies in the lite ra tu re .

In add ition , the m olecu lar basis fo r docking  is unknow n. It 
is recognized  tha t p ro te in  in te rac tio n s  m ust specifically 
associate a vesicle to  the co rrec t ta rget m em brane. In  the 
orig inal SNARE hypothesis, con tac ts betw een  the SNARE 
p ro te in s w ere p ro p o sed  to  co n fe r specificity d u rin g  docking 
[321. H owever, genetic and  o th e r  p e rtu rb a tio n  experim en ts 
in d ic a te d  th a t SNARE p ro te in s  w ere n o t re q u ire d  fo r 
docking. D isrup tion  o f  syntaxin, e ith e r  by m u ta tio n  [30,331 
o r  by p ro teo ly tic  cleavage [31,341, d ram atica lly  reduced  
synaptic vesicle fusion, b u t d id  no t e lim inate  m orphologically  
docked  vesicles. Sim ilarly, in  a re cen t study pro teo ly tic  
cleavage o f  syntaxin was found  to resu lt in  no  decrease in 
docked synaptic vesicles in  n eu rons (although docking  o f 
secretory  vesicles in neu ro secre to ry  cells was reduced ) [351. 
Thus, the c u rre n t m odel fo r syntaxin fu n c tio n  in  neu rons is 
th a t it acts d u rin g  p rim ing  and  fusion, a fte r  docking has been  
com pleted . A lthough m any p ro te in s have defined  roles in
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Author Summary

Like Olympic swimmers crouched on their starting blocks, synaptic 
vesicles prepare for fusion with the neuronal plasma membrane 
long before the starting gun fires. This preparation enables vesicles 
to fuse rapidly, synchronously, and in the correct place when the 
signal finally arrives. A well-known but poorly understood part of 
vesicle preparation is docking, in which vesicles prepare for release 
by attaching to the plasma membrane at the eventual site of 
release. Here, we outline a molecular mechanism for docking. Using 
a combination of genetics and electron microscopy, we find that 
docking requires two proteins: the cytoplasmic protein UNC-13 and 
the plasma membrane protein syntaxin. Syntaxin is known to form 
two configurations, closed and open. We find that the open form of 
syntaxin can bypass the docking function of UNC-13, while the 
closed form cannot. These experiments suggest that docking is the 
attachment of synaptic vesicles to syntaxin; that syntaxin must be 
open for this attachment to occur; and that UNC-13's role in 
docking is to promote open syntaxin.

synaptic transm ission, few have been shown to  play a ro le in 
docking, and  none  a re  essential fo r docking [36],

H ere  we study docking in the nem atode  C. elegans using a 
new fixation  m e th o d  th a t reduces a rtifac ts [37-39]. We 
dem o n s tra te  tha t syntaxin is essential fo r all synaptic vesicle 
dock ing , th a t th e  sy n tax in -b in d in g  p ro te in  U N C -13 is 
req u ired  fo r  docking vesicles at the active zone, and  finally 
th a t the docking defects observed in unc-13 m u tan ts  can be 
bypassed by expressing an open  form  o f  syntaxin. T o g e th e r 
these data  suggest th a t the open  form  o f  syntaxin m ediates 
docking. Thus, all th ree  steps o f  vesicle fu s ion—docking, 
p rim ing , and  fusion—d epend  on the SNARE p ro te in  syntax-

Results

Docking Occurs in Two D istinct Zones
T o study the u ltra s tru c tu re  o f  the synapses, we fixed worm s 

using h igh-pressure freezing  follow ed by substitu tion  o f  ice by 
so lven t-borne  fixatives [38], We analyzed sections from  the 
ventral nerve co rd  co n ta in in g  n eu rom uscu la r junctions to 
d e te rm in e  the d is tribu tion  o f  synaptic vesicles. In all cases in 
this study, the wild types w ere fixed on the sam e day as the 
m u tan t stra ins and  analyzed in parallel, and  all genotypes 
w ere scored blind. All num erical values and  statistical tests 
a re  p rov ided  in T able S I. In the w orm , the acetylcholine 
n eu rons in the ventral co rd  stim ulate m uscle co n trac tio n , and  
th e  g am m a-am in o b u ty ric  ac id  (GABA) n e u ro n s  in h ib it 
m uscle co n trac tio n  [40], T he target m uscles receive in pu t 
fro m  n u m ero u s  en passan t synapses, w hich a p p e a r  as 
varicosities co n ta in in g  large num bers o f  synaptic vesicles 
ab u ttin g  the m uscle. A t each synapse, synaptic vesicles dock 
to  the plasm a m em brane  at sites o f  release called active zones 
[41], D ocked vesicles can be iden tified  by visual inspection  as 
vesicles fo rm ing  a co n tac t pa tch  w ith the plasm a m em brane 
[28,42], T his pa tch  d istinguishes them  from  o th e r  vesicles 
w ithin 30 nm  o f  the m em brane  th a t a re  som etim es identified  
as "d ocked” (Figure 1). T he active zone flanks an elec tron - 
dense specialization called the dense p ro jec tio n  (Figures 1 
and  2A) [43,44], We d e te rm in ed  the d is trib u tio n  o f  all docked 
vesicles relative to  the nearest dense p ro jec tion . In m ost 
cases, we defined a synapse as a set o f  con tiguous profiles tha t

<30 nm

docked

<30 nm

cytoplasmic

dense projection

plasma membrane

Figure 1. Morphology of Docked Vesicles in C. elegans 
A neuromuscular junction from a VB acetylcholine motor neuron in a 
wild-type adult is shown. The center of the synapse is marked by the 
dense projection. Three distinct morphological classes of vesicles are 
visible: docked, within 30 nm, and cytoplasmic. Image was acquired at 
150 K magnification. 
doi:10.1371/journal.pbio.0050198.g001

co n ta in ed  a dense p ro jec tion . In these profiles, we m easured  
the d istance from  the edge o f  the dense p ro jec tion  to  the 
docked vesicle (Figure 2A and  2B, d l) . F o r the com plete  
reco n stru c tio n  o f  the w ild-type anim al, we also analyzed the 
ad jacen t p rofiles th a t d id  n o t con ta in  a dense p ro jec tion . In 
these profiles we calcu lated  the d istance betw een the docked 
vesicle and  the dense p ro jec tio n  based on  section  thickness 
(Figure 2B, d2).

Most docked vesicles c lu s te r tightly  a ro u n d  the dense 
p ro jec tion  in the active zone pool. In fully reco n stru c ted  
synapses th ere  a re  on average 34.5 docked vesicles in the 
active zone pool o f  acety lcholine synapses and  32.6 docked 
vesicles in the active zone pool o f  GABA synapses (Figure 21)). 
Vesicle docking is suppressed  in regions lateral to  the active 
zone (Figure 2C and  21): betw een 231 and  330 nm  from  the 
dense pro jec tion ). T his vesicle-free zone exhibits very little 
d o ck in g  in  all g e n o ty p e s  an a ly zed  a n d  can  be q u ite  
p ro n o u n ced  in som e datasets (for exam ple, F igure 8). S im ilar 
d o ck ing -dep le ted  reg ions have been  iden tified  in o th e r  
synapses [45], T his dom ain  probably  co rresponds to  regions 
o f  adhesion  [45-48] o r  endocytosis [3,49-54], O u tside  o f  the 
vesicle-free zone, on the fa r  side o f  the synapse, th e re  is a 
second sm aller pool o f  docked vesicles (Figure 2C and  21)). 
Such docking  is som etim es re fe rred  to  as ec top ic  [55]: 
how ever since ectop ic  refers to  an abnorm al cond ition , we 
call this perisynap tic  docking. T he average n u m b er o f  vesicles 
in the perisynap tic  pool in reco n stru c ted  synapses is 3.5 
vesicles at acety lcholine synapses and  6.6 vesicles at GABA 
synapses (Figure 21)). Vesicles in th is perisynap tic  pool are 
no t o rien ted  tow ard  c lea r synaptic targets. A lthough we do 
no t know if  such vesicles con ta in  o r  release n eu ro tra n sm itte r  
in C. elegans, in verteb ra tes ectop ic  release plays an im p o rtan t 
ro le in activation  o f  ex trasynap tic  recep to rs  [55-57], In 
sum m ary, vesicles dock to  the plasm a m em brane in a t least 
two dom ains separa ted  by a docking-suppressed  zone.
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Figure 2. Docking in C. elegans Occurs in Two Zones
(A) Shown is a sample electron micrograph from a wild-type animal showing a single VA motor neuron profile in the ventral nerve cord. This profile 
contains a dense projection (DP), shown in red, which is divided in two in this profile. The membrane region within 231 nm of the dense projection 
(active zone) is shown in orange, the region from 232-330 nm (VFZ, vesicle-free zone) is light gray, and the region farther than 330 nm from the dense

V PLoS Biology | www.plosbiology.org 1697 August 2007 | Volume 5 | Issue 8 | e198

http://www.plosbiology.org


Open Syntaxin Docks Synaptic Vesicles

projection (perisynaptic zone) is am ber. Yellow, docked synaptic vesicles. MT, m itochondria. The linear distance from  th e  ed g e  of each docked vesicle to 
th e  ed g e  of th e  den se  projection was m easured (d1).
(B) Shown is a reconstruction o f a sam ple VA m otor neuron synapse from 38 serial electron m icrographs. The plasma m em brane (light blue), dense  
projection (red), and docked vesicles (yellow) are show n. Two single sections are represen ted  by blue and  green  bands. The green  section contains th e  
dense  projection and is th e  im age show n in (A). The blue section illustrates th e  calculation of th e  d istance d2 for docked vesicles in sections w ithou t a 
dense  projection. This d istance was calculated from  th e  num ber of 33-nm sections betw een  th e  vesicle and th e  dense projection (a) and th e  radial 
distance from an imaginary extension of th e  dense  projection to  th e  vesicle (b).
(C) Distribution o f all docked vesicles in sections containing a dense  projection for acetylcholine and  GABA neurons. Distances w ere sorted into 33-nm 
bins, and th e  num ber o f m easurem ents in each bin divided by th e  total num ber o f sections. Data in this analysis are from  four w ild-type animals 
com prising 30 synapses and  140 profiles (acetylcholine) and  21 synapses and  100 profiles (GABA). As in (A) th e  active zone is show n in orange, th e  
region from 232-330 nm (vesicle-free zone) is light gray, and  th e  region farther than  330 nm from th e  den se  projection (perisynaptic zone) is am ber.
(D) Shown is th e  distribution o f all vesicles in reconstructed synapses for acetylcholine and GABA neurons. Distances w ere calculated as described 
above and sorted into 33-nm bins w ith respect to  th e  d istance from th e  d ense  projection. For th o se  vesicles in sections no t containing dense  
projections sorting w as do n e  based on a tu b e  m odel of th e  synapse. Specifically, vesicles w ere considered in th e  active zone pool if they  w ere docked 
within an imaginary stripe ex tending th e  length of th e  tu b e  o f a w idth of 231 nm on either side o f th e  den se  projection; these  vesicles are indicated in 
orange. All vesicles no t in this stripe, th a t is th o se  on th e  far side o f th e  tub e , w ere considered in th e  perisynaptic zone; th ese  vesicles are indicated in 
am ber. Data in this analysis are from tw o w ild-type animals com prising 11 synapses and 136 profiles (acetylcholine) and nine synapses and  168 profiles 
(GABA).
doi:10.1371 /journal.pbio.0050198,g002

Syntaxin Is Not Required fo r Neuronal D evelopm ent
Syntaxin null m u tan ts  a rre s t a f te r  ha tch ing  in  th e  first 

larval stage [58,59], To study the  loss o f  syntaxin in  adu lt 
n eu ro n s we g en era ted  m osaic stra ins in  the syntaxin null 
b ackg round  unc-64(jsl 15) (Figure S i). T hese stra ins express 
w ild-type syntaxin in th e  acety lcho line neu rons o f  th e  head; 
this expression  is req u ired  to  rescue syntaxin null m utan ts to 
ad u lth o o d . In  C. elegans, th e  v en tra l body m uscles a re  
in n e rv a ted  by the VA an d  VB acetylcholine m o to r neurons 
a n d  th e  VD GABA m o to r  n eu ro n s  [60], We m ade two m osaic 
strains: th e  first lacked expression  o f  syntaxin in b o th  the 
acety lcho line  an d  GABA m o to r  neu ro n s , (EG3278); th e  
second  lacked syntaxin in  th e  GABA m o to r n eu ro n s b u t 
exp ressed  syn tax in  in  th e  acety lcho line  m o to r  n e u ro n s  
(EG3817). T he m osaic anim als a re  viable b u t paralyzed. We 
confirm ed  th a t syntaxin was absen t from  the  re levan t m o to r 
n eu ro n s by im m unosta in ing  (Figure S2B an d  S2C). Im p o r
tantly, th e  syntaxin m osaic strains enab le  us to  analyze 
n eu ro n s th a t lack syntaxin in  viable adu lt anim als.

Loss o f  syn tax in  fu n c tio n  co u ld  re su lt in ab n o rm a l 
d evelopm ent o r  cell death . To d e te rm in e  w h eth er develop
m en t was norm al, we assayed the s tru c tu re  o f  th e  syntaxin 
m u tan t n eu ro n s by expressing  g reen  fluo rescen t p ro te in  
(GFP) in  the GABA n eu rons (Figure 3A). T he  n u m b er o f 
GABA n eu ro n s an d  a rran g em en t o f  com m issures is n o rm al in 
th e  m osaic anim als (syntaxin mosaic: 16.8 GABA com m is
sures/anim al; w’ild  type: 16.8 GABA com m issures/anim al; no 
abnorm alities w ere observed; the large cells in  the m osaic are  
coelom ocytes th a t express GFP to m ark  th e  transgene). We 
also assayed th e  density  o f  synaptic varicosities o f syntaxin 
m u tan t n eu ro n s by tagging synaptic vesicles in th e  GABA 
n eu ro n s w ith synaptobrevin-G FP (Figure 3B). T he  n u m b e r o f 
synapses in these cells is sim ilar to  th e  w’ild  type (syntaxin 
m osaic: 1.9 varicosities/10 fxm; w’ild type: 2.3 varicosities/10 
fxm) (see M aterials an d  M ethods). Postsynaptic GABA recep 
to rs c lu s te r norm ally  on  the m uscle op p o site  GABA p re 
synaptic varicosities in  the syntaxin m osaic (Figure 3B). T he 
c lu s te re d  postsynap tic  GABA re c e p to rs  a re  func tiona lly  
ind istinguishable  from  those in  w’ild-type anim als (response 
to  GABA ap p lica tion  in syntaxin mosaic: 1.53 ±  0.33 nA; wild 
type: 1.31 ±  0.11 nA; p  =  0.54) (Figure 3C). Finally, we 
confirm ed  th a t these synaptic con tac ts a re  in tac t a t the 
u ltra s tru c tu ra l level, an d  th a t the in terw eaving o f  acety lcho
line an d  GABA neu ro m u scu la r ju n c tio n s  is no rm al (Figure 
3D). These results d iffer from  Drosophila in  w’hich  syntaxin

m u tan ts  exh ib it developm ental abnorm alities [30,61-63], In 
the fly th e re  is a substan tia l m a te rna l co n tr ib u tio n  o f  syntaxin 
to th e  em bryo th a t provides im p o rta n t functions du ring  
cellu larization  [61,63], In m u tan ts  lacking zygotic expression  
o f  syntaxin, few er bou tons a re  observed, and  in  la te  em bryos 
th e  p o stsy n ap tic  c lusters o f  n e u ro tra n s m it te r  re cep to rs  
ap p aren tly  d issipate [30,63,64-66], In  the  fly studies, the 
en tire  em bryo lacked syntaxin; thus, som e o f  these defects 
may n o t be  cell au tonom ous. In th e  m osaic w orm , th e  absence 
o f  sy n tax in  in  th e  GABA n e u ro n s  does n o t  lead  to 
d eg enera tion  o f  p resynap tic  o r  postsynaptic  elem ents.

Syntaxin Is Required fo r Synaptic Vesicle Exocytosis
Previous experim en ts d em o n s tra ted  th a t syntaxin is r e 

q u ired  fo r synaptic vesicle exocytosis [30,31,34,62], Similarly, 
we observe th a t syntaxin is re q u ire d  fo r exocytosis in the 
nem atode. In C. elegans, individual synaptic vesicle fusions can 
be  observed by reco rd in g  m in ia tu re  postsynaptic  cu rren ts  
(minis) in  the postsynaptic  m uscles [67], U n d er o u r  reco rd ing  
cond itions acety lcholine an d  GABA m in ia tu re  cu rren ts  are  
b o th  in w ard  a n d  a re  o f  ro ugh ly  th e  sam e a m p litu d e  
(com bined  rate: 42.8 ±  6.5 fusions p e r  second) (Figure 4A) 
[67], By add ing  D -tubocurare we can block acety lcholine 
recep to rs  an d  m o n ito r synaptic vesicle exocytosis from  only 
the GABA m o to r  n eu rons (GABA rate: 28.5 ±  4.8 fusions p e r  
second) (Figure 4A an d  4D). D -tubocurare is com pletely 
effective a t blocking all ace ty lcho line-induced  cu rren ts, since 
it elim inates all m inis in m u tan ts  lacking th e  m uscle GABA 
re c e p to r  UNC-49, unc-49(e407) (21.0 ±  5.8 fusions p e r  second 
b e fo re  tre a tm e n t; 0.0 ±  0.0 fu s ions p e r  seco n d  a f te r  
trea tm en t) (see D -tubocurare in  M aterials an d  M ethods) 
(Figure 4D). To d e te rm in e  if  syntaxin is req u ired  fo r synaptic 
vesicle exocytosis, we reco rd ed  from  syntaxin m osaic anim als. 
T he EG3278 m osaic anim als alm ost com pletely  lack m ini 
cu rren ts  from  b o th  th e  acety lcholine an d  GABA n eu rons 
(Figure 4B an d  4D) (A cetylcholine 0.02 ±  0.01 fusions p e r  
second; GABA 0.00 ±  0.00 fusions p e r  second). Thus, syntaxin 
is req u ired  fo r exocytosis a t b o th  excita to ry  acetylcholine 
synapses and  inh ib ito ry  GABA synapses.

T he req u irem en t fo r  syntaxin  in  exocytosis could  be  cell 
in trin sic . A lternatively, unc-49(e407) syntaxin(—) m o to r  n e u 
rons m ight fail to  release synaptic vesicles because they are  
n o t ex c ited  by u p stream  neu ro n s . T o c o n tro l fo r  th is 
possibility, we assayed transm ission  in  the second  syntaxin 
m osaic  s tra in  (EG3817) th a t expresses syn tax in  in  th e  
acety lcholine m o to r  neu ro n s b u t lacks syntaxin in  th e  GABA
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Figure 3. Neurons That Lack Syntaxin Have Normal Morphology
(A) GABA neuron development is presented. Sample images of wild type and syntaxin mosaic (EG3278) animals expressing GFP in the GABA neurons 
are shown. Right, anterior; top, dorsal. In both genotypes, commissures extend at regular intervals from the ventral to the dorsal nerve cord. The bright 
spots along the ventral nerve cord in the wild type are cell bodies. Cell bodies are also visible in the syntaxin mosaic, as are the larger coelomocytes, 
which express GFP as a marker for the syntaxin mosaic array. The number of commissures between the dorsal and ventral nerve cords is normal in 
syntaxin mosaic animals, n — 10 adults for each genotype.
(B) Pre- and postsynaptic development is presented. Sample images are shown of the dorsal nerve cord of wild-type and syntaxin mosaic (EG3278) 
animals coexpressing a presynaptic marker (SNB-CFP, synaptobrevin-CFP,) and a postsynaptic marker (GABAa receptor-YFP). SNB-CFP is expressed in 
GABA neurons, which lack syntaxin in the mosaic animals. Normal colocalization was observed in both genotypes (r> — 10 adults for each genotype).
(C) The postsynaptic receptor field is presented. The postsynaptic response to exogenous GABA is normal in the syntaxin mosaic animals (EG3817) that 
lack syntaxin in the GABA neurons. Sample traces are shown on the left, and mean and standard error of mean data are shown on the right (r> — 4 for 
each for each genotype).
(D) EM reconstruction of the nerve cord in syntaxin mosaic animals (EG3817) lacking syntaxin in the GABA motor neurons is presented. The number and 
distribution of presynaptic specializations and of synaptic vesicle number is normal in syntaxin(-) neurons. The line graphs show the number of vesicles 
in each serial profile for the wild type (top) and the syntaxin mosaic (EG3817, bottom). Three profiles are presented on each graph: VD, blue; VA, brown; 
and VB, orange. Profiles containing a dense projection are indicated by a shaded bar of the corresponding color. The distribution of the dense 
projections in GABA syntaxin(-) neurons is similar to the wild-type pattern, with inhibitory and excitatory synapses alternating along the length of the 
nerve cord. Reconstructions are from 201 serial sections for the wild type and 199 serial sections for the mosaic strain. 
doi:10.1371/journal.pbio.0050198.g003

m o to r n eu ro n s (Figure SI). These anim als are  viable and 
healthy  b u t exh ib it behavioral defects associated w ith loss o f 
GABA n e u ro tra n sm iss io n . Specifically , KG3817 an im als 
shrink w hen touched  due to  lack o f GABA in h ib itio n  o f  the 
body m uscles [68,69] and  a re  constipa ted  due to  loss o f 
activation  o f  a GABA-gated ca tion  channel d u ring  defecation  
[701. T he syn taxin-expressing acety lcholine n eu ro n s exh ib it 
substan tial levels o f  vesicle fusion  (Figure 4C and  4D) (4.3 ±

1.1 fusions p e r  second). Thus, the lack o f  exocytosis in  
syntaxin(—) cells is due to  a ce ll-au tonom ous req u irem en t fo r 
syntaxin ra th e r  th an  due to  the paralysis o f  the m u tan t strain . 
By con trast, the  m in i ra te  in the syntaxin(—) GABA n eu ro n s is 
1% o f the ra te  in  the syntaxin(+) acety lcholine n eu ro n s (Fig 
4C and  4D; 0.06 ±  0.03 fusions p e r  second). GABA n eu rons 
rece ive  in p u ts  fro m  th e  ace ty lch o lin e  m o to r  n eu ro n s . 
R estoring  acety lcholine in p u ts  in to  the GABA m o to r  n eu rons
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Figure 4. Syntaxin Is Required for Synaptic Vesicle Exocytosis 
Shown is endogenous activity in (A) the wild type, (B) syntaxin mosaic 
EG3278, and (C) syntaxin mosaic EG3817 before and after the addition of 
o-tubocurare (dTBC). EG3278 lacks syntaxin in both the acetylcholine and 
GABA neurons, while EG3817 lacks syntaxin in the GABA neurons. Before 
the addition of o-tubocurare, activity represents input from acetylcholine 
and GABA neurons.
(D) Before the addition of o-tubocurare, wild-type animals exhibited 42.8 
± 6.5 fusions per second, EG3278 animals 0.02 ± 0.01 fusions per 
second (p <  0.0001), and EG3817 animals 4.3 ± 1.1 (p — 0.0016). After

the addition of o-tubocurare, activity represents input from GABA 
neurons only. Under these conditions, wild-type animals exhibited 28.5 
± 4.9 fusions per second, EG3278 animals 0.00 ± 0.00 fusions per 
second (p <  0.0001), and EG3817 0.06 ± 0.03 (p <  0.0001). o-tubocurare 
blocks all acetylcholine minis, since the drug blocks all minis in unc- 
49(e407) mutants, which lack the GABAa receptor [69] (21.0 ± 5.8 fusions 
per second before treatment and 0.0 ± 0.0 fusions per second after 
treatment). Recordings were performed in 5 mM Ca2+; n — 8 for the wild 
type, n — 2 for EG3278, and n — 5 for EG3817. Scale bars in photographs, 
200 (.im.
doi:10.1371/journal.pbio.0050198.g004

did  n o t rescue exocytosis; thus, the observed defects a re  no t 
due to a lack o f synaptic in p u t in to  the m o to r  neurons. N ote 
tha t synaptic activity is n o t fully rescued  in the acetylcholine 
neurons; m in i frequency  is only 2 0% com pared  to  the wild 
type. There a re  two possible causes fo r the lack o f  com plete  
rescue: e ith e r syntaxin is n o t expressed a t h igh levels in  these 
cells, o r  m odu la to ry  inpu ts  from  o th e r  neurons, w hich are 
m issing in  the m osaic, a re  req u ired  to  o b ta in  norm al levels o f 
activity from  these synapses.

Syntaxin Is Essential fo r All Synaptic Vesicle Docking
Syntaxin  is no t though t to  fu n c tio n  in  synaptic vesicle 

dock ing  |30,31,34,35|; how ever, syntaxin is know n to m ediate  
in te rac tio n s  betw een the plasm a m em brane  and  synaptic 
vesicles th a t could in p rin c ip le  dock vesicles. To d e te rm ine  
w h eth er loss o f syntaxin affects synaptic vesicle docking, we 
fixed the syntaxin  m osaic stra ins by h igh-p ressu re  freezing 
and  analyzed them  by serial section  e lec tron  m icroscopy. An 
analysis o f the d is trib u tio n  o f  vesicles a t synaptic profiles in  
the m osaic anim als dem o n s tra ted  th a t syntaxin is req u ired  
fo r synaptic vesicle docking. First, we analyzed docking in  the 
EG3278 syn tax in  m osaic, w hich lacks syn tax in  in  b o th  
acety lcholine and  GABA neurons. These m osaic anim als 
exh ib it a severe red u c tio n  o f  docking in  the acetylcholine 
neu ro n s (docked vesicles p e r  acety lcholine synaptic profile: 
m osaic 0.12 ±  0.05; wild type 2.56 ±  0.22; p <  0.0001; see 
Table SI fo r statistical m ethods and  com plete  list of/(-values) 
(Figure 5A) and  in  the GABA n eu ro n s (docked vesicles p e r  
profile: m osaic 0.27 ±  0.04; wild type 3.13 ±  0.33; p = 0.0001) 
(Figure 5B). Thus, syntaxin is req u ired  fo r dock ing  at b o th  
ex c ita to ry  ace ty lcho line  synapses an d  in h ib ito ry  GABA 
synapses. Second, to confirm  tha t the docking defect in  
syntaxin(—) n eu ro n s is cell au tonom ous, we exam ined  docking 
in the EG3817 syntaxin m osaic. In this strain , docking at 
acety lcholine synapses in  m osaic anim als is fully rescued 
com pared  to w ild-type synapses (docked vesicles p e r  acetyl
cho line synaptic profile: syntaxin m osaic 3.09 ±  0.11; wild 
type 2.99 ±  0.15; p =  0.59) (Figure 5C). By con trast, in  the 
syntaxin(—) GABA n eu ro n s o f the sam e stra in , docked vesicles 
are  reduced  to 3% com pared  to  w ild-type synapses (docked 
vesicles p e r  GABA synaptic profile: syntaxin m osaic 0.09 ±  
0.05; wild type 3.42 ±  0 .15 ;/; <  0.0001) (Figure 51)). The full 
rescue o f  docking in  acety lcholine synapses o f the m osaic 
stra in  confirm s th a t the docking defects a re  cell au tonom ous 
and  do n o t resu lt from  general paralysis. In all syntaxin (—) 
neu ro n s analyzed, dock ing  was e lim inated  b o th  in  the active 
zone poo l as well as the perisynap tic  pool; thus, b o th  o f the 
docked pools req u ire  syntaxin.

This defect in dock ing  was n o t caused by a lack o f vesicles 
at the synapse. In b o th  m osaic strains, the to ta l vesicle 
n u m b e r  was n o t re d u c e d  (F igure 6 ). In a d d it io n , the 
d is trib u tio n  o f this reserve pool o f  vesicles was norm al
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Figure 5. Syntaxin Is Essential for Synaptic Vesicle Docking
Each row shows two comparisons: total docked vesicles and the distribution of docked vesicles. For total docked vesicles (left), the mean number of
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docked vesicles per profile was calculated for each synapse (see Table S1 for complete methods and results). Bars show mean and standard error of the 
mean; *, p-values < 0.001. For vesicle distributions (right), the distance from the dense projection to each docked vesicle was determined, and these 
measurements were sorted into 33-nm bins. The number of vesicles in each bin was divided by the number of profiles to yield an average number of 
vesicles per profile in each bin. For both comparisons, only vesicles in profiles containing a dense projection were included.
(A) Shown is a comparison of acetylcholine neurons in wild-type animals and mosaic animals with reduced syntaxin in the GABA and acetylcholine 
neurons (EG3278). Wild type n = 1 animal, five synapses, and 20 profiles and mosaic n = 1 animal, five synapses, and 24 profiles.
(B) Shown is a comparison of GABA neurons in wild-type animals and mosaic animals with reduced syntaxin in the GABA and acetylcholine neurons 
(EG3278). Wild type n = 1 animal, four synapses, and 16 profiles and mosaic n = 1 animal, four synapses, and 22 profiles.
(C) Shown is a comparison of acetylcholine neurons in wild-type animals and mosaic animals lacking syntaxin in the GABA neurons (EG3817). Wild type 
n = 2 animals, ten synapses, and 53 profiles and mosaic n = 2 animals, 11 synapses, and 66 profiles.
(D) Shown is a comparison of GABA neurons in wild-type animals and mosaic animals (EG3817). Wild type n = 2 animals, eight synapses, and 38 profiles 
and mosaic n = 2 animals, ten synapses, and 51 profiles.
doi:10.1371/journal.pbio.0050198.g005

(Figure S3); vesicles w ere clustered  n e a r the dense p ro jec tion  
in the synaptic varicosity. These da ta  suggest th a t the docking 
defect in syntaxin m u tan t n eu rons is no t the result o f a 
general trafficking defect such as synaptic vesicle biogenesis, 
tran sp o rt, o r  clustering.

UNC-13 Is Required fo r Vesicle Docking in the  Active Zone
UNC-13 is a syn tax in-b ind ing  p ro te in  th a t is req u ired  fo r 

synaptic vesicle p rim in g  171—731. T o d e te rm in e  w hether 
UNC-13 functions in docking at specific m em brane dom ains, 
we analyzed the n u m b er o f  docked vesicles in the active zone 
and  perisynaptic  pools in unc-13 m u tan ts. The n u m b er o f 
docked vesicles in the active zone pool in unc-13 m u tan ts  is 
16% th a t o f the wild type (docked vesicles in the active zone 
p e r  profile: unc-13 = 0.31 ±  0.06; wild type = 1 .9 1  ±  0.16; p < 
0.0001) (Figure 7A and  711). D ocking in the perisynaptic  pool 
actually increases slightly in unc-13 (docked vesicles in the 
perisynaptic  zone p e r  profile: unc-13 = 0.85 ±  0.15; wild type 
=  0.41 ±  0.10 ; p = 0.0 1 ). These results d iffer from  o u r  previous

results using ice-cold g lu taraldehyde fixations |73 |. In those 
experim en ts we com bined  active zone regions w ith p e r i
synaptic regions, w hich could  obscure  decreases in active 
zone docking. M oreover, we defined the docked pool as 
vesicles w ith in  30 nm  o f the m em brane. W hen we apply those 
c rite ria  to  the c u rre n t dataset, we also do  no t observe a 
decrease in dock ing  (see M aterials and  M ethods). In add ition , 
o u r  c u rre n t results a re  in ag reem en t w ith data  from  two 
in d ep en d e n t labo ra to ries  |54,74|.

T o dem o n s tra te  th a t the docking defects w ere no t caused 
by irre levan t background  m u ta tions we analyzed a second 
allele, unc-l3(el()9l). S im ilar results w ere ob ta in ed  w ith this 
m utan t: decreased  docking was observed in the active zone 
pool and  increased  docking in the perisynaptic  pool (active 
zone 28% , perisynaptic  zone 145% com pared  to  the wild 
type) (Figure 7C). The decrease in docking is res tric ted  to  the 
active zone and  is m ost severe n e a r the dense p ro jec tion . The 
specific red u c tio n  in dock ing  in the active zone pool is

6 0  n
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ACh synapses

x' Ln? 1 1 ^  1
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Figure 6. Total Synaptic Vesicles Are Not Reduced in Syntaxin or unc-13 Mutants
The average number of synaptic vesicles in single profiles containing a dense projection for each genotype is shown. Both undocked and docked 
vesicles were included in this analysis. Left, total vesicles for acetylcholine synaptic profiles; right, total vesicles for GABA synaptic profiles {Table S1 for 
complete list of p-values). Bars show mean and standard error of the mean; *, p-values < 0.001 compared to wild type. Note that there is an unusually 
large increase in vesicle number at the GABA synapses of one of the mosaic syntaxin strains (EG3817).This increase is not observed at synapses of other 
syntaxinH genotypes. 
doi:10.1371/journal.pbio.0050198.g006
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Figure 7. UNC-13 Is Required for Docking in the Active Zone
(A and B) Docked vesicles in the wild type and unc-13(s69) are presented. Only vesicles in axon profiles containing a dense projection were included in 
these analyses.
(A) Docked vesicles from acetylcholine and GABA synapses combined are shown. Docking in the active zone pool (orange) is greatly reduced while 
docking in the perisynaptic pool (amber) is increased in unc-13(s69) mutants.
(B) Distribution of docked vesicles in the wild type and unc-13(s69) in acetylcholine (left) or GABA synapses (right) is shown. For wild-type acetylcholine 
n -2  animals, 13 synapses, and 52 profiles; for unc-13 acetylcholine n - 2  animals, eight synapses, and 34 profiles; for wild-type GABA n -2  animals, nine 
synapses, and 42 profiles; and for unc-13 GABA n — 2 animals, seven synapses, and 33 profiles.
(C) Distribution of docked vesicles in the wild type and unc-13(e1091) in acetylcholine (left) or GABA synapses (right) is shown. For wild-type 
acetylcholine n — 1 animal, seven synapses, and 35 profiles; for unc-13 acetylcholine n — 1 animal, seven synapses, and 33 profiles; for wild-type GABA n 
-  1 animal, four synapses, and 20 profiles; and for unc-13 GABA n -  1 animal, four synapses, and 28 profiles. 
doi:10.1371/journal.pbio.0050198.g007

consisten t w ith the localization  o f UNC-13 n e a r the dense 
p ro jec tio n  |54|.

Surprisingly, we d id  n o t observe an  increase in  the n u m b er 
o f  cytoplasm ic vesicles in  unc-13 m u tan t anim als (Figure 6). 
desp ite  observing an  increase using a d iffe ren t fixation 
p ro to co l 1731. In the p resen t study unc-13 and  o th e r  release- 
defective genotypes generally  do n o t display an increase in 
cytoplasm ic vesicle n u m b e r (Figure 6). This lack o f increase in 
the n u m b er o f  cytoplasm ic vesicles in  unc-13 m u tan t anim als 
was also found  in  an  in d ep en d e n t study using h igh pressure 
freezing  |7 l | .  G lu tara ldehyde fixations used in  previous

stud ies can  in d u ce  vesicle fu s ion  |75 |. G lu ta ra ld eh y d e- 
induced  fusion w ould resu lt in  a red u c tio n  o f  docked vesicles 
in the wild type relative to release-defective m u tan ts  and  thus 
lead one to  believe th a t th ere  is an  actual accum ulation  in  the 
m u tan t. We have confirm ed these d ifferences by com paring  
g lu taraldehyde and  freeze-substitu ted  fixations in  parallel 
(see M aterials and  M ethods). It is still possible th a t synaptic 
vesicles accum ulate  in  the reserve pool o f unc-13 m utan ts. 
T hese da ta  only analyze synaptic vesicles in  profiles co n ta in 
ing a dense p ro jec tio n ; the reserve poo l was n o t fully 
reconstruc ted .
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Figure 8. Open Syntaxin Rescues the Docking Defects of unc-13 Mutants
Each histogram shows two distributions: with the wild-type syntaxin allele (light bars) or with syntaxin overexpression (open or wild type, dark bars). 
Each bar graph shows a comparison of the number of docked vesicles between genotypes in the active zone pool (< 232 nm, orange bars) and the 
perisynaptic pool (> 300 nm, amber bars). To generate these pools, the number of docked vesicles in each pool was divided by the number of profiles 
to give a mean value for the number of vesicles in each pool per profile; bars show mean and standard error of mean. The green lines in the bar graphs
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in (B) and (D) show the number of vesicles in each pool in a matched wild-type control. All experiments that overexpress wild type or open syntaxin are 
in a syntaxin null genetic background (see Materials and Methods for complete genotypes). Only vesicles in profiles containing a dense projection were 
included in these analyses. See Table S1 for numbers and statistical analysis.
(A) Expression of open instead of wild-type syntaxin does not affect the distribution of docked vesicles. Distribution of docked vesicles in the wild type 
(N2) and in open syntaxin overexpression in acetylcholine (left) or GABA synapses (right) is shown. For wild-type acetylcholine n = 1 animal, seven 
synapses, and 35 profiles; for open-syntaxin acetylcholine n = 2 animals, ten synapses, and 57 profiles; for open-syntaxin GABA n = 1 animal, four 
synapses, and 28 profiles; and for wild-type GABA n = 2 animals, seven synapses, and 49 profiles.
(B) Open syntaxin rescues the docking defect in the active zone in unc-13(s69). Green lines indicate docked vesicles in the matched wild-type fixation. 
For unc-13 acetylcholine n = 2 animals, eight synapses, and 34 profiles; for unc-13 open syntaxin acetylcholine n = 2 animals, ten synapses, and 55 
profiles; for unc-13 GABA n = 2 animals, seven synapses, and 33 profiles; for unc-13 open-syntaxin GABA, n = 2 animals, eight synapses, and 47 profiles.
(C) Overexpression of wild-type syntaxin does not affect the distribution of docked vesicles. For wild-type acetylcholine n = 1 animal, five synapses, and
21 profiles; for syntaxin-OE acetylcholine n = 1 animal, five synapses, and 19 profiles; for wild-type GABA n = 1 animal, four synapses, and 17 profiles; for 
syntaxin-OE GABA n = 1 animal, four synapses, and 12 profiles.
(D) Overexpression of wild-type syntaxin does not rescue the docking defect in the active zone pool in unc-13(s69). Green lines indicate docked vesicles 
in the matched wild-type fixation. For unc-13(s69) acetylcholine n = 1 animal, five synapses, and 17 profiles; for unc-13(s69) syntaxin-OE acetylcholine n = 
1 animal, five synapses, and 19 profiles; for unc-13(s69) GABA n = 1 animal, five synapses, and 19 profiles; for unc-13(s69) syntaxin-OE GABA n = 1 animal, 
four synapses, and 19 profiles.
doi:10.1371/journal.pbio.0050198.g008

Open Syntaxin Bypasses the  Requirem ent fo r UNC-13 in 
Docking

Syntaxin can  ad o p t two configurations: a closed config
u ra tio n  in w hich the  N -term ina l H abc dom ain  b inds to  the 
SNARE m o tif  an d  an  open  configu ra tion  in  w hich this cis 
in te rac tio n  does n o t occur. M utations in  the  lin k e r betw een 
th e  H abc dom ain  an d  the  SNARE m o tif  cause syntaxin to 
p re fe ren tia lly  ad o p t th e  o p en  co n fo rm ation  [76], We found  
th a t th e  rep lacem en t o f  w ild-type syntaxin w ith th e  open  
fo rm  o f  syntaxin does n o t lead  to  a red is tr ib u tio n  o f docked 
vesicles (docked vesicles p e r  profile: o p en  syntaxin 3.27 ±  
0.21; w ild type 2.92 ±  0.21; p =  0.27) (Figure 8A).

It has previously been  p ro p o sed  th a t UNC-13 opens o r  
m ain ta ins th e  open  sta te  o f  syntaxin at th e  active zone [77], 
S ince dock ing  req u ire s  syntaxin , th is suggests th a t the  
docking  defects in unc-13 anim als m ight be due to  its fa ilu re  
to  open  syntaxin. T o test this idea, we exam ined  docking  in 
unc-13 m u tan t anim als in w hich w ild-type syntaxin  was 
rep laced  w ith  open  syntaxin. We fo u n d  th a t expression  o f 
th e  o p en  fo rm  o f  syntaxin fully rescues th e  docking  defect in 
unc-13(s69) m u tan ts  (docked vesicles p e r  active zone profile: 
unc-13 open-syntaxin 2.18 ±  0.14; w ild type 2.48 ±  0.17; p = 
0.19) (Figure 8B). T o co n tro l fo r th e  possibility  th a t th is result 
was due to  overexpression  o f the  syntaxin p ro te in  ra th e r  than  
its con fo rm ation , we tes ted  w h eth er overexpression  o f  wild- 
type syntaxin could  re s to re  docking  to  unc-13 m u tan ts. First, 
overexpression  o f w ild-type syntaxin had  no  effect on  the 
d is trib u tio n  o f docked vesicles in an otherw ise w ild-type 
backg round  (Figure 8C). Second, overexpression  o f w ild-type 
syntaxin had  no  effect on  docking  in  unc-13 an im als (docked 
vesicles p e r  active zone profile: unc-13 syntaxin OE 0.19 ±  
0.05; w ild type 1.93 ±  0.23; p  <  0.0001) (Figure 8D). T hus, the 
func tion  o f UNC-13 in  vesicle docking is specifically to 
p ro m o te  th e  open  sta te  o f syntaxin. Finally, th e  full bypass o f 
unc-13 m u tan ts  by o p en  syntaxin d em onstra tes th a t syntaxin 
fu n c tio n s  in  d o ck in g  d o w n stream  o f  U N C -13, f u r th e r  
re in fo rc ing  th e  fact th a t syntaxin plays a d irec t ro le in 
dock ing  ra th e r  th a n  an  in d ire c t ro le  in  tra ffick ing  o r  
developm ent.

In terestingly , th e  d is trib u tio n  o f docked vesicles is no rm al 
in th e  p resence  o f open  syntaxin (Figure 8A). Thus, it is likely 
th a t o p en  syntaxin is involved in  th e  m echanics o f docking 
bu t n o t in  th e  d is trib u tio n  o f  docked vesicles. Similarly, this 
d is trib u tio n  is in d ep en d e n t o f  UNC-13, since the  d is tribu tion  
o f  docked vesicles is no rm al in  th e  unc-13 open  syntaxin 
genotype. O th e r  p ro te in s  m ust th e re fo re  d e te rm in e  the

d is trib u tio n  o f docked vesicles relative to  th e  dense p ro jec
tion . M utan ts lacking tom osyn, fo r  exam ple, have a large 
increase in th e  n u m b e r an d  d is trib u tio n  o f  docked  synaptic 
vesicles [74],

Docked Vesicles Are Release C om petent in the  Absence o f 
UNC-13

As described  above, n o rm al vesicle docking occurs in  the 
absence o f UNC-13 w hen o p en  syntaxin is p resen t. We tested  
the  release com p e ten ce  o f  these vesicles by co m p arin g  
spon taneous an d  evoked release in  unc-13 m u tan t anim als 
in th e  presence  an d  absence o f open  syntaxin. E xperim ents 
w ere p e rfo rm ed  a t two d iffe ren t co n cen tra tio n s o f ex ternal 
calcium . We fo u n d  th a t o p en  syntaxin resto res vesicle fusion 
to  approx im ate ly  o n e -th ird  w ild-type levels.

First, we exam ined  vesicle fusion in  ex te rna l so lu tions 
co n ta in in g  5 mM calcium . In unc-13(s69) anim als evoked 
responses w ere essentially absen t (0.015 ±  0.004 nA; n =  9) 
(Figure 9A an d  9C). H owever, expression  o f open  syntaxin in 
unc-13(s69) anim als partia lly  rescued  th e  evoked response 
(Figure 9A). Peak am p litude  was re s to red  to  38% o f wild type 
(unc-13 open-syntaxin 0.75 ±  0.10 nA, n =  7; w ild type 1.95 ±  
0.21, n =  7) (Figure 9C), an d  to ta l cu rren t tran sfe rred  was 
re s to red  to  35% o f w ild type (unc-13 open-syntaxin 7.41 ±  1.26 
pC, n =  7; w ild type 20.98 ±  3.41 pC, n =  7) (Figure 9D). In 
ad d itio n  to  the  rescue o f  evoked responses, endogenous 
fusion  events w ere re s to red  to  26% o f w ild type (unc-13 0.59 
±  0.13 Hz, n =  9; unc-13 open-syntaxin 14.42 ±  3.25 Hz, n =  6; 
w ild type 54.47 ±  6 Hz, n =  6) (Figure 9A an d  9F). Thus, 
docking  via o p en  syntaxin in th e  absence o f UNC-13 results in 
vesicles th a t can be released, a lthough  release is n o t re s to red  
to  w ild-type levels.

Second, we exam ined  vesicle fusion in  ex te rna l so lu tions 
co n ta in in g  1 mM calcium . Again, th e  p resence  o f  open  
syntaxin partia lly  rescued  the  unc-13 defects in  b o th  evoked 
and  endogenous release (Figure 9B -9D  an d  9G). However, 
this ex perim en t revealed  ad d itiona l characteristics o f  vesicle 
fusion  in  unc-13 open-syntaxin anim als. T he evoked response in 
w ild-type anim als at 1 mM calcium  was only 15% low er th an  
the  response  at 5 mM calcium  (1.95 ±  0.21 nA  at 5 mM 
calcium , « =  7; 1.65 ±  0.22 nA  at 1 mM calcium , « =  6) (Figure 
9B an d  9C). By con trast, evoked responses in  unc-13 open  
syntaxin at 1 mM calcium  w ere 67 % low er th an  th e  response 
at 5 mM calcium  (0.75 ±  0.10 nA  at 5m M calcium , n =  7; 0.25 
±  0.04 nA  a t 1 mM calcium , n =  6) (Figure 9B an d  9C). 
F u rther, release kinetics w ere a lte red  in unc-13 open-syntaxin
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Figure 9. Docked Vesicles Are Release Competent in the Absence of UNC-13

All experiments that overexpress wild type or open syntaxin are in a syntaxin null genetic background (see Materials and Methods). Error bars represent 
standard error of mean in all cases.
(A-D) Open syntaxin bypasses evoked response defects of unc-13 mutants. All traces for wild type, unc-13 open-syntaxin, and unc-13 evoked responses 
(left) are shown (A) at 5 mM calcium and (B) and at 1 mM calcium.
(C) The mean peak amplitude for evoked responses is: at 5 mM calcium (wild type 2.0 ± 0.2 nA, n — 7; unc-13 open-syntaxin 0.8 ± 0.1 nA, n — 7; unc-13 
0.015 ± 0.004 nA, n -9 )  and at 1 mM calcium (wild type 1.7 ± 0.2 nA, n - 6 ;  unc-13 open-syntaxin 0.25 ± 0.04 nA, n - 6 ;  unc-13 0.005 ± 0.003 nA, n -8 ) .
(D) Mean charge transfer evoked is: at 5 mM calcium (wild type 21.0 ± 3.4 pC, n — 7; unc-13 open-syntaxin 7.4 ± 1.3 pC, n — 7; unc-13 0.22 ± 0.04 pC, n — 
9) and at 1 mM calcium (wild type 14.6 ± 2.0 pC, n -  6; unc-13 open-syntaxin 2.4 ± 0.4 pC, n -  6; unc-13 0.10 ± 0.03 pC, n -  8).
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(E) Evoked responses are delayed and asynchronous in unc-13 open-syntaxin animals. The cumulative plot for the fraction of total charge transfer as a 
function of time after the beginning of the stimulus artifact is shown. Individual points represent average cumulative current transfer at 2-ms intervals 
for each genotype, unc-13 open-syntaxin animals (in red) show a delay in release during evoked response at 1 mM calcium.
(A and B) (F and G) Open syntaxin restores endogenous release (minis) in unc-13 mutants. (A) Right, representative traces of endogenous activity are 
shown in the wild type, unc-13 open-syntaxin, and unc-13 at 5 mM calcium.
(F) Left, mean mini frequency at 5 mM calcium is shown (wild type 54.5 ± 6.0 fusions per second, n = 6; unc-13 open-syntaxin 14.4 ± 3.3 fusions per 
second, n = 6; unc-13 0.6 ± 0.1 fusions per second, n = 9). Right, mean mini amplitude is not altered in mutants (wild type 37.1 ± 6.3 pA, n = 6; unc-13 
open-syntaxin 29.7 ± 3.1 pA, n = 6; unc-13 34.0 ± 2.9 pA, n = 9). (B) Right, representative traces of endogenous activity in the wild type, unc-13 open- 
syntaxin, and unc-13 at 1 mM calcium.
(G) Left, mean mini frequency at 1 mM calcium (wild type 41.1 ± 4.8 fusions per second, n = 12); unc-13 open-syntaxin 7.9 ± 1.4 fusions per second, n = 
13; unc-13 0.3 ± 0.1 fusions per second n = 8). Right, mean mini amplitude is not altered in mutants (wild type 37.5 ± 3.3 pA, n = 6; unc-13 open- 
syntaxin 29.5 ± 2.7 pA, n = 6; unc-13 24.1 ± 3.8 pA, n = 9).
doi:10.1371/journal.pbio.0050198.g009

anim als at 1 mM calcium : release was slow er an d  m ore 
asynchronous in  com parison  to  w ild-type anim als (Figure 9B 
and  9E).

Discussion

Previously, syntaxin was n o t th o u g h t to  be req u ired  fo r 
docking. By con trast, o u r results d em o n stra te  th a t syntaxin is 
re q u ire d  fo r  docking  synaptic vesicles at the  C. elegans 
n eu ro m u scu la r ju n c tio n . Vesicles are  docked  in  two pools: 
th e  active zone poo l and  th e  perisynap tic  pool. We also find 
th a t U N C -13 is re q u ire d  fo r  synap tic  vesicle docking. 
H ow ever, w hile b o th  poo ls o f do ck ed  vesicles d ep en d  
absolutely on syntaxin, UNC-13 only plays a ro le  at the  active 
zone. Finally, th e  docking  fu n c tio n  o f UNC-13 is com pletely 
bypassed by o p en  syntaxin.

T he observed docking  defects in the syntaxin and  unc-13 
m u tan t synapses are likely to  be caused by a d irec t ro le  o f 
these p ro te in s  in th e  docking pathw ay ra th e r  th an  by an 
in d irec t effect on  n eu ro n a l health . First, syntaxin acts cell 
au tonom ously : ex p ressing  syn tax in  in  th e  acety lcho line  
neu ro n s rescues docking  in  these cells b u t n o t in dow nstream  
n e u ro n s  in th e  m o to r  c ircu it. Second, ch ro n ic  lack o f 
syntaxin does n o t lead  to  developm enta l abnorm alities in 
th e  cell. Synaptic vesicles and  synaptic vesicle com ponen ts 
such as synap tobrev in  are  tra n sp o rte d  to  the  synapse, vesicles 
are  clustered , dense p ro jec tions and  adherens junctions 
ap p ea r no rm al at the  u ltra s tru c tu ra l level, th e  postsynaptic 
recep to rs  c lu s te r app rop ria te ly , and  th e  recep to rs  are  fu n c 
tional: the synapses ap p e a r  to  be in tac t. T h ird , syntaxin 
appears to play a late ro le in  docking. T he syn tax in-b ind ing  
p ro te in  UNC-13 is req u ired  fo r docking  as well, and  open  
syntaxin can rescue the docking  defect in unc-13 m utan ts, 
suggesting th a t syntaxin acts dow nstream  o f UNC-13 d u ring  
docking. These d a ta  are  m ost consisten t w ith a d irec t ro le fo r 
syntaxin in  the docking  o f synaptic vesicles.

A ro le  fo r syntaxin in  dock ing  conflicts w ith previous 
studies [30,31,34,35], It is unlikely th a t syntaxin fu n c tio n  is 
n o t conserved  am ong organism s; it is m ore  likely th a t the 
conflic ting  resu lts arise from  the difficulties in  studying 
docking. T he d iffe ren t conclusions m ight be a ttr ib u te d  to  two 
causes: defin itions fo r  dock ing  and  the p o ten tia l fo r residual 
syntaxin. First, d iffe ren t defin itions fo r docking w ere used in 
these various studies. In  the p resen t study only vesicles 
co n tac ting  the m em brane w ere considered  docked (Figure 1). 
This defin ition  was used in  studies o f v erteb ra te  synapses 
co m paring  the docked and  readily  releasable pools [26,27,42], 
By con trast, previous syntaxin studies, as well as o u r previous 
UNC-13 studies, defined  docked  vesicles as those n e a r  the 
p lasm a m em brane (less th an  30, 40, o r  50 nm , [30,31,73]). If  we

analyze o u r  c u rre n t d a ta  using th e  30 nm  defin ition , we also 
do n o t de tec t decreases in  dock ing  (for exam ple, vesicles 
w ith in  30 nm  p e r  profile, m atched  w ild-type GABA 5.6 ±  0.2; 
syntaxin(—) GABA from  EG3817 5.4 ±  0.3;p = 0.49). It was no t 
possible to  reanalyze o u r  prev ious da ta  w ith o u r  c u rre n t 
defin ition  o f docking, because th e  g lu taraldehyde fixation 
used in th e  prev ious experim en ts d id  n o t preserve m em 
b ranes well enough  to  d is tinguish  betw een  docked  and  
undocked  vesicles. T e th e rin g  p ro te in s  span la rger distances 
th an  the SNARE p ro te in s and  thus are  th o u g h t to  func tion  in 
those vesicles th a t are close to  b u t n o t co n tac tin g  the plasm a 
m em brane [78,79], O u r da ta  thus suggest th a t syntaxin is no t 
req u ired  to  te th e r  synaptic vesicles to  the  m em brane . In 
c o n tra s t to  synap tic  vesicles, sec re to ry  vesicles re q u ire  
syntaxin fo r  te th e rin g  [35,80],

The second  possible ex p lana tion  fo r  th e  d iscrepancy  is th a t 
residual syntaxin could  have m ed ia ted  docking in  previous 
experim ents. In  the studies on squid  and  cu ltu red  h ip p o 
cam pal cells, syntaxin was acutely d is ru p ted  by p ro tease  
digestion; nevertheless, abou t 10% o f synaptic vesicle fusions 
rem ained , suggesting th a t som e syntaxin was still p resen t 
[31,34,35], F u rther, syntaxin may itself be red u n d an t, in 
ag reem en t w ith  the alm ost com plete  lack of a pheno type in 
syntaxin knockou t m ice [81], S tudies in  Drosophila used 
m u ta tio n  ra th e r  th an  p ro tease  cleavage to  d is ru p t syntaxin. 
In fly syntaxin m utan ts, vesicle fusions w ere 5% the w ild-type 
ra te  [30]; m uch g rea te r th an  th e  fusion ra te  observed in the 
syntaxin m osaics in  C. elegans (less th an  0.2% o f the  w ild-type 
rate). In Drosophila, th e re  is a significant m a terna l co n tr ib u 
tion  o f  syntaxin [61,63], and  it has been  suggested th a t 
syntaxin m ight p e rd u re  u n til late em bryogenesis [30,33], In 
o u r  own data, a lthough  syntaxin is n o t de tec tab le  by an tibody  
staining, we do observe a few docked vesicles and  a few 
spon taneous fusions (Figures 4 and  5). These ra re  events are 
likely due to  residual syntaxin, e ith e r as a resu lt o f read- 
th ro u g h  o f th e  stop  codon  in  unc-64(jsl 15) o r  as a resu lt o f 
m isexpression from  o u r rescu ing  array. Thus, syntaxin is 
likely to be essential fo r all synaptic vesicle docking.

In ad d ition  to  syntaxin, docking  in  the active zone also 
relies on UNC-13. T he docking defect in  unc-13 m u tan ts  is 
com pletely  bypassed by open  syntaxin b u t n o t by closed 
syntaxin. This observation  suggests th a t U N C-13's fu n c tio n  in 
dock ing  is to  p ro m o te  open  syntaxin. H owever, open  syntaxin 
does n o t com pletely  re s to re  exocytosis in  unc-13 m u tan t 
anim als. Specifically, in  unc-13 m u tan ts  expressing  open  
syntaxin evoked response  is 38% o f th e  w ild type. F urther, 
we find  th a t the p resence  o f open  syntaxin only slightly 
im proves locom otion  in  unc-13 m u tan ts  (unpublished  data). 
T he sim plest ex p lan a tio n  is th a t UNC-13 has a second 
fu n c tio n  a fte r  dock ing  to  increase the  p robab ility  o f fusion
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f82,8?>]. A lternatively, levels o f  o p en  syntaxin m igh t n o t be 
sufficient to  su p p o r t no rm al exocytosis in  the absence o f 
UNC-13. It is w orth  n o tin g  th a t this stra in  has changed  w ith 
tim e; previously th e  stra in  was m ore  active and  evoked 
responses w ere m ore  ro b u s t [77], By con trast, som e recen tly  
derived  stra ins have no  evoked response  [84], It is possible 
th a t expression  levels have declined  in these strains. We 
p ropose  th a t only a few m olecules o f  o p en  syntaxin suffice fo r 
docking  a vesicle, b u t th a t m u ltip le  m olecules o f  o p en  
syntaxin a re  req u ired  to  m ed ia te  no rm al exocytosis. Thus, 
very h igh expression  levels o f  o p en  syn tax in  m igh t be 
req u ired  to  bypass th e  fu n c tio n  o f  UNC-13. In a w ild-type 
synapse, UNC-13 is specifically localized to  active zones [54], 
w here it  can  locally genera te  th e  h igh levels o f  open  syntaxin 
th a t a re  req u ired  fo r release.

How does o p en  syntaxin in te rac t w ith synaptic vesicles 
d u rin g  docking? T here  are  two regions o f  syntaxin th a t could 
be involved: th e  H abc dom ain  and  the SNARE m otif. In the 
o p en  sta te  o f  syntaxin b o th  o f  these regions are  free  to 
in te ra c t w ith vesicle p ro te in s. It is possible th a t th e  H abc 
dom ain  m ediates dock ing  in d ep en d en tly  o f  SNARE function . 
In this m odel, th e  o th e r  SNARE p ro te in s  w ould n o t be 
req u ired  fo r  docking. In  su p p o r t o f  th is idea, previous da ta  
suggest th a t genetic and  tox in  d is ru p tio n  o f  synaptobrev in  
and  SNAP-25 does n o t d is ru p t docking  [30,80,85-87], H ow 
ever, these  stud ies used  d iffe rin g  d efin itions o f  vesicle 
docking, p erhaps obscuring  specific dock ing  defects. Fu rther, 
i t  has b een  suggested  th a t re d u n d a n t SNARE p ro te in s  
com pensate  fo r  th e  loss o f  th e  synaptic SNAREs in  these 
experim en ts [81,85,87-90], If  the SNARE m o tif  o f  syntaxin 
m ediates docking  th en  it  is likely th a t the  SNARE p ro te in s 
synap tobrev in  and  SNAP-25, w hich in te ra c t w ith th e  SNARE 
m o tif  o f  syntaxin, will also be req u ired  fo r  docking. In this 
case, fo rm a tio n  o f  the  SNARE com plex  w ould m ed ia te  
docking, as originally  p red ic ted  in  the  SNARE hypothesis 
[32], and  the d is tinc tion  betw een m orpholog ical dock ing  and  
p rim ing  w ould n o t exist.

Materials and Methods
T erm inology . A synapse is defined  as the  serial p rofiles co n ta in in g  

a d ense  p ro je c tio n  an d  usually com p rised  th re e  to lo u r  ad jacen t 
p rofiles. T h e  ex cep tio n  is th e  co m p le te  w ild-type reco n stru c tio n  
d escrib ed  in  F igure  1, in  w hich a synapse inc luded  all the  p rofiles on 
e ith e r  side o f  the  dense  p ro je c tio n  up  to the  p rofile  on  e ith e r  side 
w here the  synaptic vesicle n u m b e r  fell to the  average in tersynap tic  
vesicle density , as d e te rm in e d  fro m  all the  profiles analyzed. T he 
d en se  p ro je c tio n  is defined  as an  e lec tro n  dense  s tru c tu re  in  the 
c e n te r  o f  the  active zone [43,44]. In C. elegans, this s tru c tu re  is qu ite  
p ro m in e n t co m p ared  to m any v e rteb ra te  cen tra l nervous system 
synapses [91]. T h e  active zone encom passes th e  reg ion  w here synaptic 
vesicles a re  docked  o p p o site  th e  postsynap tic  target [41]. In o u r 
m icrog raphs, docked  vesicles ex ten d ed  laterally  an  average o f  230 nm  
from  th e  dense  p ro jec tio n . D ocked vesicles a re  m orpholog ica lly  
defined  as those  c o n tac tin g  the  p lasm a m em b ran e  [27,42]. In  this 
study, vesicles w ere consid ered  docked  if  th e ir  m em b ran es an d  those 
o f  the  p lasm a m em b ran e  ap p e a re d  to be  in d irec t co n tac t (see F igure 
1). T h e  p erisynap tic  docked  poo l includes any docked  vesicles no t in 
the  active zone. T hese  can  be o r ie n te d  away fro m  the  active zone and  
would p resum ably  n o t be  p a rt o f  the  physiologically defined  readily 
reieasabie pool.

P lasm ids. T o  d rive th e  exp ression  o f  syntaxin/U N C -64 u n d e r 
exogenous p ro m o te rs , a m in igene  cassette  (pM II421) was co n s tru c ted  
that co n ta in s the  endog en o u s -unc-64 p ro m o te r, the  ATG, an  in se rted  
SphI site, unc-64  cDNA up  to the  N h e l site (in exon  6), follow ed by 
genom ic sequence  inc lu d in g  the  3 ' U TR (Figure SI). T his co n stru c t 
was in jec ted  an d  rescued  the  unc-64(jsll5) null p h en o ty p e  (u n p u b 
lished data). N ext, the  endogen o u s unc-64 p ro m o te r  was rep laced  with

the  unc-17, rab-3, an d  glr-J p ro m o te rs , w hich w ere am plified  by PCR. 
F o r unc-17, the  p rim e rs  w ere unc-17 5 ' an d  unc-17 3 ', w hich includes 
in tro n  1, an d  the  resu ltin g  co n stru c t was pM II425. F o r rab-3, the  
p rim e rs  w ere rab-3 5 ' an d  rab-3 3 ', an d  the  resu lting  co n stru c t was 
pM II415. F o r glr-1, th e  p rim e rs  w ere glr-1 5 ' an d  glr-1 3 \  an d  the  
resu ltin g  co n stru c t was pM II427. T hese  co n stru c ts  w ere in jec ted  and  
gave the  ex p ec ted  expression  excep t fo r the  unc-17 p ro m o te r, which 
h ad  very little  exp ression  and  n o n e  o u tside  th e  nerv e  ring. To 
im prove exp ression  in  cho linerg ic  neu ro n s, a d iffe ren t version  o f  the  
unc-17 p ro m o te r  (3,656 bases in  fro n t o f the  ATG in  exon  2) was used 
to g en e ra te  pM II441. N e ith e r  o f the  unc-17 p ro m o te r  constructs , 
pM II441, o r  pM II425, inc lude  the  m o to r  n e u ro n  en h an ce r since this 
co n stru c t resu lted  in leaky expression  in  th e  GABA m o to r  n e u ro n s  as 
assayed by e lectrophysio logy. T hus, exp ression  in the  acety lcho line 
m o to r  n eu ro n s  was achieved using  the  acr-2 p ro m o te r. F o r acr-2, the  
p rim e rs  w ere acr-2 5' an d  acr-2 3/, an d  the  resu ltin g  co n stru c t was 
p M II4 l7 .

S tra ins. W ild type was B risto l N2. All s tra in s w ere o b ta in ed  from  
the  C. elegans G enetics C e n te r  (http://w w w .cbs.um n.edu/C G C) unless 
o therw ise  in d ica ted  an d  m ain ta in ed  at 22 °C o n  s ta n d a rd  NGM m edia 
seeded with IIB 101. S tra ins used were: BC168, unc-13(s69); CB1091, 
unc-13(el091); EG1285, lin-15(n765) an d  oxlsl2[Punc-47:GFP; lin-15(+)j; 
EG1983, unc-13(s69), unc-64(j$115), an d  oxls34[openSYX, Pmyo-2:GFPJ; 
EG1985, unc-64(jsl 15) and  oxls34[openSYX; Pmw~2:GFPJ; EG2279, -unc- 
49(e407); EG 2466, unc-64(jsl 15) a n d  oxls33[SYX; Punc-122:GFPJ; 
EG3278, unc-64(jsll5) an d  oxEx536[Punc-17:SYX; Pglr-1:SYX; Punc- 
122:GFP; lln~15(+)j; EG3817, unc-64(jsll5) an d  oxEx705[Punc~17:SYX; 
Pglr-1:SYX; Pacr-2:SYX; Pmw-2:GFPJ; EN560, krlsl[P-unc-47:SNB:CFP; 
UNC~49::YFP; lln-15(+)j an d  Un-15(n765); MT8247, Un-15(n765) and  
nls52[Punc-25:SNB:GFP; lin-15(+)j; an d  NM 959, unc-64(pll5)fbll-5(e51S).

T o g en e ra te  the  acety lcholine(—) GABA(—) syn tax in  m osaic s tra in  
EG3278, unc-64(jsll5) an d  oxEx536[Punc-17:SYX; Pglr-1:SYXJ, th e  s tra in  
NM 959 unc-64(jsll5)/bll-5(e518) was in jec ted  using s ta n d a rd  tech n i
ques [92] with an  in jec tio n  m ix co n ta in in g  5 ng/|il each  o f  pM II425 
and  pM II427 (see F igure  SI), as well as unc-122::GFP at 20 ng/|il 
(coeiom ocyte m arker) an d  lin-15(+) at 80 ng/).il. T hese an im als a re  very 
sick, an d  w hen m a in ta in ed  fo r long  p erio d s o f tim e, these strains 
becam e less u n co o rd in a ted . Analysis o f  this derived  s tra in  d e m o n 
s tra te d  that d ock ing  was re sto red  to 50% in the  acety lcho line 
n e u ro n s  (unpub lished  data). R e p o rted  d a ta  a re  from  anim als that 
w ere freshly thaw ed fro m  the  orig inal isolate.

T h e  GABA(—) syn tax in  m osaic s tra in  EG3817, unc-64(jsll5) and  
oxEx705[Punc-17:SYX; Pglr-1:SYX; Pacr-2:SYXJ was g e n e ra te d  in a 
sim ilar way, excep t the  in jec tio n  m ix co n ta in ed  pM II441, pM II4 l7 , 
and  pM II427 (see F igure  SI), as well as myo-2::GFP at 2 ng/jul an d  1 kb 
lad d e r at 100 ng/|ii (G ibco/Invitrogen, h ttp://w w w .invitrogen.com ). 
M ultip le  stable  lines w ere ob ta in ed , and  hom ozygous unc-64 anim als 
w ere recovered  fro m  each line an d  fo u n d  to have sim ilar p heno types.

F o r fluo rescence  analysis o f  n eu ro an a to m y  in the  syntaxin  m osaic, 
s tra in s ca rry in g  the  a p p ro p r ia te  fluorescen t m ark e r w ere crossed 
with EG3278 to g e n e ra te  the  th re e  stra in s EG3301, unc-64(jsll.5)M-, 
oxls 12, an d  oxEx536: EG3349, unc-64(jsll.5)M-, nls52, an d  oxEx536; and  
EG3299, unc-64(jsl 15)M~, krlsl, an d  oxEx536. H om ozygous unc-64 
an im als w ere recovered  from  these strains, allow ed to self, an d  th e ir  
p rogeny  used fo r analysis.

R econstru c tio n . R e co n stru c tio n  was p e rfo rm e d  on  a VA synapse 
fro m  a w ild-type an im al. W e co n v erted  16-bit TIFFs to 8-bit using 
G raph ic C o n v e rte r  (Lernke S oftw are GM BII, http://w w w .iem kesoft. 
com ) an d  m anually  aligned  using  M idas (B oulder L abora to ry  fo r 3-D 
E lectron  M icroscopy o f Cells, U niversity  o f  C o lo rado , B oulder, 
C o lorado , U n ited  States). T h e  VA/VD re la tio n sh ip  was used as a 
fiduciary  m ark  d u r in g  the  a lig n m en t. Im age se g m en ta tio n  was 
p e rfo rm e d  in  3dm od (B oulder L abora to ry  fo r 3-D E lectron  M icro
scopy o f  Cells) by m anually  trac in g  n eu ro n a l profiles and  p resy n ap tic  
sp e c ia liza tio n s  at 200%  m ag n ific a tio n . S y n ap tic  vesicles w ere 
m odeled  as spheres with a d ia m e te r  o f  28 nm , an d  sec tion  thickness 
was set to 33 nm .

S yntaxin  m osaic GABA n eu ro n  m orphology . F o r overall n eu ro n a l 
m orphology, ten  young  adu lt an im als o f  each gen o ty p e  (unc-64(jsl 15), 
oxls 12, oxEx536, and  w ild-type oxlsl.2) w ere im aged on  a confocal 
m icro sco p e  an d  sc o red  b lin d  to g en o ty p e  fo r th e  n u m b e r  o f  
com m issures, oxls 12 expresses GFP in  the  GABA n e u ro n s  u n d e r  the  
co n tro l o f  the  unc-47  p ro m o te r. F o r synapse density , five young  adult 
an im als o f  each gen o ty p e  (unc-64(jsl 15), nls52, oxEx536, an d  w ild-type 
nls52) w ere im aged on  a confocal m icroscope. nls52  expresses 
synap tobrev in-G F P  in  the  GABA n e u ro n s  u n d e r  th e  co n tro l o f  the  
unc-25 p ro m o te r . F o r each anim al, Im ageJ was used to m easu re  a 
reg ion  o f  the  dorsal nerve  cord , an d  p u n c ta  w ith in  the  reg ion  were 
co u n ted . F o r p re -  an d  postsynap tic  colocalization , ten  young  adult 
an im als o f  each g eno type (unc-64(jsl 15), krlsl, oxEx536, an d  w ild-type
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k r ls l)  w ere im aged  on a corifocal m icro sco p e , krlsl expresses 
synap tobrev in-C F P  in the  GABA n eu ro n s  u n d e r  th e  c o n tro l o f  the  
unc-47 p ro m o te r  a n d  expresses GABAA-recep tor-Y F P  in m uscles 
u n d e r  th e  unc-49 p ro m o te r. C olocaliza tion  o f  CFP an d  YFP was 
observed  in all cases.

E lec tron  m icroscopy. Previously we used ice-cold  g lu tara ldehyde 
fixations fo r e lec tro n  m icroscopy [73]. W e have sw itched to  high- 
p re ssu re  freezing  follow ed by su b s titu tio n  o f  so lvent-based fixatives 
[38]. A lthough  m em branes ten d  to  be less darkly sta in ed  in this 
p re p a ra tio n , this fixation  is su p e rio r  to  th a t observed w ith slow 
fixation  m ethods. F irs t, g lu ta ra ld eh y d e  fixation  itse lf  stim ulates 
exocytosis o f synap tic  vesicles an d  will th e re fo re  affec t th e  docked 
p o o l o f  vesicles [75]. Second, sh rinkage in co n v en tio n a l fixations 
d islodges docked  vesicles an d  th e  dense  p ro jec tio n  a t  C. elegans 
synapses (o u r observations). F inally, changes in m em b ran e  trafficking 
in th e  coelom ocytes can  be  observed  using th e  slow fixation  m ethod  
(o u r observations). F o r these reasons we defined  docked  vesicles in 
o u r  prev ious study as those  w ith in  30 nm  o f  th e  p lasm a m em b ran e  
since iden tify ing  vesicles docked  a t the  surface  was unre liab le . N o 
d ock ing  defec t was observed  in unc-13 m u tan ts  using this defin ition  
[73]. O u r  c u r re n t  d a ta  using h ig h -p ressu re  freezing  confirm  this 
o b servation , since th e re  is no  significant dock ing  d efect defined  by 
vesicles w ith in  30 nm  o f  the  p lasm a m em b ran e  (n u m b er o f  vesicles 
w ith in  30 nm , th e  wild type: acety lcho line =  4.57 ±  1.41, 108 profiles, 
GABA — 5.31 ±  1.67, 91 profiles; unc-13 (el 0 9 1): acety lcho line -  4.45 ±  
1.17, 33 profiles, GABA -  4.53 ±  1.07, 28 profiles; unc-13($69): 
acety lcho line  -  3.35 ±  1.30, 34 profiles, GABA -  4.16 ±  1.37, 32 
profiles). U sing h ig h -p ressu re  freezing  we can  now  subdiv ide pools o f 
d ocked  vesicles and  reliably d e te rm in e  if  vesicles a re  to u ch in g  the  
m em brane; using this defin itio n  we see d ifferences in dock ing  in unc- 
13 m u tan ts  co m p ared  to  th e  wild type.

W orm s w ere p re p a re d  fo r  transm iss ion  e lec tro n  m icroscopy 
essentially  as d escribed  [38,93]. Briefly, ten  anim als w ere p laced  o n to  
a freeze c h am b er (100-|im  well o f  type A specim en  c a rr ie r)  c o n ta in in g  
space-filling bacteria , covered  w ith  a type B specim en  c a r r ie r  fla t side 
dow n, an d  frozen in stan taneously  in th e  BAL-TEC IIPM  010 (BAL
TEC, http://w w w .bal-tec.com ). F rozen anim als w ere fixed in a Leica 
EM AFS system (http://w w w .leica.com ) w ith 0.5% g lu tara ldehyde and 
0.1 % tan n ic  acid  in anhy d ro u s ace to n e  fo r 4 d a t —90 °C, follow ed by 
2%  osm ium  te tro x id e  in anhydrous ace to n e  fo r 38.9 h  w ith  g radual 
te m p e ra tu re  increases (co n stan t te m p e ra tu re  a t —90 °C fo r 7 h, 5 °Clh 
to  —25 °C over 13 h, co n s ta n t te m p e ra tu re  a t —25°C fo r 16 h, and  10 
°Clh to 4 °C over 2.9 h). F ixed anim als w ere em b ed d ed  in a ra ld ite  
resin  (30% a ra ld ite /ace to n e  fo r 4 h, 70%  a ra ld ite /ace to n e  fo r 5 h, 
90%  ara ld ite /ace to n e  o vern igh t, an d  p u re  a ra ld ite  fo r 8 h). M u tan t 
an d  c o n tro l blocks w ere b linded . R ibbons o f  u ltra th in  (33 nm ) serial 
sections w ere co llec ted  using an u ltra c u t E m icro to m e. Im ages w ere 
o b ta in ed  on a H itach i 11-7100 e lec tro n  m icroscope (http://www. 
h itach i.com ) using a G atan  (http://w w w .gatan.com ) slow=scan d igital 
cam era . A to ta l o f  250 u ltra th in  con tiguous sections w ere c u t an d  the  
v en tra l nerve  co rd  reco n stru c ted  from  two anim als re p re se n tin g  each 
g enotype. Im age analysis was p e rfo rm ed  using Im ageJ softw are (http:// 
rsb.info.nih.gov/ij).

All m o rp h o m e try  was c o n d u c ted  b lin d  to  geno type an d  in c lu d ed  a 
m atched  w ild-type w orm  th a t  was fixed in para lle l. T he n u m b e r  o f 
synap tic  vesicles (~ 3 0  nm  in d iam eter) in each  synapse was co u n ted , 
a n d  th e ir  d iam ete rs  an d  d istances from  th e  dense  p ro jec tio n  and 
p lasm a m em b ran e  w ere m easu red . Analysis inc luded  th e  acety lcho
line n eu ro n s VA an d  VB an d  the  GABA n e u ro n  VD.

T o c o m p a re  fre e z e -su b s titu tio n  f ixa tions w ith  o u r  p rev io u s 
m ethods using ice-cold  g lu ta ra ld eh y d e  [73], we analyzed sam ples 
fixed previously (by W.Davis) an d  sam ples fixed recen tly  (by S. 
W atanabe) an d  analyzed u n d e r c u r re n t  sco ring  co n d itio n s (by S. 
W atanabe). W e observed  few er vesicles in the  ice-cold  g lu tara ldehyde 
fixations (average n u m b e r  o f  synaptic vesicles p e r  p rofile  w ith  a dense 
p ro jec tio n , acety lcho line 7.8 SV, n — 28 profiles; GABA 27.7 SV, n =  16 
profiles) co m p ared  to  freeze-substitu ted  sam ples (A cetylcholine 22.6 
SV, n =  35 profiles; GABA 33.8 SV, n =  20 profiles).

E lectrophysio logy. E lectrophysio log ical m ethods w ere p e rfo rm ed  
as previously d escribed  [67,73] w ith m in o r ad justm ents . Briefly, 
an im als w ere im m obilized  in cyanoacrylic glue (B. B raun, A esculap, 
h ttp://w w w .aesculapusa.com ), an d  a la te ra l inc ision  was m ade to 
expose the  v en tra l m edial body wall muscles. T he p re p a ra tio n  was 
th e n  t r e a te d  w ith  c o lla g e n a s e  ( ty p e  IV; S ig m a, h ttp ://w w w . 
sigm aaldrich .com ) fo r 15 s a t  a c o n c e n tra tio n  o f  0.5 mg/ml. T he 
m uscle was th en  voltage c lam ped  using the  w hole cell co n figu ra tion  
a t a ho ld in g  p o te n tia l o f  —60 mV. See P ro to co l SI fo r  e le c tro 
physiology so lu tions. GABA n e u ro n  activity  was iso la ted  by specifi
cally b lock ing  acety lcho line  c u rre n ts  th ro u g h  th e  ap p lica tio n  o f  d- 
tu b o c u ra re  (1 mM, Sigma) from  a perfu s io n  system . P ressu re  ejection

o f  GABA from  p ipets o f 4 -5  MO resis tance  was c o m p u te r  triggered . 
Evoked responses w ere e lic ited  using  a f ire-po lished  e le c tro d e  
p o sitio n ed  a long  th e  v en tra l nerv e  co rd . T h e  stim u la tin g  e lec tro d e  
was p laced  a t  least h a lf  a m uscle leng th  away fro m  th e  p a tch ed  m uscle 
to cleanly se p a ra te  th e  stim ulus a r tifa c t from  th e  evoked response. A 
sq ua re  wave dep o la riz in g  c u r re n t  o f  1 ms was then  delivered  from  an 
SIU5 stim u la tion  iso lation  u n it d riven  from  an S48 s tim u la to r  (Grass 
T e lefac to r, http://w w w .grasstechnologies.com ). All reco rd ings w ere 
m ade a t room  te m p e ra tu re  (21 °C) using an EPC-9 p atch -c lam p  
am plifier (IIEKA, http://w w w .heka.com ) run  on an ITC-16 in te rface  
(In stru tech , http ://w w w .instru tech .com ). D ata w ere acq u ired  using 
Pulse softw are (IIEKA). All d a ta  analysis and  g rap h  p re p a ra tio n  w ere 
p e rfo rm e d  using Pulsefit (IIEKA), M ini Analysis (Synaptosoft, h ttp :// 
w w w .synap toso ft.com ), an d  Ig o r P ro  (W avem etrics, h ttp ://w w w . 
w avem etrics.com ). Bar g rap h  d a ta  a re  p re sen ted  as th e  m ean ±  S.E.M.

D - t u b o c u r a r e  t r e a t m e n t .  To be  co n fid en t ab o u t low m in i rates we 
n eed ed  to be ce rta in  th a t D -tubocurare p ro v id ed  a co m p le te  block, d- 
tu b o c u ra re  block was tes ted  daily on unc-49(e407) to  in su re  th a t the  
so lu tion  a liq u o t com pletely  b locked  acety lcho line  n eu ro tran sm iss io n . 
D -tubocurare was ad d ed  a f te r  2 m in o f  reco rd ing ; reco rd ings in d - 
tu b o c u ra re  w ere d o n e  fo r 1 m in fo r each  an im al. M ini analysis was 
p e r fo rm e d  on  th e  traces b e g in n in g  10 s a f te r  D -tu b o c u ra re  
ap p lica tio n  an d  on traces b o th  b e fo re  D -tubocurare ap p lica tio n  and  
a f te r  w ashout. O nly th o se  an im als w ith  fu ll recovery  a f te r  d - 
tu b o c u ra re  w ashout w ere used. F rom  th e  m atched  unc-49 con tro ls, 
no  m inis w ere observ ed in unc-49 in 4 m in o f  to ta l reco rd ings from  
fo u r anim als. T hus, the  p ro b ab ility  o f  seeing  a rogue acety lcho line 
m ini from  th e  m atched  co n tro ls  is less than  0.0041 fusions p e r  
second. In ad d itio n  we have reco rd ed  from  103 n o n m atch ed  unc-49 
anim als covering  g re a te r  than  an h o u r  in D -tubocurare w ith o u t seeing 
a single fusion even t. T he 0.06 fusions p e r  second  observed in the  
syntaxin m osaic (six m inis observed) a re  th e re fo re  likely to be  fusions 
from  th e  GABA neu ro n s. H ow ever, we c a n n o t claim  th a t these six 
m in is a re  sy n ta x in - in d e p e n d e n t, sin ce  we c a n n o t ex c lu d e  the  
possibility  th a t th e re  is a low level o f  syntaxin  expression  in the  
GABA n eu ro n s from  o u r  tran sg en ic  array.

Supporting Information
F igure  S I. M osaic Syntaxin E xpression  C onstruc ts
(A) Syntaxin is en co d ed  by th e  unc-64 locus. T h e  p lasm id  pTX21 (gift 
o f  M. N onet) rescues unc-64. A t th e  3 ' en d  o f  the  gene  a re  th re e  splice 
varian ts  th a t en co d e  a lte rn a tiv e  tra n sm e m b ra n e  dom ains (gray 
exons), w hich p ro d u c e  tran sc rip ts  UNC-64C, UNC-64A, an d  UNC- 
64B.
(B) A n unc-64 cD N A -genom ic hybrid  was co n s tru c ted  th a t rem oves 
the  5 ' in tro n s  b u t keeps th e  a lternative ly  sp liced  3' exons.
(C) T h e  m in igene was p laced  u n d e r  th e  c o n tro l o f  various p ro m o te rs  
to d rive expression  o f U N C -64 in subsets o f  cells in the  unc-64 nu ll 
m u ta n t b ackground . Each finished c o n s tru c t co n ta in s p ro m o te r  
sequence  up  to th e  ATG, an SphI site n o t p re se n t in w ild-type 
syntaxin th a t encodes Ala-Cys an d  the  syntaxin m in igene. T he 
uxEx536 tran sg en e  array  does n o t express syntaxin in th e  GABA 
m o to r n eu ro n s o r  the  acety lcho line  m o to r  neu ro n s. T h e  oxEx705 
tran sg en e  array  does n o t express syntaxin  in the  GABA m o to r 
n eu ro n s b u t does express it  in the  acety lcho line  m o to r  neu ro n s. See 
P ro to c o l SI fo r p r im e r  sequences.

F o u n d  a t  doi:10.137l/journal.pbio.0050198.sg001 (105 KB PDF).

F igure  S2. Expression  o f  Syntaxin in M osaic A nim als

(A) O rgan iza tion  o f  m o to r  n e u ro n  com m issures on  the  r ig h t side o f  C. 
elegans [94]; th e re  a re  fo u r acety lcho line  com m issures (green) an d  16 
GABA com m issures (gray).
(B) Shown is an tisyn tax in  an tib o d y  sta in in g  o f  EG3278 w ith the  
oxEx536 transgene, w hich  lacks syntaxin in GABA an d  acety lcho line 
m o to r n eu ro n s. T h e  r ig h t side o f  th e  an im al is show n. T h e re  a re  no 
com m issures th a t a re  syntaxin positive, co n sisten t w ith lack o f  
syntaxin in all m o to r  neu ro n s. Syntaxin is expressed  only in th e  nerve 
rin g  and  th e  h ead  n eu ro n s th a t p ro je c t in to  th e  v en tra l nerve  co rd . 
See P ro to co l SI fo r sta in in g  p ro ced u re .
(C) Shown is an tisyn tax in  an tibody  sta in ing  o f  EG3817 w ith the  
oxEx7Q5 transgene, w hich lacks syntaxin in GABA n eu ro n s. T he righ t 
side o f  the  an im al is show n. T he position  and  n u m b e r  o f  com m issures 
th a t a re  syntaxin  positive is c o n s is ten t w ith  syntaxin expression  in 
acety lcho line , b u t n o t GABA, m o to r  n eu ro n s. S yntaxin  is also 
expressed  in th e  nerv e  rin g  an d  th e  sub la te ra l cords. T he green 
ph ary n x  is due to GFP expression  u n d e r  th e  myo-2 p ro m o te r  (see 
M aterials an d  M ethods).
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F o und  at doi:10 .137l/journal.pbio .0050198.sg002 (753 KB PDF).

F igu re  S3. S ynaptic Vesicles A re D istrib u ted  N orm ally in Syntaxin 
M utan t N eurons

T h e  d is tr ib u tio n  o f  synap tic  vesicles was d e te rm in e d  fo r  fully 
reco n stru c ted  GABA synapses. L ate ra l axon profiles H anking the 
c e n te r  o f each  d ense  p ro jec tio n  (DP) w ere analyzed un til the  c loud  of 
synap tic  vesicles d isappeared . T hese d a ta  inc lude  vesicles in the 
cy top lasm  and  docked  at the  p lasm a m em b ran e . B ecause docked 
vesicles re p re se n t a m in o r  p o r tio n  o f  the  to ta l n u m b e r  o f  vesicles, this 
d istr ib u tio n  largely reflects the  reserve po o l o f vesicles.
(A) In the  wild type, vesicles a re  m ost c o n c e n tra te d  in sections 
co n ta in in g  a dense p ro jec tio n  and  fo rm  a c lo u d  o f  vesicles about 700 
nm  in d iam eter.
(B) In syntaxin(—) n eu ro n s  (EG3817), synaptic vesicles a re  d is tr ib u ted  
in a sim ilar p a tte rn . D istrib u tio n s w ere c e n te re d  on the  c e n te r  o f  the 
d en se  p ro jec tio n , and  the  average n u m b e r  o f  synaptic vesicles in each 
section  d e te rm in ed . T h e  average n u m b e r  o f synaptic vesicles p e r  
axon p ro file  is show n. Section  th ickness was 33 nm , so the  d istance 
fro m  th e  c e n te r  o f  the  dense p ro jec tio n  is so rted  in to  33-nm  bins. 
W ild type, n — 10 synapses, two anim als; m osaic, n — 5 synapses, one 
anim al.

F o und  at doi:10 .137l/journal.pbio .0050198.sg003 (225 KB PDF).
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