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After synaptic vesicle fusion, vesicle proteins must be segregated
from plasma membrane proteins and recycled to maintain a functional vesicle pool. We monitored the distribution of synaptobrevin, a vesicle protein required for exocytosis, in Caenorhabditis
elegans motor neurons by using a pH-sensitive synaptobrevin GFP
fusion protein, synaptopHluorin. We estimated that 30% of synaptobrevin was present in the plasma membrane. By using a panel
of endocytosis and exocytosis mutants, we found that the majority
of surface synaptobrevin derives from fusion of synaptic vesicles
and that, in steady state, synaptobrevin equilibrates throughout
the axon. The surface synaptobrevin was enriched near active
zones, and its spatial extent was regulated by the clathrin adaptin
AP180. These results suggest that there is a plasma membrane
reservoir of synaptobrevin that is supplied by the synaptic vesicle
cycle and available for retrieval throughout the axon. The size of
the reservoir is set by the relative rates of exo- and endocytosis.
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eurotransmitter released at synapses originates from a
recycling pool of synaptic vesicles (SVs) (1–3). Several
processes are required for neurotransmitter secretion, including
biogenesis of SVs, docking with the plasma membrane, ATPdependent priming of SVs to make them fusion-competent,
calcium-evoked fusion, and endocytic recycling (4–6). The fusion step is believed to be mediated by the SNARE complex, a
four-helix coiled-coil structure consisting of a vesicle SNARE
(v-SNARE), synaptobrevin兾VAMP, and two target membrane
SNARE (t-SNARE) proteins, syntaxin 1 and SNAP-25, on the
plasma membrane (7–10).
Accurate sorting of SNAREs to vesicle and plasma membranes is critical for the coordination of SV fusion (11, 12). The
t-SNAREs syntaxin and SNAP-25 are abundant in the plasma
membrane but are excluded from recycling SVs (13, 14), although syntaxin has been found in some intracellular compartments (13, 15–17). Several studies have documented a significant
fraction of endogenous synaptobrevin (14) or synaptobrevin
GFP (18, 19) in the plasma membrane. Surface synaptobrevin
could be derived from fusion of SV precursors undergoing
anterograde transport via the constitutive secretory pathway
(20–23). Alternatively, surface synaptobrevin could reflect diffusion within the plasma membrane after vesicle fusion (19) or
‘‘stranded’’ vesicles that fail to undergo endocytosis (24). Finally,
some authors have argued that surface synaptobrevin results
from missorting, particularly in cases in which synaptobrevin is
overexpressed (22).
Several questions remain concerning the surface pool of
synaptobrevin. Does this pool arise from v-SNAREs that escape
retrieval after exocytosis? Which endocytic pathways regulate
this pool of synaptobrevin? Is the spatial distribution of surface
synaptobrevin restricted in some manner? To address these
questions, we used synaptopHluorin (SpH), a pH-sensitive variant of GFP fused to the luminal domain of synaptobrevin
(25–29), to analyze genes that regulate the surface pool of
v-SNAREs in the nematode Caenorhabditis elegans.
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Results
To develop an optical reporter for surface synaptobrevin, we
expressed SpH in cholinergic motor neurons. Fluorescence was
observed both in cell bodies and in axonal processes in the
ventral and dorsal nerve cords. We used two criteria to determine whether SpH behaves like endogenously expressed synaptobrevin. First, SpH required the unc-104 KIF1A motor protein
for its synaptic localization, as is the case for endogenous
synaptobrevin (data not shown) (30, 31). Second, pan-neuronal
expression of SpH rescued the locomotion and sensitivity to the
cholinesterase inhibitor aldicarb defects of snb-1 synaptobrevin
mutants (data not shown) (32, 33). Thus, SpH functionally
replaced synaptobrevin at the neuromuscular junction.
SpH is highly pH-sensitive such that fluorescence is expected
to be quenched in the acidic environment of the SV lumen,
whereas SpH residing on the plasma membrane will be unquenched, producing a 20-fold increased fluorescence per SpH
molecule (25). Individual animals were dissected, and axonal
fluorescence from a 20- to 100-m region of the dorsal nerve
cord was focused onto a photodiode. To determine the surface
fraction of axonal SpH, we measured SpH fluorescence changes
caused by neutralizing intracellular compartments (with pH 7.4
NH4Cl) and by quenching surface SpH (with pH 5.6 Mes) (Fig.
1A and Fig. 6, which is published as supporting information on
the PNAS web site). On the basis of these measurements, we
estimate that 30% of axonal SpH resides on the cell surface. This
amount was similar to the surface abundance previously determined in cultured hippocampal neurons (25) and in Torpedo
axons (14). The surface fraction calculation assumes that SVs are
acidic, and it may underestimate the true surface percentage if
SVs are closer to a neutral pH, as has been observed in
Drosophila terminals (34). However, the ratiometric approach
used here gave surface percentage estimates that were largely
independent of vesicle pH (see Supporting Methods and Fig. 7,
which are published as supporting information on the PNAS web
site).
To determine whether the surface SpH pool depended on
synaptic transmission, we repeated the measurements in various
SV exocytosis and endocytosis mutants. For exocytosis mutants,
we examined SpH fluorescence in mutants lacking the tSNAREs ric-4 SNAP-25 or unc-64 syntaxin 1, as well as in
mutants lacking two syntaxin-binding proteins, unc-13 Munc13
and the Sm protein unc-18 Munc18兾nSec1 (35–39). All four
mutants significantly reduced the surface pool of SpH, with 75%
and 94% reductions observed in unc-13 and unc-18 mutants,
respectively (Fig. 1B). More modest reductions in SpH surface
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Fig. 1. Measuring surface and vesicular SpH in cholinergic motor neurons.
(A) A representative experiment in a wild-type animal. Photodiode current
measurements from the fluorescent spot were made every 15 sec while the
extracellular solution was exchanged as indicated (see Methods). Note that
there is a large contribution of background light pooled onto the photodetector (see Supporting Methods for details). (B) Summary of SpH surface ratios
in a panel of synaptic mutants: wild-type nuIs122, ric-4 SNAP-25, unc-64
syntaxin, unc-13 Munc13, unc-18 Munc18, dpy-23 2 AP2, dyn-1 dynamin,
unc-57 endophilin A, and unc-11 AP180. See Methods for the calculation of
surface ratios. Data are shown as mean ⫾ SEM. **, P ⬍ 0.01 by Student’s t test,
compared with wild type.

ratios were observed in t-SNAREs mutants, likely because
hypomorphic alleles were analyzed, inasmuch as null alleles
cause a lethal phenotype (36, 40).
The clathrin adaptins unc-11 AP180 and dpy-23 AP2 2 and
the endocytic proteins unc-57 endophilin A and dyn-1 dynamin
are required for SV endocytosis (41–46). In all four endocytic
mutants studied, surface SpH increased significantly (70–160%)
(Fig. 1B).
To confirm that the surface fraction of SpH was altered in
these mutants, we examined the rate of SpH bleaching in
wild-type, unc-18, and unc-11 mutants. A shift toward more
quenched SpH (e.g., an exocytosis mutant) would be predicted
to slow the bleach rate, whereas the opposite shift should
accelerate the bleach rate. This prediction was confirmed experimentally (see Fig. 8, which is published as supporting
information on the PNAS web site), thereby providing further
evidence that vesicle pH differed appreciably from extracellular pH.
These experiments suggest that a significant fraction of SpH
resides on the plasma membrane. This surface pool is supplied
by the exocytosis of SVs and recycled by clathrin-mediated
endocytosis. In addition, even if the absolute surface fraction was
underestimated by assuming an acidic SV lumen, the relative
shifts in surface SpH observed across the panel of synaptic
mutants are robust.
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Fig. 2. Imaging synaptobrevin in intact animals. (Aa) The N-terminal tag
places GFP (NGFP-SNB) in the cytoplasm. (Ab) Motor neurons expressing a
C-terminal pHluorin-tagged synaptobrevin (SpH) that places the fluorophore
in the vesicle lumen. (Scale bars, 5 m.) (Ba) Expression of SpH in the ventral
cord. Neuromuscular junctions are located on the bottom cord (*). (Bb)
Expression of UNC-10 RIM1::RFP in the ventral cord. (Bc) Colocalization of SpH
(green) and UNC-10 (red). (C) A line scan of SpH in a wild-type animal. Peaks
(red arrowheads) and baseline (dashed line) were located by using automated
software, as described in Supporting Methods.

Spatial Organization of Vesicular and Surface Synaptobrevin. GFP-

tagged synaptobrevin has been widely used as a presynaptic
marker, and its enrichment at synapses is thought to correspond
to the SV pool. We therefore wondered whether surface synaptobrevin might also be enriched near synapses. To detect the
spatial features of in vivo synaptobrevin distribution, we imaged
two distinct forms of GFP-tagged synaptobrevin in intact animals. First, to analyze the distribution of total (i.e., surface and
internal) synaptobrevin, we imaged an N-terminal GFP-tagged
synaptobrevin (NGFP-SNB) in the motor axons of intact animals. In NGFP-SNB, the GFP is appended to the cytoplasmic
domain of synaptobrevin; consequently, NGFP-SNB molecules
in SVs and those in the plasma membrane are equally fluorescent. NGFP-SNB fluorescence is markedly punctate, but we also
observed a small amount of diffuse axonal fluorescence between
puncta, likely representing surface synaptobrevin (Fig. 2Aa).
We found that 70–90% of SpH fluorescence originates from
the unquenched surface pool, assuming a vesicle pH between 5.6
and 6.3 (see Supporting Methods, Eq. 11); consequently, SpH
images primarily reflect surface synaptobrevin. In wild-type
animals, SpH fluorescence was moderately punctate, indicating
that surface SpH was spatially restricted (Fig. 2 Ab). These SpH
puncta colocalized with the presynaptic active zone marker
unc-10 Rim1 (47, 48), suggesting that a local pool of surface SpH
is sequestered near active zones (Fig. 2B). This surface cluster
of SpH may correspond to a specialized endocytic zone where
v-SNAREs are recycled to the SV pool, as has been described in
other synapses (49–51).
Total and surface synaptobrevin distributions were measured
in exocytosis (unc-13 Munc13) and endocytosis (unc-11 AP180)
mutants by quantitative fluorescence microscopy (Fig. 2C, and
see Methods). In unc-13 mutants, NGFP-SNB punctal fluoresDittman and Kaplan

Fig. 3. Effects of synaptic mutants on synaptobrevin distribution in vivo. (A)
Representative image of the dorsal cord in wild-type (a), unc-13 Munc13 (b),
and unc-11 AP180 (c) mutant animals. (Left) NGFP-SNB. (Right) SpH. (B) Peak
absolute SpH fluorescence across the nine strains: nuIs122, ric-4, unc-64,
unc-13, unc-18, dpy-23, dyn-1, unc-57, and unc-11. (C) Axon absolute fluorescence. Individual images are normalized to fluorescent bead standards (see
Methods). (D) Plot of percentage change in peak fluorescence vs. percentage
change in axon fluorescence for each of the nine strains measured in B and C.
A linear regression of the data gave a slope of 0.9, y intercept of 8.2%, and
Pearson’s R2 of 0.99 (P ⬍ 0.001). All data are normalized to wild type; bars are
mean ⫾ SEM. **, P ⬍ 0.01 by Student’s t test, compared with wild type. Note
that some error bars are too small to be visible on this scale.

cence increased 40% (Fig. 3Ab Left). The increased punctal
fluorescence is indicative of an increased SV pool because
previous ultrastructural studies have shown that unc-13 mutants
have a 74% increase in the number of cholinergic SVs found at
neuromuscular junctions (35). Decreased SV exocytosis should
also cause a reduction in surface synaptobrevin, which was
evident in our experiments. The unc-13 mutants had decreased
NGFP-SNB axonal fluorescence, and SpH fluorescence was
nearly eliminated, particularly in the axons between puncta (Fig.
4Ab Right). These findings are consistent with the decreased SpH
surface ratio measured in dissected unc-13 mutants (Fig. 1B).
Conversely, disruption of endocytosis in unc-11 mutants significantly increased axonal fluorescence of both NGFP-SNB and
SpH (Fig. 3Ac), consistent with the increased surface SpH ratio
(160%) observed in dissected animals (Fig. 1B). Punctal SpH
fluorescence was also increased by a similar degree, indicating
that perisynaptic surface clusters could persist despite a large
increase in total surface abundance. Thus, large bidirectional
changes in plasma membrane SpH in intact animals were
observed when exocytosis and endocytosis were disrupted, consistent with the pHluorin measurements in dissected animals
(Fig. 1).
Perisynaptic SpH Is in Equilibrium with Axonal SpH. If SV compo-

nents are recycled at specialized endocytic zones, we might
Dittman and Kaplan

expect that the recycling of perisynaptic and axonal SpH would
be differentially regulated. To test this idea, we quantified
perisynaptic and axonal SpH across eight exocytic and endocytic
mutants (Fig. 3 B and C). Axonal and perisynaptic surface SpH
were generally affected equally across the mutant panel. This
correlation was quantified by plotting the relative changes in
peak vs. axonal fluorescence for each mutant (Fig. 3D). Perisynaptic and axonal surface SpH were tightly correlated (R ⫽
0.99), with a regression slope of 0.9, suggesting that an equilibrium was established between the two surface pools under
steady-state conditions.
Tomosyn Regulates Surface Synaptobrevin Abundance. In all of the

mutants examined thus far, steady-state surface synaptobrevin
abundance was altered by disruption of vesicle fusion or endocytosis. If the surface abundance of synaptobrevin is activitydependent, we would expect that mutants that have increased
rates of vesicle fusion would also have altered surface synaptobrevin levels. To test this idea, we imaged tomo-1 mutants, which
lack tomosyn, a highly conserved 130-kDa cytoplasmic protein
initially found as a binding partner of syntaxin (52, 53). The
carboxyl-terminal SNARE motif of tomosyn forms a core complex with SNAP-25 and syntaxin and has been proposed to act
as a competitive inhibitor of synaptobrevin. Overexpression of
tomosyn in neuroendocrine cells inhibits vesicle fusion (53, 54),
and in C. elegans, mutations in the tomosyn gene, tomo-1,
enhance acetylcholine release at the neuromuscular junction
(55). Both peak and axonal surface SpH increased significantly
in tomo-1 mutants (Fig. 4). Thus, the surface pool of synaptobrevin can be augmented by increasing the rate of delivery and
by decreasing the rate of retrieval.
AP180 Regulates the Size of Perisynaptic SpH Clusters. We examined
the effects of mutations that disrupt endocytosis on the spatial
restriction of surface synaptobrevin by measuring the width of
perisynaptic SpH puncta (Fig. 5). The average punctal width was
⬇1 m in wild-type animals and was not significantly altered in
dpy-23 AP2, dyn-1 dynamin, or unc-57 endophilin A mutants (all
P ⬎ 0.05). In unc-11 AP180 mutants, the average SpH puncta
width was increased by 35% (Fig. 5 A and B and Fig. 9, which is
published as supporting information on the PNAS web site), and
the entire distribution of punctal widths was shifted toward
larger values (Fig. 5C) (P ⬍ 10⫺10). This change in SpH punctal
widths is unlikely to be caused by a change in the geometry of
PNAS 兩 July 25, 2006 兩 vol. 103 兩 no. 30 兩 11401
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Fig. 4. Loss of tomosyn increases surface synaptobrevin abundance. (A)
Representative images of the dorsal cord from the wild-type strain (Upper)
and from the tomosyn mutant tomo-1 (Lower). (Scale bar, 5 m.) (Ba) Absolute
peak fluorescence (relative to a fluorescent bead standard, see Methods) for
wild type and tomo-1. (Bb) Absolute axonal fluorescence. Data are normalized
to wild type; bars are mean ⫾ SEM. **, P ⬍ 0.001 by Student’s t test, compared
with wild type.

is derived from the SV pool, and it clusters near active zones in
a manner regulated by AP180. Second, the surface pool of
synaptobrevin is largely recycled by clathrin- and dynamindependent endocytosis. Third, perisynaptic surface synaptobrevin is in equilibrium with nonsynaptic axonal surface synaptobrevin. Fourth, increasing the rate of secretion (in tomo-1
mutants) results in a net increase of the surface pool.
Sources of Plasma Membrane Synaptobrevin. Synaptobrevin has

been observed in the plasma membrane in multiple neuronal cell
types by using immunofluorescence, electron microscopy, biochemical fractionation, and GFP fusion proteins (14, 18, 19, 56).
In principle, there are two likely sources for this plasma membrane pool: (i) diffusion from fused SVs and (ii) exocytosis of SV
precursors undergoing anterograde transport to nerve terminals.
Our results favor the former hypothesis. For surface synaptobrevin to accumulate from SVs, some fraction of vesicular
protein must escape retrieval during endocytosis and diffuse
away from perisynaptic endocytic zones, as has been observed in
cultured hippocampal neurons (19, 56). Surface synaptobrevin
was nearly eliminated in mutants lacking UNC-13 and UNC-18,
proteins that are critical for SV exocytosis at active zones but are
not required for the constitutive secretion pathway. Enhanced
synaptic acetylcholine secretion in tomo-1 tomosyn mutants
increased the surface abundance of synaptobrevin, further corroborating the synaptic origins of this surface component. Thus,
the surface pool of synaptobrevin derives largely from SV fusion
at nerve terminals.
Routes of Synaptobrevin Retrieval. Several endocytic pathways
Fig. 5. Effects of endocytosis mutants on surface synaptobrevin puncta
width. (A) Summary of endocytosis mutant effects on SpH punctal width for
the following strains (number of animals): wild type, dpy-23 2 AP2, dyn-1
dynamin, unc-57 endophilin A, and unc-11 AP180. (B) Assortment of representative puncta from wild-type (Upper) and unc-11 AP180 mutant (Lower)
animals. (Scale bar, 1 m.) (C) Histogram of punctal widths (measured as full
width at half maximum, see Methods) for wild-type (black) and unc-11 (red)
animals. Widths are binned in 0.2-m intervals and normalized to the wildtype peak. Data are from 1,672 puncta (90 animals) for wild type and 414
puncta (35 animals) for unc-11. All data are normalized to wild type; bars are
mean ⫾ SEM. **, P ⬍ 0.01 by Student’s t test, compared with wild type.

unc-11 AP180 synapses because the SpH puncta are ⬎1 m wide
and are consequently not diffraction-limited; similar puncta
widths were measured with confocal microscopy (data not
shown). We cannot exclude the possibility that geometric
changes contribute to the increased brightness of synaptic varicosities; however, prior ultrastructural studies (44) did not
observe large changes in the geometry of synaptic membranes in
unc-11 mutants. Transgenic animals expressing 50% less SpH
displayed identical puncta widths (see Fig. 10, which is published
as supporting information on the PNAS web site). Finally,
internal postendocytic compartments are unlikely to contribute
to increased puncta width because most of the SpH fluorescence
in unc-11 mutants could be quenched with acidic saline (Fig. 11,
which is published as supporting information on the PNAS web
site). These results suggest that the increased SpH puncta widths
observed in unc-11 mutants are unlikely to be caused by changes
in SpH abundance or in the distribution of intracellular organelles. Therefore, we propose that AP180 may play an important role in restricting a pool of surface synaptobrevin near
active zones.
Discussion
Our results lead to four primary conclusions. First, there is a
sizeable pool of synaptobrevin on the plasma membrane of
cholinergic motor axons in C. elegans. This surface synaptobrevin
11402 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0600784103

have been proposed to mediate v-SNARE recapture. On a time
scale of 1–30 sec, SV endocytosis is thought to occur at specialized endocytic zones that neighbor active zones. The perisynaptic
enrichment of surface synaptobrevin observed here could reflect
the spatial extent of these endocytic zones. On slower time scales,
constitutive endocytosis and pinocytosis of nonsynaptic membrane will capture this axonal synaptobrevin and, therefore, will
likely contribute to recycling throughout the axon (50, 57, 58).
We observed a tight correlation between the amounts of SpH in
perisynaptic surface clusters vs. nonsynaptic axonal SpH over a
5-fold change in surface SpH concentration under steady-state
conditions. This correlation is probably the result of equilibration between the two compartments. Inasmuch as we observed
parallel effects on surface synaptobrevin both locally (perisynaptic membrane) and globally (axonal membrane) at steady
state, all of these endocytic routes are likely to contribute to
regulation of the surface synaptobrevin pool. The sorting of
plasma membrane synaptobrevin to SVs depends on a targeting
sequence found in its cytoplasmic domain (22). This sorting
signal can act autonomously to direct synaptobrevin to SVs,
regardless of the synaptobrevin’s initial location (20, 21, 59, 60).
These studies suggest that nonsynaptic synaptobrevin can be
efficiently sorted into SVs, thereby providing a means of coupling surface abundance to replenishment of the vesicle pool and
enhancing the recycling efficiency of the vesicle cycle.
The equilibration of surface synaptobrevin across the axon, as
observed here, is consistent with several prior studies (19, 56).
Allersma et al. (61) reported that in ⬍1 sec after vesicle fusion,
GFP-tagged synaptobrevin equilibrated over a 1-m2 region of
membrane. Rapid forms of endocytosis such as ‘‘kiss-and-run’’
events may limit lateral diffusion of synaptobrevin, whereas
complete collapse of the vesicle membrane followed by clathrinmediated endocytosis could result in relatively greater lateral
diffusion. Rapid endocytic events occurring as soon as 1 sec after
exocytosis have been reported at a mammalian central synapse
(62). On this time scale, endogenous synaptobrevin would be
expected to diffuse ⬇3 m, assuming a diffusion coefficient of
2.5 m2兾sec (56, 63). However, after more intense periods of
Dittman and Kaplan

Maintenance of a Surface v-SNARE Pool. The steady-state abun-

dance of plasma membrane synaptobrevin results from a balance
between the rate of insertion by means of SV fusion and removal
by endocytosis. In hippocampal neurons, increasing the rate of
exocytosis (beyond a threshold level of 2 Hz at room temperature) overwhelmed retrieval mechanisms and resulted in a
parallel increase in surface synaptobrevin (64). We observed a
similar phenomenon (a 30–35% increase in surface SpH) when
exocytosis was increased in mutants lacking the inhibitory
SNARE tomosyn. Because all mutants tested in this study
affected the ratio of surface-to-vesicular synaptobrevin, we
conclude that SV exocytosis is not inextricably coupled to
endocytosis. Taken together, these results suggest that the
surface pool of synaptobrevin is determined by the rates of SV
exocytosis and endocytosis, and consequently correlates with
recent synaptic activity.
Role of AP180 in Recycling of Surface Synaptobrevin. AP180 localizes

to presynaptic endocytic zones and is thought to regulate local
curvature of the lipid bilayer during assembly of the clathrin
lattice (43, 65, 66). Loss of AP180 resulted in a 35% widening of
perisynaptic surface SpH clusters. Nonet et al. (44) reported that
AP180 mutants selectively disrupted retrieval of synaptobrevin
from the plasma membrane, suggesting a role for AP180 as a
synaptobrevin chaperone. AP180 also regulates synaptic localization of synaptotagmin and cysteine-string protein, two additional SV-associated proteins (43). Our observations provide
evidence that AP180 functions to concentrate surface synaptobrevin near active zones. However, AP180 is not essential for
maintenance of a steady-state gradient; we still detected localized SpH peaks in unc-11 AP180 mutants.
Functional Significance of Surface v-SNAREs. We propose that the
plasma membrane pool of synaptobrevin is an integral component of the SV cycle. Several results are consistent with this idea.
First, we and others have shown that a significant fraction of total
synaptobrevin is found at the cell surface (56). Further, the
surface pool of synaptobrevin is derived from SV exocytosis and
is equilibrated throughout the axon. In cultured rodent neurons,
synaptobrevin released from one synapse can be recycled at a
neighboring synapse to replenish its vesicle pool (19). In these
examples, surface abundance of synaptobrevin is regulated by
synaptic activity, and the plasma membrane pool provides a
source of v-SNAREs during recovery from bouts of exocytosis
(67). Taken together, these results suggest that surface synaptobrevin is an important component of the SV cycle. Further
experiments will be necessary to determine whether the abundance of surface synaptobrevin regulates synaptic efficacy.
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Methods
Strains and Plasmids. Strain maintenance and genetic manipulation were performed as described in ref. 68. Animals were
cultivated at 20°C on agar nematode growth media seeded with
HB101 bacteria. Strains used in this work are listed in Supporting
Methods. Strain KP#557 encodes a pHluorin-tagged worm
synaptobrevin (SNB-1) in which superecliptic pHluorin was
inserted at the C terminus expressed under the snb-1 promoter.
KP#558 is the same SNB-1::pHluorin construct expressed under
the acr-2 promoter. KP#704 encodes a GFP-tagged SNB-1 in
which GFP was inserted at the N terminus (NGFP-SNB) expressed under the acr-2 promoter. KP#930 encodes unc-10
cDNA tagged with a tandem repeat of monomeric red fluorescent protein (mRFP) expressed under the acr-2 promoter.

In Vivo Microscopy and Image Analysis. GFP and pHluorin-

expressing animals were mounted on agarose pads and viewed
on a Zeiss Axiovert microscope with an Olympus PlanApo 100⫻
NA 1.4 objective, as described in ref. 69. Images were captured
with a Hamamatsu Photonics ORCA digital camera, and line
scans were analyzed with custom software in IGOR Pro (WaveMetrics, Lake Oswego, OR). Images of 500-nm fluoresceinconjugated beads (Molecular Probes) were captured during each
imaging session to provide a fluorescence standard for comparing absolute fluorescence levels between animals. Background
signal (charge-coupled device dark current and slide autofluorescence) was subtracted before analysis. Automated line scan
analysis is described in Supporting Methods.
Worm Dissection and Fluorometric Microscopy. Saline solution rec-

ipes are listed in Supporting Methods. SpH-expressing animals
were glued to Sylgard-coated coverslips (Dow-Corning), dissected, and placed in a perfusion chamber for gravity-fed
superfusion of extracellular saline solutions. A 20- to 100-m
region of the dorsal nerve cord was excited under epifluorescence illumination by a xenon arc lamp, and the emission
fluorescence was focused onto a custom-built photodiode to
establish the baseline fluorescence value. The photodiode current was sampled for 30 msec every 15 sec, digitized at 10 kHz
(National Instruments, Austin, TX), digitally filtered, and analyzed with custom software using IGOR Pro (WaveMetrics). For
most experiments, the application of NH4Cl followed by Mes pH
5.6 was repeated at least once and the results were averaged. In
some experiments, the order of application was reversed, with
similar results. NH4Cl and Mes solutions were applied until a
stable level of fluorescence was observed (at least 5 min).
Derivation of the surface fraction calculations is provided in
Supporting Methods.
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