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Current models of synaptic vesicle trafficking implicate a core
complex of proteins comprised of N-ethylmaleimide-sensitive fac-
tor (NSF), soluble NSF attachment proteins (SNAPs), and SNAREs in
synaptic vesicle fusion and neurotransmitter release. Despite this
progress, major challenges remain in establishing the in vivo
functions of these proteins and their roles in determining the
physiological properties of synapses. The present study employs
glutamatergic adult neuromuscular synapses of Drosophila, which
exhibit conserved properties of short-term synaptic plasticity with
respect to mammalian glutamatergic synapses, to address these
issues through genetic analysis. Our findings establish an in vivo
role for SNAP-25 in synaptic vesicle priming, and support a zipper-
ing model of SNARE function in this process. Moreover, these
studies define the contribution of SNAP-25-dependent vesicle
priming to the detailed properties of short-term depression elicited
by paired-pulse (PP) and train stimulation. In contrast, NSF is shown
here not to be required for WT PP depression, but to be critical for
maintaining neurotransmitter release during sustained stimula-
tion. In keeping with this role, disruption of NSF function results in
activity-dependent redistribution of the t-SNARE proteins, SYN-
TAXIN and SNAP-25, away from neurotransmitter release sites
(active zones). These findings support a role for NSF in replenishing
active zone t-SNAREs for subsequent vesicle priming, and provide
new insight into the spatial organization of SNARE protein cycling
during synaptic activity. Together, the results reported here es-
tablish in vivo contributions of SNAP-25 and NSF to synaptic vesicle
trafficking and define molecular mechanisms determining con-
served functional properties of short-term depression.

comatose � Drosophila � priming � SNARE � temperature-sensitive

A wide variety of synapses exhibit short-term synaptic depres-
sion in response to repetitive stimulation. Although the un-

derlying mechanisms remain a matter of intensive study and debate
(1), it is generally agreed that many forms of short-term depression
include activity-dependent changes in neurotransmitter release. In
some cases, depression has been attributed to depletion of release-
ready synaptic vesicle pools (1–6), and in depth analysis of certain
mammalian synapses has defined the physiological factors under-
lying and accompanying depletion (7–10). Such studies have estab-
lished the detailed functional properties of short-term synaptic
depression. To further investigate the molecular determinants of
these properties, the present study combines genetic approaches
with detailed electrophysiological analysis of short-term depression
at adult neuromuscular synapses of Drosophila. This system permits
conserved properties of short-term synaptic depression to be ex-
amined in temperature-sensitive (TS) paralytic mutants allowing
acute perturbation of specific gene products at native synapses.

Studies of the neurotransmitter release apparatus have defined
core protein interactions involving SNAREs of the synaptic vesicle
membrane (v-SNAREs) and presynaptic plasma membrane (t-
SNAREs), as well as N-ethylmaleimide-sensitive factor (NSF) and
soluble NSF attachment proteins (SNAPs) (11, 12). Formation of
SNARE complexes involves assembly of a four helix bundle com-
posed of one SNARE helix from the v-SNARE, SYNAPTOBRE-

VIN, one from the t-SNARE, SYNTAXIN, and two from the
t-SNARE, SNAP-25. Current models suggest that synaptic vesicle
priming involves partial assembly of ‘‘loose’’ SNARE complexes in
a trans configuration between the synaptic vesicle and presynaptic
plasma membranes. Subsequent full assembly (‘‘zippering’’) of
SNARE complexes in response to calcium influx may drive vesicle
fusion (11, 13–15). After fusion, NSF and SNAP may disassemble
cis-SNARE complexes in the plasma membrane.

Previous analysis of the Drosophila TS NSF mutant, comatose
(16–18), demonstrated an in vivo role for NSF in synaptic trans-
mission (19, 20), as well as disassembly of plasma membrane
SNARE complexes (21). Studies of a TS SNAP-25 mutant, SNAP-
25TS, identified a missense mutation within the N-terminal half of
the first SNARE helix, which disrupts specific aspects of SNAP-25
function (see ref. 22 and Discussion). The present study builds on
previous analysis of synaptic transmission in Drosophila (23) by
revealing conserved properties of short-term synaptic depression at
adult neuromuscular synapses and employing these conditional
mutants to examine the underlying molecular determinants.

Results
NSF and SNAP-25 TS Paralytic Mutants Exhibit a Conditional and
Activity-Dependent Reduction in Neurotransmitter Release. Excita-
tory postsynaptic currents (EPSCs) were recorded at dorsal longi-
tudinal flight muscle (DLM) neuromuscular synapses of the
Drosophila adult. Under normal physiological conditions, WT
synapses displayed mild short-term synaptic depression in response
to 1-Hz train stimulation. At a restrictive temperature of 33 °C, both
comatose (NSF) and SNAP-25TS exhibited a WT EPSC in response
to the first stimulus; however, subsequent stimulation in each
mutant produced a marked activity-dependent reduction in EPSC
amplitude relative to WT (Fig. 1). Rescue of the comatose (NSF)
and SNAP-25TS synaptic phenotypes was achieved by neural (pre-
synaptic) expression of transgenes encoding WT forms of the
comatose gene product, dNSF1 (17, 18, 24, 25) (Fig. 1D), and
SNAP-25 (Fig. 1E), respectively. These findings indicate that both
comatose (NSF) and SNAP-25TS mutants exhibit an activity-
dependent reduction in neurotransmitter release. The conditional
nature of these synaptic phenotypes is discussed in SI Methods (see
Fig. S1). Despite the activity-dependent reduction in EPSC ampli-
tude observed in both mutants at 33 °C, the WT EPSC waveform
was preserved throughout the stimulus train (Fig. 1 F–I). Thus,
neither comatose (NSF) nor SNAP-25TS disrupts WT kinetics of
neurotransmitter exocytosis as determined by presynaptic calcium
channel activation, coupling of calcium influx to synchronous
synaptic vesicle fusion, and the membrane fusion mechanism
permitting release of neurotransmitter. Rather, both mutants ap-
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pear to exhibit an activity-dependent reduction in the number of
vesicles that fuse in response to an action potential. Despite the
similarities in the synaptic phenotypes of comatose (NSF) and
SNAP-25TS, interesting and important differences were observed as
well.

Conserved Properties of Short-Term Synaptic Depression at Adult DLM
Neuromuscular Synapses. The preceding observations suggested that
analysis of TS paralytic mutants may further define the in vivo
contributions of NSF and SNAP-25 to the detailed properties of
synaptic function. Thus, further electrophysiological characteriza-
tion was undertaken in WT to establish the adult DLM neuromus-
cular synapse as a suitable model for these studies. At both 20 and
33 °C, frequencies �0.5 Hz produced a progressive decline in EPSC
amplitude to a steady-state level (Fig. 2 A–D). Several properties of
short-term depression were conserved with respect to other sys-
tems, including the relationship between steady-state depression
and stimulation frequency (Fig. 2 C and D) (2, 5, 6, 26), and
apparent facilitation in the initial stages of higher frequency trains

(20 and 40 Hz) (Fig. 2B) (27–30). Paired-pulse depression (PPD)
was observed at short interpulse intervals (IPIs) (Fig. 2E), and
recovery from depression could be fit with two exponential com-
ponents with time constants designated �fast and �slow. At 20 °C, �fast
and �slow were 0.07 and 2.1 s, respectively (Fig. 2F). These values are
comparable with those of two primary recovery components re-
ported for PPD of cerebellar climbing fiber-purkinje cell (CF-PC)
synapses at 24 °C (�fast and �int were 0.10 and 3.2 s, respectively) (2).
Increasing the temperature to 33 °C decreased �fast and �slow to 0.04
and 1.5 s, respectively, as observed for CF-PC synapses (respective
�fast and �int values were 0.04 and 1.2 s at 34 °C). The faster
component of recovery in PPD, which is thought to reflect calcium-
dependent refilling of the release-ready synaptic vesicle pool (2), is
predominant in PPD at adult DLM neuromuscular synapses (Fig.
2 F and G), and appears to have an important role in maintaining
neurotransmitter release. Finally, the size of the release-ready
vesicle pool relative to the total vesicle pool, as well as the release
probability, were estimated from cumulative EPSC amplitude plots
(Fig. S2). The release-ready pool at DLM neuromuscular synapses
represents �1% of the total vesicle pool as reported for other
synapses (3), and the release probability is �0.3 under physiological
conditions at 33 °C. These findings reveal conserved properties of

Fig. 1. The comatose (NSF) and SNAP-25 TS paralytic mutants exhibit a condi-
tional and strictly activity-dependent reduction in neurotransmitter release.
(A–C) EPSC recordings at DLM neuromuscular synapses of WT (A), comatoseST17

[comtST17 (NSF)] (B), and SNAP-25TS (C) at 33 °C. Each panel shows superimposed
current traces representing the first 100 responses. Stimulation artifacts were
removed for clarity. Initial EPSC amplitudes at 33 °C in WT, comatoseST17, and
SNAP-25TS were 2.01 � 0.06 �A (n � 49), 1.99 � .08 �A (n � 27), and 1.88 � 0.05
�A(n�33), respectively,andnot significantlydifferent fromoneanother. (Dand
E) Peak EPSC amplitudes normalized to the initial amplitude are plotted as a
function of stimulus number (n � 4–5). Here, and in subsequent figures, data
points represent the mean � SEM. The activity-dependent synaptic phenotypes
observed in comatoseST17 (D) and SNAP-25TS (E) were rescued by neural (presyn-
aptic) expression of the corresponding WT proteins. Rescue of comatoseST17 was
carried out in Appl-GAL4 comatoseST17;;UAS-dNSF1-FLAG/� flies. Rescue of
SNAP-25TS was performed in Appl-GAL4;;UAS-tdTomato-SNAP-25 SNAP-25124/
SNAP-25TS flies. (F–I) WT synaptic current wave form in both TS mutants. EPSCs
were evoked by 1-Hz stimulation at 33 °C. The first EPSC in WT (black in F and H)
was superimposed with a scaled version of the first EPSC in comatoseST17 (blue in
F) or SNAP-25TS (blue in H). Similarly, the first EPSC in comatoseST17 (blue in G) or
SNAP-25TS (blue in I) was superimposed with a scaled version of the respective
100th EPSC (red in G and I). No change in the EPSC waveform was observed in
either mutant.

Fig. 2. Properties of short-term synaptic depression at WT adult DLM neuro-
muscular synapses. (A–D) Frequency dependence of short-term depression. (A)
Example recording of the first 10 EPSCs evoked by 5-Hz stimulation at 20 °C. For
display purposes, portions of the current trace corresponding to IPIs are not
shown. (B) Peak EPSC amplitudes at 20 °C were normalized and plotted as a
function of stimulus number over a range of stimulation frequencies (0.2–40 Hz)
(n�4–9). (CandD) Steady-statedepression,expressedas theratioof steady-state
andinitialEPSCamplitudes (EPSCSS/EPSC0), isplottedversusstimulationfrequency
at 20 °C (n � 4–9) (C) or 33 °C (n � 4–7) (D). (E–H) Two components of recovery
in PPD. (E) Example EPSCs evoked by PP stimulation with IPIs of 25–1,000 ms at
20 °C. Pairs of EPSCs representing different IPIs were scaled relative to the first
EPSC and superimposed. (F and G) The time course of recovery in PPD (n � 4–7)
was fit with two exponential components (solid lines) exhibiting �fast � 0.07 s
(89%)and �slow �2.07s (11%)at20 °C (F), and �fast �0.04s (90%)and �slow �1.46s
(10%) at 33 °C (G). (H) Corresponding recovery components in PPD at cerebellar
CF-PC synapses (2).

Kawasaki and Ordway PNAS � August 25, 2009 � vol. 106 � no. 34 � 14659

N
EU

RO
SC

IE
N

CE

http://www.pnas.org/cgi/data/0907144106/DCSupplemental/Supplemental_PDF#nameddest=SF2


short-term synaptic depression at adult neuromuscular synapses of
Drosophila and establish a model for genetic analysis of their
molecular determinants.

Contributions of NSF and SNAP-25 to the Properties of Short-Term
Synaptic Depression. PP and train stimulation paradigms were used
to examine short-term depression and recovery from depression in
the comatose (NSF) and SNAP-25TS mutants. Notably, the two
mutants have distinct phenotypes with respect to recovery in PPD.
At 33 °C, comatose (NSF) synapses exhibit a two-component re-
covery time course indistinguishable from that of WT (Fig. 3 A, B,
and D), suggesting that the activity-dependent synaptic phenotype
in comatose (NSF) requires sustained stimulation. In contrast,
SNAP-25TS disrupted the fast component of recovery in PPD, which
was greatly diminished in weight and exhibited a slower time
constant (Fig. 3 C and D). Moreover, both the weight and time
constant of the slow recovery component were markedly increased.
Thus, fast and slow components of recovery in PPD are SNAP-
25-dependent and do not exhibit an immediate requirement for
NSF function.

The influence of synaptic activity on the comatose (NSF) and
SNAP-25TS mutant phenotypes was further investigated by exam-
ining short-term depression elicited by 5-Hz train stimulation (100
pulses), as well as recovery from depression. This stimulation
frequency was used for simplicity, because it did not produce
evident facilitation as observed at 20 and 40 Hz (Fig. 2B). After
5-Hz stimulation at 33 °C, WT DLM neuromuscular synapses
exhibited two components of recovery similar to those observed in
PP experiments, with �fast and �slow values of 0.04 and 1.4 s,
respectively (Fig. 3 E and F). Interestingly, the �fast component was
not predominant as observed in PP experiments, but rather, the �fast
and �slow components had similar weights. Both comatose (NSF)

and SNAP-25TS exhibited marked activity-dependent reduction in
EPSC amplitude with respect to WT (Fig. 3G). In comatose (NSF),
the EPSC amplitude declined progressively over 100 stimuli to
21.0 � 0.93% (n � 20) of the first amplitude. As shown in Fig. 3G
Inset, the initial time course of depression closely resembled that of
WT over the first five stimuli (1 s). This delay in onset of the
comatose (NSF) phenotype is consistent with preservation of the
�fast component of recovery in PPD. In contrast to comatose (NSF),
SNAP-25TS synapses exhibited immediate enhancement of synaptic
depression to a steady-state EPSC amplitude of 39.5 � 0.82% (n �
22) with respect to the first amplitude (Fig. 3G and Inset). This rapid
onset of the SNAP-25TS phenotype is consistent with loss of the �fast
component of recovery in PPD. Finally, recovery from depression
after 5-Hz stimulation was slowed in both comatose (NSF) and
SNAP-25TS, and could be fit with a single exponential. Notably,
recovery in SNAP-25TS exhibited a similar time constant (� � 4.7 s)
to the slow component in PP experiments. The marked slowing of
recovery in comatose (NSF) (� � 9.8 s) after train stimulation
contrasts the WT recovery in PPD, and suggests progressive
disruption of synaptic function during the stimulus train (see
Discussion).

An In Vivo Role for SNAP-25 in Refilling the Release-Ready Pool of
Synaptic Vesicles. To further explore loss of fast recovery from
short-term depression in SNAP-25TS, a possible function for
SNAP-25 in rapid refilling of the release-ready synaptic vesicle pool
was investigated. Such a role would be consistent with elegant work
in adrenal chromaffin cells, demonstrating that SNAP-25 mutations
within the N-terminal portion of the SNARE four helix bundle
selectively disrupts vesicle priming (13) (see Discussion), as well as
with changes in release-ready pool size associated with different
SNAP-25 variants in cultured neurons (31).

Fig. 3. Contributions of NSF and SNAP-25 to the properties of short-term synaptic depression. (A–D) SNAP-25 is a determinant of recovery in PPD. Time course of
recovery in PPD at 33 °C in WT (A; as shown in Fig. 2G), comatoseST17 (n � 4–7) (B), and SNAP-25TS (n � 4–6) (C) were fit with two exponential components (solid lines).
(D)SummaryofrecoverycomponentsobtainedfromexperimentsshowninA–C.Theamplitudeofeachcomponent (%) is showninbrackets.Bothfastandslowrecovery
components were preserved in comatoseST17 and disrupted in SNAP-25TS. (E–H) Roles for NSF and SNAP-25 in determining short-term depression and recovery. (E) Train
stimulation (5 Hz) of WT DLM neuromuscular synapses at 33 °C produced short-term depression followed by recovery after the train. Peak EPSC amplitudes were
normalized and plotted as a function of time (n � 43). The 0 time point is the beginning of the stimulus train. (F) Recovery from the depression in WT at specific time
intervals after 5-Hz stimulation (100 pulses) (n � 4–5). The 0 time point is the end of the stimulus train. (Inset) Recovery at shorter intervals of 25, 50, 100, 200, 500, 1,000,
and 2,000 ms. Note that EPSC amplitudes at intervals �200 ms were smaller than the steady-state value at 5 Hz, consistent with a role for fast recovery in sustaining
the EPSC amplitude. The time course of recovery was fit with two exponential components (solid line) with �fast � 0.04 s (41%) and �slow � 1.45 s (59%). (G) Short-term
synaptic depression during 5-Hz stimulation (100 pulses) in comatoseST17 (n � 20) and SNAP-25TS(n � 22). (Inset) The initial time course of depression in comatoseST17

closely resembled that of WT, whereas the fifth EPSC amplitude in comatoseST17 was significantly different from WT (P � 0.011). In contrast, SNAP-25TS exhibited
immediate enhancement of synaptic depression such that the second EPSC amplitude in SNAP-25TS was significantly smaller than that in WT (P � 3.2 � 10�19). (H)
Recovery from short-term depression after 5-Hz stimulation (100 pulses) in comatoseST17 (n � 4) and SNAP-25TS (n � 4–6). Single exponential fits of recovery in
comatoseST17 and SNAP-25TS produced time constants of � � 9.8 and 4.7 s, respectively. Because both mutants lack fast recovery after train stimulation, no increase in
depression is observed at the earliest (25 ms) recovery time point.
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First, low release probability conditions were used to examine
whether the SNAP-25TS phenotype is release-dependent as pre-
dicted for a defect in refilling the release-ready pool. WT synapses
in 0.2 mM extracellular calcium exhibited modest PP facilitation
rather than depression (Fig. S3 a and b). At 33 °C, PP stimulation
with an IPI of 10 ms produced a PP ratio (R) (EPSC2/EPSC1) of
1.12 � 0.02 (n � 4). Similarly, the corresponding ratio in SNAP-25TS

under the same conditions was 1.13 � 0.03 (n � 4). These findings
indicate that SNAP-25TS does not alter basic calcium-dependent
properties of neurotransmitter release such as synaptic facilitation
and calcium sensitivity. Rather, they suggest a release-dependent
role for SNAP-25.

Further investigation of a possible function for SNAP-25 in
refilling the release-ready synaptic vesicle pool involved back ex-
trapolation of cumulative EPSC amplitude plots to obtain estimates
of initial pool size (32). DLM neuromuscular synapses were stim-
ulated with two consecutive 20-Hz stimulus trains separated by an
intertrain interval of 2 s. Recovery of the release-ready pool was
assessed by comparing initial pool size estimates for the first and
second train. This approach is possible in SNAP-25TS because the
marked activity-dependent decline in EPSC amplitude is followed
by a steady-state level of depression. In the case of WT synapses
stimulated at 33 °C, the first stimulation train produced an initial
release-ready pool size estimate of 6.8 � 0.49 �A (n � 5) (Fig. 4 A
and B), and the pool recovered to 71.6 � 1.9% (n � 5) of this initial
value during the intertrain interval. Notably, SNAP-25TS exhibited
a WT initial pool size for the first stimulation train (6.8 � 0.56 �A;
n � 6), but recovered to only 49.8 � 2.4% (n � 6) during the
intertrain interval (Fig. 4 C and D). These observations reveal a role
for SNAP-25 in refilling the release-ready synaptic vesicle pool and
identify this mechanism as an important, and likely conserved,
molecular determinant of short-term synaptic depression.

Role for NSF in Maintaining Active Zone t-SNAREs During Synaptic
Activity. Preservation of WT PPD in comatose (NSF) and the
delayed onset of the synaptic phenotype during train stimulation

suggest progressive disruption of synaptic function during sustained
activity. Given the established role of NSF in disassembling
SNARE complexes (12, 33), one possible mechanism is the pro-
gressive depletion of free SNARE proteins available for vesicle
priming and fusion. This possibility was investigated by examining
the distribution of endogenous SNARE proteins at neurotransmit-
ter release sites (active zones) of DLM neuromuscular synapses. To
detect changes in SNARE protein distribution, these experiments
were carried out under conditions of sustained high-frequency
stimulation (20 Hz; 1,200 pulses), producing a severe activity-
dependent reduction of EPSC amplitudes in comatose (NSF)
relative to WT (Fig. S4). This intensive stimulation paradigm
produced a similarly strong comatose (NSF) synaptic phenotype at
20 °C (see SI Methods).

Because the plasma membrane t-SNAREs, SYNTAXIN and
SNAP-25, may be limiting for formation of new SNARE complexes
at active zones, the distributions of these proteins were determined
relative to an active zone marker, CAC1-EGFP (34). Notably, both
endogenous SYNTAXIN and SNAP-25 were concentrated at
active zone regions of unstimulated WT and comatose (NSF)
synapses maintained at 33 °C (Fig. S5), and WT synapses retained
these distributions after stimulation (Fig. 5 A–D and I–L). In
contrast, stimulated comatose (NSF) synapses exhibited a clear
redistribution of both t-SNARE proteins away from the active zone
(Fig. 5 A–H and M–P). Whereas intensity profiles of stimulated WT
synapses show alignment of peak intensities for CAC1-EGFP,
SYNTAXIN and SNAP-25 (Fig. 5 Q and S), comatose (NSF)
synapses exhibited a relative spreading of the t-SNARE signal and
a depression in intensity which aligned with the CAC1-EGFP peak
(Fig. 5 R and T). In contrast to comatose (NSF), SNAP-25TS did not
exhibit redistribution of t-SNAREs under the same conditions (Fig.

Fig. 4. Slow recovery of the release-ready vesicle pool in SNAP-25TS. (A and B)
WT peak EPSC amplitudes at 33 °C (A) and the corresponding cumulative (Cum.)
amplitude (B) during paired 20-Hz stimulation trains (100 pulses) separated by a
2-s intertrain interval (n � 5). The first EPSC amplitude of the second train was
reduced to 89.8 � 0.70% with respect to the first amplitude of the first train. Solid
lines in B represent back-extrapolated linear fits obtained from the cumulative
amplitude data between 2.0 to 2.5 s. Release-ready pool sizes estimated from the
Y intercepts (time 0) were 6.83 � 0.49 �A for the first train, and 4.87 � 0.31 �A
for the second train, indicating a 71.6 � 1.88% replenishment of the release-
readypool inWT. (CandD) Studiesanalogous toAandB inSNAP-25TS (n�6). The
first EPSC amplitude of the second train was 70.5 � 1.16% with respect to that of
the first train. Release-ready pool size estimates for the first and second trains
were 6.75 � 0.56 and 3.36 � 0.32 �A, respectively, indicating a 49.8 � 2.35%
replenishment of the release-ready pool. Percentage replenishment was signif-
icantly reduced in SNAP-25TS with respect to WT (P � 0.0001).

A B C D

E F G H

I J K L

M N O P

Q R S T

Fig. 5. t-SNARE redistribution at comatose (NSF) DLM neuromuscular synapses.
(A–P) Distribution of endogenous SYNTAXIN (SYX) (A–H) and SNAP-25 (S25) (I–P)
at adult DLM neuromuscular synapses with respect to active zone (CAC1-EGFP;
CAC) and plasma membrane (anti-HRP) markers. In WT after 20-Hz stimulation at
33 °C (1,200 pulses), both SYNTAXIN and SNAP-25 remained associated with
active zones (A–D, I–L, Q, and S). However, after stimulation in comatoseST17 at
33 °C, t-SNAREs were redistributed away from the active zone (E–H, M–P, R, and
T). Eachpairofwhitearrowheads (C,G,K, andO)designatesa lineofpixelswhose
intensities were normalized to the maximum pixel intensity and plotted as a
function of distance in Q–T. All images represent maximum projections of two
optical sections.

Kawasaki and Ordway PNAS � August 25, 2009 � vol. 106 � no. 34 � 14661

N
EU

RO
SC

IE
N

CE

http://www.pnas.org/cgi/data/0907144106/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0907144106/DCSupplemental/Supplemental_PDF#nameddest=SF4
http://www.pnas.org/cgi/data/0907144106/DCSupplemental/Supplemental_PDF#nameddest=STXT
http://www.pnas.org/cgi/data/0907144106/DCSupplemental/Supplemental_PDF#nameddest=SF5


S6). Thus, redistribution of t-SNAREs away from the active zone
was observed only at stimulated comatose (NSF) synapses. These
observations suggest that NSF disassembly of plasma membrane
SNARE complexes in regions adjacent to active zones (periactive
zones) maintains a population of free active zone t-SNAREs.
Progressive loss of this t-SNARE pool may be responsible for the
comatose (NSF) synaptic phenotype.

Discussion
The present study further defines the in vivo roles of NSF and
SNAP-25 in synaptic vesicle trafficking and their contributions
to conserved properties of short-term synaptic depression. We
have also gained insight into the spatial organization of activity-
dependent SNARE protein cycling with respect to active zones.
Our findings support a model incorporating in vivo molecular
mechanisms of synaptic vesicle priming as important determi-
nants of short-term depression and maintenance of neurotrans-
mitter release during synaptic activity. These priming mecha-
nisms include a direct role for SNAP-25 and an indirect
contribution involving NSF-dependent replenishment of active
zone free t-SNAREs for subsequent vesicle priming and fusion
(Fig. 6).

In Vivo Function for SNAP-25 in Synaptic Vesicle Priming and Short-
Term Depression. Our findings reveal a role for SNAP-25 in deter-
mining the properties of recovery from short-term depression (Figs.
3 and 6). An underlying function for SNAP-25 in synaptic vesicle
priming was inferred from the following aspects of the SNAP-25TS

synaptic phenotype: (i) activity dependence as indicated by a WT
initial EPSC amplitude and release-ready synaptic vesicle pool size,
(ii) preservation of the WT EPSC waveform, (iii) loss of fast
recovery in PPD, which is associated with fast refilling of the
release-ready pool (2, 9) and exhibits a time course comparable with

that of synaptic vesicle priming (35), (iv) dependence on previous
synaptic vesicle fusion, and (v) slowed refilling of the release-ready
vesicle pool. Thus, although SNAP-25 is required for evoked
synaptic vesicle fusion (36), the SNAP-25TS mutation can selectively
affect synaptic vesicle priming. This finding is consistent with
systematic structure-function analysis of SNAP-25 in adrenal chro-
maffin cells, which provided strong support for the zippering model
of SNARE function (13). In this model, vesicle priming involves
initial assembly at the N-terminal end of the SNARE four helix
bundle to form a loose trans-SNARE complex. Final assembly of its
C-terminal end, which may be triggered by calcium influx, is critical
for vesicle fusion. Notably, the SNAP-25TS mutation is positioned
within the N-terminal region of the four helix bundle (Fig. 6B),
consistent with a TS impairment of trans-SNARE complex forma-
tion associated with synaptic vesicle priming. Previous studies of
SNAP-25TS indicate that synaptic vesicle docking at active zones is
not disrupted at larval neuromuscular synapses, and that in vivo
levels of SDS-resistant (likely cis) SNARE complexes are not
altered in this mutant (22). Finally, it will be of great interest to
further investigate the relationship of SNAP-25-dependent mech-
anisms underlying fast and slow components of recovery. These
components are thought to involve calcium-dependent regulation
(2, 37, 38) of kinetically distinct synaptic vesicle pools exhibiting
different release probabilities (5, 6, 8, 39–41).

In Vivo Function for NSF in Maintaining Active Zone t-SNAREs During
Synaptic Activity. The close resemblance of comatose (NSF) and
WT synapses with respect to the initial EPSC amplitude and PPD
suggests comatose (NSF) initially exhibits a WT release-ready
vesicle pool and release probability. The strictly activity-dependent
reduction in neurotransmitter release observed in comatose (NSF)
requires a brief period of synaptic activity as indicated by delayed
onset of the synaptic phenotype during train stimulation (Fig. 3G).
The underlying mechanism appears to involve activity-dependent
redistribution of plasma membrane t-SNAREs away from the
active zone (Fig. 5). Together with systematic biochemical studies
of comatose (NSF) demonstrating TS accumulation of (SDS-
resistant) ternary SNARE complexes on the plasma membrane
(21), these findings suggest that SNAREs accumulate in plasma
membrane cis-SNARE complexes that are not retained within the
active zone (Fig. 6). NSF disassembly of post-fusion plasma mem-
brane cis-SNARE complexes has been directly demonstrated in
studies of yeast exocytosis and the underlying heterotypic fusion of
secretory vesicles with the plasma membrane (42). Previous and
present efforts to address this issue at Drosophila synapses, includ-
ing analysis of v-SNARE distribution in the presynaptic plasma
membrane (Fig. S7), are described in SI Methods. Finally, an
alternative view of NSF function favoring prefusion disassembly of
SNARE complexes was reported in a study employing caged NSF
peptides to acutely disrupt NSF function at the squid giant synapse
(43). However, the activity-dependent effects of the peptide on
EPSC amplitude are largely consistent with the working model
presented here, in which the timing of the NSF requirement is not
constrained by the total vesicle cycling time (43). Although the NSF
peptide was also found to slow EPSC rise and decay times, no
analogous effects were observed in the present study (Fig. 1E).

Adult DLM Neuromuscular Synapse. The adult DLM neuromuscular
synapse has had an important role in analysis of TS mutations in
comatose (NSF) (19, 20), the presynaptic calcium channel �1
subunit gene, cacophony (34, 44–46), and the DYNAMIN gene,
shibire (47–49). This work has revealed that several functional
characteristics of adult neuromuscular synapses are distinct from
those that we and others described previously in the larva (Fig. S8)
(50, 51). In the present study, comparison of glutamatergic DLM
neuromuscular synapses and cerebellar CF-PC synapses revealed a
surprising degree of conservation in the detailed properties of
synaptic function. These synapses exhibit morphological similarities

Fig. 6. Working model of SNARE protein cycling during synaptic activity. In this
model, recovery in PPD depends on a limited pool of free active zone t-SNAREs
(A), which is sufficient to support formation of trans-SNARE complexes (B) and
refilling of the release-ready vesicle pool. This priming process is impaired in the
SNAP-25TS mutant (blue recovery data) with respect to WT (black recovery data).
The location of the SNAP-25TS mutation within the N-terminal region of the
SNARE four helix bundle (B) is consistent with a zippering model of SNARE
complex function. On train stimulation, cis-SNARE complexes (C) accumulate in
the periactive zone (PAZ), resulting in depletion of the free t-SNARE pool at the
active zone (AZ). Disassembly of cis-SNARE complexes by NSF and SNAP restores
active zone t-SNARES for subsequent vesicle priming and fusion events. This
aspect of synaptic vesicle priming is impaired in comatose. SYB: the v-SNARE
protein, SYNAPTOBREVIN; SYX: the t-SNARE protein, SYNTAXIN; CAC, presynap-
tic voltage-gated calcium channel. Synaptic protein representations were mod-
eled after those reported previously (11).
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as well, including extensive branching of axons and spatial isolation
of active zones (34, 52, 53). Initial characterization of short-term
depression at CF-PC synapses has been followed by a series of
studies progressively defining the underlying factors in greater
detail (7, 9, 10). The present study provides a basis for analysis of
DLM neuromuscular synapses to characterize analogous factors
and their molecular determinants. Finally, the results reported here
complement previous (49) and ongoing studies at DLM neuromus-
cular synapses of the DYNAMIN TS mutant, shibire, which exhibits
a rapid enhancement of short-term depression as observed in
SNAP-25TS. Such similarities may reflect interactions of the in vivo
molecular mechanisms governing synaptic vesicle endocytosis and
exocytosis.

Materials and Methods
Drosophila Strains. The previously characterized SNAP-25TS and SNAP-25124 mu-
tantsweregenerouslyprovidedbyDavidDeitcher (CornellUniversity, Ithaca,NY).
WT flies were Canton-S. The comatoseST17, UAS-cac1-EGFP, UAS-dNSF1-FLAG,
UAS-tdTomato-SNAP-25, Appl-GAL4, Appl-GAL4 comatoseST17, elav-GAL4 Appl-
GAL4 l(1)L13HC129, and elav-GAL4 Appl-GAL4 l(1)L13HC129 comatoseST17 strains

were from our laboratory collection. Stocks and crosses were cultured on con-
ventional medium at 20 °C.

Synaptic Electrophysiology. EPSCs were recorded at DLM neuromuscular syn-
apses of 3- to 5-day-old adults essentially as described (19) with modifications.
EPSCs were recorded at a holding potential of �20 mV, which optimized the
recording conditions and did not alter any previously characterized DLM synaptic
phenotypes. Before initiating EPSC recordings, the membrane potential was
clamped to �20 mV for �10 min at 20 °C. For detailed information, see SI
Methods.

Immunocytochemistry and Confocal Microscopy. Immunocytochemistry proce-
dures were essentially the same as those described previously (34). For detailed
information, see SI Methods.
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