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He, Ping, R. Chase Southard, Dong Chen, S. W. Whiteheart, and responsible for the stimulation of NSF's ATPase activity,

R. L. Cooper. Role of «-SNAP in promoting efficient neurotrans-which in turn is needed to disassemble the SNARE complex
mission at the crayfish neuromuscular junctidnNeurophysiol82:  (Barnard et al. 1997; Nagiec et al. 1995). Although SNAREs
3406-3416, 1999. In this manuscript, we address the role of t fe needed for fusion (Hunt et al. 1994: Littleton et al. 1998;
soluble N-ethylmaleimide sensitive factor attachment protein (Ngeber et al. 1998), it is less obvious Whé.t role SNAP and NSI’:

SNAP) in synaptic transmission at the neuromuscular junction of t : t o B ) t al. 1996° H d
crayfish opener muscle. Immunochemcial methods confirm the prQ ay in neurotransmission (Banerjee et al. » Haas an

ence ofa-SNAP in these preparations and show that it is concentrat¥ickner 1996; Hay and Martin 1992; Martin et al. 1995;
in the synaptic areas. Microinjection and electrophysiological studib4ayer and Wickner 1997; Mayer et al. 1996). Injection studies
show thata-SNAP causes an increase in neurotransmitter release Y&ing squid axons have shown that SNAPs increase the output
does not significantly affect the kinetics. More specific quantal anaf a terminal (DeBello et al. 1995). Similar studies have shown
ysis, using focal, macropatch, synaptic current recordings, shows ttigat NSF increases the efficiency of NT release (Schweizer et
a-SNAP increases transmitter release by increasing the probabilityg)f 1998). Studies with the comatose mutantDrosophila
exocytosis but not the number of p.otent.ial release sites. .These d@@nperature—sensitive NSF) have demonstrated that active
e e et o & e a3 1 ruired fo SV consumpiion an have suggesied that
result in neurotransmitter release. What this suggests itSNAP SF fl_JnCtlons bOth before and after m_em_bra_ln_e fusion (Ka-
is critical for the formation and maintenance of a “ready release” po asaki et al. 1998; Littleton et al. 1998; Siddiqi ".md Benze_r
of synaptic vesicles. 76; Tolar and Pallanck 1998). The model emerging from this
research suggests that NSF and SNAPs are involved in both

SNARE priming before fusion and in SNARE recycling after
membrane fusion.

In this study, we used the opener neuromuscular junction

The studies of neurotransmitter (NT) release have yieldeqNMJ) from the crayfish to assess the roleacdSNAP on NT
long list of molecules, proposed to play a role in neurotrangelease. In microinjection studies; SNAP increased synaptic
mission and have suggested an outline of a molecular interactput with only a small effect on release kinetics. Quantal
tions required for synaptic vesicle (SV) exocytosis (revieweghalysis indicates that-SNAP had no effect on the total
in Bajjalieh and Scheller 1995; Martin 1997; Rothman 1994yumber of release sites but significantly increased the proba-
Sudhof 1995). Membrane proteins from the synaptic vesidbdity that a stimulus will result in NT release. Consistently,
[called vesicle solubleN-ethylmaleimide sensitive factor at-a-SNAP injection reduced the failure rate for evoked NT
tachment protein receptors (v-SNARES), e.g., vesicle asso@lease. These data indicate thaBNAP is not involved in the
ated membrane protein (VAMP)/synaptobrevin] and from th@embrane fusion event but, like NSF (Schweizer et al. 1998),
active zone [called target membrane SNAREs (t-SNAREgunctions to increase the pool of “ready release” SVs at the
e.g., syntaxins and synaptosome associated protein 23 orsghapse. Preliminary reports of this study have appeared in
(SNAP23/25)] appear to be essential for membrane fusiabstract form (He et al. 1997; Southard et al. 1998).
events (Hunt et al. 1994; Littleton et al. 1998; Weber et al. This work is in partial fulfillment of the Master of Science
1998). Current data suggest that the three SNARE proteidggree requirement for P. He.
interlocked by the interactions of their coiled-coil domains
(Poirier et al. 1998; Sutton et al. 1998; Weber et al. 1998), for{jfe thoD s

a bimembrane-spanning complex that is sufficient for bilayer . ] S
fusion (Weber et al. 1998). Western blotting analysis of crayfish tissues

The interactions of the SNARE proteins are, in part, regu- crayfish tissue, consisting of the ventral nerve cord and the iden-
lated by cytosolic proteins called SNAPs and N3¥Fethyl- ified abdominal extensor muscle (containing motor nerve terminals)
maleimide sensitive factor). SNAPs initially bind to thewvere dissected and then homogenized using a Dounce homogenizer in
SNARE complex and serve as adapters to correctly positiysis buffer [(in mM) 25 Tris/HCI (pH 8.0), 500 KCI, 250 sucrose, 2
NSF (Clary et al. 1990; Weidman et al. 1989). SNAP is ald6GTA, and 0.5 1,10-phenanthroline] with 1% (vol/vol) Triton X-100.

After incubation on ice for 45 min., the insoluble material was

The costs of publication of this article were defrayed in part by the paymef@moved by centrifugation. The protein concentrations of the deter-
of page charges. The article must therefore be hereby magdatftisemerit  gent-solubilized proteins were measured using the bicinchoninic acid
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. = assay (Pierce, Rockford, IL) with bovine serum albumin (Sigma, St.

INTRODUCTION

3406 0022-3077/99 $5.00 Copyright © 1999 The American Physiological Society



a-SNAP INCREASES THE EFFICACY OF NEUROTRANSMISSION 3407

Louis, MO) as standard. For Western blotting analysis, 480of Preparation ofa-SNAP ande-SNAP(L294A) mutant

crayfish extract was fractionated by 10% SDS-PAGE and transferred

to nitrocellulose. Blots then were probed with antSNAP antibodies ~ The a-SNAP(L294A) mutant (Barnard et al. 1997) expression
(Whiteheart et al. 1992), and the immunodecorated proteins weysnstruct was prepared by PCR, and the point mutation was confirmed
detected by Enhanced Chemiluminescence (ECL, Pierce) using ap§i-dideoxy sequencing. RecombinanSNAP and the (L294A) mu-
rabbit IgG secondary antibodies conjugated to horseradish peroxidggg were expressed iBscherichia coliusing the pQE-9 expression
(Sigma). Similarly prepared, rat brain extracts were used as positiy&tor (Qiagen, Valencia, CA) and purified by2Ninitrilotriacetic
blotting controls. acid agarose affinity chromatography as described in Whiteheart et al.
(1993). Both SNAP proteins were dialyzed exhaustively against in-
jection buffer [containing (in mM) 10 HEPES/NaOH (pH 7.4), 115
KAc, 2 glutathione, 3.5 MgAg and 0.5 ATP and 1% (vol/vol)

Whole-mount preparations were pinned to a silicone elastonféycerol] and stored at-80°C at a concentration of 0.51 mg/ml.
(Sylgard) dish with the muscle in a stretched position. They were fixed
with 2.5% (vol/vol) glutaraldehyde, 0.5% (vol/vol) formaldehyde . .
dissolved in a buffer A (0.1 M sodium cacodylate, pH 7.4, 0.022% vit"aYfish NMJ preparation
CaCl,, 4% wt sucrose) fol h with two changes of solution. The . . ) .
preparation then was placed into vials and washed in buffer A con-A"_ experiments were pe_rformed using the first walking leg of
taining 0.2% (vol/vol) TritonX-100 and 1% (vol/vol) normal goatCFayfls.h,Procambarus clarki(4—6 cm in body length, Atchafalayg
serum (Gibco/BRL, Grand Island, NY)ffid h with three changes at Biological Supply, Raceland, LA). The opener muscle of the first
room temperature. The tissue then was incubated with primary aff@lking legs was prepared by the standard dissection (Cooper and
body toa-SNAP [1:1000 in PBS buffer (in mM): 136 NaCl, 2.7 KCI, Ruffner 1998; Dudel and Kuffler 1961). The tissue was pinned out in
10 Na,HPQ,, and 1.5 mM KHPQ,] in a shaker at 4°C for 12 h. The & Sylgard dish for viewing with an Optiphot-2 upright fluorescent
tissue was washed three times and incubated in secondary antibadgroscope using &40 (0.55 NA) water-immersion objective (Ni-
(goat, anti-rabbit 1gG conjugated with Texas Red, Sigma) dilutdthn). Dissected preparations were maintained in crayfish saline [mod-
1:200 with PBS buffer at room temperature for 2 h, followed by twdied Van Harreveld’'s solution (in mM): 205 NaCl, 5.3 KCI, 13.5
washes in buffer. The synaptic locations were observed by immur@acCl,, 2.45 MgCL, and 0.5 HEPES/NaOH, pH 7.4] at 14°C. The
cytochemistry as previously shown in nerve terminals (Cooper 1938tire opener muscle is innervated by a single tonic excitatory and
Cooper et al. 1996a). Fluorescent images of the nerve terminals (Fitnibitory motor neuron (Cooper et al. 1995a). To visualize the nerve
1, AandB) were obtained with a Nikon Optiphot-2 upright fluorescenterminals, living preparations were stained fluorescently for 2-5 min.
microscope using x40 (0.55 NA) Nikon water immersion objective with 2-5 uM 4-[4-(diethylamino) styryl]N-methylpyridinium iodide
(Nikon, Melville, NY) with appropriate illumination. (4-Di-2-Asp; Molecular Probes, Eugene, OR) in crayfish saline.

Immunofluorescence

Rat Brain Crayfish CNS Crayfish Muscle

45 KDa

31 KDa

FIG. 1. Identification of a-soluble N-ethylmaleim-
ide-sensitive factor (NSF) attachment protein- (
SNAP) in crayfish neuronsA: 150 pg of detergent
solubilized extracts from crayfish CNS and muscle and
rat brain were separated by 10% SDS-PAGE and ana-
lyzed by Western blotting with a polyclonal arnt-
SNAP antibody. Immunodecorated proteins were de-
tected with the appropriate secondary antibody
conjugated to horseradish peroxidase and the enhanced
chemiluminscence systemB: immunofluorescence
staining of motor nerve terminals of the opener muscle
was done with the same anirSNAP antibody and a
Texas-Red-conjugated secondary reagent. Both inhibi-
tory and excitatory terminals show enhanced accumu-
lation of a-SNAP within the varicosities (arrows) in
which pools of synaptic vesicles and synapses are lo-
cated. Scale bar represents 26. C: visualization of
the excitatory terminals loaded with a mixture of
«-SNAP and Texas Red dextran (70 kDa) after 30 min
of pressure injection. Note only the excitatory terminals
are loaded.
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Protein microinjection A 20 4
. a-SNAP

Immediately before injection the proteins were mixed with a Texas % E 15 7 _—
Red dextran solution (70 kDa, Molecular Probes) to a final concen-w ¢ ., |
tration of 0.51 mg/ml protein and 0.05% of Texas Red dextran. This g El Control
solution then was loaded into the microelectrode by capillary action 2 EL 5 4 Ji
from the back of the electrode until the tip of the electrode was filled *© « kl&
sufficiently so that the wire from the electrode holder touched the 0 H:&JS , : ‘ :
solution interface. The microelectrode then was placed into the exci- 0.0 0.1 0.2 0.3 0.4
tatory axon of the opener muscle close to the axon bifurcation. Within 160 Time (sec) v
30 min of the start of pressure injections, the 70-kDa Texas Rd3 Loading A

dextran had entered nerve terminals and loaded the varicosities (Fig. © 140
1C). Because the molecular weightsceSNAP anda-SNAP(L294A)

mutant are 35 kDa, it would be expected that they would have als
diffused into the varicosities during this time. The membrane potentia
of the axon was in the range 6f60 to —70 mV with this type of
solution loaded into the electrode. To inject the protein, pressure was

applied with a PicoSpritzer Il (General Value, Fairfield, NJ) within a

o-SNAP

120 A

Change in
1oth EPSP amplitude

o

pressure range of 10—60 psi. The pressure was varied depending on Mutant
how well the axon filled. Because the excitatory motor axon is 60 K
stimulated selectively in the meropodite, only it will produce action 0 g0
potentials; therefore it is possible to confirm penetration of the exclo Time (sec x10)
tatory axon by the microelectrode. J

= 3

S 5 120 | 1
Evoked postsynaptic potential measurements %’ 5 80 a-SNAP

5 5‘) 40 1 _ Mutant

Intracellular muscle recordings were madetwit 3 MKCl-con- ¢ i © ¢ I8

taining microelectrode placed in a centrally located fiber in the openeg& & -40 - o-SNAP Sham
muscle (Fig. 2A andB). The responses were amplified with &1LU -
head stage and an Axoclamp 2A amplifier (Axon Instruments, Fost 60 - «-SNAP
City, CA). Axons were stimulated by a train of 10 pulses given at th 600 Mutant
indicated frequencies. The stimulation frequency was kept constant 4o | 00,0' o %L %xpno Lo
for each preparation. The range in frequencies used varied from 40to - @ T o oY s "%, ¥ °© vvo
60 Hz with a train interval of 10 s. The frequency chosen was 20 W o-SNAP
determined at the time of the experiment to ensure an excitatory M v ¢ v v Sham
postsynaptic potential (EPSP) response by the fourth pulse of the 0 ‘ ‘ ’ " ‘ '
train. Because the stimulus train is phase locked, one readily can 0 10 20 80 40 %0 &
measure each of the 10 peak amplitudes of the EPSPs and the sweep Time {sec x10)

number in which they occurred. The sweep number, the mean value of . .
the baseline, and the maximum of EPSP amplitudes were all recordlgg'e' 2. Effect ofa-SNAP on evoked postsynaptic potentials (EPSRS).

. . SPs from a train at 40-Hz stimulation for 250 ms before the start of injection
All events were measured and calibrated with the MacLab Sco tton) and after the terminals were well loaded WithSNAP (op). B:

software 3.5.4 version (ADInstruments, Mountain View, CA). Stimpercent change in the 10th EPSP of a train was plotted vs. time of experiment
ulation was obtained using a Grass S-88 stimulator and a stimulatfgnpreparations loaded with-SNAP with Texas Red dextran, just Texas Red
isolation unit (Grass Instruments, Warwick RI) with leads to a stadextran with buffer (Sham), or the-SNAP(L294A) mutant with Texas Red
dard suction electrode (Cooper et al. 1995b). dextran. To standardize the starting amplitude among the 3 preparations, the
To quantitatively compare the changes caused by the injec’[&h EPSPs from the initial trains were set to 100%. Each point represents an
agents in the various preparations, the measurements were normalfgege of 100 trains and interval among trains was 10 s. Vertical line
to a percent change. The percent change from baseline was calcul gﬁfdmg) denotes the time at which the fluorescent dextran_enter the nerve
using the difference among the average of the first 100 EPSP ev F&g\lnals.c. percent change in the meah$E) of the EPSP amplitudes before

during the b i ding bef iniecti d th f ection and at the peak of the response induced by each injection condition.
uring the baseline recording betore injection an € average o average of 100 10th EPSP amplitudes around the baseline and the maxi-

100 EPSP events around the maximum response during the injectiqfin response values were used from each preparation. Percent change was
procedure and then dividing the result by the baseline value as shayftulated by the absolute value in the difference between the baseline and the
in the following equation: [(Baseline- maximum response)/Base-maximum response, divided by the baseline and multiplied by 1(0%o

line] X 100% = % Change. The means of the calculated percedetermine if the injection procedures had an influence on facilitation of
changes from baseline among preparations in which the carrier biggnsmitter release a facilitation indeikg) was calculated by the ratio of the

fer only was injected into the axon, the-SNAP and the amplitudes of 10th EPSP to the 1st EPSP, minus 1. When comegiagong

a-SNAP(L294A) mutant were graphed for comparative purpos@g the preparations no significant increase was observed. Values shown are
(Fig. 2C) averages as mention f@:

The 10th EPSP peaks of a train were used to calculate a facilitat ; ;
index (Fe) with respect to the earlier EPSP amplitudes (Crider ar'll%glmtatory postsynaptic current measurements

Cooper 1999). To calculate facilitation indices, the amplitude of the Focal macropatch recording was used to measure synaptic currents.
10th EPSP was divided by one of the previous EPSP amplitudes arte synaptic currents were obtained using the loose patch technique
the result was subtracted from one. A facilitation index for each pul&g lightly placing a 10- to 2Qtm diam, fire-polished, glass electrode
in the train K) by the equatiorFe o, = (10th EPSPAth EPSP)— directly over a single, spatially isolated varicosity along the vital
1. The ratios were calculated fevents 1-9n each trial. dye-visualized nerve terminal. The macropatch electrode is specific
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for current recordings within the region of the electrode lumen. The

lumen of the patch electrode was filled with the same solution as the  § 30 Il Zone
bathing medium, and the seal resistance was in the range of 200 k =
to 1 M(). Because the seal can be lost easily if the muscle twitches S o
under the electrode, stimulation was restricted to a range of 1-2.5 Hz. @
Evoked EPSCs (excitatory postsynaptic currents) and mEPSCs (min- E
iature EPSCs) were recorded and analyzed to determine the mean < 4o
quantal contentnf), the number of release siteg),(and the average -
probability of release at a termingd)((Cooper et al. 1995b, 1996b). g
In each synaptic current recording, a trigger artifact and a nerve spike 5 0
can be visualized that indicates nerve stimulation. Mean quantal 50 22 24 26 28 30
content can be determined by direct counts.f: direct counts i
(M. = [ (failures x 0), (single events< 1), (double events< 2) Time (sec x 100)
etc]/total number of sweeps. B
As shown in Fig. 3, in some cases there were no evoked events 50
that_folloyv the nerve terminal sp_ikes. This type of response is called w 40 1 1Zone Before Injection
a failure in evoked release, and is given the value of zero. If only one Q
single event occurs after the spike, it is counted as a single-evoked 5 %0
event and is given the value of one (Fidg3)3When double events S 50
occur, they are referred to as double-evoked events and are counted as =~ &
two (Fig. X), etc © 104
The determination of quantal release over the time of the exper- 0
iment is made possible by examining the area of the evoked current 50
which is a measure of charge (Fig. 4). It should be noted that the
time of peak evoked events varies due to latency jitter so the b4 401
measurements of peak amplitude are not as reliable as the charge % 30
stimulus artifact 3 201
(8]
O 10
A
B O
50
N o 401 Il Zone Protein well loaded
. . 9] in the terminal
nerve terminal spike Q 40|
O
5 20
3
O 10 1
B o= = el
5 -3 0 3 5 8 10 13 15 18 20 23 25 28 30
Charge (pA x msec x 100)
single evoked .
event spontaneous event FIG. 4. Effect of «-SNAP on evoked release. Effect of microinjected
J a-SNAP is readily observed over time in a scatter graph of the synaptic
charge as measured with a focal macropatch electrode (see FAy.R)ne
I, represents the baseline recording prior to injection. Zone Il represent
events that occurred as the dye starts to appear in the terminals, and zone
Il is when the dye becomes well loaded into the terminals. Shifts in the
charge of the various evoked events were plotted as histograms of the 3
(- time zones inB.
C measure when multiple events occur (Fig:)3The change in the
charge measures before and after loading proteins in the nerve
double evoked event terminals and the histograms of the frequency in occurrence of
. charge of the evoked events were calculated. The data sets were
tested for a best-fit approximation based on assumptions discussed
100 pA in earlier reports (Cooper et al. 1995b; Wernig 1975). Binomial
distributions are known to represent the quantal nature of release in
L

crayfish neuromuscular junctions (Wojtowicz et al. 1991). To test
for nonuniform binomial distributions, the procedures described
Fic. 3. Examples of synaptic quantal currents as measured with a foegdrlier were used (Wojtowicz et al. 1991). Tlgé statistic and a

macropatch electrode. A focal macropatch electrode was placed directly opgsdified Akaike information criterion (AIC) were used to estimate
individual varicosities and current traces were recorded after stlmulan%D

10 msec

A e distribution that best fits the observed distribution of events.
Current traces are used to count the number of vesicles that are released_per

stimulus. InA, no release occurred and as a result this response is countece e @USe the injection of the protein produced gradual changes in
a failure. InB, a single evoked event occurred with a spontaneous releadl the quantal parameters, sample sets of data for every 400 events
shown later in the trace but with a very similar sized eventCJm doublet of were used and were found to be sufficient to obtain statistically
evoked events occurred that would be counted as 2 evoked events. significant values for quantal predictions.
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Analysis of latency average in the first 100 EPSPs events during the baseline and
Latency was measured as the time period between the starting pthet average in the 100 EPSPs events around the maximum

of the spike (extracellular recorded action potential) and starting po?r%ponsersFlg. Q)f' Although th(_are was some yarlza_bl_llty Im theh

of evoked events (for the 1st and the 2nd events) (Fig &dB). A percent change from preparation to preparation, it is clear that

representative plot of the frequency of occurrence at various latenciesSNAP causes an almost twofold increase in EPSP amplitude.
is provided (Fig. A), and a normalized graph for the occurrence of heé dominant negative mutant, however, was clearly inhibitory
events is shown for the two curves in Fig®,as plotted in cumulative leading to a 20% decrease in the 10th EPSP peak amplitude.
frequency for the latencies measured (i.e., Kolmolgrov-Smirnov) (Z&or the purpose of illustration, data obtained using the 10th

1999). EPSP are shown in Fig.Q2 yet in most preparations, the
maximal effect of the injected proteins occurred between the
RESULTS 3rd and the 5th EPSP peaks of the stimulus train. When the 4th

peaks were compared with sham injected, there was a two- to
fourfold increase in EPSPa & 3) whena-SNAP was injected

Western blotting experiments confirmed the presence @hd a 45-80% decrease in EPSRs( 3) when the mutant
a-SNAP in crayfish neurons. Not surprisingly, the anti-bovine-SNAP was injected (data not shown). The fact &8NAP
a-SNAP antibody was able to cross-react with the crayfidias a positive effect on EPSP amplitude and the dominant
SNAP. This is consistent with the high degree of sequenBggdativea-SNAP(L294A) mutant has an inhibitory effect sug-
conservation betweesSNAPs identified from a wide variety gests that the mammalian proteins are functional in the crayfish
of Species (e_g_Drosoph”a and bovinea-SNAP are 61% NMJ. ThIS justifies the use of these proteins to StUdy the role of
identical) (Pallanck et al. 1995). The crayfish protein had @SNAP in NT release at these NMJs.
similar molecular weight to that of the rat protein (Fig\)1land
comparable levels of protein were seen in rat brain and crayfigfSNAP does not affect facilitation of EPSPs
CNS. Immunofluorescence studies indicate that crayfish o )
a-SNAP is present in both excitatory and inhibitory motor Facilitation, or the progressive increase of EPSP amplitude
neurons and appears concentrated in the nerve terminals. THENg the course of a train of stimuli, is thought to be indic-
is born out by the staining of the varicosities in Figd.1 ative of a progressive increase in calcium concentration in the
Extensor muscles containing both phasic and tonic excitatd¥grve terminal (Bain and Quastel 1992; Delaney et al. 1989).
motor neurons also show neuronal staining with this antibo@y measuring the effect of a microinjected protein on facilita-
(data not Shown)' From these data’ it appears ARENAP is tion, one can assess the calcium reqUIrement_ fO_r that p!’Oteln to
concentrated in the terminals of each of the two classes & The EPSP amplitudes for each event within a train were
motor neurons that innervate the Crayﬁsh musc'e (F@_ 1 recorded dunng the entire |n]eCt|0n perIOd. A faC|I|tat|0n |ndeX

for each pulseX) in the train was calculated by the equation
Effects ofa-SNAP on EPSP amplitudes Feuor = (10th EPSPAth EPSP)— 1. As an example of this
type of analysisFe 4, is plotted versus injection period time

Measuring the change in EPSP amplitude readily can prfior the three different treatments (FigDR There was no
vide an indication of whether a microinjected protein alters Nghange irFe o, in any of the injection experiments when the
release. To test the effect @ SNAP during injection, the axon humerous possiblé&es were calculated. This indicates that
was stimulated by a train of 10 pulses at 40 Hz with an interv&PSP amplitudes from the 1st event to the 10th event increased
of 10 s, and 10 EPSP responses were recorded by an intrapedportionally. These data demonstrate that neite&NAP
lular electrode. As shown in Fig.A2 o-SNAP enhanced the nor the mutant affect facilitation of NT release in the crayfish
amplitudes of the EPSPs. The superimposed graphs of evokédJ, suggesting that the role af-SNAP is not calcium
EPSPs for the control ang-SNAP injected axons show thatdependent.
there is a consistent increase in the amplitudes. This enhance-
ment of EPSP a_mplitude was most obvious at later stimulysgnap effects on quantal release
events in the trains. For this reason, the 10th responses from
each train were recorded verses time and plotted in Fg. 2 «-SNAP increases the EPSP amplitudes of crayfish NMJ,
(Although clearly not a linear function, a best-fit line wagonsistent with its effect on squid axons described by De-
drawn through each data set to aid in comparisons.) AmplituBello et al. (1995). Taking advantage of the crayfish system,
increases were seen only after the dy8NAP solution began we turned to quantal analysis to determine the potential
to appear in the nerve terminal (denoted by the vertical line emechanisms by whiclw-SNAP causes this increase. The
Fig. 2B). Thea-SNAP(L294A) mutant had the opposite effectcrayfish NMJ is ideal for this type of analysis because its
causing a decrease in the EPSP amplitudes (FB). Zhis relatively low output allows single events to be monitored
decrease initiated after the dye/protein entered the nerve t@nd statistical analysis to be applied. The number of evoked
minals. The sham injections resulted in slight increase in tkeents and failures before (Zone | in Fig. 4) and during
amplitudes of the EPSPs. This indicates that the injecti@aSNAP injections (Zone Il and Il in Fig. 4) was counted
process may have a positive effect on EPSP amplitude, sdg-ectly, making sure to distinguish single events from mul-
gesting that the effect ok-SNAP may be slightly overesti- tiple events (as delineated in Fig. 3). The evoked current
mated, whereas the inhibition laySNAP(L294A) was slightly over time (charge) was used to assess synaptic release and
underestimated. spontaneous events. The charge measure is a more appro-

The changes in the EPSP amplitudes were normalized tpréate measure than peak amplitudes because of the latency
percent change, which was determined by the difference of fitter in evoked release, and it allows the rates of release to

Presence ofv-SNAP in crayfish neurons
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be determined. The evoked charge was enhanced Tame 1. Direct counts of quantal events and estimates of quantal
a-SNAP began to appear under the electrode (Fi§, 4parameters n and p in the presenceceBNAP

compare Zone | with Il and Ill). Once the dye filled the
nerve terminals, more evoked events were obtained and _ Quantal Content
there was an increase in the charge of these events (Kjg. 45Xperiment  Events Observed BestFin  p (m)

The increase in evoked charge, aftefSNAP reached the ;.0

terminals, is indicated by the rightward shift in the histo- o s 0 334 341 1 0.15 0.185
gram distribution of the data set shown in Fidg3.4.arger 1 58 59
evoked charges and fewer failures were present after the 2 s a5 1 0,09 0.098
protein was well loaded in the terminal (FigB4zone lIl). s 1 35 35 ' '
a-SNAP affects not only the evoked charge but also the 2 2 0
occurrences of evoked events and the number of failures. Theoo s 0 339 340 1 015 0.155
numbers of failures decreased after the dye began to reach ; 6? 68
nerye_terr_nmals {:md were maintained at Iow_IeveIs thrpughoutl’200 s 0 335 335 2 008 0.165
the injection period (Fig. A). The rate at which the failures 1 64 64
occurred also decreased as the dye reached the terminals. The 2 1 1
reduced failure rate stayed constant for the remainder of thé,600 s 0 334 334 2 0.08 0.173
experiment (Fig. B). This dampening of failure rate was ; 6§ 63
common in the six preparations in whigikSNAP was in- <\ ap
jected. ) 2,000 s 0 334 334 2 0.09 0.170
Mean quantal contentni,) is the average number of 1 64 64
evoked-release events per action potential. As shown in Table 2 2 2
1 for one experiment-SNAP injection leads to an increase in 2490 10 3(;%8 237 2 009 0.205
guantal content. This increase was seen in all six experiments, > 0 2
ranging from+7 to +124% relative to the uninjected control 3 2 0
(Table 2). An increase in quantal content could be due to an 7 1 0
increase in the number of release sites or to an increase in the800 s 10 %@5 230 1 017 0.200
number of release events per site. To distinguish between these 5 6 0
3,200 s 0 295 295 2 015 0.315
A . 1 108 108
o 2 6 6
9_; 120 6 1 0
= 100 3,600 s 0 321 321 2 010 0.213
w 1 75 75
S 80 2 3 2
8 o 4 1 0
= 4,000 s 0 340 341 1 0.15 0.150
£ 40 1 59 59
£ 2 10
o] 4,400 s 0 355 278 2 0.16 0.128
0 : 1 42 111
2 @ Z 2% 2 1 10
2% 2% Bh 3 1 0
2a Wz vy B
Om ® ) ¢,¢ R 4 1 0
% 2o 2%
o
B % m% The first column represents the recording conditions; the second column
250 represents the number of discrete events (0, failures, 1, single events, 2, double
» / events etc.) that occurred per sweep; and the third column represents the
g 200 | number of occurrences during the 400-s period. The quantal paramegars (
= p) are calculated from the best fit of the event distribution as determined by the
o
18 MLE and bootstrapping procedures (S&eperimental procedur¢sThep is
5 150 \ the average probability value for the 400-s period data set. SNAP, soluble
3 ) N-ethylmaleimide-sensitive factor attachment protein.
S 100 | After loading
% " N Beginin two possibilities, the total number of failures, single- and
g 50 gining multiple-evoked events in 400 sweeps were combined, and the
© o best fit of the data set distribution was calculated. From this

0 500 1000 1500 2000 2500 3000 analysis, the quantal parametens(number of release sites)

andp (probability of release at a site), can be determined by the
methods previously described (Cooper et al. 1995b). In Table
Fic. 5. Effect of «-SNAP on the number of failed evoked evenss. 1, thep values represent an average value. Typically, injection

number of failed evoked events was totaled for 3 1,000-s periods: befgse -SNAP did not significantly changa relative to sham
injection (before), as dextran andSNAP entered the terminal (beginning), ’

and once the terminal was loaded (after loadify).ate at which the failures !nj_eCt!on’ n an.y of the. SIX preparatlons. However,SNAP
occurred during these periods was plotted as a linear function both bef§dection consistently increase@ ranging from +27 to
injection and afte-SNAP had reached the terminals. +161%, relative to control (Table 2). These data indicate that

Time (sec)
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TABLE 2. Effect ofa-SNAP on the mean quantal content {rand A 50
. . . . . b
p within a single varicosity
250 A
Meo p 8 200 -
_ _ _ £ 150
Preparation Baseline «a-SNAP %A Baseline a-SNAP %A 3 100
8 )
@]
1 0.145 0.325 +124 0.124 0.163 +32 50 4
2 0.221 0.315 +43  0.124 0.158 +27
3 0.155 0.315 +103 0.1096 0.147 +34 0 '
4 0.244 0.340 +39  0.102 0.266 +161 0 5
5 0.207 0.295 +43 0.103 NF* —
6 0.233 0.250 +7  0.116 0.214 +85 B
1.0
The mean quantal content was determined by direct counts as indicated in 2
Table 1. The values obtained for baseline is an average over the entire time S
before dye was observed in the terminals. The value listedf8NAP is the 2 081
maximum value within a group of 400 events as shown in Table 1. The percent LS:
change (%) was determined by taking the absolute difference among baseline °© 06 -
anda-SNAP maximum and dividing the result by the baseline value, followed %
by multiplication by 100. *NF indicates that there was insufficient data to =]
determine a satisfactory curve fit of the distribution. :E, 0.4 4
O
. oy . Qo
a-SNAP increases the probability of release at a site but does £ o2 |
not increase the number of release sites. 2
0.0 T T . ,
Effect ofa-SNAP on latency 0 1 2 3 4 5
Latency is defined as the time required for an action poten- Time (msec)

tial to induce NT release. In molecular terms, it is the time ric. 7.  Effect ofa-SNAP on latency. Occurrence of 1st evoked events with
required for a primed and docked SV to respond to the calciuhe indicated latencies is depicted in the histogra with @ representing the
influx and fuse with the active zone. Measuring from thgentrol a”ﬁﬂ ’eprese”“gfggﬁ’;igp'g‘jecf‘fed te’mi”?]'s- Because more events
. . . . - cur in the presence af- , the effects on the occurrence of various
Star“”g point of the Splke tQ t_he star_tlng point of an eVOk_qogctencies were normalized and cumulative frequency plots was nide.
event in the EPSC records, it is possible to calculate the tilg@ward shift in the curve representingSNAP indicates that more vesicles
needed for an evoked event to occur (Fig. 6). In the crayfiste releasing at earlier times with the minimum time for release remaining the
NMJ, the fastest events took1-2 ms. After injection of same. This leftward shift was observed in 6 of the 6 preparations analyzed.

a-SNAP the fastest events stayed the same but more of these ) , o
fast events occurred. The superimposed histograms in Rig. 7

Spike indicate that more events had shorter latencies aft8NAP
, was loaded into the terminals. Synaptic vesicular fusion rates
: / became apparently faster because more vesicles were “releas-
able” in the presence ak-SNAP, thus the larger amplitude

bins in the histograms (FigAJ. Because there are more events
occurring, it is hard to visualize if there is a leftward shift in the
histogram or if the difference is just due to more events.
Because of this ambiguity, the latency was normalized into

i“f?”'“s nd cumulative frequency plots (FigBjJ. From this analysis of the
B fifact gt 2 data, it becomes more obvious that there is a slight leftward
shift (decrease in latency) as more events occur at an earlier

time throughout the normalized distribution. Presumably the
larger number of releases indicates that more quanta are re-
leasable. However, shift in the histogram would simply indi-
cate that slower releases are sped up. These “slowly released”
guanta are releasable, but they might be released more rapidly
10 msec in the presence af-SNAP. This trend was seen in six different
preparations injected with-SNAP.

DISCUSSION

Latency

In summary, the results presented here suggest that the role
Fic. 6. Examples of synaptic latency measurements. Synaptic latencya a-SNAP in the synapse is to increase the pool of “readily
measured as the time from when the action potential reaches the nerve termiggbgsable” synaptic vesicles. This is Supported by several

until the time the postsynaptic currents are measured. In practice, that is : e : P _
time between the start of the poststimulus spike and the start of the respol gervatlons' lnltla”y’ microinjection of-SNAP caused an

current. InA, the latency is longer for the 1st event thanBnbut the 2nd INCrease in synaptic output (Fig: 2) and NT release could be
evoked event irB has a longer latency than the 1st events for either trace.inhibited by the dominant negative-SNAP(L294A) mutant.
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Neither protein had an effect on facilitation (FidDR indicat- minals began to be loaded withSNAP, no further shifts were
ing that a-SNAP did not alter calcium buffering or loadingdetected among the groups of data sets. The shifting of the
within the terminal, and thus calcium channels were unaffectedsicle pool to minimum release times reveals that an increase
by the protein injections. Quantal analysis of the effects @f a-SNAP at the terminal promotes the fusion competence of
microinjecteda-SNAP showed that it caused a decrease in tivesicles but does not effect the time required for thé*Ca
failure rate of NT release (Figs. 4 and 5) and led to a slightflux-induced membrane fusion process, which is consistent
decrease in release latency (Fig.odASNAP did not accelerate with earlier work in neurons (DeBello et al. 1995) and endo-
the minimal process required for SV fusion but increased ticeine cells (Kibble et al. 1996; Martin et al. 1995). Only
availability of vesicle for release at the maximum rates (Figltrastructural analysis after rapid fixation and subsequent se-
7B). These findings suggest thetSNAP causes an increase irrial sectioning of the synapses would allow one to prove such
the fusion competence of SVs without significantly effecting postulation anatomically. The physiological data suggest that
NT release kinetics. This is supported further by statisticatSNAP is working to enhance vesicle docking/priming. With
analysis of the quantal data (Tables 1 and 2). From this andle methods used in this study, we are not able to assess
ysis, it is clear that-SNAP serves to increase the probabilityvhethera-SNAP also plays a role in vesicle recycling as might
(P) that a stimulus will result in a release event but it does nbe inferred from the demonstration of a role for NSF in this
significantly increase the number of siteg at which release process (Littleton et al. 1998).
can occur. Mechanistically, these data support the model inSeveral aspects can contribute to the diversity of NT release
which SNAPs (and perhaps by extension NSF) are involvedliy nerve terminals. Ultrastructural analysis of nerve terminals
increasing the pool of fusion competent SVs but are not isuggest that there is great deal of heterogeneity in the number
volved in the actual membrane fusion events. Because tranfvesicles that can encircle the active zones of the synapses
mitter release was inhibited by the dominant negati&ovind et al. 1994). This suggests that various number of
a-SNAP(L294A) mutant, it appears that the mutant compete@sicles could be primed for release in each active zone;
for interaction of the native-SNAP, which is likely present in however, the conformational constraints of the active zone
much lower amounts than the injected mutarBNAP. The suggest that there may be a limit to the total number of
effects were gradual and increased with injection time, sugrimed/docked vesicles possible. Also, depending on the syn-
gesting a selective interaction and not a massive nondirectgatic complexity (Cooper et al. 1996b,c; King et al. 1996;
protein interaction on ionic channels or on other aspects of thksghina et al. 1998), multiple active zones may be present on
release machinery. a single synapse, thus providing a structural basis for synaptic
The low output tonic motor nerve terminals of the crayfistifferentiation to effect synaptic efficacy. These structural ar-
makes it an effective preparation to address questions relatedaiongements of active zones could allow for a fine-tuning of
the kinetics and mechanics of synaptic transmission becaumseirotransmission by specific neurons. Additionally, cytoplas-
latency measurements and quantal analysis can be performméd proteins such asa-SNAP could provide a mechanism for
readily. This type of analysis, available with the crayfish NMJine-tuning synaptic efficacy at the established active zones.
is not feasible in higher output synapses such as the squid gi@hts could be accomplished by regulating the level of expres-
synapse and thBrosophilaNMJ or among vertebrate neuronssion or of axonal transport of these proteins. Because micro-
in culture. The low output of tonic motor nerve terminals isnjecteda-SNAP does increase NT release in both squid axons
partly due to the synaptic ultrastructure because these synagBesBello et al. 1995) and in crayfish NMJs, it seems simple up-
may contain one or a few active zones where evoked releaselownregulation of SNAP levels at the synapse could be used
can occur. This architecture results in a relatively simple syte modulate NT release. Alternatively, there are other plausible
aptic structure to investigate alterations in the number of vasechanisms that could facilitate vesicle docking/priming to
icles docked around an active zone by electron microscopgntrol the efficacy of NT release. The effect of stimulation on
studies. Likewise physiological measures of small changesgrotein phosphorylation events is a viable mechanism because
synaptic efficacy can be quantified to assess manipulationstois well known that the entry of calcium can lead to the
the release machinery. activation of various protein kinases such as protein kinase C
We addressed potential mechanism&i8NAP function by and calmodulin kinase Il (Makhinson et al. 1999; Valtorta et al.
examining the quantal parameters and by determining if thi®96). For example, phosphorylation of synapsins by the cal-
timing of evoked events is altered. This tonic low-output motaium-activated kinases has been shown to increase the pool of
nerve terminal is ideal for this study because it normally shoviee SVs by facilitating their release from the presynaptic
latency jitter as indicated by the range of times between depnxoskeleton (Benfenati et al. 1992). Several other studies have
larization and vesicle release. By measuring the latencies of gf@wn the elements of the synaptic secretory machinery can be
first evoked events before and duringSNAP injections, one phosphorylated in vitro [e.g., Muncl8/nSecl (Fujita et al.
can determine if the mechanics of vesicle docking/priming ai®96; Shuang et al. 1998), SNAP-25 (Risinger and Bennett
altered. Because the number of events also increases al@Bg9; Shimazaki et al. 1996), synaptophysin (Barnekow et al.
with more events occurring with a shorter latency, histogrami990; Rubenstein et al. 1993), and synaptotagmin (Bennett et
of the occurrence of events at various times (Fi) i8 not of al. 1993; Davletov et al. 1993; Popoli 1993)] and that phos-
particular use. The relative cumulative graphs of latency ap@orylation affects their interactions with other secretory ma-
more beneficial for determining shifts in the latency but thehinery components. Although all of these are possible mech-
shifts only can be observed within data sets because the anisms to control synaptic efficiency, detailed experiments are
mulative graphs are first-rank summed to measure relativeeded to address their relative importance in causing en-
differences (Fig. B). Groups of 400 evoked trials were com-hanced synaptic release during short- and long-term synaptic
pared before and during injections @SNAP. After the ter- facilitation (Delaney et al. 1991; Dixon and Atwood 1989a,b;
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Dudel et al. 1983; Parnas et al. 1982; Zucker and Fogelsstimulation frequencies while increasing the amount of
1986) and among terminals that show differences in synapteSNAP within the terminals.
efficacy (Atwood and Cooper 1995, 1996a,b; Atwood and What is clearly demonstrated in this paper is theBNAP
Wojtowicz 1986; Atwood et al. 1994; Bradacs et al. 1997oes increase synaptic output by increasing the probability
Cooper et al. 1998; King et al. 1996; LaFramboise et all. 1gggz_at a stimulus will result in NT release. On cellular terms,
The stochastically derived quantal parameteasidp, are this suggests thai-SNAP increases the ready release pool
to help one determine possible mechanisms but because @hdusion competent SVs. On a molecular basis, we must
calculatedn is difficult to directly correlate to a structural@SSUme that-SNAP is effecting NT release by acting on
identity, it remains open for debate if much weight can 2@6 SNARE proteins present in the active zone and SVs,

| n h indi for tructural meanina. Laten ough that was not speqifically aqdressed here. This would
placed on suc dices for a structural meaning. Late I_pIy that a-SNAP functions not in the fusion event but

facilitation measures, and direct quantal counts for the cz% S . . ;
efore calcium influxes to induce an activated conformation

culation of m are not as subjective indices asand p, and . ; .y
thus are emphasized in this report. It is beyond the scopezﬁfthe SNARE proteins so that they are primed to participate

. . . ) membrane fusion.
this report to dwell on the finer points of quantal analysis but

to highlight a few points may clarify the reason of not Funding for this research was provided by the University of Kentucky
placing to much emphasis on and p for mechanistic Research and Graduate Studies Office (R. L. Cooper), National Science Foun-
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