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Modulation of secretion via G protein-coupled receptors (GPCRs)
serves an important regulatory function in neuronal and nonneu-
ronal secretory cells. Most secretory cells possess voltage-gated
calcium channels, share homologues of the core complex of three
proteins (the SNAREs) that constitute the secretory apparatus, and
are modulated by GPCR activation. Activators of GPCRs generally
inhibit the release of neurotransmitter substances to a maximum
of only 50–60% of the control level, suggesting that complex
protein–protein interactions may govern the efficacy of this form
of modulation. In this article, molecular genetic approaches are
used in combination with botulinum toxins (selective molecular
scalpels that cleave the SNAREs at highly restricted loci) to address
this issue. The results suggest that the cleavage of either of the
plasma membrane SNAREs (syntaxin or SNAP-25) prevents modu-
lation of calcium currents by A1 adenosine receptors at mammalian
motor nerve endings. In contrast, cleavage of the synaptic vesicle
SNARE (synaptobrevin) in conjunction with deletion of the vesicle-
docking protein Rab3A greatly enhances the efficacy of calcium
current modulation.

adenosine � neuromuscular junction � neurotransmitter release �
synaptic vesicles

The fine regulation of the levels of neurotransmitter output by
endogenous substrates occurs at most synapses and is me-

diated via G protein-coupled receptors (GPCRs) on the nerve
terminal (1–3). Such modulation may be mediated through
effects on the entry of Ca2� through Ca2� channels into the
nerve terminal (4, 5) and through actions on the secretory
apparatus independently of effects on Ca2� channels (1–3,
6–10). As a general rule, the maximal inhibitory effect of the
endogenous substrate is often limited to �50% of the control
level (1–3, 11, 12), but some GPCR agonists may have greater
efficacies as inhibitors of neurotransmitter release (12).

At the skeletal neuromuscular junction, the endogenous
GPCR agonist adenosine acts as an inhibitor of neurotransmitter
release and is responsible for neuromuscular depression at
amphibian (7, 13–15) and mammalian (4, 16, 17) synapses.
Indeed, at amphibian synapses, adenosine derived from vesicular
ATP (18) appears to be the exclusive mediator of prejunctional
neuromuscular depression in response to low-frequency (0.1–10
Hz) nerve stimulation (7, 15). A1 adenosine receptor activation
inhibits neurotransmitter release in amphibians by an effect on
strategic components of the secretory apparatus and not by
effects on membrane ionic channels (3, 6–8, 15).

In contrast to the amphibian results, A1 adenosine receptor
activation causes simultaneous decreases in both P/Q type Ca2�

currents and the evoked release of the neurotransmitter acetyl-
choline (Ach) at mouse motor nerve endings (5). Despite this
effect on Ca2� currents, studies with botulinum toxins suggest
that the three members of the core complex of the secretory
apparatus (the SNAREs) play important roles in mediating the
effects of adenosine at mouse motor nerve endings (19–24).
Botulinum toxins (Botxs) are a family of zinc-dependent metal-

loendopeptidases that abolish Ach release by selectively cleaving
individual SNAREs at highly restricted loci. As Fig. 1 shows, the
three SNAREs form a tight helical bundle in which a complex
of the two nerve terminal SNAREs (t-SNARES), syntaxin (red)
and SNAP-25 (synaptosomal associated protein of 25 kDa,
green), is joined by the vesicle SNARE (v-SNARE) synapto-
brevin (darker blue) to form a primed vesicle. Botulinum toxin
type C (Botx/C) cleaves syntaxin (see Fig. 1), an integral
presynaptic membrane protein intimately linked to Ca2� chan-
nels (19, 21) (Fig. 1, Ca2� channels), and eliminates the inhib-
itory effects of adenosine on Ca2� currents at mouse motor
nerve endings (19). In addition, genetic deletion of the small
GTP-binding protein Rab3A (Fig. 1, light blue), a synaptic
vesicle protein implicated in both synaptic vesicle recycling and
vesicle docking (17, 20), alters presynaptic modulation. Specif-
ically, adenosine has an increased potency as an inhibitor of both
Ca2� currents and evoked Ach release in the Rab3A�/� mutant
mouse (5, 17). This result raises the possibility that Rab3A, either
on its own or via an interaction with its binding partners RIM
(Rab interacting molecule; Fig. 1, yellow) or rabphilin (not
shown), provides a negative regulatory control on the potency of
GPCR agonists by altering the conformation of the SNARE–
Ca2�channel complex.

Because docking via Rab3A reduces the potency of adenosine,
it is of interest to investigate whether cleavage of the SNAREs
in the Rab3A�/� deletion mutant alters the efficacy of GPCR
agonists. To perform these studies, botulinum toxins were used
to cleave individual SNARE proteins (21–24). The modulatory
effects of adenosine on Ca2� currents after disruption of the
SNAREs were then examined in Rab3A�/� mutant and com-
pared with the effects of similar treatments in the wild-type
mouse.

Results
General Observations on the Effects of Adenosine in the Rab3A�/�

Mutant as Compared with the Wild-Type Mouse. The inhibition of
both Ca2� currents and evoked Ach release by adenosine may be
measured simultaneously at the mouse neuromuscular junction
(5). Fig. 2A shows an example of the typical presynaptic ionic
currents (upper traces) recorded simultaneously with evoked
Ach release [end-plate potentials (EPPs), lower traces] in the
Rab3A�/� mutant in the absence of toxin treatment. As shown
in Fig. 2 A (upper traces), the downward waveform represents the
Na� current produced by Na� influx in the nodes of Ranvier and

Author contributions: E.M.S. designed research, performed research, analyzed data, and
wrote the paper.

The author declares no conflict of interest.

This article is a PNAS Direct Submission.

*To whom correspondence should be addressed. E-mail: e-silinsky@northwestern.edu.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0708814105/DCSupplemental.

© 2008 by The National Academy of Sciences of the USA

www.pnas.org�cgi�doi�10.1073�pnas.0708814105 PNAS � April 29, 2008 � vol. 105 � no. 17 � 6427–6432

N
EU

RO
SC

IE
N

CE

http://www.pnas.org/cgi/content/full/0708814105/DCSupplemental
http://www.pnas.org/cgi/content/full/0708814105/DCSupplemental


the terminations of the myelin sheaths (25–29) (Fig. 2 A, Na�).
The upward deflections (Fig. 2 A, Ca2�) reflect the movement of
Ca2� through P/Q-type calcium channels as these waveforms are
inhibited by �-agatoxin IVA or Cd2� (5, 19, 25–29). Fig. 2 A
shows the typical maximal inhibitory effect of adenosine in the
absence of SNARE cleavage. In this experiment, adenosine
inhibits the Ca2� current to 77.5% of control and concomitantly
inhibits the EPP to 50% of the control level (Fig. 2 A, lower
traces, P � 0.035). In all experiments using normal Ca2�

solutions, supramaximal concentrations of adenosine inhibited
Ca2� currents to 75.9% � 3.1% of the control level (n � 6
experiments) in the Rab3A�/� mutant. This inhibitory effect is
indistinguishable from the maximal effects of adenosine on
calcium currents in wild-type mice (75.4% � 3.9%, mean � 1
SEM, n � 5 experiments). Fig. 2 A also shows that this maximal
inhibitory effect of adenosine on Ca2� currents is associated with
a decrease in evoked Ach release to �50% of control (51.8% �
2.3%, n � 5 experiments) (5, 17). Fig. 3 (Control) shows mean
data for the maximal level of inhibition of calcium currents by
adenosine for the wild-type mouse (wt, open bars) and the
Rab3A�/� mutant (black bars) in the absence of toxin treatment.

Cleavage of Syntaxin Eliminates the Effects of Adenosine. Next, the
roles of various components of the SNARE complex in medi-
ating the effects of adenosine on Ca2� currents were investigated
by using specific botulinum toxin serotypes. Treatment of mouse
phrenic nerve hemidiaphragm preparations with Botx/C selec-
tively cleaves syntaxin between amino acids K253 and A254 near
the transmembrane region of this SNARE (Fig. 1), eliminates
syntaxin immunoreactivity, and blocks evoked neurotransmitter
release (19, 24). As Fig. 2B shows, after Botx/C treatment in the
Rab3A�/� mutant, the presynaptic Ca2� current is not affected
by adenosine. This concentration of adenosine is �20-fold

higher than the concentration that produces a maximal inhibi-
tory effect in the Rab3A�/� mutant (5, 17). In contrast, Cd2�,
which acts by blocking the calcium entry pore, produced its
typical inhibitory effect on Ca2� currents after syntaxin cleavage
by Botx/C (Fig. 2B, Cd2�). In all five experiments made after
complete blockade of Ach release by Botx/C treatment, no
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Fig. 2. The effects of adenosine in the Rab3A�/� mutant in the absence of
botulinum toxin treatment (A) and after cleavage of syntaxin with Botx/C (B)
and SNAP-25 with Botx/E (C). (A) Typical effect of supramaximal concentra-
tions of adenosine (10 mM) in the absence of botulinum toxins on perineural
calcium currents (Ca2�, upper traces) and Ach release (EPPs, lower traces)
recorded under the same conditions. See Materials and Methods for details of
the polarities of the waveforms and description of the perineural currents,
which are reflected as voltage changes in the extracellular compartment and
are thus calibrated in millivolts. Dose–response relationships for adenosine as
an inhibitor of Ach release and calcium currents in both normal and Rab3A�/�

deletion mutants have been previously published by this laboratory (5, 17).
Because the efficacy, not the potency, of adenosine was to be examined, and
for comparison with previously published results (see figure in ref. 5), supra-
maximal concentrations of adenosine (10 mM) were used in all experiments in
this study. (B) Cleavage of syntaxin with Botx/C eliminates the inhibitory effect
of adenosine (the averaged peak perineural waveform was 1.1 mV in both
control and adenosine traces in A, n � 5 responses averaged) but not that of
Cd2� on Ca2� currents. (C) Cleavage of SNAP-25 with Botx/E eliminates the
inhibitory effect of adenosine (the averaged peak perineural waveform was
1.2 mV in both control and adenosine traces in B, n � 9–12 responses
averaged), but not that of Cd2�, on Ca2� currents.

Fig. 3. Effects of adenosine after cleavage of t-SNAREs in the Rab3A�/�

mutant mouse (filled bars) as compared with the wild-type mouse (open bars).
In control preparations (no botulinum toxins), neuromuscular transmission
was blocked by 25–50 �M Tubocurarine, whereas for the Botx fractions,
transmission was blocked prejunctionally by cleavage of the SNAREs with the
particular Botx serotype. Each bar represents the average percent inhibition
for five or six different experiments. With the exception of the Botx/E exper-
iments, data from wild-type mice were taken from ref. 19. Note that supra-
maximal concentrations of adenosine failed to inhibit P/Q Ca2� currents after
cleavage of syntaxin with Botx/C or SNAP-25 with Botx/E in either the wild-
type or Rab3A�/� mutant mouse. P values ranged from 0.13 to 0.94 in the
individual experiments.

Fig. 1. The secretory apparatus and the cleavage sites for Botxs. The SNAREs
syntaxin (red), SNAP-25 (green), and synaptobrevin (darker blue) are shown in
their primed state based on the crystal structure of the complex, as are the
cleavage sites for Botx/A, C, D, and E (38). Some liberty has been taken with
respect to the distance between vesicle and nerve terminal membrane and
with the relative sizes of the HABC domains of syntaxin for illustrative pur-
poses in this figure and in Fig. 5. For syntaxin, the helical core domain (core,
also termed the H3 domain) contributes one helical domain to the parallel
four-helix bundle of the primed SNAREs, with SNAP-25 (two helices) and
synaptobrevin (one helix) constituting the rest of the bundle. Recent publi-
cations provide strong evidence that the Hcore domain is the likely target for
GPCR activation (10, 32). The other three N-terminal helices of syntaxin (HA,
B, and C) do not contribute to the SNARE complex. The reported interactions
of the HA domain (32) and the Hcore (H3) domains (35) with the synprint
region (pink) of P/Q- and N-type Ca2� channels are both depicted. The synprint
region and the P/Q Ca2� channel structure were drawn in accordance with refs.
28–32. Also shown is GTP-bound Rab3A (lighter blue) interacting with RIM
(yellow). Synaptotagmins (20), which are the Ca2� sensors that mediate the
action of Ca2� once this divalent cation has entered the nerve ending via
voltage gated Ca2� channels, are not shown.
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significant inhibitory effect of supramaximal adenosine concen-
trations (10 mM) on the Ca2� currents was observed in the
Rab3A�/� mutant. These data and the statistically indistinguish-
able data obtained in the wild-type mouse (19) are depicted in
Fig. 3 (Botx/C). These results indicate that syntaxin is an
important target for inhibition by adenosine receptor activation
in both the Rab3A�/� mutant and the wild-type mouse (19).

Effects of SNAP-25 Cleavage at Two Different Regions on the Actions
of Adenosine. Because cleavage of the plasma membrane SNARE
syntaxin eliminates the effects of adenosine, it would be of
interest to determine whether cleavage of the other t-SNARE,
SNAP-25 (Fig. 1), alters the effect of this GPCR agonist.
SNAP-25 is loosely affiliated with the plasma membrane by
palmitoylation. Botx/E irreversibly cleaves a 26-aa segment of
SNAP-25 between amino acids R180 and I181 from the C terminus
of the molecule (21–24) (Fig. 1). As shown in Figs. 2C and 3, after
Botx/E treatment, adenosine failed to affect Ca2� currents in
preparations from either the wild-type or the Rab3A�/� mutant
mouse.

It has been found that cleavage of SNAP-25 by Botx/E
prevents the interaction of the G protein G�� subunits with
SNAP-25 (10). In contrast, less extensive cleavage with Botx/A
(Fig. 1), although reducing the affinity of G�� for SNAP-25,
does not eliminate this interaction (10). It would be of interest
to compare the effects of Botx/A, which irreversibly cleaves a
9-aa segment of SNAP-25 (between amino acids N197 and R198)
from the C terminus of the molecule (19, 21–24) (Fig. 1) with the
more extensive 26-aa cleavage obtained with Botx/E. In contrast
to the results with Botx/E, adenosine produced a statistically
significant inhibition of Ca2� currents after Botx/A treatment in
each individual experiment (P � 0.05) in the Rab3A�/� mutant
(mean percentage of inhibition after Botx/A treatment � 80.3%
� 2.1%, n � 5 experiments, Fig. 3). This effect of adenosine after
Botx/A is indistinguishable from the maximal effects of adeno-
sine in the absence of toxin treatment (P � 0.54, see Figs. 2 A and
3) and after Botx/A treatment in the wild-type mouse (ref. 19;
also see Fig. 3). It thus appears that the first nine amino acids at
the C terminus are not required for the modulation of Ca2�

currents by adenosine at motor nerve endings, but that the
adjacent 17 amino acids of SNAP-25 are essential for coupling
A1 adenosine receptor activation to the inhibition of Ca2�

currents.

Cleavage of Synaptobrevin Greatly Enhances the Efficacy of Adeno-
sine in the Rab3A�/� Mutant but Not in the Wild-Type Mouse. As
deletion of the vesicle protein Rab3A�/� increases the apparent

affinity of adenosine as a modulator of Ca2�currents (5), it
appears of interest to determine whether the vesicle SNARE
synaptobrevin (also known as vesicle associated membrane
protein, or VAMP) can restrict the efficiency of GPRC modu-
lation. To perform these experiments, synaptobrevin was cleaved
by using Box/D (Fig. 1); Botx/D cleaves synaptobrevin between
residues K59 and L60, eliminates synaptobrevin immunoreactivity
(24), and blocks the normal synchronous evoked release of Ach
at vertebrate neuromuscular junctions (19, 30). As shown in Fig.
4A, after cleavage of synaptobrevin in the Rab3A�/� mutant, a
dramatic and complete inhibition of the peak Ca2� current was
produced by adenosine (Fig. 4A, adenosine). Specifically, no
statistically significant difference was observed between the
peak of the residual outward current after the application of
adenosine (56.7% � 1%, n � 5 experiments, see Fig. 3’s legend)
or after the addition of the Ca2� channel blocker Cd2� (1 mM,
54.0% � 3.45%, n � 17, P � 0.68) (Fig. 4A). This complete
inhibitory effect of adenosine on the Ca2� current was fully
reversible (see Fig. 4A, 5- and 10-min wash periods). To illustrate
the profound degree of inhibition produced by adenosine after
Botx/D treatment in the mutant mouse, Fig. 4B shows a plot of
the effects of adenosine on the normalized peak Ca2� current (as
a percentage of the control current, see Fig. 4’s legend for further
details). Note the essentially complete inhibition of the normal-
ized P/Q calcium current by adenosine. Fig. 4C shows the mean
results from all of the experiments made following cleavage of
synaptobrevin after Botx/D treatment in Rab3A�/� mutant
(black bar) as well as the Cd2� -insensitive component of the
perineural current peak (Fig. 4C, gray bar, Cd2�). In contrast to
the results in the Rab3A�/� mutant mouse, adenosine has its
usual inhibitory effect after Botx/D cleavage in the wild-type
mouse (83.0% � 2.3% of control; Fig. 3C, open bar) (19). This
increase in the efficacy of adenosine by synaptobrevin cleavage,
which prevents the vesicle from participating in the priming
process with the t-SNAREs, thus only occurs when vesicle
docking is also reduced by the deletion of Rab3A.

Discussion
These results indicate that the maximal inhibitory effect of a
GPCR agonist on membrane ionic currents can be increased by
disruption of vesicle proteins. The effects of adenosine on Ca2�

currents after Botx/D treatment in the Rab3A�/� mutant are
indistinguishable from those of concentrations of Cd2�, which
completely block Ach release (5). These data thus suggest that
an endogenous mediator of presynaptic depression can have
increased efficacy when vesicle proteins are deleted. They also

Fig. 4. Increased efficacy of adenosine in the Rab3A�/� mutant after cleavage of the vesicle protein synaptobrevin with Botx/D. (A) Raw traces (each trace is
the average of three to six stimuli, 0.017 Hz). Note the complete and reversible inhibition of Ca2� currents by adenosine and its similarity to the effects of Cd2�.
(B) Inhibition by adenosine of the normalized peak Ca2� current. Each point is the response to a single stimulus. To normalize the peak Ca2� current, the residual
outward Cd2�-insensitive component (a component that is independent of Ca2� entry via presynaptic Ca2� channels; see refs. 5 and 29) was subtracted from peak
currents. This residual outward current after Cd2� is likely to be due to the Na� current associated with the action potential, a current that passively repolarizes
the part of the nerve ending under the recording electrode or an as-yet-uncharacterized ionic current (4, 5, 29). (C) Effects of adenosine after cleavage of
synaptobrevin with Botx/D in Rab3A�/� mutant (filled bar) are indistinguishable from those of maximal P/Q-type calcium channel block with Cd2� (shaded bar).
In contrast, the effects of Botx/D in the wild-type mouse (wt, open bar) are indistinguishable from the effects of adenosine in the absence of toxin treatment
(see Fig. 3 in ref. 19). For further details, see the text.
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suggest that the maximal inhibitory effect of adenosine is not
limited by the number of presynaptic adenosine receptors.

The results with Botx/A and Botx/E also demonstrate that
nonselective disruption of a particular SNARE need not result in
changes in GPCR modulation. Rather, it is the selective SNARE
cleavage at discrete regions of the secretory apparatus that is
necessary to affect the modulation of presynaptic Ca2� currents.
These data also provide an estimate of the minimal SNARE
requirement for presynaptic modulation of calcium currents by
adenosine, namely the cytoplasmic helical domains of syntaxin and
a significant portion of SNAP-25 (excluding the last 9 amino acids
at the C terminus).

A model for these results, based on these data and previously
published results, is shown in Fig. 5. Fig. 5A depicts normal
presynaptic modulation in the wild-type mouse, in which a vesicle
is docked via GTP-bound Rab 3A to RIM at an active zone of
secretion and primed via the SNARE complex (see also Fig. 1 for
further details). Mechanistically, it is hypothesized that binding of
adenosine to the A1 adenosine receptor (marked as ‘‘1’’ in Fig. 5A)
produces GTP/GDP exchange (not shown) and subsequently the
dissociation of the G�� complex from the G� subunit (marked as
‘‘2’’ in Fig. 5A). The G�� complex then interacts with the t-
SNAREs syntaxin and SNAP-25 (marked as ‘‘3’’ in Fig. 5A), and

Rab3A-/-

A

C
Rab3A-/-

  +Botx/D

B

Fig. 5. A model for the enhanced effects of adenosine before and after disruption of vesicle proteins. (A) Same conditions as Fig. 1, but with the adenosine
receptor and G protein included. The depiction of the G protein includes the � propeller region of G� that is believed to interact with effectors and the G� subunit
with its prenylated attachment to the membrane (39). The G� subunit was drawn in accordance with the crystal structure, with the receptor interaction domain
and the GTP-binding region shown as a black circle and a black curving line, respectively. The helical domains are shown as ear-like appendages on the canine-like
subunit. This figure also shows the N terminus of RIM interacting with Rab3A and two additional domains (C2 domains) that have been shown to interact with
t-SNAREs and Ca2� channels (40). For further details of the GPCR activation scheme for adenosine, see the text. (B) The situation in the Rab3A�/� mutant. Note
the change in conformation in the SNARE complex in this mutant (Left) such that the complex has a higher affinity for G�. The SNARE- Ca2� channel complex
(Right) is not capable of being modulated by adenosine (no modulation). (C) The Rab3A�/� mutant after cleavage of synaptobrevin with Botx/D (Left). Note the
recruitment of the additional site for modulation by adenosine by changes in conformation of the t-SNARE–Ca2� channel complex when synaptobrevin is cleaved
in the mutant mouse (Right, modulation). Recruitment of this site thus increases the level of inhibition of the macroscopic calcium currents. For further details
of the synaptic proteins, see Fig. 1.
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possibly with the Ca2� channel (31, 32), and reduces Ca2� channel
activity and neurotransmitter release. Any interaction of G� with
the Ca2� channel requires obligatory binding to the t-SNAREs,
however, because without these presynaptic membrane proteins,
adenosine is incapable of modulating nerve terminal Ca2� currents.
In support of this model, previous results have demonstrated that
it is the G�� subunits of GPCRs that interact with the secretory
apparatus and calcium channels (9, 10, 31–39). Currently it is
thought that G�� interacts with the Hcore (H3) helical domain of
syntaxin (see Fig. 1 and refs. 10 and 32). However, a minor
contribution from the other helical domains (HABC, Fig. 5A) is
possible, either as a target for G�� (10, 19) or as a contributor to
maintaining the optimal conformation of syntaxin for G�� binding
(10, 32). The HA domain has been found to interact with Ca2�

channels (32), and this is depicted in Fig. 5A as well. This model is
supported both by studies in which GTP�S is injected into the
presynaptic element of the chick ciliary ganglion (34) and those
from the lamprey in which G�� inhibited neurotransmitter release
downstream of calcium entry (9, 10).

One possible explanation for the effects of Rab3A deletion
and synaptobrevin cleavage is shown in Fig. 5 B and C, each
depicting two release sites. In contrast to the normal situation in
the wild-type mouse shown in Fig. 5A, deletion of Rab3A is
envisaged as increasing the affinity of G�� for the SNARE–
Ca2� channel complex; this is reflected as an increased potency
of adenosine (Fig. 5B Left). Speculatively, such an effect could
be mediated by RIM (yellow), a protein that normally is
intimately bound to Rab3A for docking but now is free to assist
in the priming process via alterations in conformation of the
t-SNARE–Ca2� channel complex. Indeed, RIM has been found
to interact with both t-SNARES and the pore-forming unit of
calcium channels (40). Because of an unfavorable conformation
of the t-SNARE–Ca2� channel complex, the second release site
and synaptic vesicle (Fig. 5B Right) is not capable of being
modulated either in the wild-type (not shown) or in the
Rab3A�/� mutant mouse (Fig. 5B, no modulation). After cleav-
age of synaptobrevin with Botx/D in the Rab3A mutant, a
conformational change of the SNARE–Ca2� channel complex
occurs at the second, previously latent release site, such that
modulation by adenosine at this site is now possible (Fig. 5C
Right, modulation). This would be reflected as a greater level of
inhibition of the macroscopically measured presynaptic Ca2�

currents. This hypothetical conformational change can occur
only when Rab3A is deleted, again suggesting that a molecule
such as RIM (or an alternative binding partner of Rab3A), when
unencumbered from its interaction with Rab3A, can enhance the
coupling between GPCR activation and the inhibition of pre-
synaptic Ca2� currents.

With respect to GPCR modulation in general, the maximal
inhibitory effects of adenosine or other endogenous presynaptic
GPCR agonists is usually limited to considerably less than complete
inhibition at mammalian peripheral synapses (4, 5) and in the
mammalian brain (ref. 11, but also see ref. 12). These present results
provide a plausible explanation for such observations, namely that
the vesicle components of a docked and primed vesicle are capable
of limiting the maximal degree of presynaptic modulation via
GPCRs. This type of regulation by the secretory apparatus would
allow for restrictions to be placed on the maximum level of negative
feedback inhibition of neurotransmitter release while at the same
time ensuring the rapidity and fidelity of synaptic communication.

Materials and Methods
General Description of Preparations and Recording Methods. Isolated phrenic
nerve hemidiaphragm preparations from Rab3A�/� mutant mice (B6,129-
Rab3Atm1Sud; stock no. JR2443; The Jackson Laboratory, Bar Harbor, ME) were
used in this study. Experiments were made in accordance with the guidelines of
the Northwestern University Animal Care and Use Committee and the National
Institutes of Health. Mice (20–30 g) were anesthetized with isoflurane. When

unresponsive to tactile stimulation, the mice were then exsanguinated and the
isolated preparations pinned in a recording chamber. Physiological saline solu-
tion at room temperature (21–23°C) was superfused by using a peristaltic pump
(3.0 ml min�1). Solutions were removed from the recording chamber by vacuum
suction. Calcium currents were quantified by measuring voltage changes in the
perineural space (5, 19, 25–29). The perineural recording electrodes were filled
withnormalphysiological salt solution (3–10M�) andpositionednear small axon
bundles at the heminode. The electrophysiological correlates of Ach secretion
(EPPs; see Fig. 2A) were also recorded to monitor the elimination of Ach release
(5, 19).

In response to phrenic nerve stimulation (generally 0.012–0.017 Hz), electro-
physiological recordings were made by using an Axoclamp 2A, DigiData 1200, or
TL-125 interface and pCLAMP software installed in a PC microcomputer (Axon
Instruments).ASCIIfiles fromthepCLAMPrecordingwere importedtoSigmaPlot
(Jandel Scientific) and then exported to Microsoft Power Point for lettering.

Botulinum Toxins. Isolated preparations were incubated with the specific sero-
type of botulinum toxin and rocked gently for 1 h in a shaker bath. The specific
botulinum toxins and their concentrations were botulinum toxin type C (Botx/C,
56 �g ml�1) type D (Botx/D, 7.8 �g ml�1), type E (Botx/E, 15.6 �g ml�1), and type
A (Botx/A, 45–56 �g ml�1). Preparations were then pinned in a tissue bath and
stimulated at 1 Hz for �1 h (times ranged from 40 to 100 min). For specific details
of the incubation protocols, the characteristic electrophysiological assessment of
the selective cleavage by a particular fraction of botulinum toxin for its target
SNARE,andfor thetoxin-freecontrols, seeref.19andsupporting information (SI)
Text and Fig. S1. For details of the morphological correlates of toxin treatment in
mouse phrenic nerve endings, see ref. 24.

Physiological Saline Solutions. The standard control physiological saline solution
used to treat the preparations before measuring calcium currents contained (in
mM) NaCl 137, KCl 5, CaCl2 2, MgCl2 2, NaH2PO4 1, NaH2HCO3 24, dextrose 11, (pH
7.2–7.4 gassed with 95% O2 and 5% CO2). In the experiments in which Cd2� was
used, the physiological salt solutions were buffered with 30 mM Hepes (pH
7.2–7.4) and gassed with 100% O2 to preclude the precipitation of divalent
cations thatmayensuewithphosphate–bicarbonate solutions (19). TheseHEPES-
buffered solutions contained (in mM) NaCl 137, KCl 5, dextrose 11, CaCl2 2
without NaH2PO4 or NaH2HCO3, and the K� channel blockers 3,4,-diaminopyri-
dine (DAP, 300 �M) and tetraethylammonium (TEA, 10 mM) to expose the
underlying Ca2� currents. Botulinum toxin fractions were obtained from Wako
Chemicals. All other chemicals were purchased from Sigma.

Perineural Ionic Currents. The perineural currents are, in actuality, voltage
changes produced by ionic current flow across the resistance of the perineural
sheath. The magnitudes of these currents are directly proportional to the differ-
ence in voltage between the nodes of Ranvier and the nerve endings. The inward
Ca2� current localized in the nerve terminals produces a proportional current in
the perineural space, a current that flows back from the nerve ending to the
recording site where it is measured as an upward (outward) deflection (5, 19,
25–29). Hence, although these are not strictly membrane ionic currents, the
calcium component of the perineural waveform is directly linked to highly
localized nerve terminal membrane Ca2� conductance changes. Thus, for the
sake of convenience, these waveforms will be termed ‘‘presynaptic Ca2� cur-
rents’’ because they reflect an inverted replica of the localized ionic currents that
develop in the nerve ending. More precisely, the term ‘‘Ca2� current’’ will be used
for the upward perineural voltage change that is antagonized by P- and Q-type
Ca2� channel blockers. Perineural waveforms are measured from the baseline to
the peak of the current, and for the reasons stated above, the calibration bars are
in millivolts (see refs. 5 and 19 for more details of the methods used to assess the
stability of recordings).

Statistical Methods and Choice of Drug Concentrations. After testing the data for
normality, statistical comparisons between control and treated cells were made
by using the appropriate parametric or nonparametric statistical analysis (41).
When more than two groups were compared for normally distributed data (e.g.,
Fig. 3), an analysis of variance was followed by multiple comparisons using the
Bonferroni inequality (41). Data in Fig. 3 are presented as the mean � SEM. For
more complete details and justification, see the Methods in ref 19.
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