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Ca2� is essential for physiological depolarization-evoked synchro-
nous neurotransmitter release. But, whether Ca2� influx or another
factor controls release initiation is still under debate. The time
course of ACh release is controlled by a presynaptic inhibitory G
protein-coupled autoreceptor (GPCR), whose agonist-binding af-
finity is voltage-sensitive. However, the relevance of this property
for release control is not known. To resolve this question, we used
pertussis toxin (PTX), which uncouples GPCR from its Gi/o and in
turn reduces the affinity of GPCR toward its agonist. We show that
PTX enhances ACh and glutamate release (in mice and crayfish,
respectively) and, most importantly, alters the time course of
release without affecting Ca2� currents. These effects are not
mediated by G�� because its microinjection into the presynaptic
terminal did not alter the time course of release. Also, PTX reduces
the association of the GPCR with the exocytotic machinery, and this
association is restored by the addition of agonist. We offer the
following mechanism for control of initiation and termination of
physiological depolarization-evoked transmitter release. At rest,
release is under tonic block achieved by the transmitter-bound
high-affinity presynaptic GPCR interacting with the exocytotic
machinery. Upon depolarization, the GPCR uncouples from its G
protein and consequently shifts to a low-affinity state toward the
transmitter. The transmitter dissociates, the unbound GPCR de-
taches from the exocytotic machinery, and the tonic block is
alleviated. The free machinery, together with Ca2� that had al-
ready entered, initiates release. Release terminates when the
reverse occurs upon repolarization.

G protein-coupled receptor � neurotransmitter release �
pertussis toxin � presynaptic receptors

Ca2� inf lux is essential for physiological depolarization-
induced neurotransmitter (NT) release (1, 2). A broader,

Ca2� voltage, hypothesis suggests that two factors control re-
lease: Ca2� and G protein-coupled receptors (GPCRs), whose
agonist-binding affinity is voltage-dependent (3). The mecha-
nism suggested for this control is as follows. (i) At resting
potential and rest concentration (nMs) of transmitter, the re-
lease machinery (SNARE proteins and synaptotagmin) is under
tonic block imposed by the transmitter-bound high-affinity
(nMs) GPCR. (ii) Depolarization shifts the GPCR to a low-
affinity state (�Ms), resulting in rapid transmitter dissociation (it
should be emphasized that at this stage release of NT did not
occur yet, and the concentration of NT in the synapse is still in
the nM range). (iii) The unbound GPCR detaches from the
release machinery to relieve the tonic block. The free-release
machinery together with Ca2�, which had already entered,
initiates release. (iv) Upon repolarization, release terminates
because the receptor returns to its high-affinity state and the
tonic block is reinstated.

Much of this suggested mechanism was supported experimen-
tally (3–8) by using mainly the cholinergic neuromuscular junc-
tion (NMJ), where the M2 muscarinic autoreceptor (M2R)

controls both slow feedback inhibition (9, 10) and fast ACh
release (6–8). However, the relevance of this hypothesis for
other NTs was not investigated. More importantly, the mecha-
nism underlying the tonic block is not known even for the
cholinergic synapse. It could be produced by G�� because it
inhibits release by interacting with proteins of the release
machinery (11, 12). Alternatively, it could be achieved by a direct
interaction of M2R with voltage-dependent Ca2� channels (13),
or it could result from the transmitter-bound M2R directly
interacting with the release proteins (14, 15). Finally, it was not
demonstrated experimentally that the voltage-dependent affin-
ity of the GPCRs plays the role assigned to it in points (ii)–(iv)
above. The affinity of GPCRs was universally shown to be high
when coupled to the G protein and low when uncoupled (16, 17).
Pertussis Toxin (PTX) uncouples the GPCRs from their Gi/o (18,
19), hence reducing their affinity toward their agonists, as was
indeed shown for M2R (5). We therefore used PTX to test
whether the affinity of the GPCR plays a crucial role in release
control. We conducted our experiments on NMJ and not in CNS
synapses often used to study release [e.g., the calyx-of-Held (20)]
because in the former it is easier to detect single quanta to
establish directly synaptic delay histograms. These conditions are
necessary to measure with high resolution the effect of PTX on
the time course of release (measured by synaptic delay histo-
grams) and test whether or not the effect of PTX is voltage-
dependent.

Our results confirm that presynaptic GPCRs control release
kinetics primarily by interacting with the release proteins rather
than by employing G�� or affecting Ca2� channels. Furthermore,
this interaction is most likely governed by changes in the affinity
of the GPCR to the NT. This mechanism is likely a general one
because it operates both in ACh and in glutamate (Glu) NMJs.

Results
PTX Increases Spontaneous and Evoked ACh Release and Alters Its
Time Course. M2R controls the time course (21) of ACh release
without affecting Ca2� currents (6–8). To examine whether the
voltage-dependent affinity of M2R is relevant for release control,
we checked for effects of PTX on various aspects of ACh release
in the mouse NMJ. In wild-type (WT) mice, PTX increased
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spontaneous release (SR) �3-fold (Fig. 1e) but had no effect on
the single quantum event [supporting information (SI) Figs. 7
and 8a], confirming a presynaptic effect of PTX (22).

The effect of PTX on evoked release (ER) (samples in Fig. 1a)
was more complex. It increased the quantal content (m) at low
depolarization (�0.3 �A, mPTX/mcontrol � 10.3 � 0.9) with a smaller
effect at higher depolarizations (�0.5 �A, mPTX/mcontrol � 1.9 �
0.1) (Fig. 1b). PTX also affected release kinetics: release started 300
�s earlier (30% acceleration) (Fig. 1c, Inset, and SI Fig. 8b) and
lasted longer: the time constant of decay (�D) increased from 0.34 �
0.02 ms to 0.76 � 0.09 ms (Fig. 1 c and d and SI Fig. 8c). This effect
is also detected in a cumulative plot of the delays (SI Fig. 8d). The
increase in �D after PTX treatment was independent of pulse
amplitude (PA) (Fig. 1b; �2.3-fold on average).

PTX increased SR rate (3.62-fold) and m, in a voltage-
dependent manner (6.7-fold at �0.3 �A; 1.44-fold at �0.5 �A)
also at 37°C (mouse physiological temperature; data not shown).
However, PTX effects on the time course of release could not
be measured at this temperature because of its extreme brevity.

PTX Slows Reinstatement of the M2R-Imposed Tonic Block. The
results in Fig. 1 suggest that a PTX-sensitive GPCR is involved
in control of initiation and termination of ACh release. We first
examined whether the effects of PTX are mediated by M2R by
using NMJs of knockout mice lacking functional M2R (M2-KO)
(23). Here, PTX had no effect on SR (Fig. 1e) or ER (Fig. 1h).

We then investigated the mechanism that underlies release
termination. Termination of ACh release was slower when binding
of ACh to the M2R was retarded (3). Retardation was achieved
either by the addition of methoctramine, a specific antagonist of
M2/M4 GPCRs, or by reducing the ACh concentration in the
synaptic cleft by the addition of ACh esterase (AChE) (7). If PTX
prolongs release by retarding ACh binding, it should occlude the
effect of methoctramine � AChE (mixture, coapplied to maximize
retardation). This was indeed the case. In control, m was 0.14 � 0.01
and �D was 0.35 � 0.01 ms. After PTX treatment, they were
increased to 0.20 � 0.03 (P � 0.0001) and 0.78 � 0.05 ms,
respectively (P � 0.0001; Fig. 1d). Subsequent addition of the
mixture did not further increase or prolong release; m and �D were
0.19 � 0.03 and 0.71 � 0.06 ms, respectively (Fig. 1d). Similarly,
after exposure to the mixture, a subsequent incubation with PTX
had no further effect (data not shown). In M2-KO mice, the
addition of PTX together with the mixture had no effect on ER
(Fig. 1h).

These results suggest that PTX prolongs ACh release by
permanently lowering the affinity of the GPCR, consequently
retarding the rebinding of ACh to M2R upon membrane repo-
larization and neutralizing the reinstatement of the M2R-
imposed tonic block. Under such conditions, we expect that
removal of Ca2� will determine release termination (3). Indeed,
although in PTX-untreated mice the addition of the Ca2�

chelator 1,2-bis(2-aminophenoxy)ethane-N,N,N�,N�-tetraacetic
acid tetrakis(acetoxymethyl ester) (BAPTA-AM) did not
shorten release kinetics (3, 8), in PTX-treated mice it did shorten
release (SI Fig. 9).

PTX Increases Glu SR and ER and Alters Its Time Course. Presynaptic
GPCRs have not been shown to control initiation and termina-
tion of Glu release. The crayfish NMJ, which has many similar-
ities to mammalian CNS synapses (24), is convenient to study
release of Glu (25, 26). Several studies demonstrated the pres-
ence of metabotropic glutamatergic receptors in crustaceans
(27–30). Also, unpublished observations (Y.M.K., H.P., and I.P.,
unpublished results) indicate that, in the crayfish NMJ, the
control of the time course of Glu release is achieved by a
metabotropic Glu receptor (mGluR) of the group II type. We
therefore checked for effects of PTX on release in crayfish
NMJ. Indeed, the effects of PTX on Glu release are similar to
those seen for ACh release in WT mice (Fig. 1 f and g and SI Fig.
8 e–h).

PTX Does Not Affect Ca2� Currents. Because GPCRs inhibit Ca2�

channels in a voltage-dependent manner (13, 31–34), PTX could
potentially enhance ER by abolishing this block. We measured
presynaptic Ca2� currents derived from the excitatory nerve
terminal current (ENTC) (7, 8, 35). Because PTX does not
enhance release at high depolarizations (Fig. 1 b and f ), the
amplitude of the action potential had been reduced (see Mate-
rials and Methods). Fig. 2 shows that both in mouse (Fig. 2a) and
crayfish (Fig. 2c), PTX increased ER produced by the smaller
action potential. Yet, the amplitude and kinetics of the Ca2�

current (Fig. 2 b and d) did not change. That this technique is

Fig. 1. Effect of PTX on ER and SR at the mouse and crayfish NMJ. Results are
presented as mean � SEM. n, number of muscles. (a–d) WT mice. (a) Sample
traces of ER in controls and after PTX treatment. (b) PTX increased m in a
voltage-dependent manner (■ , Left y axis, mPTX/mcontrol, P � 0.0001, n � 5) and
�D in a voltage-independent manner (�, Right y axis, �D-PTX/�D-control, n � 4). (c)
Delay histograms recorded at �0.5 �A, 0.5 ms (total of 15,000 pulses, n � 5).
PTX (filled bars) increased m from 0.39 (control, empty bars) to 0.61, prolonged
�D from 0.34 � 0.02 ms to 0.76 � 0.09 ms, and shortened the minimal delay by
0.3 ms (Inset). (d) PTX (solid line) increased m from 0.14 � 0.01 to 0.20 � 0.03
and prolonged �D from 0.35 � 0.01 ms to 0.78 � 0.05 ms. Subsequent addition
of 10 �M methoctramine � 50 �g/ml AChE (dotted line) did not further
increase m (0.19 � 0.03) or �D (Inset, 0.71 � 0.06 ms) (n � 3). (e) PTX increased
SR rate in WT mice (from 0.43 � 0.01 to 1.52 � 0.2 min�1) and in crayfish (from
1.24 � 0.4 to 3.71 � 0.3 min�1) but not in M2-KO mice (3.83 � 0.4 and 3.82 �
0.3 min�1). ( f and g) Crayfish. ( f) PTX increased m in a voltage-dependent
manner (■ , Left y axis, mPTX/mcontrol, P � 0.003, n � 4) and �D in a voltage-
independent manner (�, Right y axis, �D-PTX/�D-control, n � 3). (g) Delay histo-
grams recorded at �0.35 �A, 0.6 ms (15,000 pulses). PTX (filled bars) increased
m from 0.075 in control (empty bars) to 0.216, increased �D from 0.54 � 0.04
ms to 0.87 � 0.1 ms, and shortened the minimal delay by 0.3 ms (Inset). (h)
M2-KO mice (5,000 pulses, n � 3 for each condition). m and �D were 0.19 � 0.04
and 0.41 � 0.02 ms in control (solid line) and remained 0.2 � 0.02 and 0.40 �
0.04 ms with PTX. Subsequent addition of the mixture (dotted line) did not
change m (0.19 � 0.03) or �D (0.35 � 0.04 ms).
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able to detect changes in Ca2� currents had they occurred is
evident from comparing Ca2� currents produced by full- and
reduced-size action potentials (SI Fig. 10 a and c) or at two
[Mg2�]o (SI Fig. 10 b and d).

PTX Relieves the Tonic Block of ACh and Glu Release. What then is the
mechanism involved in release initiation? In ACh release,
depolarization plays a dual role: (i) opening Ca2� channels (fast)
and (ii) relief of the ACh-bound M2R-imposed tonic block
(slightly slower) (3, 6). To reveal the latter, the nerve terminal
was depolarized to different levels at fixed [Ca2�]o, and the
relationship between m and the amplitude of the depolarizing
pulse (PA) (expressed as the slope of [log m/log PA]) was
measured under control conditions and when the M2R-imposed
tonic block was eliminated by addition of an antagonist or by
administration of a strong but very brief depolarizing prepulse
(see SI Methods) preceding test pulses of variable amplitudes (6).
In both cases, the slope of [log m/log PA] was reduced, suggesting
that under physiological conditions depolarization plays the two
roles. If so, then the slower of the two, relief of the tonic block,
governs release initiation. Only when the tonic block does not
exist does depolarization fulfill the first role alone, opening Ca2�

channels (6).
We repeated these experiments with and without PTX. In

PTX-treated WT mice, m increased in a voltage-dependent
manner: from 0.006 � 0.002 to 0.05 � 0.03 (8.3-fold) at �0.4 �A
but only from 0.21 � 0.07 to 0.50 � 0.15 (2.4-fold) at �0.7 �A.
Consequently, the [log m/log PA] slope declined from a control
value of 6.18 � 1.93 to 3.95 � 1.41 (P � 0.0001; Fig. 3a). Addition
of the mixture or administration of the depolarizing prepulse
after PTX treatment had no further effect on the slope (Fig. 3b).
These results suggest that PTX too relieves the tonic block
imposed by M2R, presumably by shifting M2R into low affinity
toward ACh (5, 16, 17).

Not surprisingly, PTX had no effect on the slope in M2-KO
mice. The control slope was lower to begin with (4.33 � 0.36);
after PTX treatment it was 4.21 � 0.39, and it remained so after
subsequent manipulations (Fig. 3c).

Similarly to WT mice, in crayfish, PTX increased release in a
voltage-dependent manner, and the effect of the prepulse was
occluded with PTX pretreatment (Fig. 3d).

Muscarine and Glu Reverse the Effect of PTX. If PTX indeed
prolongs release by reducing the affinity of the GPCRs toward
their agonists, then a higher concentration of the agonists is
expected to reverse release prolongation. This expectation was
met for both WT mice (SI Fig. 11a) and crayfish (SI Fig. 11 b and
c) NMJs.

The Tonic Block of Release Is Not Mediated by G��. Although the
results so far are compatible with the hypothesis that PTX exerts
its effect on release by reducing the affinity of GPCRs toward
their agonist, another explanation should be considered. G��
was shown to inhibit transmitter release (11, 12) without affect-
ing Ca2� currents. It is thus possible that PTX exerts its effects
by reducing the levels of G��.

Microinjection of G�� into the crayfish axon preterminal
reduced m by �70% with a recovery time (that presumably
reflects diffusion away of the G��) of �10 min (mcontrol � 0.13 �
0.02 and mG�� � 0.04 � 0.01; Fig. 4a, a representative experi-
ment). This inhibition was not accompanied by changes in the
time course of release (Fig. 4b); the minimal delay and �D
remained the same as in control (Fig. 4b Inset). As shown in ref.
12, G�� did not affect Ca2� currents (Fig. 4f ). Microinjection of
denatured G�� did not reduce m (SI Fig. 12a).

We next microinjected G�� into PTX-treated terminals. Here
too, G�� inhibited release by �65% (similar to its effect without
PTX treatment) (Fig. 4c) but did not reverse the effects on �D
(�D � 0.70 � 0.03 with PTX, and �D � 0.71 � 0.02 after injecting
G��; Fig. 4d). Together, these results show that the effects of
PTX are not caused by reduction of the G�� concentration.

Reinforcement of this conclusion is provided in Fig. 4e.
Although PTX enhanced release in a voltage-dependent manner
(Fig. 1 b and f ), the magnitude of G�� inhibition was indepen-
dent of pulse amplitudes; it was 44.9 � 2.6% at �0.5 �A and
45.3 � 4.1% at �0.9 �A (P � 0.9; for raw data see SI Fig. 12b).
This finding, together with the lack of effect of G�� on the time
course of release, suggests that the physiological tonic inhibition
that is relieved by depolarization is not mediated by G��. It is
presumably also not mediated by G� because injection of
guanosine 5�-(3-O-thio)triphosphate (GTP�S) inhibited release
in a voltage-independent manner and did not affect the time
course of release (SI Fig. 13).

PTX Reduces the Physical Interaction Between M2R and Syntaxin. The
results so far are compatible with the notion that under physiolog-
ical conditions the tonic block is achieved by a direct association of
the transmitter-bound high-affinity receptor with the release pro-

Fig. 2. PTX increased the synaptic currents without affecting the Ca2�

currents. (a and b) WT mice. (a) PTX (broken line) increased the synaptic
current without affecting the ENTC. (b) Ca2� currents (superposition) were the
same before and after PTX treatment. (c and d) Same as in a and b, but in
crayfish. Fig. 3. PTX affects the {log m/log (PA)} slope. (a and b) WT mice. (a) Control

slope, 6.18 � 1.93 (■ ). After PTX, 3.95 � 1.41 (�, n � 5, P � 0.0001). (b) Control
slope, 7.48 � 0.96 (■ ). After PTX (�, 3.95 � 1.41), subsequent addition of the
mixture (�) or a depolarizing prepulse (�, �1.0 �A, 0.1 ms, preceding the test
pulse by 1 ms) did not further reduce the slope (3.96 � 1.2 or 4.10 � 0.34,
respectively) (n � 5). (c) M2-KO mice. Control slope, 4.33 � 0.36 (■ ) and 4.21 �
0.39 after PTX (�). Subsequent addition of 10 �M methoctramine (�) or
administration of a prepulse (�) did not affect the slope (4.21 � 0.39, 4.33 �
0.35, respectively) (n � 3). (d) Crayfish. PTX (�) reduced the slope from 7.03 �
0.39 in control (■ ) to 3.92 � 0.45. Administration of a prepulse (�1.0 �A, 0.1
ms, preceding the test pulse by 1 ms) after PTX (�) did not further reduce the
slope (3.37 � 0.58).
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teins (3). A further test of the above conclusion would be to measure
the effect of PTX on the coimmunoprecipitation (IP) of the M2R
and the release proteins. Because PTX reduces the affinity of M2R
toward its agonist (4, 5), it is expected also to diminish the
interaction of the M2R with the release proteins. Furthermore, a
subsequent addition of a high concentration of the agonist is
expected to restore this interaction.

IP experiments were conducted with fresh mouse brain synap-
tosomes (pretreated with AChE to hydrolyze endogenous ACh).
Co-IP of M2R with one representative of the SNARE proteins,
syntaxin, was examined. It is seen (Fig. 5a, compare Upper lanes 1
and 2) that PTX reduced the co-IP of M2R with syntaxin. On
average, PTX treatment reduced the M2R–syntaxin interaction to
52 � 4% of control (Fig. 5b; P � 0.0001) but did not affect the
amount of precipitated M2R (Fig. 5c). Addition of 20 �M musca-
rine restored most of the M2R–syntaxin interaction (to 75 � 6% of
the control, P � 0.01) (Fig. 5a, lane 3, and Fig. 5b).

Discussion
The primacy of Ca2� in physiological depolarization-induced
synchronous release is amply documented (1, 2, 21, 36). Sur-
prisingly, the time course of physiological release was found to
be independent of Ca2� level and kinetics (37–39) [in contrast to
Ca2�-uncaging-induced release (2, 40), where release kinetics
heavily depends on Ca2� level], suggesting that another factor,
somewhat slower in its effect than Ca2� entry, limits triggering
of depolarization-evoked release. In several studies we have
shown that this factor is a presynaptic GPCR, whose agonist-

binding affinity is voltage-dependent (6–8). The present work,
although not aimed at elucidating the role of Ca2� in release,
enables nevertheless a clear discrimination between release
aspects controlled by Ca2� and those controlled by GPCRs. The
negligible effect of PTX on the amount of release at high
depolarizations implies that this feature of physiological release
is determined predominantly by Ca2�. However, the lack of
effect of PTX on the level and kinetics of Ca2� currents together
with its salient effect on release kinetics suggests that the latter
is controlled by the GPCR. With this dual control of depolar-
ization and Ca2�, the amount of NT release can be modulated
during repetitive stimulation while keeping the time course of
release unaltered, a property that is critical for information
processing (3).

Fig. 6 illustrates our suggested mechanism for GPCRs �
Ca2�-mediated control of release. In the present work, using
PTX, we substantiated our assumption that it is the voltage-
dependent agonist-binding affinity of the GPCRs that is crucial
for formation and relief of the tonic block. Because of the
rapidity of release (a few milliseconds), it is unlikely that second
messengers are involved in control of the tonic block. Rapid
control could potentially be achieved (i) by GPCRs targeting
Ca2� channels (31, 34, 41), (ii) by GPCRs targeting the release
machinery via G�� (11, 12, 42), or (iii) by a rapid voltage-
dependent shift of the GPCR affinity and a direct interaction of
the GPCR itself with the release machinery (14, 15).

Several lines of evidence render possibilities (i) and (ii)
unlikely. We showed here that PTX affects release without
altering Ca2� currents. Also, the voltage dependence of GPCR-
mediated inhibition of the Ca2� channels is achieved because
depolarization causes dissociation of G�� from the channels (18,
43, 44). However, we have shown here that the inhibition of
release by G�� is voltage-independent. Moreover, inhibition of
NT release by G�� does not alter Ca2� entry (Fig. 4f and ref. 12).
This result, together with our observation that G�� did not affect
the time course of Glu release (Fig. 4), implies that the possibility
that G�� mediates the tonic block by interacting either with Ca2�

channels (i) or directly with SNARE proteins (ii) is unlikely.
Our results are best explained by possibility (iii), i.e., rapid

control of ER is achieved by GPCRs shifting their affinity toward
their NT in a voltage-dependent manner. The affinity shift
affects binding of the GPCR to the NT, which in turn affects the

Fig. 4. G�� inhibits release in a voltage-independent manner without
altering the time course of release at the crayfish NMJ at 12 � 1°C. Pulses are
5 Hz. [G��]electrode, 4 �M. (a) Representative experiment. Similar results were
obtained in three more experiments. G�� microinjection (first arrow) lowered
m from 0.13 � 0.02 in control (F) to 0.04 � 0.01 (E). Its effect lasted for �10
min. Two consecutive injections (arrows) of G�� (10-min interval) reduced
release for �20 min. (b) Total of 30,000 pulses, n � 4. G�� lowered m from
0.12 � 0.03 in control (solid line) to 0.03 � 0.01 (broken line) but did not
change �D (Inset, 0.34 � 0.04 ms in control and 0.33 � 0.04 ms with G��) or the
minimal delay (0.6 ms in control and with G��). (c) G�� microinjection to a
PTX-treated terminal lowered m from a maximum of 0.19 to a minimum of
0.068 (64% inhibition) (a representative experiment is shown; similar results
were obtained in two more experiments). (d) Total of 15,000 pulses, n � 3.
First, PTX alone was applied [solid line, m � 0.16 � 0.01, �D � 0. 70 � 0.03
(Inset)]. Subsequent G�� microinjection (broken line) reduced m to 0.07 � 0.01
but did not affect �D (Inset, �D � 0. 71 � 0.02). (e) G��-induced inhibition is
voltage-independent. It was 44.9 � 2.6% at PA of �0.5 �A, 45.7 � 1.8% at
�0.7 �A, and 45.3 � 4.1% at �0.9 �A (n � 4). ( f) Injection of G�� did not affect
Ca2� currents (solid line, control; broken line, G��).

Fig. 5. PTX affects the interaction between M2R and syntaxin. IP experiments
were performed by using mAb against M2R. (a) A representative immunoblot
detected with mAb against syntaxin. Immunoreactivity of the Ab used in the
IP experiment is marked as light chain. Lanes: 1, control, with 100 nM musca-
rine; 2, PTX with 100 nM muscarine; 3, PTX, with 20 �M muscarine. Initial
amount of syntaxin was the same under all treatments. (b) Average relative
immunoreactivity of syntaxin from four experiments similar to that described
in a, presented as percentage of control. The SEM of the control was calculated
from duplicates. Black bar, control. Gray and white bars, PTX with 100 nM (�)
and 20 �M (��) muscarine, respectively. *, P � 0.011; ***, P � 0.0001. (c)
Representative immunoblot detected with (�) or without (minus) mAb
against M2R, in the presence (�) or absence (minus) of PTX.
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direct interaction between the GPCR and the release machinery.
In this framework, PTX affects initiation and termination of
release by shifting the GPCR to a low-affinity state toward the
transmitter; termination of release will be slower because of
retardation of the rebinding of the NT, thus delaying reinstate-
ment of the block. Initiation occurs sooner because at rest, only
a small fraction of the PTX-mediated low-affinity receptor will
be bound to the agonist present in the synaptic cleft, resulting in
more ‘‘free’’ release machinery to be encountered by the rapid
influx of Ca2�. Also, the voltage-dependent enhancement of
release after PTX treatment (Figs. 1 and 3) can be explained in
this framework because a strong test pulse (i.e., high depolar-
ization) by itself is sufficient to remove most of the tonic block,
so PTX becomes redundant.

We presented results indicating that voltage-sensitive presyn-
aptic GPCRs are involved in the control of transmitter release
by interacting directly with the release proteins (rather than with
Ca2� channels). This interaction adds to already known direct
couplings of GPCRs with various effectors (45; for review, see
ref. 46). We show, however, that the coupling of the GPCR to
the release proteins is both voltage- and agonist-dependent.
Hence, interaction of GPCRs with other proteins might also be
under dual control of agonist and membrane potential.

In conclusion, in this work we investigated physiological
depolarization-induced synchronous release from NMJs. We
believe that the same mechanisms apply for synchronous release
in the CNS because the basic release properties of NMJ and CNS
are similar (see for example, ref. 24). Further studies are
necessary to determine whether the mechanisms described here
are also relevant for other modes of release, e.g., Ca2�-triggered
release (2), asynchronous release, and release induced by hy-
pertonic solutions (47, 48).

Materials and Methods
See SI Methods for a more detailed description.

Animals. Mice. Mice were 1.5–3 months old. The Sabra line of white mice was
used unless stated otherwise. M2-KO mice [mixed genetic background
(129JIXCF; 50%/50%) (23)] and age-matched WT mice were kindly provided by
Jürgen Wess (Laboratory of Bioorganic Chemistry, National Institute of Dia-
betes and Digestive and Kidney Diseases, received from Taconic Farms) were
used. Results obtained in the Sabra mice resembled those of the control WT
mice. Mice were anesthetized with CO2 and decapitated according to institu-
tional guidelines and the Israeli law for animal protection. For electrophysi-
ology, hemidiaphragm neuromuscular preparations were isolated and sub-
merged in the standard bathing solution (15 � 1°C) as described in ref. 8. Here
and in crayfish, small changes in Ca2� and Mg2� concentration (1–3 mM) were
not compensated for, TTX was added only in focal depolarization, and pH was
adjusted to 7.4 with NaOH.
Crayfish. The L1 bundle of the deep extensor abdominal muscles or the opener
muscle of the first two walking legs of 4–8-cm-long (head-to-tail) Procamba-
rus clarkii crayfish (Shalom Hayat Biological Preparatory) were exposed and
submerged in a modified Van Harreveled solution (10 � 1°C, unless otherwise
stated) as described before (49, 50).

Electrophysiology. Macropatch electrode was used for stimulation and record-
ing as described before (mice, refs. 6 and 8; crayfish, refs. 26 and 50). Briefly,
the terminal was stimulated with focal depolarizing pulses of 0.5–0.6 ms and
amplitude varying between �0.3 and �0.9 �A at a rate of 1–5 Hz. Single
quanta were easily discerned (Fig. 1a). m is obtained directly by dividing the
number of quanta released within 10 ms after every pulse by the number of
applied pulses. The rate of SR (no stimulation) was determined for a period of
30 min before and after PTX treatment and was very low (less than 4 min�1 in
both preparations). Hence, there is no need to take it into account in the
evaluation of m. For synaptic delay histograms (21), the delay to each quantum
was measured. Delays were grouped into bins of 0.1 or 0.25 ms. Connecting
the bin mid points gave a continuous delay histogram. At least 5,000 pulses
were given for histogram reliability. The number of pulses was the same in
controls and after the different experimental treatments (see SI Methods).

Exposure to Drugs and PTX Treatment. The preparation was immersed in a
constantly circulating solution (Minipuls 3 peristaltic pump; Gilson). Drugs were
added to the reservoir beaker. For PTX incubation, fluid circulation was stopped
and temperature increased to 25 � 1°C. PTX was added directly to the recording
chamber (1 �g/ml). After 2–3 h the pump was reactivated, and recording was
resumed. Two to three hours of incubation was shown to be sufficient for PTX
activation (51) and for reducing muscarine-mediated autoinhibition of ACh
release (10). Here, it diminished Glu-induced inhibition (SI Fig. 7a). Heat-
inactivated (80°C for 30 min) PTX had no effect on release (SI Fig. 7b).

PTX, methoctramine, muscarine, and L-glutamic acid (monosodium salt)
were purchased from Sigma. TTX was from Alomone Labs. AChE was kindly
provided by Israel Silman (Weizmann Institute, Rehovot, Israel) or purchased
from Sigma.

G�� Microinjection. G�� (purified recombinant G�1�2) was kindly provided by
Carmen W. Dessauer (University of Texas, Houston) and stored as described
(52, 53) in a stock solution (40 �M). Denatured G�� was obtained by heating
to 70°C for 10 min. It was pressure-injected (54) (pico-injector PLI-100; Medical
Systems) into the opener excitor axon preterminal of the crayfish by using a
back-filled microelectrode and the Burleigh controller 6000 stepper (Burleigh
Instruments). The first daughter branch of the axon was impaled distally to the
main bifurcation �50 �m from the recording site. The electrode solution
consisted of 4 �M G��, 150 mM KCl, 10 mM Tris buffer, and 0.4% dextrane–
rhodamine B (Molecular Probes); the pH was adjusted to 7.2 with KOH.

Fig. 6. Schematic representation of the mechanism suggested for control of
initiation and termination of physiological depolarization-induced NT re-
lease. The processes are described at three levels of resolution. (a) Lowest
resolution. At resting potential, the vesicles [blue circles with NT (red dots)] are
ready for release, but release does not commence. After the arrival of the
action potential (red arrows), changes in the release machinery occur (initia-
tion), which enable fusion. Several vesicles will be able to undergo initiation
and fusion before termination commences. (b) Low level resolution of the
initiation and termination processes. At resting potential, the high-affinity NT
(red rhombus)-bound GPCR (dark blue) interacts directly with the release
proteins (purple), imposing tonic block of release. The Ca2� channel (yellow)
is closed. Upon depolarization, Ca2� channels open, and, independently, the
GPCR shifts to a low-affinity state. The NT dissociates, the unbound GPCR
detaches from the release proteins, the tonic block is alleviated, and release
initiates. Upon membrane repolarization (blue arrow), the tonic block is
reinstated. (c) High-level resolution of release initiation, focusing on the
different kinetics of Ca2� influx and tonic block alleviation. Upon the arrival
of the action potential, two independent events occur quickly on a very similar
time scale (indicated by the two processes presented one below the other):
influx of Ca2� and, independently, the G protein detaches from the GPCR,
shifting it to a low-affinity state, so that the NT dissociates. Then, with a bit
slower rate, the unbound GPCR detaches from the release proteins. The
free-release machinery, together with the Ca2� that had already entered,
enables fusion of the vesicle with the cell membrane.
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Ca2� Current Measurements. Ca2� currents were measured as described (7, 8,
35). To assure that the PTX affects m, the action potential was reduced either
by adding 50 nM TTX and 10 mM triethanolamine to the bathing solution (in
the mouse experiments) or by reducing [Na�]o to 55 mM (in crayfish experi-
ments) as described (55).

Immunoprecipitation. IP experiments and detection of the precipitated pro-
teins were done as described (14, 15). The Abs used for Western blot analyses
were monoclonal anti-syntaxin (1:10,000; Transduction Laboratories) and
monoclonal anti-M2R (1:500; Alomone Labs) (see SI Methods).

Statistical Analysis. Data are presented as average � SEM. �D is presented as
best fit � error of fit. Significance was obtained with Student’s two-tailed
paired or unpaired t test in all figures. All statistical analyses were performed
by using GraphPad Prism version 4.03 for Windows (GraphPad Software).
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