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Phosphatidic acid produced by phospholipase D (PLD) as a result of
signaling activity is thought to play a role in membrane vesicle
trafficking, either as an intracellular messenger or as a cone-shaped
lipid that promotes membrane fusion. We recently described that,
in neuroendocrine cells, plasma membrane-associated PLD1 oper-
ates at a stage of Ca2�-dependent exocytosis subsequent to cy-
toskeletal-mediated recruitment of secretory granules to exocy-
totic sites. We show here that PLD1 also plays a crucial role in
neurotransmitter release. Using purified rat brain synaptosomes
subjected to hypotonic lysis and centrifugation, we found that
PLD1 is associated with the particulate fraction containing the
plasma membrane. Immunostaining of rat cerebellar granule cells
confirmed localization of PLD1 at the neuronal plasma membrane
in zones specialized for neurotransmitter release (axonal neurites,
varicosities, and growth cone-like structures). To determine the
potential involvement of PLD1 in neurotransmitter release, we
microinjected catalytically inactive PLD1(K898R) into Aplysia neu-
rons and analyzed its effects on evoked acetylcholine (ACh) re-
lease. PLD1(K898R) produced a fast and potent dose-dependent
inhibition of ACh release. By analyzing paired-pulse facilitation and
postsynaptic responses evoked by high-frequency stimulations,
we found that the exocytotic inhibition caused by PLD1(K898R)
was not the result of an alteration in stimulus-secretion coupling
or in vesicular trafficking. Analysis of the fluctuations in amplitude
of the postsynaptic responses revealed that the PLD1(K898R)
blocked ACh release by reducing the number of active presynaptic-
releasing sites. Our results provide evidence that PLD1 plays a
major role in neurotransmission, most likely by controlling the
fusogenic status of presynaptic release sites.

Membrane fusion has been intensively investigated in the
context of Ca2�-dependent exocytosis at neurons and

neuroendocrine cells (1, 2). Presently best defined are proteins
such as the SNAREs that catalyze membrane bilayer mixing by
assembling into highly stable helical bundles and bringing mem-
branes into close proximity (3, 4). Less well understood is the role
of membrane lipid composition at the fusion site; although it has
been proposed that this should critically affect lipid bilayer
intermediate structures formed during the fusion process (5, 6).

Phosphatidylcholine (PC)-specific phospholipase D (PLD)
catalyzes the hydrolysis of PC to produce choline and phospha-
tidic acid (PA). PA produced by PLD as a result of signaling
activity is thought to play a role in many cellular functions
including membrane vesicle trafficking, either as an intracellular
messenger or as a cone-shaped lipid that promotes negative
membrane curvature and fusion (7–9). There are two mamma-
lian PLD genes (10–12), and the encoded proteins, PLD1 and
PLD2, are �50% identical. Within cells, the PLDs become
activated in response to a wide variety of agonists, including
hormones, neurotransmitters, growth factors, and cytokines,
that signal through heterotrimeric G protein-coupled or tyrosine
kinase receptors (8, 13).

We recently reported that in chromaffin cells and in their
tumor cell derivatives, PC12, plasma membrane-associated

PLD1 plays an important role in Ca2�-dependent exocytosis,
operating a late stage subsequent to the cytoskeletal-mediated
recruitment of secretory granules to exocytotic sites (14). We
proposed that PLD1 constitutes a key factor for the late fusion
event. Because Ca2�-dependent membrane fusion proceeds
through a closely related mechanism in secretory cells and
neurons, our results raised the question of whether PLD1 also
may play a role in neurotransmitter release. We show here that
PLD1 is present in rat nerve terminals at the presynaptic plasma
membrane. By monitoring acetylcholine (ACh) release from
identified cholinergic neurons in the Aplysia buccal ganglion, we
found that PLD1 plays a major role in neurotransmission by
controlling the number of functional release sites at nerve
terminals.

Materials and Methods
Cerebellar Granule Cells. Primary cultures of cerebellar granule
cells were prepared according to Stewart et al. (15) from
5-day-old Wistar rats. Granule cells were placed in Petri dishes
(35 mm) previously coated with polyornithine (0.5 mg�ml) and
cultivated in DMEM containing horse serum (10%), insulin (5 �
10�7 M), and KCl (25 mM). Cells were used 7–14 days in culture.

Isolation and Fractionation of Synaptosomes from Rat Brain and
Aplysia Nerve Tissue. Synaptosomes prepared from rat brain
according to Huttner et al. (16) were resuspended in buffered
sucrose, diluted with 9 vol of ice-cold H2O (hypotonic lysis),
immediately homogenized, and then centrifuged for 20 min at
25,500 � g. The pellet containing synaptosomal membranes (i.e.,
plasma membrane, mitochondria, and granules) was saved. The
supernatant was centrifuged for 2 h at 48,000 rpm in a Ti60 rotor
(Beckman Coulter). The resulting supernatant was centrifuged
at 100,000 � g and the pellet (crude synaptic vesicles) was saved.

Nerve ganglia dissected from Aplysia californica (70–120 g
body weight; Marinus, Long Beach, CA) were homogenized in
Tris buffer containing: 10 mM Tris (pH 7.5), 2 mM MgCl2, 1 mM
DTT, 10 mg�ml leupeptin, 1 �M pepstatin, and 0.1 mM PMSF.
Complete lysis was achieved by three cycles of freeze-thawing.
The preparations were then centrifuged (15,000 rpm for 15 min),
and the pellet containing membrane fractions but not the
cytosolic and crude vesicle fractions was saved. Proteins of the
pellet were extracted in Tris buffer containing 1% Triton X-100
for 20 min at room temperature.

Samples, 10 �g (rat) or 20 �g (Aplysia) proteins were subjected
to SDS�10% polyacrylamide gels, transferred to nitrocellulose
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for Western blotting, and incubated with 1:50 dilution rabbit Abs
against PLD1 and PLD2 (QCB, BioSource International, Cam-
arillo, CA) in PBS-BSA 1% at room temperature for 2 h.
Immunoblots were analyzed by chemoluminescence with ECL
plus kit (Amersham Pharmacia).

Immunofluorescence and Confocal Microscopy. For double-labeling
immunocytochemistry, cerebellar granule cells were fixed with
4% paraformaldehyde in PBS for 20 min, permeabilized for 10
min in PBS containing 0.1% Triton X-100, and further incubated
for 1 h in 10% normal goat serum in PBS to block nonspecific
staining. The cells were then incubated overnight at 4°C with
primary Abs: rabbit anti-PLD1 (1:50), mouse monoclonal anti-
SNAP25 (1:400; Sternberger–Meyer, Jarrettsville, MD), or
mouse monoclonal anti-synaptophysin (1:400; Sigma), washed
and incubated for 1 h with Alexa 488-labeled anti-mouse
(1:1,000; Molecular Probes) and Cynanine 3-labeled anti-rabbit
Abs (1:1,000; Jackson ImmunoResearch). Stained cells were
visualized as described (17) by using a Zeiss confocal microscope
LSM 510. For immunocytochemistry on Aplysia ganglion, a
similar procedure was applied except that fixation buffer was
corrected for osmolarity (1,260 mOsm, final). Transversal sec-
tions of the fixed buccal ganglion were done with a cryostat (10
�m) after cryo-protection overnight with 30% sucrose in PBS.

ACh Release and Electrical Recordings at Aplysia Synapses. Experi-
ments were performed at 22°C at identified cholinergic synapses
in buccal ganglia of Aplysia according to previously published
procedures (18–20). Ganglia were superfused continuously (50
ml�h) with physiological medium containing 460 mM NaCl, 10
mM KCl, 33 mM CaCl2, 50 mM MgCl2, 28 mM MgSO4, and 10
mM Tris (pH 7.5). When needed, the extracellular [Ca2��Mg2�]
ratio was modified as described (19, 20). In brief, two presynaptic
cholinergic interneurons and one postsynaptic neuron in the
buccal ganglion were impaled with two glass microelectrodes
(3 M KCl, Ag�AgCl2, 2–10 Mohms). ACh release from a
presynaptic neuron was stimulated by evoking an action poten-
tial every 40 sec. When needed, trains of stimuli (50 Hz, 1 sec)
were generated (20). Postsynaptic Cl�-dependent responses
caused by evoked ACh release were recorded as inhibitory
postsynaptic current (IPSC) by using the conventional two-
electrode voltage-clamp technique. The IPSC amplitude I sub-
sequently was converted to an apparent membrane conductance
change by taking into account the null potential for Cl� (i.e., the
reversal potential of the postsynaptic response). The holding
potential of the postsynaptic neuron was maintained 30 mV
above ECl�.

Intraneuronal Application of PLD Proteins. GluGlu-tagged catalyt-
ically inactive PLD1(K898R) or PLD2(K758R) proteins were
prepared and purified on an affinity column as described (14,
21), mixed with a vital dye (fast green FCF, 10% vol�vol; Sigma),
and air-pressure injected into presynaptic neurons under visual
and electrophysiological monitoring as described (18–20). The
injected volume was in the range of 1% of the cell body volume.

Determination IPSC Mean Amplitude and Variances. When ACh
release was stable, average IPSC amplitude Iav was calculated
and corresponding variance, V, was determined from the fluc-
tuation of the IPSCs around Iav. In nonstationary conditions, Iav
values were obtained by local linear fitting of the I � f(t). The
window width used for local fitting was between 9 and 15 data
points. The ensemble of IPSC fluctuations around Iav was
generated by subtracting the I data to the corresponding fit
value. The variance of the fluctuations around fit (i.e., around
Iav) was calculated in a window (width � 20) that was moving
with a step of 1 along the whole data range to be analyzed. Then
the V � f(Iav) plots were constructed.

Results
Subcellular Distribution of PLD1 in Rat Neurons. The intracellular
distribution of PLD1 in presynaptic nerve terminals of rat brain
neurons was first investigated (Fig. 1A). Immunoreactivity was
detected in the particulate fraction containing the synaptosomal
plasma membrane and comigrating with recombinant PLD1b, a
splice variant lacking exon 17 (22). PLD1 immunoreactivity was
not detected in the crude synaptic vesicle fraction. Immuno-
staining on cultured rat cerebellar granule cells with anti-PLD1
Abs revealed a peripheral f luorescent pattern very similar to that
obtained with anti-SNAP-25 Abs (Fig. 1B), confirming the
localization of PLD1 at the neuronal plasma membrane. To

Fig. 1. PLD1 localization to the neuronal plasma membrane. (A) Brain
synaptosomes lysed by hypotonic shock were homogenized (H) and processed
to separate the cytosol (Cy), the membrane-bound compartment (PM), and
the crude synaptic vesicle fraction (SV). Proteins (10 �g) were subjected to gel
electrophoresis and immunodetection on nitrocellulose sheets by using anti-
PLD1 Abs. Lysates from HEK293 cells transfected with pCGN-PLD1a and pCGN-
PLD1b were used as positive controls. (B) Immunofluorescent confocal micro-
graphs of cultured cerebellar granule cells double-labeled with anti-PLD1 Abs
(red) and anti-SNAP-25 or anti-synaptophysin Abs (green). (Bar � 5 �m.)
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visualize the neuronal distribution of synaptic vesicles, granule
cells were labeled with an anti-synaptophysin Ab (Fig. 1B).
Synaptic vesicles were found in axonal neurites, varicosities, and
growth cone-like structures but not in cell bodies. Although
PLD1 did not precisely colocalize with the sites of punctuate
synaptophysin staining, it was detected in membrane areas close
to the regions enriched in synaptic vesicles, suggesting that it is
present in zones specialized for transmitter release.

Catalytically Inactive PLD1 Inhibits Evoked ACh Release. To func-
tionally determine the synaptic role(s) of PLD1, we used iden-
tified cholinergic synapses in the buccal ganglion of Aplysia
(18–20). As revealed by Western blotting, a protein correspond-
ing by molecular weight to PLD was found in Aplysia nerve tissue
(Fig. 2A). However, it was recognized by both anti-PLD1 and
anti-PLD2 Abs and therefore cannot be referred as being PLD1
or PLD2 (Fig. 2 A). PLD-like immunoreactivity was found in the
ganglion neuropile where the periphery of thin axons processes
was decorated (Fig. 2 B). This finding suggests that PLD is
associated with the membrane of axonal processes or nerve
terminals making synapses with axons. To probe the role of
PLD1 in ACh release, we examined the effect on IPSC amplitude
of microinjecting the catalytically inactive PLD1(K898R) into
one of the identified presynaptic cholinergic neurons in the
buccal ganglion (see scheme in Fig. 2C). The second presynaptic
neuron was kept noninjected to have an internal control for the
ability of the postsynaptic neuron to respond to ACh during the
course of the experiment. As illustrated in Fig. 2 C and D,
PLD1(K898R) produced a fast and potent dose-dependent
inhibition of ACh release. We estimated that after each intra-
cellular injection, the intraneuronal concentration of
PLD1(K898R) was increased by 20–40 nM. Upon repeating the
injection, ACh release could be inhibited by �90% (Fig. 2C).
Neither the action potential that triggers ACh release at nerve
terminals nor the transmembrane-resting potential nor the mem-
brane resistance of the injected neuron were significantly mod-
ified after injection of the recombinant protein (Fig. 2D). Thus,
the inhibition of ACh release induced by the inactive
PLD1(K898R) was not caused by a modification of membrane
excitability.

The mean inhibition of ACh release induced by PLD1(K898R),
calculated 120 min after injection, is shown in Fig. 2E. At the same
concentration, PLD1(K898R) previously boiled at 100°C for 10 min
did not significantly affect ACh release, nor did the unboiled
catalytically inactive PLD2(K758R). Taken together, these obser-
vations strongly suggest that PLD1 regulates a rate-limiting step of
exocytosis in neurons. The low concentration of inactive PLD1
required to efficiently block neurotransmission is compatible with
PLD1 exerting its action on a very limited number of sites. Because
PLD1 decorates the plasma membrane, these few sites may corre-
spond to the presynaptic active zones.

PLD1 Does Not Control Ca2� Entry or Ca2� Sensitivity of the ACh
Release Process in Aplysia Neurons. Next, we examined whether the
catalytically inactive PLD1 inhibited ACh release by altering the
coupling of the exocytotic machinery to Ca2�. Paired-pulse
facilitation (PPF) denotes the increase in amplitude of a test
response as compared to the conditioning response elicited by
paired stimuli. PPF amplitude depends on two main parameters:
(i) the residual intraterminal [Ca2�] that potentiates the release
probability at the time when the test stimulus is applied and (ii)
the number of synaptic vesicles that remain releasable after
conditioning stimulation (i.e., vesicles brought by replenishment
mechanisms and those that had not fused during conditioning
stimulus). Both parameters depend on the release probability
(i.e., the Ca2� gradient) when the conditioning stimulus is
applied. Hence, PPF may be used to detect eventual changes in
the Ca2�-release coupling or�and Ca2�-buffering capacity in the

nerve terminals. We compared the PPF observed when ACh
release was inhibited either by application of low extracellular
[Ca2�] or by injection of PLD1(K898R). Consistent with our
previous observations (18, 19), PPF was strongly increased when
extracellular [Ca2��Mg2�] was reduced (Fig. 3; low Ca2�). In
contrast, despite the strong reduction in ACh release, PPF was
not significantly modified in PLD1(K898R)-injected neurons
(Fig. 3). Thus, PLD1(K898R) is unlikely to inhibit ACh release
by interfering with the influx and elevation of cytosolic calcium
or by modifying in some way the Ca2�-sensitivity of the synaptic
vesicle exocytotic machinery.

Fig. 2. Injection of catalytically inactive PLD1 inhibits evoked-ACh release in
Aplysia neurons. (A) Lyzed Aplysia ganglia membrane-bound proteins (20 �g)
were subjected to gel electrophoresis and immunodetection by using anti-
PLD1 or anti-PLD2 Abs. Lysates from HEK293 cells expressing PLD1 or PLD2
were used as controls. (B) Immunofluorescent confocal micrographs of Aplysia
buccal ganglion neuropile labeled with anti-PLD1 Abs. Note that PLD1 out-
lined axon (arrows). (C) Amplitude of IPSCs evoked at identified synapses in
the buccal ganglion of Aplysia was averaged for periods of 10 min (mean � SD)
and plotted against time. PLD1(K898R) was pressure injected (arrow) in one of
the presynaptic neurons (F). The second presynaptic neuron was not injected
(E). (D) Representative presynaptic action potentials and IPSCs recorded be-
fore (control) and 120 min after PLD1(K898R) injection. (E) ACh release mea-
sured 120 min after injection and expressed relative to the initial response
obtained before injection. For control, neurons were injected with
PLD2(K758R), buffer, or boiled PLD1(K898R). Values in brackets indicate the
number of experiments.
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PLD1 Is Not Involved in the Recruitment�Trafficking of Synaptic
Vesicles in Aplysia Neurons. We have previously shown that alter-
ations in vesicular trafficking modifies the time course of the
complex postsynaptic response obtained by applying brief high-
frequency train of stimuli to the presynaptic neuron (20). Trains
of stimuli were elicited at 50 Hz for 1 sec before and after
PLD1(K898R)-induced blockage of ACh release. Under control
conditions, after a short-lasting facilitation, ACh release de-
clined slightly during a 50-Hz train (Fig. 4A), probably because
of an imbalance between the replenishment of the readily
releasable pool of vesicles and the number of vesicles that
undergo exocytosis. In PLD1(K898R)-injected neurons, ACh
release evoked by a 50-Hz stimulation train was greatly inhibited

(Fig. 4A) but, the overall time course of the train response, as
seen when traces are normalized to first response of the train
(Fig. 4B), was not modified. This finding suggests that injection
of PLD1(K898R) did not affect the trafficking or recruitment of
synaptic vesicles to the sites of exocytosis in the nerve terminals.

PLD1 Affects the Number of Functional Release Sites in Aplysia
Neurons. The analysis of the relationship between mean IPSC
amplitude, Iav, and the variance of IPSC fluctuations, V, is a
conventional way to get insights into the quantal parameters of
the neurotransmitter release process (23–25). Indeed, Iav can be
described by the combination of three parameters: n, the number
of functional release sites, p, the average release probability at
these sites, and q the average amplitude of the elementary
response because of exocytosis of the vesicle content. Accord-
ingly, Iav � npq and, if we assume that p and q are uniform
between the release sites, and that quantal release follows
binomial statistics, V � np(1 � p)q2. The ratio V�Iav � q(1 � p)
can be used to determined whether q and�or p are changed after
a treatment. We found that after near stabilization of
PLD1(K898R)-induced inhibition of ACh release V�Iav was not
distinct from that calculated before injection (Fig. 5A). Because
unaffected PPF at PLD1(K898R)-injected neurons (Fig. 3)
suggests that p is unmodified, unchanged V�Iav indicates that q
remains unaltered at PLD1(K898R)-injected synapses. There-
fore, a decrease in the amount ACh released upon fusion of
individual synaptic vesicle is unlikely to account for the inhibi-
tion induced by PLD1(K898R). Hence, impairment of PLD1
activity would reduce n, the number of functional release sites.
To confirm this deduction, we examined the V � f(Iav) relation-
ship during the course of ACh release inhibition by
PLD1(K898R). Indeed, V � f(Iav) plots allows to graphically
determine which of n, p, or q is modified and responsible for the
changes in IPSC amplitude. When only p is modified, V � f(Iav)
follows a simple parabola V � Iavq � Iav

2�n (Fig. 5B; refs. 24 and
25). When only n is changed, V is a linear function of Iav: V �
q(1 � p)Iav. When only q is modified, V � f(Iav) is a quadratic
function of positive curvature: V � [(1 � p)�(np)]Iav

2 (Fig. 5B).
Lowering the extracellular [Ca2��Mg2�] ratio from 2.1 to 0.14

decreased ACh release (Fig. 5C) by affecting p and, accordingly,
in the five experiments performed, V � f(Iav) followed a parabola
(Fig. 5 D and E). The parabola started clearly beyond its peak.
This indicated that by using [Ca2��Mg2�] � 2.1 medium, clear
distinction between n or p or q change could be made. In the
same set of experiments, after returning the [Ca2��Mg2�] ratio
to 2.1, catalytically inactive PLD1 was injected to decrease ACh
release. The corresponding V � f(Iav) plots were linear (Fig. 5 D
and E). Consistent with above results, this indicates that the

Fig. 3. PPF in PLD1(K898R)-injected neurons. Paired stimuli (40-msec inter-
pulse interval) were applied in control and low extracellular [Ca2��Mg2�] (0.42
and 0.14, respectively) and after injection of PLD1(K898R). (A) Amplitude of
the first IPSCs averaged for periods of 10 min during the course of the
experiment. The mean PPFs measured during the same periods of time are
presented (Lower). External [Ca2��Mg2�] � 0.14 (hatched bar). Pressure in-
jection of PLD1(K898R) (Arrow). (B) Traces recorded at time �90 min (low
[Ca2��Mg2�]), �10 min (control), and �100 min [PLD1(K898R)]. For compar-
ison, responses were scaled at the first IPSC in the pair. (C) At the same level of
ACh release (see A), PPF was averaged and represented as the percentage
increase in PPF relative to the control situation.

Fig. 4. Effect of repetitive stimulation on PLD1(K898R)-induced blockage of
ACh release. (A) Trains of stimuli (50 Hz, 1 sec) were elicited before (control)
and at the indicated times after presynaptic injection of PLD1(K898R), and
postsynaptic responses were recorded. (B) For comparison, the responses to
50-Hz trains before (thin line) and 120 min after PLD1(K898R) injection (thick
line) were scaled at the first response of the train.
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inactive PLD1 inhibited ACh release by progressively reducing
n, the number of active release sites without altering p or q.

Discussion
PLD has been proposed previously to act in regulated exocytosis in
various secretory cell types (9), such as neutrophils (26), platelets
(27), and mast cells (28). By using a variety of direct means to probe
the role of PLD, we recently demonstrated that a plasma mem-
brane-associated PLD1 acts at a late stage of the secretory pathway
in chromaffin and PC12 cells (14). We now extend this concept to
the fastest known exocytotic process: the vesicular release of

neurotransmitter. Our results show that PLD1 is associated with the
neuronal plasma membrane. Moreover, PLD1 accumulates in
neuronal regions known to exhibit high levels of exo-endocytosis
activities such as varicosities that release neurotransmitter or the
growth cones that sprout or retract by membrane incorporation or
retrieval. Our observation that catalytically inactive PLD1(K898R)
injected into neurons acts as a dominant negative and inhibits
neurotransmitter release indicates that PLD1 activity is rate limiting
for neurotransmitter release. This is fully consistent with our
previous demonstration that plasma membrane-associated PLD1
acts at a late stage of the secretory pathway in chromaffin and PC12
cells. By analyzing PPF, sustained postsynapytic responses and the
fluctuations in amplitude of postsynaptic responses, we found that
the exocytotic block caused by catalytically inactive PLD1(K898R)
was not the result of an alteration in the stimulus-secretion cou-
pling. Moreover, it was not due to a change in the amount of
transmitter released upon fusion of individual synaptic vesicles but
resulted solely from a reduction in the number of active releasing
sites. This important deduction is in line with our observation that
a low concentration of inactive PLD1(K898R) was sufficient to
cause a potent inhibition in ACh release. A direct action on synaptic
vesicles (�1,000 vesicles�button in Aplysia) would have required
many more inactive PLD molecules per synaptic button. Hence, our
data are consistent with our findings in chromaffin and PC12 cells
that PLD1 operates subsequent to the cytoskeletal-mediated re-
cruitment of secretory granules to the exocytotic sites, possibly at
the level of the fusion machinery or the fusion pore expansion (14).

Two possible mechanisms may explain how PLD1 regulates
the transition of a release site from a nonfusogenic to a fusogenic
state. First, PLD1 by generating PA-rich domains in the plasma
membrane may recruit or activate a protein essential for fusion.
Second, PA-rich domains in the plasma membrane may promote
the mixing of vesicle and plasma membrane lipids during fusion.
This latter possibility is consistent with a current proposal that
the membrane curvature changes accompanying vesicle budding
and fusion events should be facilitated by generating lipids that
cause a local distortion of the lipid bilayer (29, 30). The
propensity of the cone-shaped PA to promote membrane fusion
by bending a lipid monolayer into a negative curvature as
opposed to inverted-cones (lysophospholipids), which inhibit
fusion when added between fusing membranes (6), brings addi-
tional support to this hypothesis.

The rapid blocking action of PLD1(K898R) on ACh release,
which started after a delay of �10 min and became maximal in
�1 h, suggests that the lifetime of PA-rich domains in the plasma
membrane is limited and that there was a rapid exchange
between the inactive PLD1 molecules and the endogenous PLD1
present at the plasma membrane. This raises the questions of the
regulatory mechanisms that control PLD1 recruitment and
activation at the release sites. PLD is synergistically stimulated
by ADP-ribosylation factors (ARFs), members of the Rho family
(including Rac1), Ral, and protein kinase C (22, 31). In chro-
maffin cells, ARF6 controls exocytosis via activation of down-
stream effectors including PLD1 (14, 32, 33). Overexpression of
guanine nucleotide exchange factor for ARF (ARF-GEF) in
Xenopus neuromuscular junction increases both spontaneous
exocytosis frequency and the number of quanta released per
stimulus (34), suggesting that the ARF pathway may also control
neuronal neurotransmitter release. Moreover, our previous work
on Aplysia synapses suggested as well a role for Rac1 (19).
Because Rac1 and RalA associate with synaptic vesicles (19, 35),
an attractive possibility would be that Rac1, RalA, and�or ARF
stimulate the plasma membrane-associated PLD1 upon docking
of a synaptic vesicle at the active zone. PLD1 activity also
depends on the presence of polyphosphoinositides such as
PI(4,5)P2 and PI(3,4,5)P3 (22), which are present at release sites
(36–38). This finding suggests that the release site environment
presents optimal conditions for PLD1 activation. The residency

Fig. 5. Catalytically inactive PLD1 inhibits neurotransmission by decreasing
the number of functional presynaptic release sites. (A) Variance to mean
amplitude of IPSC ratio (V�Iav) determined 120 min after PLD1(K898R) injec-
tion and normalized to value before injection. (B) Using a binomial model for
release, consequences on V � f(Iav) were simulated when IPSC amplitude was
decreased after p, n, or q reduction. Note the typical graphical signature for
each quantal parameter change. (C1) Representative experiment in which IPSC
amplitude was reduced by decreasing the external [Ca2��Mg2�] from 2.1 to
low 0.14 (opens symbols). Then, after returning to high [Ca2��Mg2�],
PLD1(K898R) was injected (closed symbols). The solid lines corresponds to the
ensemble Iav of the data. (C2) IPSC fluctuations (	I) around their mean are
calculated by subtracting Iav to each IPSC amplitude value. (D) The correspond-
ing V � f(Iav) plots. (E) Normalized cumulative plots of five similar experiments.
Note that V data were illustrated by stepping five data.
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time during which synaptic vesicles stay docked on the plasma
membrane before fusion has been evaluated to 2–5 sec (39, 40).
One PLD1 molecule can produce �2 PA molecule�sec�1 ac-
cording to Hammond et al. (22). This finding suggests that
activation of one PLD1 molecule might be sufficient to create a
local PA-rich microdomain that conditions the fusogenic status
of the release site, in an all or none manner. This would explain
why injection of catalytically inactive PLD1 leads to a reduction
of the number of active release sites rather than modifying the
release probability.

To conclude, this report demonstrates that PLD1 controls a
late stage of Ca2�-dependent synaptic vesicle exocytosis at nerve
terminals. This extends the idea that membrane lipid constitu-

ents are essential partners for proteins in the control of vesicular
membrane trafficking events. Our report reinforces the concept
that lipid cones such as PA, by locally remodeling membrane
curvature and fluidity, mark sites of fusion (41).
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