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To distinguish between different models of vesicular release in brain
synapses, it is necessary to know the number of vesicles of
transmitter that can be released immediately at individual synapses
by a high-calcium stimulus, the readily releasable pool (RRP). We
used direct stimulation by calcium uncaging at identified, single-
site inhibitory synapses to investigate the statistics of vesicular
release and the size of the RRP. Vesicular release, detected as
quantal responses in the postsynaptic neuron, showed an unex-
pected stochastic variation in the number of quanta from stimulus to
stimulus at high intracellular calcium, with a mean of 1.9 per
stimulus and a maximum of three or four. The results provide direct
measurement of the RRP at single synaptic sites. They are consis-
tent with models in which release proceeds from a small number
of vesicle docking sites with an average occupancy around 0.7.
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Detailed characterization of elementary synaptic signals in the
mammalian nervous system is a prerequisite to understanding

the mechanisms of synaptic transmission, from both physiologi-
cal and molecular perspectives. A major impetus in this direction
was given by the description of miniature postsynaptic potentials
in the frog neuromuscular junction and by the demonstration of
their participation in evoked synaptic responses (1, 2), leading to
the development and gradual acceptance of the quantal hypoth-
esis of transmitter release.
Unlike the neuromuscular junction, mammalian central synap-

ses have clearly defined release sites that differ widely in mor-
phological, molecular, and functional properties (3–5). How these
may influence signaling remains unclear because the small size of the
presynaptic compartment of most central synapses has hindered
electrophysiological and optical studies of quantal release at single
functional sites. In cultured neurons, styryl dye fluorescence can
deliver quantal measurements in single varicosities (6), but optical
methods are difficult to adapt to integrated preparations, such as
brain slices. In general, the development of optical recording to study
individual exocytosis events in single synapses is challenging (7). In
particular, there has been no direct measurement of a key bio-
physical parameter: the number of quanta that can be immediately
released by strong stimulation, the “readily releasable pool” (RRP)
of synaptic vesicles. Previously, indirect methods have given widely
different estimates for the RRP at single release sites, generating
uncertainties on the structural and functional significance of the
RRP (8).A reliable estimate is important because theRRP is central
in distinguishing between functional models of synaptic transmission
(9) and also in models of short-term synaptic plasticity (10).
Although optical methods have been used successfully to

monitor synaptic activity in the brain (11–13), electrophysiolog-
ical methods remain the most sensitive assay of quantal signals.
In this work, we combine electrophysiological (whole-cell patch-
clamp recording) and optical methods (uncaging of Ca2+ with
a small-diameter laser spot) to study single synaptic contacts of
GABAergic synapses in the cerebellum. Ca2+ uncaging has been
used successfully to study synaptic transmission in large gluta-
matergic synapses (14–16), in large GABAergic synapses (17),

and in autapses in culture (18). However, to the best of our
knowledge, it has never been used to study synaptic contacts with
a single release site. Here, using cerebellar interneurons as
a model, we provide direct measurements of the RRP and re-
lated biophysical parameters of transmission in small inhibitory
cerebellar synapses.

Results
Ca2+ Uncaging at Individual Synaptic Contacts. To study quantal
release and the RRP directly, we identified individual synaptic
connections and measured quantal events evoked postsynaptically
by presynaptic calcium uncaging with localized laser light. In-
hibitory synapses among cerebellar molecular layer interneurons
(MLIs; stellate and basket cells) were used because they make
only a few synaptic contacts on their postsynaptic partner and
because each connection exhibits a large quantal size, on the
order of 200 pA at resting potential under symmetrical Cl−

conditions (3, 19, 20). Our strategy was to establish a recording
from a synaptically connected pair of MLIs and to find the
synaptic contacts between the two neurons. We then produced
a rapid and uniform increase of intracellular Ca2+ by photolysis
of the caged-calcium chelator 1-(2-nitro-4,5-dimethoxyphenyl)-
N,N,N′,N′-tetrakis[(oxycarbonyl)methyl]-1,2-ethanediamine (DM-
nitrophen) (21) with a laser spot similar in size (diameter of 1–5
μm) to the presynaptic terminal (22) (Fig. 1A). The presynaptic
cell was recorded with an intracellular solution containing Alexa
594 to aid in identification (red in Fig. 1 A and B), a high milli-
molar concentration of DM-nitrophen loaded with Ca2+ and, in
some experiments, with the calcium indicator Oregon Green
BAPTA-5N (OGB-5N). The postsynaptic cell was recorded with
a KCl-based intracellular solution containing Alexa 488 to distin-
guish it from the presynaptic cell (green in Fig. 1 A and B). The
presence of synaptic connections was tested by inducing unclam-
ped action potentials (APs) in the axon of the presynaptic cell (Fig.
1C, Left).
After establishing the presence of a synaptic connection, we

searched for the contacts by carefully following the presynaptic
axon while alternating between blue (470 nm) and amber (572
nm) fluorescence excitation to distinguish between presynaptic
and postsynaptic cells (Fig. S1A and Movie S1). In juvenile MLIs,
axonal and dendritic compartments are readily distinguished,
allowing the identification of potential synaptic contacts. Fig. 1C
compares the postsynaptic currents (PSCs) induced by the elec-
trical stimulation of the presynaptic cell (Fig. 1C, Left) or the laser
spot (Fig. 1C, Right) focused to the site of contact, shown with the
arrowheads in Fig. 1B. The spike-induced PSC is monophasic, as
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expected, whereas the photolysis-induced PSC has two distinct
peaks (Fig. 1C, black dots) due to a delayed second release. In this
example, the main features of the PSC (amplitude, onset, and
decay kinetics) are very similar for the spike-induced and laser-
induced responses. This indicates that the connection shown
in Fig. 1B involved a single functional synaptic site, as occurs in
a significant proportion of MLI-MLI connections (23).

Single-Site Autaptic Currents. MLIs display autapses, as well as
conventional synapses. In autapses, the axon contacts dendrites of
the same cell (24) (Fig. 1D). Single-site autapses were sometimes
found between the axon and the dendrites of a single interneuron,
as illustrated (Fig. 1E, Fig. S1C–E, and Movie S4). Autaptic con-
tacts, like synaptic contacts, displayed a large quantal size, high
receptor occupancy, and multiple release events. A comparison
between 13 paired and 6 autaptic recordings did not reveal sig-
nificant differences in peak quantal amplitude (179 ± 138 pA

vs. 177 ± 189 pA; P = 0.97), 10–90% rise time (1.0 ± 0.8 ms vs.
1.0 ± 0.5 ms; P = 0.49), maximum number of released vesicles
(2.25 ± 0.7 vs. 2.7 ± 0.8 in a 10-ms period following the laser
pulse; P = 0.5; laser energies >0.2 μJ), and similar high receptor
occupancy indicated by occlusion of postsynaptic receptors (A2/
A1 ratio: 0.3 ± 0.30 vs. 0.28 ± 0.30; P = 0.9) for paired and
autaptic synapses, respectively. We conclude that autaptic syn-
apses have properties similar to conventional synapses in MLIs,
and the data were pooled for analysis.

Presynaptic Ca2+ Changes on Photolysis. The physiological free Ca2+

concentration that triggers neurotransmitter release is thought to
be localized to the regions around single Ca2+ channels (25). With
Ca2+ uncaging, the aim was to generate a fast, spatially uniform,
and sustained increase of free Ca2+ concentration with a laser spot
of 3 or 5 μm, a little larger than the presynaptic terminal. Two tests
demonstrated our ability to target an individual synaptic contact.
First, a lateral displacement of a few microns away from the axon
always abolished the PSC, and the same result was usually found
when displacing the spot from the active site along the axon (Fig.
S1 D and E). In some cases, however, multiple release sites could
be identified, corresponding to several contacts with distinct
postsynaptic dendrites (Fig. S1 A and B). Second, the spatial
extent of the fluorescence signals due to Ca2+ release from DM-
nitrophen was sharply constrained to the illumination site (Fig. 2
A and B). Because sites of presynaptic release from MLI axons
are sparse and mostly involve a single active zone (3), these
experiments collectively indicate that the laser-induced responses
originated in single synaptic sites.

Fig. 1. Neurotransmitter release from single synaptic contacts. (A) Sche-
matic of the method used. The presynaptic and postsynaptic cells are filled
with red and green Alexa dyes, respectively, to facilitate neurite identifica-
tion. The presynaptic cell contains DM-nitrophen and OGB-5N. Presynaptic
Ca2+ uncaging is achieved by delivering a brief, spatially defined laser flash
(405 nm) on the synaptic contact. (B) Synaptically connected pair (Left; Movie
S2) and reconstruction (Right; red, presynaptic; green, postsynaptic). The
arrowhead indicates the contact site for uncaging. (C) (Left) AP-induced PSC
(presynaptic trace in red). (Right) Laser-induced PSC doublet (dots). Laser
stimulus: duration, 200 μs; energy, 2.9 μJ (red). (D) Morphology of an
autaptic MLI (somatodendritic compartment is shown in green, and axon is
shown in black; Movie S3). Axon collaterals are closely apposed to the
dendrites. Potential contacts indicated by gray arrowheads showed no re-
sponse to photolysis. Contact indicated by the black arrowhead responded
to laser stimulation with the PSC shown in E. (E) Triphasic PSC evoked by laser
spot (1 ms, 4.9 μJ) at the location indicated with the black arrowhead in D.

Fig. 2. Laser-evoked calcium transients in MLI axons. (A) Localization of
photolytic Ca2+ release in the axon. (Left) Axon morphology shows the lo-
cation of the recorded site. (Right) Detail shows the axon (diagonal: top left
to bottom right) and regions of interest (ROIs) used for analysis (laser spot
positioned at the center of the square). (B) Fluorescence traces from the three
ROIs depicted in A (same color coding) following Ca2+ uncaging by the laser
spot in the central ROI. A fluorescence increase was seen only in the central
ROI (black trace). (C) Fluorescence records (ΔF/F0) due to Ca2+ release by
photolysis of DM-nitrophen. Single laser pulses of 0.2-ms duration at energies
ranging 0.24–0.56 μJ are indicated by the lower (red) traces. The frame cor-
responding to the laser flash is neglected. (D) Fluorescence response to a train
of five laser pulses of 0.1-ms duration at 100 Hz, 0.17 μJ each. (E) Summary
data show the dependence of ΔF/F0 on laser intensity and stimulus number
(same power scale as in C; total energy range: 0.24–2.8 μJ). Fluorescence
changes are normalized to the value after the fifth flash. The arrowheads
indicate the number of stimuli leading to half saturation (except for the
first plot, where this number was just beyond the x-axis range).
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To determine the time-course and efficiency of DM-nitrophen
photolysis in these experiments, we examined the dependence of
Ca2+ release and consequent ion channel activation on laser
intensity. Control photolysis experiments were carried out in
MLI somata at −15 mV holding potential with presynaptic in-
ternal solution and gave two readings of Ca2+ release: a direct
one, the fluorescence change in the Ca2+ indicator, and an in-
direct one, the activation of “BK” Ca2+- activated K+ currents
(Fig. S2). Both increased progressively as the laser energy input
increased, indicating the range needed to elicit high Ca2+ and
transmitter release. In the axon, the fluorescence change, ΔF/F0,
due to Ca2+ release by laser pulse photolysis (Fig. 2) showed a
sharp rise in <1 ms, consistent with rapid Ca2+ release by pho-
tolysis of DM-nitrophen-Ca2+, which has been reported to have a
15-μs time constant (26). The mean decay time constant of Ca2+-
induced fluorescence was 120.7 ± 63.5 ms (mean ± SD; n = 49
regions of interest from 18 different cells; single laser pulses 0.1–
1 ms in duration, energies 0.2–5 μJ at the cell). Peak ΔF/F0 was a
sublinear function of laser energy, presumably as the low-affinity
Ca2+ indicator OGB-5N was progressively saturated (Fig. 2E and
Fig. S2B). These data indicate that the free Ca2+ concentration
increase due to laser photolysis of DM-nitrophen in the axon
is large and prolonged beyond that occurring during normal
synaptic release.

Single and Multiple Laser-Induced PSCs at a Single Site. The quantal
nature of photolysis-induced synaptic currents at a single release
site is illustrated by the sequence of consecutive trials with varied
laser energies shown in Fig. 3. When ordered against increasing
laser power, the trials successively displayed no response, single
responses, and multiple responses exhibiting sublinear amplitude
summation (Fig. 3C). In this example, latencies decreased from 2
to 4 ms for the single responses to ∼0.5 ms at high laser energy
(Fig. 3D).
In multiple responses, overlapping PSCs have progressively

decreasing amplitude changes, as illustrated in Figs. 1 C and E
and 3. These are interpreted as progressive saturation of post-
synaptic receptors by successive vesicular release events at single
synaptic sites (19, 23, 27). They cannot be explained by dendritic
filtering, because the predicted peak current attenuation due to
dendritic filtering in MLIs is only 20% at a distance of 50 μm,
which is much too weak to explain the observed sublinearity (28).
The average distance of synaptic contacts to the center of post-
synaptic cells was 18.5 ± 12.7 μm, with a minimum of 2 μm and
maximum of 40 μm; we did not observe any correlation between
this parameter and receptor occupancy (P > 0.05; n = 13; note
that the synapses illustrated in Figs. 1B, 3A, and 4A are all within
10 μm of the soma yet display marked sublinear summation).
Over all trials, the mean ratio between second and first laser-
evoked PSC amplitudes (A2/A1 in the scheme of Fig. 3E) was
0.23 ± 0.30 (n = 13 cells). This gives a mean postsynaptic re-
ceptor occupancy of 77% (1 − A2/A1) due to a single quantum,
which is close to the value given previously for normal trans-
mission at these synapses (76%) (19, 23).
Next, we studied the stochastic variability in quantal release by

repeatedly stimulating single synaptic contacts at low frequency
with a constant laser energy, as illustrated in Fig. 4. In this case,
as in that of Fig. 3, AP-evoked PSCs displayed large and het-
erogeneous amplitudes [600 ± 200 pA, coefficient of variation
(CV) = 0.34], indicating the presence of multiple synaptic contacts
between the two neurons (Fig. 4B; blue bars in the histogram in
Fig. 4D). In contrast, laser-evoked PSCs had homogeneous
maximum amplitudes (green bars in the histogram in Fig. 4D;
mean ± SD = 246 ± 14 pA, CV = 0.06) and quantal amplitudes
(individual first events in each trace: CV = 0.18). Across
experiments, the mean CV for laser-evoked quantal events was
0.21 ± 0.06 (n = 6), similar to CV values previously reported for
PSCs originating from a single release site (19, 29, 30). To

quantify the number of synaptic contacts made by each pre-
synaptic cell on its postsynaptic partner, we calculated the ratio
between the mean amplitude of the PSC induced by a pre-
synaptic AP (excluding failures) and the mean amplitude of the
PSC induced by DM-nitrophen photolysis at a single synaptic
contact. The average ratio was 1.8 ± 1.3, with a minimum of 0.6
and a maximum of 5.2 (n = 11). Of these pairs, three had a ratio
close to 1 (as in Fig. 1C), indicating a frequency of 27% single-
site connections in our paired recordings similar to that reported
previously (31).
In the sequence of responses to a 200-μs laser pulse of high

energy shown in Fig. 4C, each laser stimulation elicited a burst of
quanta released during a period of 10 ms. The number of events
in this burst fluctuated across trials, but it remained small in
general, and in a given experiment, it appeared to be constrained
by an upper limit (three events in the example shown). Over all 14
experiments, the range of the maximum number seen in a single
sweep was one to four PSCs per stimulus, with a modal value of
2, as illustrated by the histogram in Fig. 4E.

Fig. 3. Superposition of quantal responses at high laser energy. (A) Image
of synaptically connected presynaptic (red) and postsynaptic (green) MLIs
(Movie S5). (B) Presynaptic APs elicit large PSCs. (C) Laser stimulation at
varying energies. Laser timing is indicated by the lower trace (red), and
position is shown by the arrow in A. Stimulation order: 0.016/0.05/0.03/0.016/
0.04/0.07 μJ. Responses are quantal, with variable latencies after the laser pulse.
Note the sublinear amplitude summation in multiple responses. (D) Superim-
position of traces to show latencies; laser timing is indicated by the arrow. The
blue trace may represent an unresolved double event (latency of 0.5 ms) fol-
lowed by a late event (latency of 4.5 ms). (E) Analysis of compound PSC (0.05-μJ
stimulus, black trace) as a superimposition of quantal responses with amplitude
A1 (light gray trace, average of two single quantal responses) and a delayed
quantal response with amplitude A2. The receptor occupancy by the single
quantal response is calculated as 1 − A2/A1, giving 0.58 in the present case.
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Determination of the RRP at a Single Release Site. The duration of
the exocytosis burst in Fig. 4C is much shorter than that of the
presynaptic Ca2+ signal measured in axon varicosities (time
constant of decay of ∼120 ms; Fig. 2). Furthermore, the mean
rate of vesicular release observed during the burst is high (250 s−1;
see below). Under these conditions, the number of events in the
exocytosis burst at a single site represents the number in the
RRP (32). The kinetics of quantal release evoked by the high Ca
stimulus and the number of events in the exocytosis burst were
analyzed in 1-s sweeps following each stimulus.

To obtain a kinetic description of quantal release, the latencies
of PSCs were measured from the time of laser stimulation and
fitted by maximum likelihood, yielding the probability density
functions superimposed on the histograms shown in Fig. 5.
Analysis of all experiments (Fig. 5A) showed two well-separated
exponential components with time constants of 4.0 and 319.6 ms,
with 60% of quanta associated with the fast component and 40%
associated with the slow component. To examine the rate of
release following a Ca2+ step, histograms were also made of the
latency to the first quantal event. These showed an initial silent

Fig. 4. Number of quanta released by a single stimulation at each synapse.
(A) Fluorescent image (Left) and simplified reconstruction (Right; presynaptic
soma and axon, red; postsynaptic somatodendritic compartment, green) of
a pair of synaptically connected MLIs (Movie S6). The arrowhead shows the
uncaging site. (B) PSCs (blue records) evoked by presynaptic APs (red trace).
(C) Laser-evoked PSCs (green) with laser stimulus (red). Laser stimulation:
duration, 200 μs; energy, 0.6 μJ; one pulse every 30 s. Estimated number of
released vesicles in sequential order: 3/1/2/3/3/2/1. (D) Peak amplitude his-
tograms display larger, more variable values for spike-evoked PSCs (blue)
than for laser-evoked currents (green), indicating multiple sites of conven-
tional synaptic connection and a single site of laser stimulation. (E) Histo-
gram of maximum (Max.) number (Nb.) of release events observed following
a single laser stimulus in experiments with repeated stimulations at the same
location (laser energies >0.2 μJ, mean maximum value of 2.4 events per site).
(F) Plot of quantal size as a function of the maximum number of quantal
events seen at each site (laser energies >0.2 μJ). The Spearman rank co-
efficient (r = 0.7, P < 0.02) indicates correlation between the two parame-
ters. The red line illustrates a linear fit to the data.

Fig. 5. Latency histograms of release events. (A) Histogram of PSC latencies
following 86 laser stimulations from 19 single-site recordings (6 autapses and
13 MLI-MLI synapses), measured from the time of the laser pulse (laser energy
range: 0.03–5.3 μJ) and displayed at low (Top; 10-ms bins; Freq, frequency) and
intermediate (Middle; 3-ms bins) time resolutions. The intervals were fitted by
maximum likelihood with a two-exponential probability density function (red
curves superimposed on the histograms) with means of 4.0 ms and 319.6 ms
and with areas 60% and 40% of the total. (Bottom) Histogram of latencies to
the first quantal event shown with high time resolution reveals an initial silent
period of 0.4 ms (laser pulse durations ≤0.2 ms). (B) Analysis applied to a re-
stricted dataset with high laser energies >0.2 μJ (59 laser stimulations, from 6
autapses and 8 MLI-MLI synapses). The two exponential probability density
function time constants are 4.3 ms and 340.0 ms. A total of 61% of the area is
associated with the short latency component, corresponding to an average
1.76 ± 0.07 events per stimulus in the fast component. This represents an
uncorrected estimate of the RRP size for a single-site synapse. (C) Schematic of
a small synapse with a single active zone (brown) and associated postsynaptic
receptors (green). Synaptic vesicles (yellow) bind to docking sites (blue) before
exocytosis. In this view, the RRP is represented by the number of docked
vesicles, which varies from stimulus to stimulus, and its value is limited at
a given synapse to the total number of available docking sites. Thus, RRP =
ND * f has a mean of ND * F and maximum ND, where ND is the number of
docking sites and f is their occupancy at any time, with the mean value F.
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period lasting 0.4 ms, followed by a sharp rise to a maximum rate
of exocytosis at 1 ms (Fig. 5A, Bottom). The kinetics likely reflect
high cooperativity in the activation by Ca2+, with Ca2+-in-
dependent steps late in the exocytosis pathway (15, 16), and they
are similar to the stochastic quantal release seen with focal re-
cording at the neuromuscular junction (33).
Analysis of a subset of the data obtained with high laser en-

ergies (>0.2 μJ), ensuring strong stimulation, gave similar time
constants (4.3 ± 0.4 ms and 339 ± 38 ms) and areas (61 ± 4%
and 39 ± 4%) (Fig. 5B). To verify that such laser energies were
sufficient to empty the RRP, we applied a second stimulus in
some experiments, also at high intensity, with a latency of 30–50
ms. The second stimulus failed to elicit any response, confirming
total emptying of the RRP by the first stimulus (11 double trials
in four experiments; Fig. S3). The mean number of events in the
fast component was 1.76 ± 0.07 per laser stimulus. The true
number is expected to be higher because some closely spaced
events will be missed through postsynaptic receptor saturation,
as can be seen in the bursts illustrated in Fig. 4C. We calculate
that a correction factor of 1.07 needs to be applied for missed
events, based on a dead-time of 0.6 ms and using estimates of the
event probabilities from first latency histograms (SI Materials and
Methods). When applied to the observed mean of 1.76, this gives
a corrected average of 1.88 events per stimulus associated with
the fast component. The fast component represents the initial
burst of exocytosis, with a maximum rate of 410 s−1 in the first 1–
2 ms after the laser pulse. The period of high Ca2+ extends into
the slow component of exocytosis, where the rate of exocytosis
has declined to 1–2 s−1 (mean of 1.1 s−1), similar to the rate of
spontaneous events (mean of 0.8 ± 0.54 Hz in these experi-
ments). This indicates that Ca2+-dependent replenishment is not
fast enough to sustain release and argues against models in which
the RRP size depends on vesicle replenishment (34–35). We
conclude that our best estimate of the average RRP for a single
release site at these synapses is 1.9.
It was noted that the number of quanta associated with each of

the bursts shown in Fig. 4C varies from sweep to sweep, although
the Ca2+ stimulus is uniformly strong. This is an unexpected
observation, indicating that the RRP estimated in this way may
vary from stimulus to stimulus independent of the Ca2+ level. We
examined more closely the variation in the number of events
seen from trial to trial at individual sites stimulated consecutively
with high laser energy. In seven experiments with four to seven
repetitions at laser energies >0.2 μJ, the mean was 1.78 ± 0.27
events per stimulus and the CV was 0.47 ± 0.18, which is sig-
nificantly smaller than that predicted from the mean by Poisson
statistics (predicted CV = 0.75). Although fluctuations in the
number of quanta released were seen ranging between one and
four PSCs per stimulus, notably, only a single failure of release
was seen. These observations indicate that the RRP does not
represent the Poisson condition of a large reservoir of vesicles
with small individual release probabilities but, rather, quantal
release with high probability from a restricted number of vesi-
cles. If the release is from a fixed number of docking sites at each
presynaptic terminal (32), the average fractional occupancy of
sites can be estimated as the ratio of the mean number to the
maximum number released in each run. This gives the mean oc-
cupancy of docking sites as 0.70. Describing release with a simple
binomial distribution yields an estimate of 0.41 as the CV, which is
close to the observed value of 0.47 (the model is elaborated in SI
Materials and Methods). Because the waiting time between trials
was 1–2 min, which is much longer than the RRP replenishment
measured under resting conditions (time constant of 1.7 s) (17),
RRP fluctuations presumably reflect spontaneous variations in the
occupancy of docking sites rather than incomplete recovery from
previous stimulations. Alternatively, it is also possible that the
number of docking sites may fluctuate in time. Overall, the data
are consistent with a small number of docking sites in each

presynaptic terminal, around three, with a high average fractional
occupancy of about 0.7 that fluctuates from stimulus to stimulus
(as represented by the cartoon in Fig. 5C).
In MLIs, the size of synaptic contacts varies widely (from 0.02 to

0.4 μm2, with a mean of 0.152 μm2) and the surface area of the
presynaptic active zone is correlated with the number of post-
synaptic receptors (3). We have searched for a correlation between
the quantal size, as a measure of the size of the synapse, and the
number of docking sites recorded at the same synapse. The data are
correlated, as shown in Fig. 4F, with a Spearman rank coefficient of
0.7 (P < 0.02). The correlation of estimated number of docking
sites with synaptic size favors an interpretation of multiple vesicle
docking sites rather than a single docking site for each synapse.

Discussion
Strategy to Study Single Synaptic Sites. In this report, we describe an
approach to study small single synaptic sites in a brain slice prep-
aration, using local photorelease of Ca2+ in the presynaptic axon.
The resulting presynaptic Ca2+ elevation is highly restricted
in space. Because the lateral spread of axonal signals (Fig. 2 A and
B) is smaller than intervaricosity distances (mean of 45 ± 21 μm)
(36), it is possible to restrict the Ca2+ rise to a single presynaptic
varicosity. On the postsynaptic side, GABAergic synapses in MLI
dendrites have been found to be sparse and compact, thus ensuring
that the presynaptically released transmitter reaches a single post-
synaptic density (3). Indeed, PSCs display hallmarks (low variability
of the peak amplitude and occlusion between events occurring in
close succession) that have previously been used to identify signals
originating at a single synaptic site (29). Collectively, these results
strongly suggest that the present approach successfully provides
signals originating from single synaptic sites.
Compared with previous strategies that have been used to ob-

tain single-site signals in MLIs, the present approach offers two
key advantages. First, Ca2+ uncaging is an accurate and flexible
stimulation procedure, which permits repeatedly triggered vesicular
releasewith submillisecond precision. By contrast, in theα-latrotoxin
method, where the stochastic action of the toxin at very low con-
centrations leads to bursts of PSCs originating from single release
sites, the strength or duration of the stimulation cannot be easily
manipulated (19). Time control is also better than with presynaptic
stimulation of simple synapses, where the delays include the un-
known propagation times of the AP (31). A secondmajor advantage
of the present approach is that the synaptic site is unambiguously
identified. This offers the option to modify the ionic or pharmaco-
logical environment of the release site selectively in future studies.
At glutamatergic synapses, “optical quantal analysis” has been

used to investigate vesicular release at single release sites, using
postsynaptic Ca2+ signals originating from NMDA receptors (12,
37); however, the resolution is not sufficient to distinguish in-
dividual release events in multivesicular responses. In addition,
optical quantal analysis, like electrophysiological recording of
single synapses, lacks the precise presynaptic Ca2+ control pro-
vided by Ca2+ uncaging.

Comparison of the Present Results with RRP Estimates in Other
Preparations. An important goal of this work was to measure the
RRP at single synaptic contacts. We obtained an average of 1.9
events per release site and a maximum value across successive
trials of one to four release events per site.
Previous estimates of the RRP vary widely, giving rise to con-

trasted mechanistic interpretations. At hippocampal synapses,
estimates of one vesicle per release site have been interpreted as
reflecting a single-site, single-vesicle mechanism based either on
exocytosis block over the entire active zone following an initial
release event (“lateral inhibition”) (38) or the supply of one
exocytosis site with a small complement of primed vesicles (34). At
the other extreme, in cerebellar mossy fiber terminals, a very large
estimate (300 per site) was interpreted as a very rapid supply of
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vesicles to one exocytosis site from a large reservoir of vesicles
(35). Divergences between these earlier studies and the present
results may reflect different preparations, possibly glutamatergic
vs. GABAergic synapses here, or methodological differences, us-
ing trains of APs instead of step calcium stimulation. It is also
noted that the present study was performed on juvenile rats (11–
17 d of age) and that the RRP may vary with age. On the other
hand, our study is consistent with functional results obtained at the
calyx of Held with calcium uncaging (32); at the neuromuscular
junction with presynaptic AP trains (39); and, notably, with
quantitative EM at both preparations (4, 40). In each of these
cases, the RRP was interpreted as the number of vesicles bound
at specific docking sites, with each synaptic release site having
only a few (two to six) docking sites (Fig. 5C). Our data, together
with these earlier studies, collectively suggest that this may be the
building block of many vertebrate synapses.

Materials and Methods
Details of the methods and analysis are given in SI Materials and Methods.
Briefly, MLIs of cerebellar slices from Sprague–Dawley rats aged 11–17 d

were recorded with the whole-cell patch-clamp technique at room tem-
perature. Experimental procedures were approved by the Directorate of
Paris Veterinary Services, by the scientific committee of the central animal
house of Paris Descartes (Centre Saints Pères) as well as by the ethical
committee for animal experimentation of Université Paris Descartes.
DM-nitrophen-Ca, Alexa dyes, and the Ca indicator OGB-5N were applied
intracellularly by whole-cell recording. Photolysis of DM-nitrophen was
with a 1-, 3-, or 5-μm laser spot at 405 nm. Fluorescence excitation was
with light-emitting diode light sources, and images were recorded with
a CCD camera.
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