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Zhang et al. (Research Articles, 13 March 2009, p. 1448) reported that synaptic vesicles usually release
neurotransmitter through a kiss-and-run mechanism occurring within 1 second but that full collapse of the
vesicles becomes more prevalent with repeated stimuli. We report that the kinetics of vesicle retrieval do
not change during a stimulus train, with endocytosis occurring in 10 to 15 seconds.
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at 0.1 Hz. The observation that transient signals
becomes less prevalent at 0.1 Hz might lead one
to expect that their steady-state probability will
be even lower when the frequency of stimulation
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he process by which synaptic vesicles interact with the surface membrane to release neurotransmitter has been debated
since Katz described his quantal theory of neurotransmission (1). Do vesicles collapse into the
surface membrane? Or can neurotransmitter release occur through a short-lived fusion pore by
a process of kiss-and-run? This fundamental issue has been difficult to resolve because the
techniques used to investigate it provide measurements open to different interpretations (2).
One of the most direct approaches for assaying
vesicle fusion and retrieval is expression of pHsensitive green fluorescent protein molecules
(pHluorins) in the lumen of synaptic vesicles by
fusion to membrane proteins (3, 4). When exocytosis is triggered, the loss of protons from the
vesicle interior unquenches the pHluorin to generate a fluorescence increase, and this signal
decays when the vesicle is reacidified after retrieval. Recent studies using pHluorins report only
full collapse of synaptic vesicles, with retrieval occurring in 10 to 15 s through a clathrin-dependent
mechanism (5–7). In contrast, Zhang et al. (8)
reported the dominance of kiss-and-run under certain conditions by using quantum dots to assay
fusion.
The fluorescence of quantum dots is also
pH-dependent and increased by 15% on vesicle
fusion. In Zhang et al. (8), recovery of the signal
followed two patterns: A rapid return to baseline
was interpreted as retention of the particle by
kiss-and-run, while a much larger fall below
baseline was interpreted as escape of the particle
from the synaptic cleft after vesicle collapse. On
this basis, the authors concluded that kiss-andrun (0.5 to 1 s) occurs with a probability of ~60%
if the synapse is activated after a period of rest,
falling to ~10% after the sixth stimulus delivered

is increased further, but the opposite was observed: a 3- to 4-fold increase in the probability
of transient signals at 10 Hz [figure 4C in (8)].
Zhang et al. suggest that this biphasic modulation
of the fusion process by stimulation frequency
makes the protocol we used to investigate endocytosis inappropriate for detecting kiss-and-run
using synaptophysin-pHluorin (sypHy) (5). In order to measure the pHluorin signal generated by a
single action potential (AP) while avoiding bias
introduced by selection of events from a noisy
background, we delivered single APs at very low
frequency (0.02 Hz) and then simply averaged
traces to obtain the behavior of a population of
vesicles. Using simulations, Zhang et al. (8)
concluded that this approach will not have the
sensitivity to detect fast kiss-and-run unless the
response to the first AP after a period of rest is
separated from responses to later stimuli. We have
examined this prediction experimentally (9, 10)
and find that it does not hold.

Fig. 1. Analysis of endocytosis using synaptophysin-pHluorin (sypHy). (A) Averaged sypHy response to
the first AP in a train (black trace, n = 139) compared to the 8th to 10th APs (blue trace, n = 443) when
APs are repeated at 0.02 Hz. The average for the first AP has been decimated to a frequency of 2.5 Hz from
an original acquisition rate of 5 Hz. (B) Averaged sypHy response to the first AP in a train (black trace, n =
139) compared to a burst of 20 APs at 20 Hz (green trace, n = 79). There was no obvious change in the
sypHy signal under these different conditions. (C) The decay of sypHy fluorescence modeled with different
proportions of fast and slow endocytosis (tKR = 0.95 s; tFF = open parameter) followed by reacidification
(tr = 5 s). The model predictions were fit with a least sum of squares method to the average fluorescence
trace from 1480 single APs (red). The model with 100% slow endocytosis was most similar to the data
(heavy black line). Colored lines are models with 20% (blue) and 60% (green) kiss-and-run, and both
clearly deviate from measurements. The expected time course of decline in the sypHy signal is similar for
any value of tKR < 2 s. The experimental trace was collected at a sampling frequency of 5 Hz, which might
not be sufficient for precisely quantifying the speed of any fast component of endocytosis occurring in a
fraction of a second but is quite sufficient for the detection of any significant amount of endocytosis
occurring with a time constant of 2 s or less. (D) Graph relating chi-square values of the fit to the model
(log scale) to the proportion of kiss-and-run. Assuming just 10 to 20% kiss-and-run caused an increase in
chi-square value (i.e., a deterioration in the quality of the fit).
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where KR is the proportion of vesicles undergoing kiss-and-run and kr is the rate-constant of
acidification (0.2 s−1 at room temperature).
Figure 1C shows the least-squares fit of the
model to the average response to a single AP for
different KR. The lowest chi-square value was
obtained assuming that there is no kiss-and-run,
whereas assuming 10 to 20% kiss-and-run
caused a significant deterioration in the quality
of the fit (Fig. 1D). A very large deviation from
the experimental trace and increase in the chisquare value was observed assuming 60% kissand-run (Fig. 1C, green trace), as estimated by
Zhang et al. (8). The reacidification time of 5 s
would not prevent the detection of fast endocytosis using pHluorin signals acquired at 5 Hz.
Measurements made with sypHy therefore argue
against a major component of kiss-and-run at
hippocampal synapses, even under the very specific conditions proposed in (8). We conclude
that the dominant mechanism of endocytosis in
hippocampal synapses occurs with t = 14 s at
room temperature, a conclusion also reached by
Balaji and Ryan (6) using VGlut1-pHluorin.
It will be important to understand why the
interpretations of measurements made using
pHluorins and quantum dots do not coincide.
We suspect that this will become clearer with
further characterization of the two techniques.
The advantages of pHluorin reporters is that
they are targeted to all synaptic vesicles by normal cellular processes, and they remain associated with vesicle membrane through multiple
rounds of exocytosis and endocytosis. In comparison, quantum dots are large (~15 nm) relative to synaptic vesicles (~24 nm diameter lumen)
and the synaptic cleft (width ~20 nm) and must
be loaded by a period of concerted stimulation. It
is also unknown whether quantum dots hinder
collapse of the vesicle membrane after fusion,
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when the dense particle is sandwiched between
pre- and postsynaptic membranes. In particular,
we question the assumption that a transient fluorescent signal with retention of the particle
always equates with kiss-and-run. If exogenously
applied quantum dots are taken up into the synapse during stimulation, then why should not one
that has just been released directly into the synaptic cleft?
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First, we averaged responses to the first AP
delivered after ~5 min rest, when Zhang et al.
(8) predict ~60% of fusion events to occur by
kiss-and-run (Fig. 1A, black trace). We then
made a separate average of the responses to the
8th to 10th AP during stimulation at 0.02 Hz,
when ~20% of events are predicted to be kissand-run (Fig. 1A, blue trace). However, the timecourse of recovery was indistinguishable in the
two cases, indicating that the history of stimulation did not alter the kinetics of endocytosis at
this low frequency. Recovery was best accounted
for by a single mode of endocytosis with a time
constant of 14 s (Fig. 1C). As a further test, we
averaged the sypHy signal observed in response
to a burst of 20 APs at 20 Hz, when more vesicles
are released (Fig. 1B, green trace). The prediction
of Zhang et al. is that ~80% of events should be
kiss-and-run (8), but again, a fast mode of endocytosis could not be detected.
Zhang et al. (8) also suggested that pHluorins
may not be suited to detection of fast endocytosis because the fall in fluorescence lags after
endocytosis by the time required to reacidify the
vesicle—about 5 s at room temperature. However, reacidification occurs in ~1 s at 35°C, when
it is still not possible to detect a fast mode of
endocytosis (11). We also analyzed pHluorin responses using a model in which there are two
competing modes of endocytosis, as suggested
by Zhang et al. (8): fast (tKR = 0.95 s) and slow
(tFF = open parameter). The equation describing
fluorescence recovery is
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