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Brief Communications

Rapid Endocytosis Does Not Recycle Vesicles within the

Readily Releasable Pool

Xin-Sheng Wu and Ling-Gang Wu

Synaptic Transmission Section, National Institute of Neurological Disorders and Stroke, Bethesda, Maryland 20892

Endocytosis is essential in maintaining exocytosis at secretory cells. Rapid endocytosis with a time course less than a few seconds is widely
observed at nerve terminals and non-neuronal secretory cells. It is generally assumed that rapid endocytosis recycles vesicles within the
readily releasable pool (RRP) via a kiss-and-run mechanism that involves rapid opening and closure of a fusion pore at the release site.
The present work suggests that both rapid (7less than ~2 s) and slow (1 = ~10-20 s) endocytosis do not recycle vesicles to the RRP but
toarecycling poolatleast a few times larger than the RRP at a nerve terminal, the calyx of Held in rat brainstem. Challenging the long-held
view that rapid endocytosis offers a rapid, local vesicle recycling within the RRP, our finding calls for reconsideration of the function and
the underlying mechanism of rapid endocytosis. We suggest that rapid endocytosis provides the nerve terminal the ability to recycle
vesicles rapidly via the recycling pool and to maintain the normal morphology of the nerve terminal, including the release site, by rapidly
clearing the fused vesicle membrane from the release site during intense firing.

Introduction
Vesicle fusion is followed by vesicle endocytosis, which forms
new vesicles. Recycling of newly formed vesicles is crucial in
maintaining synaptic transmission. Studies in the last two de-
cades revealed that endocytosis can be rapid (7 less than ~2s) or
slow (7 = ~10-30 s) (Wu, 2004). Slow endocytosis has been
observed at every secretory cell and synapse examined (Wu,
2004). Similarly, rapid endocytosis has been observed with
whole-cell capacitance measurements at various types of nerve
terminals and non-neuronal secretory cells in various stimula-
tion conditions. These cell types include ribbon-type synapses
containing clear-core vesicles (von Gersdorff and Matthews,
1994), large calyx-type synapses containing conventional active
zones and clear-core vesicles (Sun et al., 2002), pituitary nerve
terminals that secrete vesicles to the blood vessels (Hsu and Jack-
son, 1996), hippocampal mossy fiber terminals (Hallermann et
al., 2003), and various types of non-neuronal secretory cells
containing large dense-core vesicles, such as chromaffin cells
(Artalejo et al., 1995) and pancreatic 3 cells (He et al., 2008).
What is the functional difference between rapid and slow en-
docytosis? Slow endocytosis, mediated by a classical, clathrin-
dependent mechanism (Granseth et al., 2006), is generally
assumed to follow full collapse fusion and recycle vesicles to
the recycling or reserve pool. Rapid endocytosis has long been
assumed to reflect kiss-and-run, which involves rapid fusion pore
opening and closure at the same site and, by definition, recycles
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vesicles within the readily releasable pool (RRP) of vesicles (Fesce
etal., 1994). Surprisingly, these important assumptions have not
been experimentally tested.

The cell-attached capacitance recordings have revealed the
existence of kiss-and-run in non-neuronal secretory cells, pitu-
itary nerve terminals, and the calyx of Held (Albillos et al., 1997;
Klyachko and Jackson, 2002; He et al., 2006). Clearly, kiss-and-
run involves rapid endocytosis. However, whether rapid endocy-
tosis results from kiss-and-run is unclear.

Optical measurements also suggest the existence of rapid kiss-
and-run at conventional synapses, particularly the cultured hip-
pocampal synapse (Aravanis et al., 2003; Zhang et al., 2009),
although there is an intense debate as to whether rapid kiss-and-
run exists at conventional synapses (He and Wu, 2007). It has
been proposed that kiss-and-run locally recycles vesicles within
the RRP at cultured hippocampal synapses (Pyle et al., 2000).
This proposal was further supported by a recent study that
loaded the vesicles with a large pH-sensitive quantum dot at
cultured hippocampal synapses (Zhang et al., 2009), although
whether the large quantum dot inside the vesicle affects the fusion
mode is not well understood.

Here, we determined whether the widely observed rapid en-
docytosis recycles vesicles within the RRP at calyces. Surprisingly,
our results suggest that both rapid and slow endocytosis do not
recycle vesicles within the RRP, which calls for reconsideration of
the function and the underlying mechanism of rapid endocytosis.

Materials and Methods

Methods for preparing brainstem slices from Wistar rats (7-10 d old) and
measurements of Ca*" currents and capacitance from the calyx of Held
in the medial nucleus of the trapezoid body are described previously (Sun
and Wu, 2001; Sun et al., 2004). Wistar rats were decapitated. Parasagittal
slices of 200 um thick were cut from the auditory brainstem with a
vibratome. Recordings were made at room temperature (22-24°) in a
solution that pharmacologically isolated Ca®" currents. This solution
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by a 20 ms depolarization applied at various intervals after a conditioning 20 ms depolarization (n = 5-11). Data were normalized
to the AC,,, induced by the conditioning pulse and fit with Equation 1 (curve) with A, = 0.71, 7, = 0.265,A, = 0.29, 7, = 9.55.

capacitance jump (AC,,) of 459 * 29 fF
(n = 28). The AC,, induced by 1-30 ms
depolarization, when normalized to that
evoked by a 20 ms depolarization at the
same calyx, was fitted well with a biexpo-
nential function:

Left and right panels are the same data shown in different time scale (also applies to Figs. 1£, 2B8,D,F). E, Similar to € but with

GTPS (0.3 mm) replacing GTP in the pipette solution. F, Similar to D but with GTP+S (0.3 mm) replacing GTP in the pipette solution

AC, = A1 — exp(—t/T))]

(n = 6-14). Data were fit with Equation Twith A, = 0.70, 7, = 0.24s,A, = 0.30, 7, = 7.2 5 (solid curve). Thefit curve in control

(0.3 mm GTP, dotted curve in D) is also shown (dotted). stim, Stimulation.

contained (in mm) 105 NaCl, 20 TEA-CI, 2.5 KCl, 1 MgCl,, 2 CaCl,, 25
NaHCO;, 1.25 NaH,PO,, 25 dextrose, 0.4 ascorbic acid, 3 myo-inositol,
2 sodium pyruvate, 0.001 tetrodotoxin, 0.1 3,4-diaminopyridine, 0.05
D-APV, pH 7.4 when bubbled with 95% O, and 5% CO,.

The calyx was whole-cell voltage clamped with a pipette (3.5-5 M)
containing (in mm) 125 Cs-gluconate, 20 CsCl, 4 MgATP, 10 Na,-
phosphocreatine, 0.3 GTP, 10 HEPES, 0.05 BAPTA, pH 7.2, adjusted
with CsOH. The osmolarity of the pipette solution was maintained be-
tween 310 and 325 mOsm by slightly adjusting Cs-gluconate concentra-
tion. For some experiments (Figs. 1E,F, 2E,F), GTP was replaced with
GTP%S (0.3 mm).

Calyces visible under the differential interference contrast microscope
were selected for capacitance recordings regardless of whether they were
connected with a short or long axon, because similar results were ob-
tained from capacitance measurements in calyces connected with a short
or long axon (Sun et al., 2004). The capacitance was measured with the
EPC-9 amplifier together with the software lock-in amplifier (PULSE,
HEKA). The series resistance was compensated by 60%. A sinusoidal
stimulus was applied in addition to the constant holding potential (—80
mV). The peak-to-peak voltage of the sine wave was <60 mV to avoid
activation of Ca?" currents (Borst et al., 1995; Wu et al., 1998). The
resulting current was processed using the Lindau—Neher technique
(Lindau and Neher, 1988; Gillis, 1995) to give estimates of the membrane
capacitance, membrane conductance, and the series conductance. The
sine wave frequency was 1000 Hz. The reversal potential of the measured
DC current was assumed to be 0 mV (Gillis, 1995), although changing the
reversal potential did not significantly change the capacitance value (Sun
and Wu, 2001). Data were expressed as mean = SEM. Unless mentioned,

+ A,[1 — exp(—t/T)], (1)

where A, = 0.83, 7, = 3.2 ms, A, = 1.3,

T, = 99 ms (Fig. 1A, B). Thus, there was a
fast and a slow component of release. With a 10-20 ms depolar-
ization, the slow release component was only ~14-22% of total
release. This value should be at least ~5% smaller, if we subtract
the vesicle mobilization during 1020 ms depolarization (sup-
plemental information II, available at www.jneurosci.org as
supplemental material). We concluded that a 10—-20 ms depolar-
ization depleted the RRP, in which the fast release component
was dominant (see supplemental information II for additional
discussion, available at www.jneurosci.org as supplemental
material).

Slow endocytosis does not recycle vesicles within the RRP

To determine whether slow endocytosis recycle vesicles within
the RRP, we induced slow endocytosis with a 20 ms depolariza-
tion (Wu et al., 2005). The capacitance jump after a 20 ms depo-
larization decayed monoexponentially with a slow 70f 12.5 = 1.2 s
(n = 12) (Fig. 1C) (Sun and Wu, 2001). Two pieces of evidence
suggest that slow endocytosis did not recycle vesicles within the
RRP. First, we measured the RRP replenishment time course by
applying a testing 20 ms depolarization at various intervals (At =
0.05-20 s) after the conditioning 20 ms depolarization. The ca-
pacitance jump induced by the testing 20 ms depolarization,
which reflected the RRP replenishment, could be fitted with
Equation 1 with A; = 0.71, 7, = 0.26 5, A, = 0.29, 7, = 9.5 s
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directly contribute to either the rapid
or the slow component of the RRP
replenishment.
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Rapid endocytosis does not recycle vesicles within the RRP. A, Sampled (, induced by a 20 ms depolarization (arrow)
applied at 0.5 (left) or 20 s (right) after a conditioning stimulus composed of 10 pulses of 20 ms depolarization at 10 Hz (A, bar). B,
A, induced by a 20 ms depolarization applied at various intervals after a conditioning stimulus composed of 10 pulses of 20 ms
depolarization at 10 Hz. Data (circles, n = 5-12) were normalized to the A(, induced by a 20 ms depolarization applied at >30
s after the conditioning stimulus and fit with Equation 1 with A; = 0.33, 7, = 0385, A, = 0.67, 7, = 7.8 s (dotted curve).

Endocytosis after this stimulus was biexponential with time constants of ~1.7 sand ~19ss, respectively. €, D, Similar to Aand B,

Rapid endocytosis does not recycle
vesicles within the RRP

To determine whether rapid endocytosis
recycles vesicles within the RRP, we in-
duced rapid endocytosis with 10 pulses of
20 ms depolarization at 10 or 1 Hz (Wu et
al., 2005). The capacitance jump after 10 depolarizing pulses at 10
Hz was 1260 = 72 fF (n = 11) (Fig. 2A), which was followed by a
biexponential capacitance decay reflecting rapid (7= 1.7 £ 0.4s,
31 £3%,n=11)andslow (1= 19 £ 3s,n = 11) component of
endocytosis (Fig. 2 A, right) [for detail, see Wu etal. (2005)]. Two
pieces of evidence suggest that this rapid endocytosis did not
recycle vesicles within the RRP.

First, the amplitude of rapid endocytosis (465 + 15 fF, n = 11)
(Fig. 2A) was similar to the RRP size (459 = 29 fF, n = 28) (Fig.
1A,B). If rapid endocytosis recycles vesicles within the RRP,
the RRP replenishment should be significantly sped up. To test this
prediction, we applied a testing 20 ms depolarization at various At
after the conditioning 10 depolarizing pulses at 10 Hz. The capaci-
tance jump induced by the testing pulse, which reflected the RRP
replenishment, was fitted well with Equation 1 with A, = 0.33, 7, =
0.38s,A, =0.67, 7, = 7.8 s (Fig. 2 A, B). Compared with the fitted
replenishment curve after a 20 ms depolarization (same as Fig.
1D), A, (rapid component of replenishment) decreased, A,
(slow component of replenishment) increased, but the time
constants (7, T,) were similar. These differences were evident
when comparing individual data points. For example, at At of 0.5
and 2 s, the AC,,, (induced by a 20 ms depolarization) was 61 =
4% (n = 11) and 76 = 5% (n = 5) of control, respectively, after a
20 ms depolarization, but only 28 = 4% (n = 12, p < 0.01) and
48 = 6% (n = 5, p < 0.01) after 10 depolarizing pulses at 10 Hz.
Similar slow down of the RRP replenishment was obtained after

except that the conditioning stimulus was 10 pulses of 20 ms depolarization at 1 Hz. Datain D (n = 5—8) were fit with Equation
TwithA,; = 0.29, 7, = 0.255,A, = 0.71, 7, = 7.9s.E, F, Similar to Aand B, except that GTP was replaced with GTP-yS (0.3 mm
in the pipette). Data (n = 5-12) were normalized to the A, induced by a 20 ms depolarization applied at >30 s after the
conditioning stimulus and fit with Equation Twith A, = 0.36, 7, = 0.255, A, = 0.64, 7, = 7.7 s (F, solid curve). The fit curve in
control (0.3 mm GTP, dotted curve in B) is also shown (dotted curve in F). stim, Stimulation.

10 pulses of 20 ms depolarization at 1 Hz (Fig. 2C,D), during
which vesicles equivalent to approximately six times the RRP size
were released and about half of released vesicles (approximately
three times the RRP size) were retrieved rapidly (Fig. 2C) [for
detail, see Wu et al. (2005), their Fig. 1 D]. The time course of the
RRP replenishment after 10 pulses of 20 ms depolarization at 1
Hz (Fig. 2D) was similar to that after 10 pulses of 20 ms
depolarization at 10 Hz. A modest inactivation of calcium
current was observed during the 10-pulse train, but the cur-
rent was still sufficient to release all vesicles in the RRP (sup-
plemental information III, available at www.jneurosci.org as
supplemental material). In summary, the occurrence of rapid
endocytosis after 10 depolarizing pulses at 10 or 1 Hz was not
accompanied by a speeding up, but a slowing down of the RRP
replenishment, arguing against the hypothesis that rapid endocy-
tosis recycles vesicles within the RRP.

Second, we blocked both rapid and slow endocytosis by in-
cluding GTPvS (0.3 mMm) in the pipette solution (Fig. 2E) [for
detail, see Xu et al. (2008)] and measured the capacitance jump
induced by a testing 20 ms depolarization applied at various in-
tervals after the conditioning 10 pulses of 20 ms depolarization at
10 Hz. We limited our stimulation so that the net capacitance
increase did not exceed ~4 pF, above which a GTP-independent
form of endocytosis could be activated (Xu et al., 2008). We also
monitored the capacitance trace to ensure that endocytosis was
abolished. In this condition, the capacitance jump induced by the
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testing 20 ms pulse, which reflected the RRP replenishment, was
fitted well with Equation 1 with A, = 0.36, 7, = 0.25s, A, = 0.64,
7, = 7.7 s (Fig. 2F, solid curve). The fitted curve and the fitted
parameters were similar to those obtained in control (0.3 mm
GTP) (Fig. 2F, dotted curve). At At of 0.5 and 2 s, the RRP
recovered to 22 = 6% (n = 6) and 50 * 3% (n = 7) (Fig. 2F),
respectively, which were similar to control (0.5 s: 28 = 4%, n =
12,p > 0.46; 2 5:48 = 6%, n = 5, p > 0.80) (Fig. 2 B). Thus, block
of both rapid and slow endocytosis did not affect the RRP replen-
ishment after 10 pulses of 20 ms depolarization at 10 Hz, a stim-
ulus which released vesicles equivalent to ~3 times the RRP size.

We also replaced GTP with GDPS (0.3 mMm) to block endo-
cytosis and repeated experiments shown in Figure 2, E and F. In
the presence of GDPSS, at 0.5 and 2 s after 10 pulses of 20 ms
depolarization at 10 Hz, the AC,, induced by the testing 20 ms
depolarization recovered to 30 = 3% (n = 7) and 53 = 4% (n =
7), respectively, which were similar to those (28 = 4%, n = 12;
48 * 7%, n = 6) obtained in the absence of GDPBS (0.3 mm GTP;
p > 0.3) (supplemental information V, available at www.
jneurosci.org as supplemental material). Thus, block of both
rapid and slow endocytosis with either GTP+yS or GDPSS did not
affect the RRP replenishment time course.

Together, our results suggest that neither rapid nor slow en-
docytosis recycle vesicles within the RRP. The recycling pool into
which rapid endocytosis retrieves vesicles must be larger than ~3
times the RRP size, because block of endocytosis did not affect the
RRP replenishment after 10 depolarizing pulses at 10 Hz that
released vesicles equivalent to ~3 times the RRP size.

Our results that rapid RRP replenishment did not require
rapid endocytosis (Fig. 1) and was not affected by the block of
rapid endocytosis (Fig. 2) strongly argue against the hypothesis
that rapid endocytosis recycles vesicles rapidly within the RRP.
Could rapid endocytosis make a minor contribution to the rapid
RRP replenishment? If so, it predicts that more rapid endocytosis
should speed up the RRP replenishment. Approximately 1 and 3
times the RRP size of vesicles were rapidly retrieved after 10
pulses of 20 ms depolarization at 10 and 1 Hz, respectively. How-
ever, the RRP replenishment time course was similar after these
two stimuli (Fig. 2B, D). Furthermore, the rapid component of
the RRP replenishment in the absence of rapid endocytosis (after
a 20 ms depolarization) (Fig. 1D) was larger than that in the
presence of rapid endocytosis (after 10 pulses of 20 ms depolar-
ization at 1-10 Hz) (Fig. 2B,D). These results strongly argue
against any detectable contribution of rapid endocytosis to the
RRP replenishment.

Discussion

The present work revealed that activation of rapid endocytosis
was not accompanied by faster RRP replenishment and that block
of both slow and rapid endocytosis did not affect the rate of the
RRP replenishment. These results provided the first set of exper-
imental evidence, suggesting that both rapid and slow endocyto-
sis did not recycle vesicles within the RRP but within a large
recycling pool more than ~3 times the RRP size. Thus, the widely
held view that rapid endocytosis provides a fast local route for
recycling vesicles within the RRP is incorrect, at least at the calyx
of Held synapse. This finding is likely to apply beyond the calyx of
Held synapse, because the RRP recovered from depletion in
~30-40 s in the absence of rapid endocytosis at goldfish ribbon-
type synapses, although whether rapid endocytosis affects the rate
of the RRP replenishment at this synapse was not examined (von
Gersdorff and Matthews, 1997).

J. Neurosci., September 2, 2009 + 29(35):11038 —11042 « 11041

At hippocampal synapses where the debate about the exis-
tence of kiss-and-run is intense (He and Wu, 2007), rapid kiss-
and-run, which must involve rapid endocytosis, has been
suggested to recycle vesicles within the RRP (Pyle et al., 2000; Sara
et al., 2002; Zhang et al., 2009). This seems in conflict with the
present work. Tissue specificity could provide an explanation for
this apparent conflict, considering that calyces are much larger
than conventional boutons. However, we consider tissue speci-
ficity an unlikely explanation, because calyces are similar to con-
ventional boutons in many aspects. For example, similar to
conventional active zones, the calyx releases small clear-core ves-
icles; an active zone is associated with ~100-200 vesicles (Harata
et al., 2001; Satzler et al., 2002); release is mostly controlled by
P/Q-type calcium channels (Wu et al., 1999; Iwasaki et al., 2000);
atrain of high frequency firing causes short-term depression (von
Gersdorff and Borst, 2002); endocytosis is slow in many stimula-
tion conditions but could also be fast (Wu et al., 2005). The calyx
is often considered a special nerve terminal releasing much more
vesicles than conventional boutons during an action potential.
Such a consideration is not entirely appropriate, because it does
not take into account of the fundamental release property per
active zone or release site. A calyx contains ~550 active zones and
an action potential releases ~50-500 vesicles during an action
potential (Borst et al., 1995; Wu et al., 1999). Thus, the release
probability per active zone during an action potential may range
from ~0.09-0.91, which overlaps with the release probability of
most conventional boutons (Zucker and Regehr, 2002). An ac-
tion potential releases ~5% of the RRP vesicles in calyces
(Schneggenburger et al., 2002; Xu and Wu, 2005), similar to some
of the conventional boutons (Zucker and Regehr, 2002). Thus, tissue
specificity is an unlikely explanation for the apparent discrepancy
between our results and those obtained in hippocampal synapses.

Our finding that rapid endocytosis did not recycle vesicles
within the RRP calls for reconsideration of the function and the
underlying mechanism of rapid endocytosis. We consider three
possibilities. First, rapid endocytosis may still reflect kiss-and-
run but does not recycle within the RRP. This possibility requires
that after kiss-and-run, the vesicle must leave the RRP immedi-
ately, which is logically unlikely to occur. Second, rapid endocy-
tosis follows full collapse fusion just like slow endocytosis but
retrieves vesicles with a higher speed. Third, rapid endocytosis
may reflect bulk endocytosis, as has been proposed in ribbon-
type synapses (Llobet et al., 2003). The present work points to
the need to distinguish these possibilities in the future, con-
sidering that rapid endocytosis is widely observed and thus
may play an important role in maintaining exocytosis in neu-
rons and non-neuronal secretory cells in various stimulation
conditions (Wu, 2004).

Although rapid endocytosis does not recycle vesicles within
the RRP, compared with slow endocytosis, rapid endocytosis can
still provide a faster speed in replenishing the recycling vesicle
pool. This function may be particularly important during pro-
longed high frequency firing that may deplete vesicles in the re-
cycling pool. In support of this possibility, rapid endocytosis is
activated by high frequency firing (Wu et al., 2005), which occurs
in physiological conditions at calyces and other neurons (von
Gersdorff and Borst, 2002). Furthermore, high frequency firing
may induce fusion of many vesicles at release sites and thus may
disrupt the normal structure of release sites. We suggest that
rapid endocytosis activated during high frequency firing partici-
pates in maintaining the normal structure of nerve terminals,
including active zones, by clearing fused vesicle membrane from
active zones.
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We found that the RRP replenishment time course was
slowed down by more intense stimulation (Figs. 1D, 2B,D).
This observation is surprising, given that the RRP replenish-
ment is calcium/calmodulin-dependent and that more intense
stimulation presumably should raise the intracellular calcium
concentration thus activate calmodulin to a higher level (Ditt-
man and Regehr, 1998; Wang and Kaczmarek, 1998; Sakaba and
Neher, 2001). Thus, a mechanism other than the calcium/
calmodulin-dependent mechanism must be involved in control-
ling the RRP replenishment. It would be of great interest to
examine this possibility in the future, which may contribute to
the generation of short-term plasticity during intense firing.
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