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The Yin and Yang of Calcium Effects on Synaptic Vesicle
Endocytosis

Xin-Sheng Wu and Ling-Gang Wu
National Institute of Neurological Disorders and Stroke, Bethesda, Maryland 20892

A large number of studies suggest that calcium triggers and accelerates vesicle endocytosis at many synapses and non-neuronal secretory
cells. However, many studies show that prolonging the duration of the stimulation train, which induces more calcium influx, slows down
endocytosis; and several studies suggest that instead of triggering endocytosis, calcium actually inhibits endocytosis. Here we addressed
this apparent conflict at a large nerve terminal, the calyx of Held in rat brainstem, in which recent studies suggest that transient calcium
increase up to tens of micromolar concentration at the micro/nano domain triggers endocytosis. By dialyzing 0 –1 �M calcium into the
calyx via a whole-cell pipette, we found that slow endocytosis was inhibited by calcium dialysis in a concentration-dependent manner.
Thus, prolonged, small, and global calcium increase inhibits endocytosis, whereas transient and large calcium increase at the micro/nano
domain triggers endocytosis and facilitates endocytosis. This yin and yang effect of calcium may reconcile apparent conflicts regarding
whether calcium accelerates or inhibits endocytosis. Whether endocytosis is fast or slow depends on the net outcome between the yin and
yang effect of calcium.
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Introduction
Exocytosis releases neurotransmitters to mediate synaptic trans-
mission, whereas endocytosis recycles exocytosed vesicles to
maintain synaptic transmission. Accumulated studies show that
buffering calcium with EGTA or reducing the extracellular cal-
cium concentration slows down endocytosis at many synapses
and endocrine cells, suggesting that calcium speeds up endocyto-
sis (Ceccarelli and Hurlbut, 1980; Artalejo et al., 1995; Henkel
and Betz, 1995; Cousin and Robinson, 1998; Marks and McMa-
hon, 1998; Moser and Beutner, 2000; Neves et al., 2001; Sankara-
narayanan and Ryan, 2001; Wu et al., 2005; Balaji et al., 2008).
Recent studies at calyces and hippocampal synapses show that
calcium may speed up slow, rapid, and bulk endocytosis by tens
of folds, suggesting that calcium triggers endocytosis (Hosoi et
al., 2009; Wu et al., 2009; Sun et al., 2010). Consequently, how
calcium triggers endocytosis has been actively studied (Sun et al.,
2010; Yamashita et al., 2010; J. Yao et al., 2011; Yao and Sakaba,
2012; L.H. Yao et al., 2012).

In contrast to the above conclusion, prolonging the stimula-
tion train, which increases calcium influx, prolongs endocytosis
at many preparations, such as goldfish ribbon-type synapses (von
Gersdorff and Matthews, 1994), frog neuromuscular junctions
(Wu and Betz, 1996), hippocampal synapses (Sankaranarayanan

and Ryan, 2000; Balaji et al., 2008; Sun et al., 2010), calyces (Sun
et al., 2002; Wu et al., 2005; Yamashita et al., 2005; Renden and
von Gersdorff, 2007), and chromaffin cells (Artalejo et al., 1995;
Elhamdani et al., 2006). A pioneering study two decades ago
shows that increasing the intracellular calcium concentration at
goldfish ribbon-type synapses inhibits endocytosis, suggesting
that calcium inhibits endocytosis (von Gersdorff and Matthews,
1994). A study of single-vesicle endocytosis at hippocampal syn-
apses suggests that calcium inhibits endocytosis (Leitz and Kava-
lali, 2011). A recent study at hippocampal synapses shows that
calcium speeds up endocytosis in the first few action potentials,
but slows down endocytosis as action potentials continue (Arm-
bruster et al., 2013).

Apparently, how calcium regulates endocytosis is rather con-
troversial. We attempted to resolve this controversy at the calyx
of Held nerve terminal, where studies suggest that large, transient
calcium influx at �10 �M at the calcium micro/nano domain
triggers slow endocytosis (Hosoi et al., 2009; Wu et al., 2009;
Yamashita et al., 2010). This suggestion is based on three obser-
vations: (1) reducing calcium influx during brief depolarization
by reducing the extracellular calcium concentration or the volt-
age driving force abolishes slow endocytosis (Wu et al., 2009); (2)
the fast calcium buffer BAPTA (1–10 mM), but not the slow buffer
EGTA, abolishes slow endocytosis induced by brief depolariza-
tion, suggesting that the transient calcium micro/nano domain
triggers endocytosis (Hosoi et al., 2009; Wu et al., 2009; Ya-
mashita et al., 2010); and (3) �10 �M calcium is needed to induce
slow endocytosis (Hosoi et al., 2009). Here we determined
whether endocytosis is inhibited by prolonged, global, but small
calcium increase to �0.5–1 �M, which has been observed in sec-
onds to minutes after repetitive stimulation at nerve terminals
(Kamiya and Zucker, 1994; von Gersdorff and Matthews, 1994;
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Wu and Betz, 1996; Wu and Borst, 1999; Zucker and Regehr,
2002; Habets and Borst, 2005; Wadel et al., 2007; Xue et al., 2012).
We found that prolonged, small, global calcium increase inhibits
slow endocytosis, contrasting to the transient, large calcium in-
crease that triggers endocytosis. This opposite effect may recon-
cile most conflicts regarding calcium’s effect on endocytosis.

Materials and Methods
Animal care and use were performed in accordance with NIH guidelines
and approved by the NIH Animal Care and Use Committee. Parasagittal
brainstem slices (200 �m thick) containing the medial nucleus of the
trapezoid body were prepared from 7- to 10-d-old male or female rats
using a vibratome (Sun and Wu, 2001; Sun et al., 2004). Whole-cell
capacitance measurements were made with the EPC-9 amplifier together
with the software lock-in amplifier (PULSE, HEKA) that implements
Lindau-Neher’s technique (Sun and Wu, 2001; Sun et al., 2004). The
frequency of the sinusoidal stimulus was 1000 Hz and the peak-to-peak
voltage of the sine wave was �60 mV. We pharmacologically isolated
presynaptic Ca 2� currents with a bath solution (�22–24°C) containing
the following (in mM): 105 NaCl, 20 TEA-Cl, 2.5 KCl, 1 MgCl2, 2 CaCl2,
25 NaHCO3, 1.25 NaH2PO4, 25 glucose, 0.4 ascorbic acid, 3 myo-inositol, 2
sodium pyruvate, 0.001 tetrodotoxin, 0.1 3,4-diaminopyridine, pH 7.4 when
bubbled with 95% O2 and 5% CO2. The control presynaptic pipette
solution contained the following (in mM): 125 Cs-gluconate, 20 CsCl, 4
MgATP, 10 Na2-phosphocreatine, 0.3 GTP, 10 HEPES, 0.05 BAPTA, pH
7.2, adjusted with CsOH. To control the free calcium concentration in
the pipette, we replaced BAPTA with different concentrations of EGTA
and CaCl2, as described in Results.

As in many previous studies (Wu et al., 2009; Sun et al., 2010; Xue et
al., 2012), we measured the initial rate of the capacitance decay after the
capacitance jump (Ratedecay) as the slope within 4 s after a 20 ms depo-
larization (from �80 to �10 mV, depol20ms) that induced slow endocy-
tosis, and within 1–1.5 s after 10 pulses of 20 ms depolarization at 10 Hz
(depol20ms�10).

Results
Calyces were whole-cell voltage-clamped
with pipettes containing different concen-
trations of free calcium. We varied the
concentration of the calcium buffer
(EGTA or BAPTA) and Ca 2� (CaCl2) in
the pipette solution in five different com-
binations to control free calcium concen-
trations at five different values: (1) 0 �M

free calcium achieved with 0.05 mM

BAPTA and 0 Ca 2�, which mimicked the
endogenous calcium buffer concentration
(Borst et al., 1995; Helmchen et al., 1997)
and served as the control; (2) 0.1 �M free
Ca 2� (2 mM EGTA and 0.8 mM Ca 2� in
the pipette); (3) 0.2 �M free Ca 2� (2 mM

EGTA and 1.15 mM Ca 2� in the pipette);
(4) 0.5 �M free Ca 2� (2 mM EGTA and
1.55 mM Ca 2� in the pipette); and (5) 1
�M free Ca 2� (2 mM EGTA and 1.75 mM

Ca 2�). The free calcium concentration
was calculated based on the Max-Chelator
program (Stanford University, Stanford,
CA) in which the calcium dissociation
constant of EGTA is 0.15 �M (Augustine
and Neher, 1992; Elhamdani et al., 2006).
We had previously confirmed this calcu-
lation with fluorescence intracellular cal-
cium measurements (Wu et al., 2009).

To determine how these five different
calcium concentrations affect endocyto-
sis, we induced endocytosis with two

stimulation protocols, a 20 ms depolarization (depol20ms) from
�80 mV (holding potential) to �10 mV (applies if not men-
tioned), and 10 pulses of 20 ms depolarization at 10 Hz
(depol20ms�10). These two stimuli induce two most widely ob-
served forms of endocytosis, slow and rapid endocytosis, in the
control condition with 0.05 mM BAPTA in the pipette (W. Wu et
al., 2005; X.S. Wu et al., 2009). They are equivalent to 10 –50 and
200 action potentials at 100 –300 Hz, respectively, yet easier for
manipulation and measurements of calcium currents (ICa) and
endocytosis (W. Wu et al., 2005; X.S. Wu et al., 2009).

Prolonged calcium concentration increase inhibits
slow endocytosis
With 0.05 mM BAPTA in the pipette, depol20ms induced an ICa of
2.3 � 0.1 nA, a capacitance jump (�Cm) of 458 � 24 fF, followed
by a slow monoexponential decay with a � of 17.2 � 3.1 s and an
initial decay rate (Ratedecay, see Materials and Methods for mea-
surement) of 29 � 3 fF/s (n 	 12, Figs. 1A, 2A). Although both �
and Ratedecay reflect endocytosis, we used Ratedecay for statistics
(W. Wu et al., 2005; X.S. Wu et al., 2009; Sun et al., 2010), because
� was often too slow to estimate at higher intracellular calcium
concentrations as shown later.

With 0.1 �M free calcium in the pipette, depol20ms induced an
ICa and Ratedecay similar to those of control (0.05 mM BAPTA, p 	
0.17), but a �Cm �81% of control (n 	 7, p 
 0.01; Figs. 1B, 2A).
With 0.2 �M free calcium in the pipette, depol20ms induced an ICa

and Ratedecay similar to control (p 	 0.25), but a �Cm 79% of
control (n 	 9, p 
 0.01; Figs. 1C, 2A). Similar to control (Fig.
1A), the capacitance decay at 0.1– 0.2 �M free calcium almost
returned to the baseline within 40 s after stimulation (Fig. 1B,C).
With 0.5 �M free calcium in the pipette, depol20ms induced an ICa

Figure 1. Slow endocytosis at calyces being dialyzed with various concentrations of free calcium. A, Left, Sampled ICa and the
capacitance change (Cm) induced by depol20ms in control (pipette solution: 0 mM calcium, 0.05 mM BAPTA in the pipette). Right,
Mean Cm change (mean � SEM, n 	 12 calyces) induced by a 20 ms depolarization in control (0.05 mM BAPTA). B–E, Similar to A,
except that the pipette contained free calcium at 0.1 �M (B, n 	 7), 0.2 �M (C, n 	 9), 0.5 �M (D, n 	 11), and 1 �M (E, n 	 12).
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and �Cm similar to the control (p � 0.06 – 0.27), but a Ratedecay

�51% of control (n 	 11, p 
 0.01), and the capacitance decay
did not return to the baseline at 40 s after stimulation (Figs. 1D,
2A). Endocytosis inhibition at 1 �M free calcium was similar to
that observed at 0.5 �M free calcium (Figs. 1E, 2A). These results
show inhibition of slow endocytosis by the global calcium level in
a concentration-dependent manner (Figs. 1, 2A).

The �20% decrease in the �Cm at 0.1– 0.2 �M free calcium
(Fig. 2A) was likely due to the increase of the free EGTA concen-
tration. The pipette in control contained only 0.05 mM BAPTA,
whereas at 0.1 or 0.2 �M free calcium, the free EGTA concentra-
tion was �1.2 mM (2 mM EGTA and 0.8 mM Ca 2� in the pipette)
or 0.85 mM (2 mM EGTA and 1.15 mM Ca 2� in the pipette),
respectively. At 0.5 or 1 �M free calcium, the free EGTA concen-
tration was reduced to �0.45 mM (2 mM EGTA and 1.55 mM

Ca 2� in the pipette) or 0.25 mM (2 mM EGTA and 1.75 mM Ca 2�

in the pipette), respectively, which may explain why the �Cm was
not decreased significantly at 0.5–1 �M free calcium compared
with control (Fig. 2).

At 0.5 �M free calcium, the mEPSC frequency was increased to
�10 –20 Hz (X.S. Wu et al., 2007). To confirm this result, we
recorded mEPSCs at the postsynaptic neuron at the whole-cell
voltage-clamp configuration while dialyzing 0 or 0.5 �M calcium
into the corresponding calyx. The mEPSC frequency was 4 � 1
Hz (n 	 5 synapses) and 19 � 3 Hz (n 	 5) at 0 and 0.5 �M free
calcium, respectively (Fig. 2B), which was in the same range as
previously reported (X.S. Wu et al., 2007). This mEPSC fre-
quency increase caused a baseline capacitance increase (�1 fF/s)
(X.S. Wu et al., 2007) too small to affect our measurement of the
Ratedecay, which was �29 fF/s in control. The capacitance change
reflects the net outcome of exocytosis and endocytosis. Would
the slower capacitance decay in higher free calcium concentra-
tions (Figs. 1, 2) reflect an increase of asynchronous release after
depol20ms rather than a slowdown of endocytosis? This possibility

is highly unlikely for two reasons. First, the free EGTA concen-
tration (�0.45– 0.25 mM) was actually higher than the control
BAPTA concentration (0.05 mM), which should more effectively
prevent residual calcium from generating enormous amounts of
asynchronous release to offset the capacitance decay. Second, if
asynchronous release induced by depol20ms was responsible for
the slower capacitance decay, more asynchronous release in-
duced by a stronger stimulus, depol20ms�10, should cause slower
capacitance decay. This prediction was incorrect. As described
below, the capacitance increase after depol20ms�10 returned to the
baseline with a similar time course in various free calcium con-
centrations ranging from 0 to 1 �M (see Figs. 3, 4 for detail).

Prolonged calcium concentration increase does not inhibit
endocytosis induced by strong stimulation
Next, we studied how calcium dialysis affects endocytosis in-
duced by a more intense stimulation, the depol20ms�10. In con-
trol, depol20ms�10 induced a �Cm of 1598 � 117 fF, followed by a
biexponential decay with � of 2.4 � 0.4 s (weight, 29 � 3%) and
18 � 3.5 s (n 	 12, Fig. 3A). Ratedecay after depol20ms�10 was
223 � 28 fF/s (n 	 12, Figs. 3A, 4), which reflected mostly
(�80%) the rapid component of endocytosis (W. Wu et al., 2005;
X.S. Wu et al., 2009; Sun et al., 2010). When the pipette free
calcium concentration was 0.1 �M (Fig. 3B), 0.2 �M (Fig. 3C), 0.5
�M (Fig. 3D), and 1 �M (Fig. 3E), �Cm and Ratedecay did not
change significantly in most conditions (p � 0.05; Figs. 3, 4),
except that �Cm was slightly reduced at 0.2 �M free calcium (p 

0.05; Fig. 4), likely due to the relatively high free EGTA concen-
tration. The slow component of endocytosis induced by
depol20ms�10 was not affected either (Fig. 3). These results suggest
that prolonged calcium increase up to 1 �M does not affect either
rapid or slow endocytosis induced by stronger intensity of
stimulation. Inhibition of endocytosis by prolonged, small,

Figure 2. Calcium dialysis into calyces inhibits slow endocytosis in a concentration-dependent manner. A, Left, The Ratedecay, �Cm, and QICa induced by a 20 ms depolarization with a whole-cell
pipette containing free calcium at 0 �m (0.05 mM BAPTA, n 	 12, control), 0.1 �M (n 	 7), 0.2 �M (n 	 9), 0.5 �M (n 	 11), and 1 �M (n 	 12). Right, Same as in left, but with all data normalized
to the mean of the control group (0 �M free calcium). Data are expressed as mean � SEM. **p 
 0.01. B, Sampled postsynaptic recordings of the mEPSCs and bar graphs showing the mEPSC
frequency differences in calyces dialyzed with 0 (n 	 5 calyces) and 0.5 �M (n 	 5 calyces) free calcium. **p 
 0.01.
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global calcium increase as observed in Figures 1 and 2 is there-
fore limited to intermediate stimulation intensities.

A train of action potential-like stimuli inhibits slow, but not
fast endocytosis
We showed that persistent calcium concentration increase inhib-
its slow, but not fast endocytosis. To mimic prolonged calcium
concentration increase in physiological conditions, we applied
100 action potential-equivalent (APe) stimuli at 20 Hz using a
control pipette containing 0 �M calcium (0.05 mM BAPTA; Fig.
5A). APe was mimicked as a 1 ms depolarization from �80 to �7
mV, which induced a presynaptic ICa and a postsynaptic EPSC
similar to an action potential (Sun et al., 2002; Xu and Wu, 2005).
At 3 s after applying this APe train, we applied depol20ms (Fig. 5B) or
depol20ms�10 (Fig. 5C) to determine whether Ratedecay is reduced
compared with the control without the preceding train. The con-
trol traces are shown in Figures 1A and 3A, and their mean Rat-
edecay values are shown in Figures 2A and 4. The Ratedecay after
depol20ms (with preceding APe train) was calculated as the rate of
decay within 4 s after depol20ms (Fig. 5B, red line) subtracted by
the rate of decay within 3–7 s after 100 APe at 20 Hz was applied
alone at the same cell (Fig. 5A,B, green line). This subtraction was
necessarily because the 100 APe alone induced a non-negligible
capacitance decay of 20 � 4 fF/s (n 	 8) at 3–7 s after the stimu-
lation, the same time window in which we measured the Ratedecay

if a depol20ms was applied at 3 s after the
APe train. Similar subtraction was applied
to measure the Ratedecay within 1–1.5 s after
depol20ms�10 (Fig. 5C). With these calcu-
lation methods, we found that following
the APe train, the Ratedecay induced by
depol20ms (12 � 2 fF/s, n 	 8) was much
smaller than that in control without the
preceding APe train (29 � 3 fF/s, n 	 12,
p 
 0.01), whereas the Ratedecay after
depol20ms�10 (237 � 18 fF/s, n 	 8) was
similar to the control (223 � 28 fF/s, n 	
12, p 	 0.42; see bar graphs in Fig. 5D).
Thus, APe train mimicked calcium dialy-
sis in inhibiting slow, but not fast endocy-
tosis, which suggests that physiological
stimulus may inhibit slow endocytosis by
increasing the global calcium level.

Relation between endocytosis time
constant and the step
depolarization duration
We showed that prolonged APe trains in-
hibit slow endocytosis (Fig. 5), likely by
increasing the global calcium concentra-
tion, which is different from acceleration
of endocytosis by large, local calcium in-
crease at calyces (Hosoi et al., 2009; Wu et
al., 2009; Yamashita et al., 2010). Thus, it
seems obvious that the net outcome be-
tween inhibition and acceleration of en-
docytosis may determine the endocytosis
rate. In support of this possibility, we
found, as described below, that as the de-
polarization duration increased from 2 to
200 ms, slow endocytosis was slowed
down, whereas rapid endocytosis was ac-
tivated as the depolarization duration was

prolonged to 200 ms.
We applied 2, 5, 10, 20, 50, or 200 ms depolarization from �80

to �10 mV to the calyx via control pipettes containing 0 �M free
calcium. As the depolarization duration increased, the QICa in-
creased, the �Cm increased, and the � of the capacitance decay
increased (Fig. 6A–F, summarized in Fig. 6G,H). Notice here that
we used � instead of the Ratedecay for analysis, because the �Cm

differed by severalfold (Fig. 6A–F), which made the comparison
of the Ratedecay not meaningful.

The near-linear relation between the endocytic � and the �Cm

(Fig. 6G) was consistent with previous findings that increasing
the depolarization duration from 1 to 20 ms increases the �Cm

and the endocytosis � at calyces (Sun et al., 2002; Wu et al., 2005;
Yamashita et al., 2005; Renden and von Gersdorff, 2007). This
observation was previously interpreted as reflecting saturation of
the endocytic machinery (Sankaranarayanan and Ryan, 2000),
but could now be reinterpreted as reflecting inhibition of endo-
cytosis by global calcium increase, because the endocytic � in-
creased as QICa increased (Fig. 6H). Although our results do not
allow us to fully exclude saturation as an interpretation, we
prefer our interpretation of calcium-dependent inhibition,
because there has been no direct evidence showing that the
endocytic capacity can be saturated, whereas we showed di-
rectly that prolonged calcium increase inhibited slow endocy-
tosis (Fig. 1).

Figure 3. Rapid endocytosis in calyces being dialyzed with various concentrations of calcium. A, Left, Sampled ICa and the
capacitance change (Cm) induced by depol20ms�10 in control (pipette solution: 0 mM calcium, 0.05 mM BAPTA in the pipette). Right,
Mean Cm change (mean � SEM, n 	 12 calyces) induced by depol20ms�10 in control (0.05 mM BAPTA). B–E, Similar to A, except
that the pipette contained free calcium at 0.1 �M (B, n 	 7), 0.2 �M (C, n 	 9), 0.5 �M (D, n 	 11), and 1 �M (E, n 	 12).
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Whereas the capacitance decay was monoexponential after
2–50 ms depolarization (Fig. 6A–E), it was biexponential with �
of 1.1 � 0.2 s (weight, 20 � 4%) and 23 � 2 s (n 	 8) after 200 ms
depolarization (Fig. 6F). The � of the rapid component (1.1 �
0.2 s) was not included in the summary plot in Figure 6, G and H.
The appearance of this rapid component is consistent with the
previous finding that a larger increase of the calcium influx trig-
gers rapid endocytosis (W. Wu et al., 2005; X.S. Wu et al., 2009).
For example, as the pulse duration increases from 2 to 50 ms
during 10 pulses of depolarization at 10 Hz, calcium influx is
increased, rapid endocytosis is activated, and its � decreases (Wu
et al., 2009). Rapid endocytosis is more often observed when the
intracellular calcium concentration increase induced by photol-
ysis of a caged calcium compound is tens of micromolar or higher
in hair cells (Beutner et al., 2001). Thus, 200 ms depolarization
may increase the local calcium concentration above the threshold
to activate rapid endocytosis. Local, transient saturation of the
calcium buffer by 200 ms depolarization, but not by shorter du-
ration of depolarization, might further contribute to the local
calcium concentration increase (Felmy et al., 2003), and thus
activation of rapid endocytosis.

In summary, as the depolarization duration and, thus, QICa

increased, the � of the slow endocytosis increased, and a rapid
component of endocytosis occurred (Fig. 6). These results can
be explained by the global calcium increase that inhibits slow
endocytosis, and the local calcium increase that activates rapid
endocytosis.

Discussion
At calyx nerve terminals, we found that prolonged calcium increase
from 0 to 1 �M inhibited slow endocytosis in a concentration-
dependent manner (Figs. 1, 2). APe trains also inhibited slow
endocytosis (Fig. 5), suggesting that global calcium increase in-
duced by physiological stimulation may inhibit slow endocytosis.
These results are in contrast to the recent finding that the tran-
sient calcium concentration increase to more than �10 �M at the
calcium micro/nano domain triggers slow endocytosis (Hosoi et
al., 2009; Wu et al., 2009; Yamashita et al., 2010). Together, our
results show that transient, large calcium influx at the micro/
nano domain, as induced by action potentials, triggers slow en-

docytosis, whereas prolonged, small, and global calcium increase,
as can be induced by action potential trains, inhibits slow endo-
cytosis. Such a yin and yang effect of calcium on endocytosis is
likely to have wide application beyond the large calyx nerve ter-
minal, and may reconcile most conflicts in the literature regard-
ing whether calcium facilitates or inhibits endocytosis.

Reconciling apparent conflicts at goldfish
ribbon-type synapses
At the goldfish retinal bipolar nerve terminal, a pioneering study
two decades ago found that calcium dialysis �1 �M abolishes
rapid endocytosis, leading to the conclusion that calcium inhibits
rapid endocytosis (von Gersdorff and Matthews, 1994). A subse-
quent study 7 years later showed that buffering calcium influx
with EGTA blocks fast, but not slow endocytosis induced by brief
depolarization, leading to the opposite conclusion that calcium
selects rapid endocytosis (Neves et al., 2001). This apparent con-
flict can now be reconciled with our finding that prolonged,
small, global calcium increase inhibits endocytosis, whereas large,
transient calcium increase triggers endocytosis.

Comparing the present work with a study in goldfish retina
Although our observation that calcium dialysis inhibits slow en-
docytosis seems analogous to an early study in goldfish retina

Figure 4. Calcium dialysis into calyces does not inhibit rapid endocytosis. Left, The Ratedecay,
�Cm, and QICa induced by depol20ms�10 with a pipette containing free calcium at 0 �M (0.05
mM BAPTA, n 	 12), 0.1 �M (n 	 7), 0.2 �M (n 	 9), 0.5 �M (n 	 11), and 1 �M (n 	 12).
Right, Same as in left, but with all data normalized to the mean of the control group (0 �M free
calcium). Data are expressed as mean � SEM. *p 
 0.05.

Figure 5. An APe train causes inhibition of slow, but not rapid endocytosis. A, Sampled ICa

and Cm trace (gray trace) in response to 100 APe at 20 Hz (TrainAPe). The pipette contained 0 �M

calcium (0.05 mM BAPTA, applies to A–C). The green line is the linear fit of the capacitance decay
within 3–7 s after TrainAPe. B, Sampled ICa and Cm traces in response to a depol20ms applied 3 s
after the TrainAPe. The red line is the linear fit of the capacitance decay within 4 s after depol20ms.
The gray trace (and the green line) is the Cm trace caused by TrainAPe alone (same as in A). The
difference between the slope of the red and the green line is the Ratedecay induced by a
depol20ms applied 3 s after a TrainAPe. C, Sampled ICa and Cm traces in response to a depol20ms�10

applied 3 s after TrainAPe (100 APe at 20 Hz). The red line is the linear fit of the capacitance decay
within 1.5 s after depol20ms�10. The gray trace (and the green line) is the Cm trace caused by
TrainAPe alone (same as in A). The difference between the slope of the red and the green line is
the Ratedecay induced by a depol20ms�10 applied 3 s after the TrainAPe. A–C were from the same
calyx. D, Ratedecay induced by depol20ms (top) and depol20ms�10 (bottom) in control (Ctrl, no
preceding APe train) and at 3 s after 100 APe train at 20 Hz (TrainAPe). The calyx numbers are
labeled in the bar graph. The control data are taken from Figures 1A and 3A. **p 
 0.01.
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(von Gersdorff and Matthews, 1994), the present work is an ad-
vance over this early study in three aspects. First, conclusions are
different. We suggest that only the prolonged, small, global cal-
cium increase, but not all patterns of calcium increase as pro-
posed in the early study, inhibits endocytosis. Second, we showed
that slow endocytosis, the most commonly observed endocytic
form, is inhibited by calcium dialysis at mammalian central syn-
apses containing conventional active zones, whereas the early
study shows that rapid endocytosis is inhibited by calcium dialysis at
goldfish ribbon-type synapses. Third, we found that upon stron-
ger stimulation (depol20ms�10), both rapid and slow forms of
endocytosis were not inhibited by calcium dialysis (Figs. 3, 4).

This result suggests that large, transient
calcium influx at the micro/nano domain
may overcome the inhibitory effect of
prolonged, global calcium increase. Inhi-
bition of endocytosis by calcium dialysis
may therefore be limited to mild to inter-
mediate levels of stimulation.

Reconciling apparent conflicts at
conventional synapses
Reducing the extracellular calcium or
buffering calcium influx slows down or
abolishes endocytosis at hippocampal
synapses and calyces (Sankaranarayanan
and Ryan, 2001; Wu et al., 2009; Sun et al.,
2010), whereas prolonging the stimula-
tion train increases calcium influx, but
prolongs endocytosis in many prepara-
tions, such as frog neuromuscular junc-
tions (Wu and Betz, 1996), hippocampal
synapses (Sankaranarayanan and Ryan,
2000; Balaji et al., 2008; Sun et al., 2010),
calyces (Sun et al., 2002; Wu et al., 2005;
Yamashita et al., 2005; Renden and von
Gersdorff, 2007), and chromaffin cells
(Artalejo et al., 1995; Elhamdani et al.,
2006). These paradoxical results can be
interpreted with the yin and yang effect of
calcium: reducing extracellular calcium or
buffering calcium with BAPTA may in-
hibit endocytosis by reducing the tran-
sient calcium increase at the micro/nano
domain, whereas prolonging the stimula-
tion train may prolong endocytosis by
increasing the global calcium concentra-
tion. The transient calcium increase to
tens of micromolar at the micro/nano do-
main dissipates mostly in �10 ms after an
action potential (Bollmann and Sakmann,
2005; Neher and Sakaba, 2008), but may
dissipate more slowly after prolonged de-
polarization. Rapid dissipation may lead
to little calcium accumulation at the mi-
cro/nano domain during action potential
trains at 30 Hz or less and during 20 –50
ms depolarization trains at 
1 Hz. How-
ever, these relatively low-frequency stim-
uli may induce global calcium increase to
�0.2–1 �M for �30 s to minutes, as dem-
onstrated at many nerve terminals (Ka-
miya and Zucker, 1994; Wu and Betz,

1996; Wu and Borst, 1999; Zucker and Regehr, 2002; Habets and
Borst, 2005; Wadel et al., 2007; Xue et al., 2012), which may
explain why endocytosis is prolonged after a longer train of
stimulation. In contrast to lower-frequency stimulation, higher-
frequency stimulation may induce substantial accumulation of
calcium to tens of micromolar at the transient micro/nano do-
main, which may explain why action potential-equivalent stimuli
at 100 –300 Hz or 20 –50 ms depolarization at 10 Hz speeds up
endocytosis at calyces (W. Wu et al., 2005; X.S. Wu et al., 2009).
Saturation of the calcium buffer because of massive calcium in-
flux and insufficient time to pump out intracellular calcium may

Figure 6. Endocytosis induced by 2–200 ms depolarization. A–F, Sampled ICa (left), sampled Cm trace (middle), and averaged
Cm trace (right) induced by 2 (A, n 	 9), 5 (B, n 	 10), 10 (C, n 	 9), 20 (D, n 	 9), 50 (E, n 	 8), and 200 ms (F, n 	 8)
depolarization from �80 to �10 mV. The scale bars in A apply to A–F. G, H, The capacitance decay (endocytosis) � is plotted
versus the �Cm (G) and QICa (H ) induced by 2, 5, 10, 20, 50, and 200 ms depolarization (data taken from those shown in A–F ). For
200 ms depolarization, the � of the slow, but not the fast component is included. Data are expressed as mean � SEM. The number
of calyces for each depolarization pulse is described in A–F.
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further contribute to the transient calcium increase at the micro/
nano domain during higher-frequency stimulation (Felmy et al.,
2003), which may further promote facilitation of endocytosis.

A recent study shows that endocytosis is speeded up in the first
few action potentials, and then slowed down during prolonged
lower-frequency (10 Hz) action potential trains (Armbruster et
al., 2013). The speed-up of endocytosis could be accounted for by
facilitation of endocytosis by the large calcium transient at the
micro/nano domain, if facilitation of endocytosis continues for a
short time after calcium microdomain dissipates. The slowdown
of endocytosis could be due to prolonged, global calcium increase
that inhibits endocytosis.

In summary, whether endocytosis is upregulated or down-
regulated may depend on the net outcome between facilitation by
transient calcium micro/nano domain and inhibition by pro-
longed global calcium increase, which in turn depends on the
stimulation frequency and duration of depolarization. These
mechanisms may explain most apparent conflicts in the last two
decades of studies regarding whether calcium upregulates or
downregulates endocytosis. They may also provide an explana-
tion for why the increase of the depolarization duration from 2 to
200 ms prolonged slow endocytosis, but activated a rapid com-
ponent of endocytosis at calyces (Fig. 6).

What are the mechanisms underlying the opposite effects of
calcium on endocytosis?
The present work raises the question as to what underlies the
opposite effects of calcium on endocytosis. The yin and yang
effect of the same factor has been reported in many systems. For
example, long-term potentiation and depression of synaptic
transmission are both induced by calcium, but at different pat-
terns of stimulation (Malenka and Bear, 2004). Currently, we do
not know how calcium exerts the opposite effects on endocytosis.
Many potential mechanisms can be considered. Here we discuss
two scenarios, which certainly would not exhaust all possibilities.
First, prolonged calcium increase might interrupt the cycling of
calcium-dependent phosphorylation and dephosphorylation of
endocytic proteins. It has been suggested that calcium/calmodu-
lin activates calcineurin to dephosphorylate endocytic proteins,
including dynamin, which is needed to mediate and to facilitate
slow endocytosis (Marks and McMahon, 1998; Cousin and Rob-
inson, 2001; Wu et al., 2009; Sun et al., 2010; Xue et al., 2011;
Armbruster et al., 2013). If prolonged calcium increase causes
more calcium-dependent phosphorylation than dephosphoryla-
tion of endocytic proteins, it may explain why prolonged calcium
increase inhibits endocytosis. Second, while large, transient cal-
cium increase may trigger endocytosis, prolonged, small calcium
increase may activate calcium-dependent chloride channels to
increase intracellular chloride concentration, which has been
shown to inhibit endocytosis at the goldfish retinal bipolar syn-
apse (Hull and von Gersdorff, 2004). It would be of great interest
to understand how prolonged, small calcium increase and tran-
sient, large calcium increase exert opposite effects in regulating
endocytosis in the future.

Does yin and yang of calcium apply to all forms of
endocytosis at the single-vesicle level?
At the single-vesicle level, there are three mechanistically differ-
ent forms of endocytosis, classical clathrin-dependent endocyto-
sis, kiss-and-run, and bulk endocytosis which forms a large
endosome-like structure (L.G. Wu et al., 2007; Alabi and Tsien,
2013). Dialysis of blockers of clathrin-dependent endocytosis in-

hibits slow endocytosis at calyces, suggesting that slow endocyto-
sis at calyces is clathrin dependent (Hosoi et al., 2009; Wu et al.,
2009). Recent studies show that slow endocytosis is triggered by
calcium influx at the micro/nano domain at calyces (Hosoi et al.,
2009; Wu et al., 2009). Thus, the yin (inhibition by prolonged
global calcium) and yang (trigger and facilitation by transient
local calcium) of calcium on endocytosis may apply to clathrin-
dependent endocytosis.

We recently found that transient calcium influx triggers all
forms of endocytosis recorded at the whole-cell configuration,
including slow endocytosis, bulk endocytosis, rapid endocytosis
and endocytosis overshoot at calyces (Wu et al., 2009). It remains
unclear whether transient local calcium influx triggers and facil-
itates kiss-and-run, and whether global calcium increase inhibits
kiss-and-run and/or bulk endocytosis. Addressing these ques-
tions in the future may answer whether the yin and yang effect of
calcium applies to kiss-and-run and bulk endocytosis.
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