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Summary

Synaptic vesicles can be retrieved rapidly or slowly,
but the molecular basis of these kinetic differences
has not been defined. We now show that substantially
different sets of molecules mediate fast and slow en-
docytosis in the synaptic terminal of retinal bipolar
cells. Capacitance measurements of membrane re-
trieval were made in terminals in which peptides and
protein domains were introduced to disrupt known in-
teractions of clathrin, the AP2 adaptor complex, and
amphiphysin. All these manipulations caused a selec-
tive inhibition of the slow phase of membrane re-
trieval (time constant w10 s), leaving the fast phase
(w1 s) intact. Slow endocytosis after strong stimula-
tion was therefore dependent on the formation of
clathrin-coated membrane. Fast endocytosis occur-
ring after weaker stimuli retrieves vesicle membrane
in a clathrin-independent manner. All compensatory
endocytosis required GTP hydrolysis, but only a sub-
set of released vesicles were primed for fast, clathrin-
independent endocytosis.

Introduction

Synaptic vesicles at the nerve terminal are efficiently
recycled following exocytosis, but the mechanisms are
still a matter of debate. Using electron microscopy,
Heuser and Reese (1973) found that high-frequency
stimulation of the frog neuromuscular junction led to
depletion of synaptic vesicles and the appearance of
coated vesicles at sites removed from the active zone.
In contrast, Ceccarelli et al. (1973) found that low-fre-
quency stimuli did not cause depletion of vesicles or
formation of coated intermediates and suggested that
vesicles were retrieved rapidly at sites of fusion. We
now know that the electron-dense coats around vesi-
cles are formed by clathrin, which acts as an organizer
of a number of adaptor and accessory proteins (for re-
views, see Cremona and De Camilli, 1997; Marsh and
McMahon, 1999; Morgan et al., 2002; Royle and Lag-
nado, 2003). The fast mechanism of endocytosis has
proven harder to characterize; it is often thought to oc-
cur by the transient opening of a vesicle to the external
medium without full collapse into the surface mem-
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brane, a model termed “kiss-and-run” (reviewed by Ja-
rousse and Kelly, 2001; Morgan et al., 2002).

The speed of endocytosis at the synapse was first
measured directly by applying the capacitance tech-
nique to the large synaptic terminal of retinal bipolar
cells, where it was found that a brief stimulus was fol-
lowed by retrieval of excess membrane with a time con-
stant of w1 s (von Gersdorff and Matthews, 1994). After
stronger stimulation, fast endocytosis was followed by
a slow phase of retrieval with a time constant of w10 s,
leading to the suggestion that there were two distinct
endocytic processes (Neves and Lagnado, 1999). Exo-
cytosis by “kiss-and-run” does not appear to be a sig-
nificant mechanism in bipolar cells, because the great
majority of fusion events are followed by merging of the
vesicle with the plasma membrane (Zenisek et al., 2002)
then collapse of the vesicle to cause expansion of the
cell surface (Llobet et al., 2003). In addition, fast and
slow phases of endocytosis both involve retrieval of
collapsed membrane from the surface (Llobet et al.,
2003). Intriguingly, it has been suggested that endocy-
tosis at this synapse operates without GTP hydrolysis
(Heidelberger, 2001). This idea would appear to rule out
clathrin-mediated endocytosis (CME) as a mechanism
of vesicle retrieval in bipolar cells, because the GTPase
dynamin plays an essential role in CME in a wide range
of cell types (Marks et al., 2001). Dynamin also operates
during endocytosis at other synapses (Koenig and
Ikeda, 1989; Yamashita et al., 2005).

Fast and slow modes of endocytosis have been
shown to operate at a number of synapses, including
inner hair cells (Beutner et al., 2001), the calyx of Held
(Sun et al., 2002), and hippocampal boutons (Gandhi
and Stevens, 2003; Klingauf et al., 1998; Pyle et al.,
2000; Sankaranarayanan and Ryan, 2000). We now
need to bridge the gap between our understanding of
kinetics and molecules (Royle and Lagnado, 2003). Do
fast and slow endocytosis at the synapse utilize dif-
ferent proteins, or might both occur by a clathrin-
dependent mechanism? Under which conditions does
CME operate and how rapidly? To investigate these
questions, it is necessary to manipulate molecular events
at a synapse in which endocytosis can be measured
directly. We have therefore used the capacitance tech-
nique to make real-time measurements of endocytosis
in the synaptic terminal of retinal bipolar cells in which
peptides and protein domains were introduced to dis-
rupt known interactions of clathrin, the adaptor com-
plex, and accessory proteins such as amphiphysin. All
these manipulations caused a selective inhibition of the
slow phase of endocytosis, leaving the fast phase in-
tact. We therefore attribute slow endocytosis, which
predominates after stronger stimulation, to the forma-
tion of clathrin-coated vesicles. Fast endocytosis oc-
curs by the retrieval of membrane that has collapsed
into the surface, but without formation of a clathrin
coat. The fast and slow modes of endocytosis were
both dependent on GTP hydrolysis.
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Results

GTP Hydrolysis Was Essential for Both Fast
and Slow Modes of Endocytosis
A key event in vesicle formation is membrane scission
to free the nascent vesicle from the parent membrane.
In many trafficking pathways, including CME, this is
achieved with the aid of dynamin, a GTPase that con-
stricts membrane (Marks et al., 2001; Sweitzer and Hin-
shaw, 1998). Recently, it has been suggested that
membrane scission in retinal bipolar cells involves hy-
drolysis of ATP rather than GTP (Heidelberger, 2001). If
this were correct, it would argue against a role for dy-
namin and CME at this synapse. We therefore began
this study by reinvestigating the role of GTP hydrolysis
during endocytosis in bipolar cells. Figure 1A shows
that, after a depolarization lasting 100 ms, there was an
increase in the capacitance of the surface membrane,
reflecting exocytosis, followed by a decrease, reflecting
endocytosis. In terminals dialyzed with our standard in-
ternal solution (1 mM GTP and 3 mM ATP), the fall in
surface area was best described as the sum of two ex-
ponentials with about 40% of the membrane retrieved
with a rate constant of 1.0 s−1 (kfast = 1/τfast), and the
remainder with a rate constant of about 0.1 s−1 (kslow).
These rates of fast and slow endocytosis are similar
to previous measurements in bipolar cells (Neves and
Lagnado, 1999; Hull and von Gersdorff, 2004).

The normalized responses in Figure 1A show that
F
W

both fast and slow phases of endocytosis were blocked (
by replacing GTP in the internal solution with a non- s

Shydrolysable analog, GTP-γ-S. At a concentration of
w5 mM, GTP-γ-S was equally effective at blocking mem-
1brane retrieval when it was applied in the presence of
(

3 mM ATP (Figure 1A) or 0.5 mM ATP (Figure 1B). A t
second way to inhibit the activity of GTPases is to apply a
GDP-β-S (Bloom et al., 1993), and this maneuver also r

ablocked endocytosis (Figure 1C). These results demon-
(strate that the fast and slow modes of endocytosis in
athe synaptic terminal of bipolar cells were both depen-
(dent on GTP hydrolysis, indicating a key role for dy-
t

namin or other GTPases. Recent measurements in the a
calyx of Held demonstrate that a slow mode of endocy- r
tosis in this terminal (τ = 10–25 s) also requires GTP m

Ahydrolysis (Yamashita et al., 2005). We could not find
[any evidence that membrane scission in bipolar cells
crequired ATP hydrolysis; the time course of endocytosis
7in 0.5 mM ATP was very similar to that observed in
2

3 mM ATP, and ATP could not substitute for GTP in p
allowing endocytosis to proceed (Figures 1B and 1C). m

b
Proteins Binding the Proline-Rich Domain of
Dynamin Were Involved in Slow Endocytosis

aDynamin interacts with several recruitment proteins
cthrough a proline-rich domain that allows it to func-
ition in multiple forms of endocytosis (for reviews, see
pPraefcke and McMahon, 2004; Schmid et al., 1998).
cOne such protein is amphiphysin, which contains an
mSH3 domain that binds a PxRPxR sequence in mamma-
tlian dynamins (Grabs et al., 1997; Owen et al., 1998)
gand is enriched in nerve terminals (David et al., 1996;

Shupliakov et al., 1997; Wigge et al., 1997). A peptide
aincorporating the PxRPxR sequence inhibits CME at

the lamprey giant reticulospinal synapse (Shupliakov et b
igure 1. Fast Endocytosis and Slow Endocytosis in Bipolar Cells
ere Both Dependent on GTP Hydrolysis

A) Normalized capacitance responses elicited by a depolarizing
tep from −70 mV to −10 mV lasting 100 ms (delivered at arrow).
uperimposed are averaged responses from terminals dialyzed
ith standard internal solution (1 mM GTP, 3 mM ATP; black; n =
6) and a solution in which GTP was replaced by 5 mM GTP-γ-s

red; n = 4). The solid trace describing the time courses of endocy-
osis in standard solution is a double exponential with τfast = 1.0 s
nd τslow = 9.5 s and 40% of the excess membrane retrieved
apidly. Replacing GTP with GTP-γ-s did not significantly alter the
mplitude of the Ca2+ current or the size of the exocytic response.

B) Normalized responses from terminals dialyzed with 5 mM GTP
nd 0.5 mM ATP (blue; n = 6) and 5 mM GTP-γ-s and 0.5 mM ATP

red; n = 5). The solid trace describing the time courses of endocy-
osis in standard solution is a double exponential with τfast = 1.0 s
nd τslow = 10.0 s and 49% of the excess membrane retrieved
apidly. (C) Normalized responses from terminals dialyzed with 5
M GDP-β-s and 0.5 mM ATP (red; n = 7), 5 mM GTP and 0.5 mM

TP (blue; from [B]), and 1 mM GTP and 3 mM ATP (black; from
A]). The averaged amplitudes of the capacitance responses and
alcium currents were as follows: standard internal solution, 78 ±
fF and 225 ± 26 pA; 5 mM GTP-γ-s and 3 mM ATP, 71 ± 16 fF and

33 ± 18 pA; 5 mM GTP and 0.5 mM ATP, 48 ± 9 fF and 286 ± 31
A; 5 mM GTP-γ-s and 0.5 mM ATP, 40 ± 8 fF and 223 ± 40 pA; 5
M GDP-β-s and 0.5 mM ATP, 83 ± 9 fF and 173 ± 24 pA. Error
ars in graphs show ± one SEM.
l., 1997) and completely blocks a slow mode of endo-
ytosis at the calyx of Held (Yamashita et al., 2005). To

nvestigate the potential role of the dynamin-amphi-
hysin interaction during endocytosis in retinal bipolar
ells, we began by testing whether the proline-rich do-
ain of mammalian dynamin could be used to inhibit

he interaction between proteins from the brain of
oldfish.
GST-tagged rat amphiphysin 2 SH3 domain (GST-

mph-SH3D) was bound to GSH-Sepharose and incu-
ated with extracts from the brains of goldfish or rats.
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The samples were run on a gel and probed by immu-
noblotting with an anti-dynamin antibody. Goldfish dy-
namin was detected by the mammalian dynamin anti-
body, and it bound to rat amphiphysin 2 SH3 domain
(Figure 2A). Next, we used isothermal titration calori-
metry (ITC) to determine the affinity of a dynamin-amph
peptide (QVPSRPNRAP) for the amphiphysin SH3 do-
main (Figure 2B). The KD was 90 ± 19 �M (average of
six independent measurements), indicating that 1 mM
of the peptide would be sufficient to inhibit the interac-
tion in a cell. A “dynamin-control” peptide similarly rich
in proline but lacking the PxRPxR sequence (PAVP-
PARPG) had a much lower affinity for the SH3 domain
(KD > 1 mM; Figure 2B).

Each peptide was added to the patch pipette at a
concentration of 1 mM, and capacitance changes were
measured in response to a depolarization lasting 100
ms. Averaged responses are shown in Figure 2C, to-
gether with fits to double exponential functions. The
dynamin-amph peptide inhibited the slow phase of en-
docytosis by a factor of 3 on average (kslow = 0.03 ±
0.008 s−1 compared to 0.09 ± 0.007 s−1 in controls; see
Table 1). In contrast, the fast phase of endocytosis was
not significantly affected, either in rate (kfast = 0.8 ± 0.23
s−1 compared to 1.0 ± 0.14 s−1 in controls) or in ampli-
tude (Afast = 50% ± 10% compared to 65% ± 5% in
controls). The dynamin-control peptide did not signifi-
cantly affect the fast or slow phases of endocytosis
(kfast = 0.7 ± 0.11 s−1 and kslow = 0.10 ± 0.015 s−1). These
results support the suggestion that the fast and slow
Figure 2. The Slow Mode of Endocytosis In-
volved an Interaction between Amphiphysin
and Dynamin

(A) The interaction between GST-tagged rat
amphiphysin 2 SH3 domain (GST-amph-
SH3D) and rat or goldfish dynamin was
probed using a protein binding assay and
followed by immunoblotting.
(B) The interaction between dynamin-derived
peptides and the rat amphiphysin 2 SH3 do-
main was followed by isothermal titration
calorimetry. The upper panel shows the heat
of binding measured by stepwise injection of
4.25 mM of an amphiphysin binding peptide
from dynamin (dynamin-amph) and 6 mM of
a control peptide (dynamin-control) into 298
�M (dynamin-amph) or 450 �M (dynamin-
control) of the amphiphysin-SH3 domain at
10°C. The lower panel shows the integrated
heating powers of the upper panel normal-
ized to the concentration of the dynamin
peptides.
(C) Normalized capacitance responses elic-
ited by a depolarization lasting 100 ms (de-
livered at arrow). Averaged responses from
terminals dialyzed with standard internal so-
lution (black trace; n = 18; τfast = 1.1 s and
τslow = 11.4 s), 1.0 mM dynamin-amph pep-
tide (red; n = 7; τfast = 1.4 s and τslow = 27.8 s),
or 1.0 mM dynamin-control peptide (blue;
n = 7; τfast = 1.9 s and τslow = 10.9 s). Error
bars show ± one SEM.
phases of recovery observed in capacitance records
represent mechanisms of endocytosis that utilize dif-
ferent molecules (Neves and Lagnado, 1999; Neves et
al., 2001). Although both fast and slow endocytosis re-
quired GTP hydrolysis (Figure 1), slow endocytosis also
involved proteins binding the PxRPxR sequence in dy-
namin (Figure 2).

Accessory Proteins Containing Clathrin Binding
Motifs Were Involved in Slow Endocytosis
Dynamin is involved in many forms of endocytosis, but
CME is the best characterized. Clathrin contains a
β-propeller domain that interacts with a number of ac-
cessory proteins containing “clathrin binding motifs,”
including amphiphysin, AP180, and epsin (Dell’Angelica
et al., 1998; Krupnick et al., 1997; Ramjaun and Mc-
Pherson, 1998). We therefore introduced the β-propeller
domain of clathrin as a nonselective method of inhibit-
ing interactions of accessory proteins containing clath-
rin binding motifs. Averaged capacitance responses to
a depolarization lasting 100 ms are shown in Figure 3A.
Dialysis of terminals with 0.1 mM of the β-propeller do-
main significantly inhibited the slow phase of endocyto-
sis (kslow = 0.03 ± 0.011 s−1) but left the fast phase al-
most unchanged (kfast = 0.9 ± 0.13 s−1; Table 1).

Endocytosis was also slowed by the β-propeller do-
main of clathrin after a longer stimulus lasting 2 s (Fig-
ure 3B). Often, a fast phase of endocytosis was not ap-
parent after this strong stimulus, and recovery of the
averaged capacitance response could not be de-
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Table 1. Capacitance Responses under Various Experimental Conditions

Afast (%) kfast (s−1) kslow (s−1) �Cm (fF) I (pA)

Control (n = 18) 65 ± 5 1.0 ± 0.14 0.09 ± 0.007 78 ± 7 225 ± 26
Dynamin-amph (n = 7) 50 ± 10 0.8 ± 0.23 0.03 ± 0.008* 61 ± 7 249 ± 46
Dynamin-control (n = 7) 67 ± 8 0.7 ± 0.11 0.10 ± 0.015 61 ± 6 167 ± 16
Clathrin β-propeller (n = 10) 50 ± 9 0.9 ± 0.13 0.03 ± 0.011* 62 ± 7 196 ± 35
Amph1-md mut (n = 10) 59 ± 10 0.8 ± 0.13 0.02 ± 0.008* 108 ± 22 292 ± 46
DNF-12mer (n = 7) 56 ± 5 0.9 ± 0.19 0.02 ± 0.011* 58 ± 6 216 ± 43
DPF-12mer (n = 13) 61 ± 6 1.9 ± 0.22 0.08 ± 0.008 60 ± 11 238 ± 45

Afast is the percentage of the excess membrane retrieved during the fast phase of endocytosis; the remainder was retrieved slowly. The rate
constants of the fast and slow phases are kfast (= 1/τfast) and kslow (= 1/τslow), obtained from n responses to a 100 ms depolarization (see
Experimental Procedures). �Cm is the amplitude of the capacitance response to this stimulus, and I is the amplitude of the calcium current.
Errors are one SEM. Asterisks indicate a parameter that differs significantly from its value under control conditions (p < 0.05).
clathrin-coated vesicles. Equally, the fast phase of c
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Figure 3. Inhibition of Slow Endocytosis by the β-Propeller Domain t
of Clathrin c
(A) Normalized capacitance responses elicited by a depolarization i
lasting 100 ms (delivered at arrow). Averaged responses from ter- e
minals dialyzed with standard internal solution (black trace; n = 18;

lτfast = 1.1 s and τslow = 11.4 s) or 0.1 mM clathrin β-propeller domain
((red; n = 10; τfast = 1.9 s and τslow = 44 s). (B) Normalized capaci-

tance responses elicited by a depolarization lasting 2 s (delivered A
at bar). Averaged responses from terminals dialyzed with standard l
internal solution (black; n = 10; t1/2 = 10 s ± 1.5 s) or 0.1 mM clathrin c
β-propeller domain (red; n = 13; t1/2 = 23.0 s ± 1 s). The averaged

tamplitudes of the capacitance responses were as follows: standard
cinternal solution, 197 ± 19 fF; clathrin β-propeller, 214 ± 36 fF. Error

bars in graphs show ± one SEM. c
scribed as the sum of declining exponentials. We there- m
fore characterized the rate of endocytosis by the time p
to half-recovery: t1/2 was 23.0 ± 1 s in the presence of
0.1 mM of the β-propeller domain of clathrin, compared
to 10 ± 1.5 s in controls. These results demonstrate that C
slow endocytosis involved proteins containing clathrin D
binding motifs (such as amphiphysin, AP180, or epsins) c
and is therefore likely to occur via the formation of t
embrane retrieval did not involve these accessory
roteins.

lathrin Was Involved in Slow Endocytosis
ialysis of terminals with the β-propeller domain of
lathrin is likely to sequester a number of proteins con-
aining clathrin binding motifs. To assess the role of
lathrin more specifically, we used the clathrin binding
egion from one of these accessory proteins to seques-
er clathrin itself. The amphiphysin 1 motif domain
amph1-md, residues 318–390) contains two different
lathrin binding regions (Ramjaun and McPherson,
998), as well as an adaptor binding sequence. To re-
uce adaptor binding, a point mutation was made in
he adaptor binding sequence (FEDNF mutated to
EDAF, amph1-md mut). The specificity of the interac-
ion between this peptide and goldfish clathrin was
ested by adding extracts of rat and goldfish brain to
ST-coupled amph1-md mut on Sepharose beads. Rat
nd goldfish clathrin both bound amph1-md mut, but
he AP2 adaptor complex bound much more weakly
Figure 4A). The concentration of amph1-md mut that
ould be sufficient to sequester clathrin was assessed
y using ITC to measure the affinity with which this do-
ain bound the β-propeller of clathrin. The KD was

2 ± 3 �M (Figure 4B), and the stoichiometry of the
nteraction was 0.54 ± 0.05 (average of two indepen-
ent measurements). These measurements suggest
hat two motif domains interact with one clathrin β-pro-
eller, probably reflecting the presence of multiple pro-
ein interaction sites in the β-propeller and two steri-
ally overlapping binding motifs in amph1-md mut

Miele et al., 2004).
Terminals were dialyzed with 0.1 mM amph1-md mut

hrough the patch pipette. Figure 4C shows averaged
apacitance responses elicited by depolarizations last-

ng 100 ms. Amph1-md mut inhibited the slow phase of
ndocytosis by a factor of 4 to 5 (kslow = 0.02 ± 0.008 s−1),

eaving the fast phase unchanged in rate or amplitude
kfast = 0.8 ± 0.13 s−1 and Afast = 59% ± 10%; Table 1).
mph1-md mut also slowed endocytosis after a stimu-

us lasting 2 s; (t1/2 > 30 s compared to t1/2 = 10 s in
ontrols; Figure 4D). The sequestration of clathrin
herefore selectively inhibited the slow phase of endo-
ytosis. The fast phase of retrieval did not involve
lathrin.
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Figure 4. Sequestration of Clathrin Inhibited
the Slow Phase of Endocytosis

(A) The interaction between GST-tagged rat
amphiphysin 1 motif domain and rat or gold-
fish clathrin and AP2 adaptors was probed
using a protein binding assay and followed
by immunoblotting. The amphiphysin 1 motif
domain covered residues 318–390 but had
a mutation of DNF-DAF to reduce adaptor
interactions (GST-amph1-md mut). (B) The
interaction between amph1-md mut and rat
clathrin β-propeller domain was followed by
isothermal titration calorimetry. The upper
panel shows the heat of binding measured
by stepwise injection of 600 �M clathrin
β-propeller into 47 �M amph1-md mut at
25°C. The lower panel shows the integrated
heating powers of the upper panel normal-
ized to the concentration of clathrin β-pro-
peller domain. (C) Normalized capacitance
responses elicited by a depolarization last-
ing 100 ms (delivered at arrow). Averaged re-
sponses from terminals dialyzed with stan-
dard internal solution (black trace; n = 18;
τfast = 1.1 s and τslow = 11.4 s) or 0.1 mM
amph1-md mut (red; n = 10; τfast = 1.9 and
τslow = 218 s). (D) Normalized capacitance re-
sponses elicited by a depolarization lasting
2 s (delivered at bar). Averaged responses
from terminals dialyzed with standard in-
ternal solution (black; n = 10; t1/2 = 10 s ± 1.5
s) or 0.1 mM amph1-md mut (red; n = 12;
t1/2 > 30 s). The averaged amplitudes of the
capacitance responses were as follows:
standard internal solution, 197 ± 19 fF;
amph1-md mut, 308 ± 38 fF. Error bars in
graphs show ± one SEM.
The AP2 Adaptor Was Involved in Slow Endocytosis
Coated synaptic vesicles derived from mammalian
brain are enriched in both clathrin and AP2 adaptors
(Mills et al., 2003). We therefore also tested how AP2
was involved in endocytosis in the synaptic terminal of
bipolar cells. The appendage domain of the α subunit
of the AP2 complex binds a number of accessory pro-
teins (Owen et al., 1999), and a variety of different
peptides can competitively inhibit these interactions
(Praefcke et al., 2004). For instance, a 12mer containing
the DNF motif of amphiphysin 1 binds the α subunit
of AP2 with especially high affinity (KD of 2.5 �M, as
measured by ITC). Changing a single asparagine to pro-
line reduces the affinity of the peptide; the KD of the
DPF-12mer was 120 �M (Praefcke et al., 2004), allow-
ing it to be used as a control. To test if a peptide de-
rived from rat amphiphysin would inhibit the amphi-
physin-AP2 interaction in goldfish, we performed a
binding experiment using a GST-tagged construct of rat
amphiphysin 1 containing the binding sites for the α
subunit of AP2 (amph1, residues 1–377). The western
blots in Figure 5A show that amph1 (1–377) bound the
AP2 adaptor complex from both rat and goldfish, but
this binding was abolished by addition of 0.1 mM of the
DNF-12mer.
Examples of individual capacitance responses elic-
ited by depolarizations lasting 100 ms are shown in Fig-
ure 5B. In some terminals dialyzed with 0.1 mM of the
DNF-12mer, only the fast phase of endocytosis could
be observed, and a proportion of the excess membrane
was not retrieved at all, i.e., the inhibition of the slow
mode of endocytosis appeared complete. On average,
the DNF-12mer inhibited the slow phase of endocytosis
by a factor of 5 (kslow = 0.02 ± 0.011 s−1), leaving the
fast phase unchanged (kfast = 0.9 ± 0.19 s−1; Figure 5C).
The DPF-12mer, with a 50-fold lower affinity for the α
subunit of AP2, did not have any significant effect on
fast or slow endocytosis (Figures 5B and 5C; Table 1).
We conclude that the AP2 adaptor was involved in
clathrin-mediated retrieval of synaptic vesicles in retinal
bipolar cells and that this mechanism normally pro-
ceeds with a time constant of about 10 s. Equally, an
interaction between the AP2 adaptor and amphiphysin
was not involved in fast endocytosis.

Fast Endocytosis Did Not Occur by a “Primed”
Mechanism Dependent on Clathrin
A striking feature of the capacitance responses shown
in Figures 5B and 5C is that a proportion of released
vesicles could not be retrieved when the slow mode of
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Figure 5. Adaptor Dependence of Slow Endocytosis

(A) The interaction of GST-tagged amphiphysin 1 (1–377) construct
with the AP2 adaptor complex from goldfish brain and rat brain

Fwas probed by a binding assay and immunoblotting. This binding
Rwas abolished by the addition of an amphiphysin 1 peptide (DNF-
(12mer at 100 �M final concentration). (B) Examples of capacitance
mresponses elicited by a depolarization lasting 100 ms (delivered
Dat arrow). Single responses from terminals dialyzed with standard
ainternal solution (black), 0.1 mM DNF-12mer (red), and 0.1 mM
tDPF-12mer (blue). The responses are scaled to the same maximum
eto allow direct comparison. (C) Averaged scaled responses from
eterminals dialyzed with standard internal solution (black trace; n =
118; τfast = 1.1 s and τslow = 11.4 s), 0.1 mM DNF-12mer (red; n = 7;
fτfast = 2.0 and τslow = 210 s), and 0.1 mM DPF-12mer (blue; n = 13;
dτfast = 1.2 and τslow = 12.1 s). Error bars in graphs show ± one SEM.
f

t

endocytosis was inhibited. The fact that fast endocyto- f
sis did not compensate when slow endocytosis was s

cblocked indicates that only a subset of released vesi-
cles were capable of retrieval by the fast mechanism.
Might this reflect a special population of vesicles
“primed” for fast retrieval before fusion is triggered? l

pMueller et al. (2004) recently raised the possibility that
fast and slow endocytosis in hippocampal boutons

fmight both occur by a clathrin-dependent mechanism,
with the fast mode reflecting a group of vesicles that p

sbecome “primed” for fast retrieval. Such priming might
occur by recruitment of adaptor and accessory pro- d

Dteins, or even preassembly of clathrin lattices. If this
model applied to bipolar cells, peptides interfering with t

aCME might be expected to inhibit the fast phase of re-
trieval only after repeated stimulation causing the re- e
ease of vesicles that were not primed at the time the
eptide was introduced.
To test whether a population of vesicles were primed

or CME, we monitored capacitance responses to re-
eated stimuli. Figure 6A shows a series of three con-
ecutive responses to depolarizations lasting 100 ms
elivered 36 s apart, all in the presence of 0.1 mM of the
NF-12mer. This duration stimulus completely depletes

he rapidly releasable pool of vesicles (RRP; Mennerick
nd Matthews, 1996; Neves and Lagnado, 1999). In
ach case, the fast phase of retrieval was obvious, and
igure 6. The Fast Phase of Endocytosis Was Still Apparent after
epeated Stimulation in the Presence of the DNF-12mer

A) Three consecutive capacitance responses from a single ter-
inal, which was dialyzed with internal solution containing 0.1 mM
NF-12mer and stimulated with 100 ms depolarizations delivered
t 30 s intervals (delivered at arrows). (B) Responses from (A) scaled
o the same maximum to allow direct comparison of the kinetics of
ndocytosis. The bold traces describing the time course of fast
ndocytosis are single exponentials declining with τ (= 1/kfast) =
.6 s for the first response, τ = 1.3 s for the second, and τ = 2.1 s
or the third. (C) Averaged properties of capacitance responses
uring a train. Shown are the exocytic response normalized to the

irst stimulus (upper), the percentage of excess membrane re-
rieved during the fast phase (middle), and the rate constant of the
ast phase (lower). The first four measurements are averages from
even cells, the fifth is from five cells, and the sixth is from three
ells. Error bars show ± one SEM.
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the slow phase was almost completely inhibited. These
capacitance traces are shown normalized in Figure 6B,
where the recovery phases have been fitted by single
exponential functions. The fast phase of endocytosis
occurred with rate constants of 0.63 s−1, 0.77 s−1, and
0.48 s−1, all within the range normally observed (Neves
et al., 2001; Neves and Lagnado, 1999). Averaged re-
sults are shown in Figure 6C, where it can be seen that
the proportion of released vesicles retrieved by fast en-
docytosis, and the rate of this process, were relatively
constant during repeated stimuli. We conclude that the
fast phase of membrane retrieval did not represent a
pool of vesicles primed for CME.

Discussion

Real-time measurements have identified fast and slow
modes of endocytosis at a number of synapses (Beut-
ner et al., 2001; Gandhi and Stevens, 2003; Klingauf et
al., 1998; Neves et al., 2001; Neves and Lagnado, 1999;
Pyle et al., 2000; Sankaranarayanan and Ryan, 2000;
Sun et al., 2002). The present study attempts to estab-
lish the molecular differences underlying these kineti-
cally distinct mechanisms in retinal bipolar cells. The
results indicate that the slow mode of endocytosis oc-
curred through interactions of clathrin, AP2, and acces-
sory proteins such as amphiphysin, while the fast mode
of endocytosis did not involve any of these molecules
(Figures 2–6).

Fast and Slow Endocytosis Both
Required GTP Hydrolysis
We found that fast and slow modes of endocytosis in
bipolar cells were both dependent on the activity of a
GTPase, since both were blocked when GTP in the in-
ternal solution was replaced by GTP-γ-S or GDP-β-S
(Figure 1). The GTPase is most likely dynamin, given
that slow retrieval was inhibited by a peptide blocking
the binding of amphiphysin to dynamin (Figure 2; see
also Yamashita et al., 2005) and the well-established
role of dynamin in the recycling of synaptic vesicles in
Drosophila (Koenig and Ikeda, 1989; van der Bliek and
Meyerowitz, 1991). The target of GTP-γ-S was unlikely
to be small G proteins, because these should be acti-
vated when bound to GTP-γ-S. Although our observa-
tions contradict the recent suggestion that endocytosis
in bipolar cells requires the hydrolysis of ATP rather
than GTP (Heidelberger, 2001), they are in broad agree-
ment with recent capacitance measurements of endo-
cytosis in the calyx of Held, where a slow mode of en-
docytosis (τ = 10–25 s) also required GTP hydrolysis
(Yamashita et al., 2005). If dynamin is also the GTPase
involved in fast endocytosis in bipolar cells, it appears
to be recruited by a protein other than amphiphysin,
because disrupting the dynamin-amphiphysin interac-
tion selectively inhibited the slow mode of retrieval (Fig-
ure 2).

CME in Retinal Bipolar Cells
CME retrieves vesicle components in the correct pro-
portions, because it involves the selection of the appro-
priate membrane cargo by the adaptor complex and
generation of a vesicle of fixed size (Ford et al., 2001).
Clathrin and accessory proteins are enriched at synap-
tic terminals, including ribbon synapses of bipolar cells
(Grabs et al., 2000; Hosoya and Tsutsui, 2004; Von
Kriegstein et al., 1999; Yao et al., 2002; Sherry and
Heidelberger, 2005). We identify CME as accounting for
slow endocytosis in retinal bipolar cells (time constant
w10 s), because the slow phase of membrane retrieval
was selectively blocked by three different interventions:
the β-propeller domain of clathrin that binds accessory
proteins (Figure 3), the domain of amphiphysin 1 that
binds clathrin (Figure 4), and the domain of amphi-
physin 1 that binds the AP2 adaptor (Figure 5). Al-
though clathrin-coated vesicles have not been regularly
observed in electron micrographs of bipolar cell ter-
minals (Holt et al., 2004; Paillart et al., 2003), we do not
believe that this provides a strong argument against the
existence of CME at this synapse. Clathrin and amphi-
physin are enriched in the synaptic terminal of bipolar
cells from the retina of goldfish (Sherry and Heidel-
berger, 2005), and clathrin-coated vesicles occur in
abundance at the ribbon synapse of hair cells, which is
structurally and functionally similar (Lenzi et al., 2002).

Two Independent Pathways of Endocytosis
Two basic observations indicate that the fast and slow
modes of endocytosis in bipolar cell terminals are sub-
stantially independent. First, brief stimuli that only re-
lease the RRP are followed almost exclusively by fast
endocytosis, while slow retrieval becomes increasingly
apparent after stronger stimuli that also release vesi-
cles from the reserve pool (Neves et al., 2001; Neves
and Lagnado, 1999). One possibility is that only the
vesicles primed for fast exocytosis are capable of fast
retrieval. This idea is supported by a second notable
observation; blocking the slow mode of endocytosis
completely prevented retrieval of a proportion of vesi-
cles (Figures 5B and 6). In other words, the fast mode
of retrieval could not substitute when the slow mode
was blocked. The converse is not true, however. Fast
endocytosis is inhibited by introduction of calcium
buffers, when a proportion of vesicles from the RRP are
retrieved by slow endocytosis instead of fast (Neves et
al., 2001). Taken together, these results are consistent
with the idea that fast retrieval operates on vesicles re-
leased from the RRP, while slower CME is an alternative
default mechanism.

The ribbon synapses of hair cells and bipolar cells
also support a mechanism of bulk membrane retrieval
into large compartments, which can be observed after
stimulation lasting tens of seconds (Holt et al., 2003;
Lenzi et al., 2002; Paillart et al., 2003). Inhibitors of PI-
3-kinase block bulk retrieval in bipolar cells, when
endocytosis into small compartments takes over all
membrane recycling (Holt et al., 2003). Notably, these
inhibitors do not affect fast or slow phases of endocy-
tosis observed in capacitance responses triggered by
briefer stimuli (Holt et al., 2003). Bulk membrane re-
trieval is therefore quite distinct from the endocytic
mechanisms that we have characterized in the pre-
sent study.

What Is the Mechanism of Fast Endocytosis?
The notion of fast endocytosis at the synapse is often
taken to be synonymous with the term “kiss-and-run,”
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Ea model of synaptic endocytosis that is distinguished
mby the idea that vesicles connect to the plasma mem-
Abrane to release their contents without fully collapsing

into the surface (Aravanis et al., 2003). One form of the w
“kiss-and-run” model proposes that the connection is s

sa proteinaceous pore that opens to release the neuro-
btransmitter and then rapidly closes before the vesicle
sis retrieved (Fesce et al., 1994; Klingauf et al., 1998;
wRichards et al., 2005). Zenisek et al. (2002) tested for
d

“kiss-and-run” in retinal bipolar cells by using total in-
ternal reflection fluorescence microscopy (TIRF) to vi-

F
sualize directly fusion of individual vesicles labeled with V
FM1-43 and the subsequent diffusion of the dye in the m
surface of the synaptic terminal. Fusion was always fol- w

tlowed by complete loss of FM1-43 from the vesicle,
pindicating free exchange of lipids between the vesicle
Oand the plasma membrane. Llobet et al. (2003) tested
r

for “kiss-and-run” in bipolar cells using a different ap- t
proach; instead of looking for partial loss of vesicle d
contents, they investigated whether vesicles collapse o

sby directly monitoring expansion of the surface mem-
ebrane using interference reflection microscopy (IRM).
tBrief stimuli caused vesicles to merge into the surface,
t

and this excess membrane was retracted with a time m
constant of 1 s, reflecting fast endocytosis. The results t
of TIRF and IRM therefore argue strongly against “kiss- a
and-run” as an important mechanism of exocytosis in

mbipolar cells.
iCME is a relatively complex process, requiring the
B

sequential recruitment of a large number of proteins to d
coat a single vesicle (Praefcke et al., 2004). Here, we o
have measured the speed of CME as about 10 s, and F

(this may reflect a limit for the rate at which these com-
cponents can be supplied by diffusion and subsequently
aassembled before membrane scission by dynamin.

Perhaps the fast mode of endocytosis reflects the use
Rof fewer molecules arranged in less precise patterns.
RThis process does not appear to involve the AP2 adap-
d

tor complex (Figure 5) or accessory proteins that con- i
tain a clathrin binding motif, such as amphiphysin (Fig- t

aure 3), although it seems likely that the final scission
step is also mediated by dynamin. We therefore sug-
gest that fast endocytosis in the synaptic terminal of P

Tretinal bipolar cells occurs by the retrieval of membrane
pthat has collapsed into the surface, but without for-
tmation of a clathrin coat. It will be interesting to deter-
T

mine whether fast retrieval of surface membrane by a h
clathrin-independent mechanism occurs at other syn- s
apses. Which molecules are involved in fast endocy- a
tosis?

P
RExperimental Procedures
c
CElectrophysiology

Depolarizing bipolar cells were acutely dissociated from the retinas
aof goldfish using methods described previously (Lagnado et al.,

1996). The normal Ringer’s solution contained the following: 120 C
AmM NaCl, 2.5 mM KCl, 1 mM MgCl2, 2.5 mM CaCl2, 10 mM glucose,

10 mM HEPES (pH 7.3, 280 mOsm/kg1). Capacitance measure- c
mments were made from synaptic terminals that had detached from

the axon during dissociation using methods described by Neves H
band Lagnado (1999). Unless otherwise stated, the solution in the

patch pipette contained the following: 110 mM cesium methane- m
Psulfonate, 5 mM MgCl2, 3 mM Na2ATP, 1 mM Na2GTP, 10 mM TEA-

Cl, 0.4 mM BAPTA, and 20 mM HEPES (pH 7.2, 260 mOsm/kg1). o
lectrode resistances were 4–7 M�; the input resistance of the ter-
inals was typically 1–10 G� at the holding potential of −70 mV.
ll depolarizing voltage steps were to −10 mV.
Peptides and protein domains to be introduced into the terminal
ere dissolved in standard internal solution. Aliquots of peptide
olutions were made at a concentration of 1.0 mM or 5 mM and
tored at −20°C. If necessary, the pH of the solution was adjusted
ack to 7.2 before freezing. Protein domains were purified as de-
cribed below and stored at −80°C. On the day of use, one aliquot
as thawed and diluted with the standard internal solution to the
esired concentration.

itting of Capacitance Traces and Statistics
isual inspection of capacitance records indicated that the fall in
embrane surface area usually occurred as two phases. A useful
ay to compare measurements made under different conditions,

herefore, was to fit double exponential functions using the fitting
rocedure in IGOR PRO software (WaveMetrics, Lake Oswego,
R), as described by Neves and Lagnado (1999). The collected

esults in Table 1 were obtained by fitting a number of individual
races under each condition, then calculating the mean and stan-
ard error of the mean. In some records (e.g., Figure 5B), the sec-
nd phase of retrieval appeared to be absent, and it was not pos-
ible to make a reliable estimate of the rate constant for slow
ndocytosis (kslow), in which case a value of zero was recorded for
he purpose of collecting statistics. Occasionally, the amplitude of
he slow phase was very small relative to the fast phase, again
aking an estimate of the rate constant unreliable. In such situa-

ions, the trace was fit with a single exponential to estimate kfast,
nd the amplitude of the slow phase was recorded as zero.
Averaged traces shown in the figures were obtained by first nor-
alizing all the records under a particular condition, then calculat-

ng the mean and standard deviation on a point-by-point basis.
est-fit curves were calculated, taking into account the standard
eviation. When fitting averaged traces, it was always possible to
btain reliable descriptions using a double exponential function.
or this reason, the values of the parameters for the best-fit curves

see figure legends) were slightly different from values obtained by
ompiling measurements from individual traces (Table 1). Values
re given as mean ± SEM.

ecombinant Proteins
at amphiphysin 1 (residues 1–390) and bovine clathrin β-propeller
omain (residues 1–363) were subcloned into pGEX4T2, expressed

n E. coli BL21 cells, purified by glutathione-affinity, cleaved with
hrombin, and further purified by ion exchange chromatography
nd gel filtration before use.

reparation of Brain Lysates
o prepare brain lysate, one rat brain or four goldfish brains were
ut into a glass homogenizer (Bio-Rad) with 5 ml of a solution con-

aining 20 mM HEPES (pH 7.4), 150 mM NaCl, 1 mM DTT, 0.1%
riton, and 0.1% protease inhibitors (Sigma). The brains were then
omogenized for several minutes at 4°C. The homogenate was
pun down for 25 min at 50,000 rpm at 4°C and either used immedi-
tely or frozen in liquid nitrogen and stored at −80°C.

rotein Binding Assays
ecombinant proteins were purified as above without thrombin
leavage. The amount of bead bound protein was estimated by
oomassie staining after PAGE.
For a single protein binding assay, 0.5 ml of brain lysate was

dded to 20 �g of bead bound protein, using the estimate from the
oomassie analysis, and incubated for 1 hr at 4°C on a rotator.
fter the incubation, the beads were spun down and washed very
arefully three times with 20 mM HEPES (pH 7.4), 150 mM NaCl, 1
M DTT, and 0.1% protease inhibitors and twice with 20 mM
EPES (pH 7.4), 150 mM NaCl, and 1 mM DTT. Then, 60 �l sample
uffer was added to the beads, and the samples were boiled for 3
in at 80°C. Afterward, 5 �l of the samples was resolved by SDS-
AGE. As a reference, a small aliquot of the brain extract was run
n the same gel. The proteins were then transferred to nitrocellu-
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lose by Western blotting to confirm binding of proteins to the re-
combinant bead bound proteins.

ITC
ITC was performed using a VP-ITC (Microcal). All titrations were
performed using purified protein in 50 mM HEPES (pH 7.4), 120 mM
NaCl, and 1 mM DTT at 25°C or 10°C. Ligands were made up in
thoroughly de-aerated buffer and were injected into the experimen-
tal cell containing the protein solution. Ligand was injected into the
cell in w40 small steps (usually 7 �l per step), until there was a
molar excess of ligand within the cell. After each individual injec-
tion, the released heat of binding was recorded for 3.5 min. The
protein concentration used within the cell was three to five times
that of the expected affinity, based on previously published data or
estimates from our sedimentation assays. Protein concentrations
in the range of 40–250 �M were therefore common. Control experi-
ments, where ligand was injected into de-aerated buffer, were also
performed, and results were subtracted from the experimental data
to control for heat of dilution. All results were analyzed using the
ORIGIN software package (Microcal). The curve fit to the data de-
scribes a single site binding model: dq/dLt = �H (1/2 + (1 − XR −
r)/(2 ((XR + r +1)2 − 4XR)1/2)) V, with XR = [LT]/[MT] and r = 1/KA[MT]
(Wiseman et al., 1989). For a full derivation of this equation, see
Indyk and Fisher (1998). This fit optimizes parameters of stoichiom-
etry (N), association constant (KA), and the enthalpy of binding (�H).
The dissociation constant (KD) is the inverse of KA. For display pur-
poses, the integrated data were shown normalized to the concen-
tration of injected ligand.
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