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Synaptic Vesicle Recycling at CNS Synapses without AP-2
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Synaptic vesicles (SVs) are composed of �10 types of transmembrane proteins that must be recycled after exocytosis of neurotransmit-
ter. The mechanisms for resorting these proteins into synaptic vesicles once incorporated into the plasma membrane after exocytosis are
poorly understood. The adaptor complex AP-2 is the major clathrin-associated adaptor for cargo recognition at the plasma membrane.
Here, we have investigated its role in synaptic vesicle endocytosis. shRNA-mediated knockdown of the AP-2 complex results in an �96%
reduction of this protein complex in primary neurons. We used simultaneous expression of shRNA and pHluorin-tagged vesicle compo-
nents to show that the absence of AP-2 significantly slows but does not prevent the endocytosis of four of the major synaptic vesicle
transmembrane proteins. We show that in the absence of AP-2, the AP-1 adaptor complex appears to functionally substitute for AP-2 but
results in complex internalization kinetics that are now sensitive to the guanine-nucleotide exchange factor for ADP-ribosylation factor
GTPase (ARF–GEF) inhibitor brefeldin-A (BFA). Simultaneous removal of both AP-2 and AP-1 prevents this compensatory substitution
and results in slowed but functional endocytosis. These results demonstrate that in the absence of AP-2, SV proteins still become
endocytosed, and synaptic vesicle recycling remains operational.

Introduction
Typical synapses of the CNS contain �100 synaptic vesicles (SVs)
that participate in exocytosis and recycling to sustain synaptic
transmission. SV retrieval pathways have long been debated (Wu
et al., 2007), but a number of recent studies implicate both clath-
rin (Gad et al., 2000; Augustine et al., 2006; Granseth et al., 2006)
and dynamin (Yamashita et al., 2005; Ferguson et al., 2007) for
the majority of SV endocytosis. Cargo proteins destined for in-
ternalization via clathrin-coated pits are concentrated into these
pits via the dual interaction of these proteins with an adaptor
complex (AP) and the AP with coat-components of the endocytic
bud. Four APs have been identified (AP-1, AP-2, AP-3, and
AP-4) and function along different membrane trafficking routes
within cells (Bonifacino and Traub, 2003). Of these complexes,
only AP-2 functions during endocytosis at the plasma mem-
brane. AP-2, a heterotetrameric complex composed of subunits
�, �2, �2, and �2 is thought to act in cargo selection by direct
interaction with selection motifs encoded in the cytoplasmic tails
of cargo molecules. This complex is essential for survival as ge-
netic ablation of AP-2 leads to embryonic lethality in fly
(Gonzalez-Gaitan and Jackle, 1997), worm (Shim and Lee, 2000),
and mouse (Mitsunari et al., 2005). Thus, AP-2 is a leading can-
didate to coordinate the sorting of SV proteins during recycling.

At the synapse, it has been identified as an interaction partner

with synaptotagmin (Zhang et al., 1994; Haucke and De Camilli,
1999; Haucke et al., 2000), a critical SV cargo protein. Synaptotag-
min, however, is but one of �10 different types of SV proteins
(Takamori et al., 2006) that span the bilayer of the vesicle and there-
fore, in principle, need to be sorted back into synaptic vesicles after
exocytosis. In addition to synaptotagmin, a number of SV proteins
are considered essential cargo in the reformation of the vesicle. These
include VAMP-2, the vesicle-associated SNARE (soluble
N-ethylmaleimide-sensitive factor attached protein receptor) pro-
tein required for exocytosis, a vesicular transporter of neurotrans-
mitter required for filling the vesicle with neurotransmitter (vGlut in
the case of glutamate), and a proton pump (the V-type ATPase)
required to generate the proton-motive force necessary to drive neu-
rotransmitter uptake. Additionally, other abundant cargo proteins
of lesser-known function such as synaptophysin, synaptogyrin, SV2,
and the chloride channel CLC-3, presumably, also need to be re-
sorted before endocytosis.

We tested the hypothesis that AP-2 is crucial for SV endocy-
tosis using shRNA-mediated removal of AP-2 in individual dis-
sociated primary neurons that simultaneously expressed
pHluorin-tagged variants of one of four different SV cargos. Our
experiments show that in the absence of AP-2, endocytosis and
vesicle recycling still persist but with severely impaired kinetics.
Our results also demonstrate that, in the absence of AP-2, partial
compensation is driven by AP-1 rendering endocytosis sensitive
to the guanine-nucleotide exchange factor for ADP-ribosylation
factor GTPase (ARF–GEF) inhibitor brefeldin-A. In the absence
of both AP-1 and AP-2, endocytosis still persists at a reduced rate.
Our results demonstrate that AP-2 plays a critical role in efficient
endocytosis for a large fraction of SV proteins but that other
mechanisms allow for endocytosis to proceed in its absence.

Materials and Methods
Cell culture and optical setup. Hippocampal CA3–CA1 regions were dis-
sected from 1- to 3-d-old Sprague Dawley rats, dissociated, and plated
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onto poly-ornithine-coated glass for 14 –21 d as
described previously (Ryan, 1999). In the ma-
jority of experiments, constructs were trans-
fected 8 d after plating, and imaging was per-
formed 14 –20 d after plating (6 –12 d after
transfection), and the coverslips were mounted
in a rapid-switching, laminar-flow perfusion
and stimulation chamber (volume �75 �l) on
the stage of a custom-built laser-illuminated
epifluorescence microscope. In some cases,
neurons were transfected 12 d after plating and
imaged 3 d later. Live-cell images were acquired
with an Andor iXon� (model #DU-897E-BV)
back-illuminated electron-multiplying charge-
coupled device camera in epifluorescence. An
Ar� ion laser or a solid-state diode pumped
488 nm laser for pHluorin or 532 nm laser for
FM 4-64 that was shuttered using acousto-optic
modulation in all nondata acquiring. Fluores-
cence excitation and collection was done
through a 40� 1.3 NA Fluar Zeiss objective us-
ing 515–560 nm emission and 510 nm dichroic
filters for pHluorin or 573– 648 nm emission
and 565 nm dichroic filters for FM 4-64. Action
potentials were evoked by passing 1 ms current
pulses, yielding fields of �10 V/cm via platinu-
m–iridium electrodes. Cells were continuously
perfused (0.5–1.0 ml/min; �25°C) in a saline
solution containing (in mM) 119 NaCl, 2.5 KCl,
2 CaCl2, 2 MgCl2, 25 HEPES, buffered to pH
7.4, 30 glucose, 10 �M 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX; Sigma),
and 50 �M D,L-2-amino-5-phosphonovaleric
acid (AP5; Sigma). Unless otherwise noted, all
chemicals were obtained from Sigma. NH4Cl
applications were done with 50 mM NH4Cl in
substitution of 50 mM of NaCl, buffered to pH
7.4. Advasep was obtained from CyDex and
used at 1 mM where indicated. Bafilomycin
(Calbiochem) was used at 1 �M where indi-
cated. Brefeldin-A was obtained from Sigma
and used at 10 �g/ml where indicated.

shRNA and shRNA-resistant �2 plasmids.
Synthetic oligonucleotides (60-mers) contain-
ing the rat �2 subunit cDNA target sequences
(GTGGATGCCTTTCGCGTCA) of AP-2 or rat
� subunit cDNA target sequences (GCGCCTG-
TACAAGGCAATT) of AP-1 for cloning in
pSUPER vector were synthesized (Invitrogen),
annealed, and ligated into pSUPER using BglII
and HindIII enzyme sites according to manu-
facturer’s instructions. The HA-�2 construct
resistant to shRNA �2 was generated using
Quick Change Site-Directed mutagenesis
(Stratagene). The sequence for shRNA �2 cor-
responding to nucleotide positions, 85–103,
was mutated to GTGGACGCTTTC-
CGGGTCA, leaving the amino acid sequence
unchanged.

Immunofluorescence and quantification. After live-cell imaging, neu-
rons were fixed with 4% paraformaldehyde and permeabilized with 0.2%
Triton X-100, blocked with 5% BSA, and subsequently incubated with
appropriated primary antibodies [anti-green fluorescent protein (GFP)
(Invitrogen), anti-� adaptin (ABR), anti-clathrin (ABR), anti-� adaptin
(BD Biosciences), or anti-HA tag (Covance) antibodies]. Alexa 488- or
Alexa 546-conjugated secondary antibodies were applied in primary
antibody-incubated samples with different color combinations as
needed. Immunofluorescence images of fixed cells were acquired using
custom-built laser-scanning microscope (LSM) with custom-written

control software for LSM. Images were acquired with Z-sectioning mode
with 12 slices and 0.4 �m spacing and merged using maximum intensity.
Expression levels of AP-2, clathrin heavy chain, and AP-1 were measured
at cell bodies to avoid possible spatial overlap with other cells. For RNA-
based knockdown of AP-2 (AP-2KD), we measured the fluorescence in
the probe antibody channel in GFP-positive cells corrected for back-
ground in surrounding regions and a small amount of bleed through the
filter set. This was compared with the fluorescence intensity in nontrans-
fected (GFP-negative) cell bodies. Expression level (percentage) �
(FGFP

�
neuron � F back)/(F GFP

�
neuron � F back)*100.

Figure 1. shRNA-targeting �2 efficiently depletes AP-2 in hippocampal neurons. A, B, Primary hippocampal neurons trans-
fected with vG–pH with/without shRNA-targeting �2 were stained with both anti-GFP (green) and anti-� adaptin (red) (A) or
anti-clathrin heavy chain (red; B) antibodies. Scale bar, 20 �m. C, In cells transfected with shRNA-targeting �2, AP-2, but not
clathrin, was severely depleted: [AP-2]AP-2KD � 4.3 � 0.9% (n � 28) compared with controls (n � 20), whereas [AP-2] �
102.5 � 3.4% in cells transfected with vG–pH alone compared with nontransfected cells. [Clathrin]AP-2KD � 94.8 � 4.1% (n �
14) and [Clathrin] � 95.4 � 3.1% (n � 17) in cells transfected with vG–pH alone compared with nontransfected cells. ***p � 0.01.
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Image and data analysis. Images were analyzed in ImageJ (http://rsb.
info.nih.gov/ij/) using a custom-written plugin (http://rsb.info.nih.gov/ij/
plugins/time-series.html). All functionally visible varicosities were selected
for analysis by testing their responsiveness to test stimuli of 25 action
potential trains at 10 Hz. Fluorescence time course traces were ana-
lyzed using Origin Pro (version 7.5). Exponential fitting was done
using a double exponential function. Traces whose fit values for each
time constant were equal (within the error of the fit) were assigned to
be single component traces. All others were assigned as double
exponentials.

Results
shRNA-mediated knockdown of �2 results in �96% loss of
AP-2 complex in primary neurons
Our experiments make use of relatively low transfection effi-
ciency of primary neurons to express pHluorin-tagged synaptic
vesicle proteins that in turn express at only tracer levels of these
reporter constructs (Fernández-Alfonso et al., 2006; Balaji and
Ryan, 2007). To combine this with AP-2KD, we made use of
simultaneous transfection of an shRNA plasmid encoding a hair-
pin sequence targeted to the �2 subunit of AP-2 and a plasmid
encoding a pHluorin-tagged synaptic vesicle protein. Most ex-
periments were performed between 6 and 12 d after transfection
to allow the targeted protein to significantly decrease in expres-
sion. We measured the expression level of the AP-2 complex in
individual neurons by performing retrospective quantitative im-
munofluorescence on the transfected cells using an antibody
against the nontargeted � subunit of AP-2 (Fig. 1A) and normal-
ized the intensity to the staining in nontransfected cells in the
same dish. These experiments showed that AP-2 levels are re-
duced by �96% (Fig. 1C), whereas the expression level of one of

AP-2’s major interacting partners, clathrin heavy chain (Fig.
1B,C), was unaffected.

Surface fraction of vGlut–pHluorin increases significantly in
the absence of AP-2
In neurons transfected with vGlut–pHluorin (vG–pH) alone, the
majority of this reporter protein resides within an acidic, internal
vesicle pool at nerve terminals with a surface expression of only
3.38 � 0.6% (n � 10) (Fig. 2A, left panel) (Balaji and Ryan, 2007)
as determined by measurements of the magnitude of the relative
fluorescence change during alkalization with NH4Cl (Sankarana-
rayanan et al., 2000). After AP-2 knockdown, however, the rest-
ing vG–pH fluorescence is greater along both the axon and the
nerve terminals (Fig. 2A, right). Measurements of fluorescence
changes using NH4Cl reveal that the surface fraction has in-
creased in the absence of AP-2 to13.0 � 3.3% (n � 8). Similar
results were obtained with pHluorin-tagged synaptophysin, syn-
aptotagmin, and VAMP-2 (data not shown). This steady-state
increase in surface fluorescence is consistent with the idea that
endocytosis is impaired in the absence of AP-2, leaving synaptic
vesicle proteins stranded on the axon, as has previously been
observed with VAMP-2 for a number of endocytic protein mu-
tants (Dittman and Kaplan, 2006).

Depletion of recycling vesicle pools in the absence of AP-2
We determined the relative size of the synaptic vesicle recycling
pool at nerve terminals in AP-2KD neurons compared with their
wild-type counterparts using fluorescent styryl dye loading. The
protocol for this experiment is shown in Figure 2B. FM 4-64 was
bath applied to the dish of neurons and stimulated to turn over
the entire recycling vesicle pool (2000 action potentials; 20 Hz).
The dye was left on for an additional 5 min to allow for comple-
tion of endocytosis. After dye washout (10 min), the neurons
were again stimulated maximally, and the amount of total dye
destaining was compared in transfected (AP-2KD, vG–pH) and
nontransfected neurons. These experiments indicate that in the
absence of AP-2 the recycling vesicle pool is decreased to 30 �
3.6% (n � 10) of that in control cells. Experiments measuring the
kinetics of vesicle pool turnover using bafilomycin indicated that
although the total recycling vesicle pool size is severely depleted,
the kinetics of exocytosis of that pool was unaffected (supple-
mental Fig. S1, available at www.jneurosci.org as supplemental
material).

After stimulus endocytosis of synaptotagmin, synaptophysin,
vGlut, and VAMP-2 all significantly slowed in the absence of
AP-2
pHluorin-tagged synaptic vesicle proteins have proven to be a
useful probe for examining the kinetics of endocytosis at nerve
terminals (Sankaranarayanan and Ryan, 2000; Granseth et al.,
2006; Balaji and Ryan, 2007). Action potential firing-driven exo-
cytosis leads to the exposure of the vesicle lumen to the more
alkaline external environment leading to dequenching of the
pHluorin fluorescence. In control hippocampal nerve terminals,
providing the amount of exocytosis-driven accumulation of SV
protein, does not saturate the endocytic machinery (stimuli of
�100 action potentials) (Balaji et al., 2008), endocytosis is well
described by a single stochastic process with a time constant of
�15 s (Fig. 3A) (Balaji and Ryan, 2007). The fluorescence decay is
dominated by this process as the reacidification step requires only
3– 4 s (Atluri and Ryan, 2006; Granseth et al., 2006). In the ab-
sence of AP-2, however, the fluorescence decay for vG–pH is
significantly slowed showing a t1/e � 58.8 � 6.9 s (n � 18). The

Figure 2. Depletion of AP-2 leads to increased surface fraction of vGlut–pHluorin and de-
creased recycling vesicle pool size. A, Surface expression of vG–pH was determined by measur-
ing the fold change in fluorescence for boutons in normal saline for control and knockdown cells
(AP-2KD) in response to application of NH4Cl. Scale bar, 10 �m. In control cells, the vG–pH
surface expression at synaptic boutons was 3.38 � 0.6% (n � 10), whereas in AP-2KD, the
surface fraction was 13.0 � 3.3% (n � 8). B, Schematic diagram of FM 4-64 staining and
destaining experiment for measurement of total recycling pool. Cells were stimulated in the
presence of FM 4-64 to turn over the entire recycling pool at 20 Hz for 100 s and further incu-
bated for an additional 5 min after end of the stimulation. After washing for 3 min with Advasep
buffer and additional 10 min with Ca 2�-free Tyrodes, neurons were stimulated twice (10 Hz for
150 s and 10 Hz 60 s) in normal Tyrodes and the total dye released was measured to determine
the size of the recycling pool. The recycling pool was 30.0 � 3.6% (n � 10) in the AP-2KD
compared with controls (n � 10).
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kinetics of the decay is no longer well fit by
a single exponential (see below), and for
simplicity, we have simply chosen to mea-
sure the time for the decay to reach 1/e of
the initial value. To determine if AP-2 is
functionally important for other cargoes,
we took advantage of the ability to label
three other important SV proteins such
that pHluorin is targeted to the vesicle lu-
men to determine if the absence of AP-2
would change their endocytosis kinetics.
In the absence of AP-2 endocytosis kinet-
ics of synaptophysin (Fig. 3B), synaptotag-
min I (Fig. 3C) and VAMP-2 (Fig. 3D)
were also severely impaired with fluores-
cence decay times t1/e � 40.8 � 3.3 s (n �
16), t1/e � 31.6 � 3.46 s (n � 4), and t1/e �
40.1 � 8.5 s (n � 7), respectively, each
�2-fold slower than in control cells. Acid-
quenching measurements (data not
shown) revealed that the reacidification
time scale was not significantly perturbed
in the absence of AP-2. Thus, AP-2 appears
to play a critical role in controlling the ki-
netics of endocytosis of at least four of the
major SV cargo proteins.

Endocytosis during activity is severely
impaired the absence of AP-2
To determine the impact of AP-2 deple-
tion on endocytosis during repetitive stim-
ulation, we compared vG–pH responses to
30 s stimulation at 10 Hz in the presence
and absence of bafilomycin. In the absence
of bafilomycin, vG–pH reports the net ac-
cumulation of this reporter on the synap-
tic and axonal surface arising from the bal-
ance of exocytosis and endocytosis. In the presence of
bafilomycin, as reacidification of vesicles is blocked, vG–pH flu-
orescence reports the net amount of exocytosis. Comparison of
the two signals allows one to calculate the total amount of endo-
cytosis during a given stimulus period (Sankaranarayanan and
Ryan, 2001). Under conditions where only vG–pH is transfected,
the total amount of endocytosis at the end of a 300 AP at 10 Hz is
equivalent to �25% of the entire recycling pool (Fig. 4A,C),
similar to previous results (Ferguson et al., 2007; Mani et al.,
2007). In the absence of AP-2, the amount of endocytosis during
stimulation is �5-fold lower (Fig. 4B,C). Thus, both ongoing
endocytosis during stimulation as well as poststimulus endocytic
recovery of SV components require AP-2 for normal function.

Expression shRNA-resistant �2 rescues defects of knockdown
To verify that perturbation of presynaptic endocytosis was due
specifically to loss of AP-2 and not off-target shRNA effects, we
used a shRNA-resistant plasmid encoding �2 to restore function
in the AP-2KD cells. In this case, triple transfection of vG–pH,
shRNA-targeting �2, and shRNA-resistant plasmid encoding �2

was used. Expression of shRNA-resistant plasmid for �2 restored
the surface fraction levels to that obtained with vG–pH alone
(Fig. 5A), 4.5 � 1.5% (n � 7). Similarly, poststimulus endocyto-
sis was nearly completely restored under these conditions (Fig.
5B,D), as was endocytosis during persistent activity (Fig. 5C).
These rescue effects of endocytosis were in good agreement with

recoveries of AP-2 expression levels (Fig. 5E). Similarly, the �3-
fold reduction in vesicle pool size was mostly restored under these
conditions as well (Fig. 5F). Thus, the major endocytic defects
produced by expression of shRNA targeted to �2 are likely to be
directly related to the severe depletion of AP-2 and not more
generic off-target effects of shRNA treatment.

In the absence of AP-2, endocytosis kinetics displays two
distinct components
Under control conditions, we previously showed that for modest
stimulation (�100 AP) endocytosis is well described by a single
exponential process with a time constant of �15 s. Plotting the
ensemble average, vG–pH fluorescence decay on a semilog plot
(Fig. 6A) for cells transfected only with the reporter shows a
characteristic single straight line slope. In contrast, a similar plot
for the fluorescence decay derived from AP-2KD neurons
showed two clear decay components (Fig. 6B). We verified that
the appearance of two kinetic components was invariant with
stimulus number by examining how the amplitude and value of
each component varied as a function of stimulus number (Fig.
6C). In general, we found that the faster decay constant (�fast �
11 � 1.7 s) was significantly faster than the time constant ob-
tained in the presence of AP-2 (�control � 14.8 � 0.2 s), and the
slower time constant was much slower (�slow � 93.2 � 4.6 s). This
complexity in endocytic behavior was not simply a consequence
of removing AP-2 during a critical window of synapse develop-
ment, as this phenotype was still apparent when neurons were

Figure 3. Poststimulus endocytosis of four major synaptic vesicle proteins slowed in the absence of AP-2. A, Representative ensemble
average traces of endocytosis from various SV constructs. Cells were transfected with pHlourin-tagged synaptic vesicle proteins, vG–pH,
synaptophysin (Sphy–pH), synaptotagmin (Stag–pH), VAMP-2 (SpH) with/without shRNA-targeting�2. Neurons were stimulated at 10
Hz(100actionpotentials).B,Thetimetodecayto1/eofthepeakvaluewassignificantlygreaterforeachconstruct intheAP-2KDcompared
with control (SpH only, n � 4; SpH with shRNA �2, n � 7; vG–pH only, n � 13; vG–pH with shRNA �2, n � 18; Stag-pH only, n � 4;
Stag-pH with shRNA �2, n � 4; Sphy-pH only, n � 5; Sphy-pH with shRNA �2, n � 16).
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transfected at 12 d in vitro (DIV) and examined at 15 DIV (see
supplemental Fig. S2, available at www.jneurosci.org as supple-
mental material). To determine whether the appearance of this
more complex endocytosis was a general property of individual
boutons, we analyzed the fluorescent decays for a large number of
synapses from many cells. Notably, we discovered that even
within a single cell, two types of single bouton kinetic behavior
are evident, demonstrating that these disparate kinetic features
are bouton and not cell specific. Figure 6D shows an example of

two individual bouton responses to 100 action potentials stimu-
lation obtained from the same axon. One shows a fluorescence
decrease which has more than one component of decay, whereas
another is adequately fit by a single exponential decay. Similar
analysis across 427 boutons derived from 11 cells indicates that
�36% of boutons can be fit by a single exponential, and the
remainder of the boutons requires a two component fit. Individ-
ual bouton analysis derived from neurons transfected with only
vG–pH indicate that under these conditions, all boutons can be
adequately fit by a single exponential. Analysis of the distribution
of the values of these time constants for all boutons is shown in
Figure 6E–G and reveals that in the absence of AP-2, two types of
endocytic phenotypes arise, both significantly different from the
control endocytosis behavior. Similar analysis of other three
other synaptic vesicle cargo proteins revealed an almost identical
kinetic behavior and distribution (supplemental Fig. S3, available
at www.jneurosci.org as supplemental material).

Endocytosis in the absence of AP-2 is brefeldin sensitive
We reasoned that the appearance of two distinct kinetic compo-
nents in the absence of AP-2, both significantly different from
that obtained in control conditions, might arise from alternate
compensatory mechanisms. Although under wild-type condi-
tions endocytosis in this system has previously shown to be in-
sensitive to disruption of the actin cytoskeleton (Sankaranaray-
anan et al., 2003), in bipolar cells actin seems to play a role in
membrane recovery under conditions that stimulate bulk endo-
cytosis (Holt et al., 2003). We tested for a possible role for actin in
controlling endocytosis in the absence of AP-2 using the G-actin
sequestering agent latrunculin A. These experiments, however,
failed to show any change in the sensitivity of endocytosis kinetics
to actin depolymerization attributable to the absence of AP-2
(supplemental Fig. S4, available at www.jneurosci.org as supple-
mental material). Recently, Voglmaier et al. (2006) provided ev-
idence that an alternate endocytic pathway that is sensitive to the
ARF–GEF inhibitor BFA becomes operational during very pro-
longed action potential firing. For the briefer bursts of stimuli
used here, endocytosis kinetics in wild-type synapses are com-
pletely insensitive to BFA (Fig. 7A–C). However, in the absence of
AP-2 application of BFA shifts endocytosis from a dual-time con-
stant decay to a single component decay (Fig. 7D–F). Interest-
ingly, the average time constant for endocytosis in the AP-2KD in
the presence of brefeldin-A (Fig. 7H) �BFA-KD � 42 � 1.4 s is very
similar to the average value of the endocytosis time constant for
the �36% of boutons that showed a single component decay in
the AP-2KD (Fig. 6G), �KD� single � 44 � 4.3 s. We, therefore,
explicitly examined the sensitivity of AP-2KD boutons that dis-
played single component decays to BFA application. These exper-
iments showed that these boutons had little sensitivity to BFA
treatment (Fig. 7G,H). Thus, in the absence of AP-2, a brefeldin-
sensitive pathway appears to become operational for a subset of
synapses that results in complex internalization kinetics.

Multicomponent endocytosis and brefeldin sensitivity arise
from compensation by AP-1
Brefeldin-A is a fungal metabolite discovered originally because
of its potency in disrupting the integrity of the Golgi apparatus
(Fujiwara et al., 1988). Subsequently, it was shown to have more
pleiotropic effects on additional cellular organelles and their traf-
ficking (Hunziker et al., 1991; Lippincott-Schwartz et al., 1991;
Wood et al., 1991). The only identified and molecularly well de-
fined mechanism of BFA action is its ability to block a Golgi-
associated GEF for ARF1, thereby blocking ARF1 activation and

Figure 4. Endocytosis during stimulation is severely decreased in the absence of AP-2. A, B,
Representative ensemble average vG–pH traces from control (A) and AP-2KD (B) neurons stim-
ulated in the presence (red) or absence (black) of bafilomycin (Baf) with 300 action potentials
(10 Hz) normalized to the maximum fluorescence value obtained with 900 action potential
stimulation in Baf (the total recycling pool). C, Endocytosis during stimulation in control neu-
rons corresponds to 24.3 � 1.8% (n � 6), whereas in AP-2KD neurons, it was 5.9 � 0.3% (n �
8), respectively, of the recycling pool. Stimulation start marked by arrow. Endocytosis during
activity was calculated as (�FBaf ��F300 non baf) and normalized to the maximal plateau value
achieved during stimulation in Baf.
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the assembly of COPI (coatomer protein I)
coats on the Golgi complex (Donaldson et
al., 1992; Helms and Rothman, 1992). The
target of BFA in endosomal systems has
not been well defined, although recruit-
ment of AP-1 and AP-3 and subsequent
ability to recruit clathrin-coats on mem-
branes has previously been shown to be
driven by ARFs that are sensitive to BFA
(Liang and Kornfeld, 1997; Drake et al.,
2000). We, therefore, tested the possibility
that in the absence of AP-2, an alternate
adaptor was substituting in endocytic sort-
ing. In polarized epithelia, vesicle budding
from recycling endosomes has been shown
to be brefeldin sensitive and depend on
AP-1 but not AP-3 (Pagano et al., 2004).
We, therefore, investigated the possible role
of AP-1 in synaptic vesicle endocytosis.
Transfection of neurons with a shRNA tar-
geting the � subunit of AP-1 results in �70%
depletion of this subunit (supplemental Fig.
S5, available at www.jneurosci.org as supple-
mental material). Cotransfection of this
shRNA into neurons with vG–pH leaves en-
docytosis kinetics intact (Fig. 8A). However,
depletion of both AP-1 and AP-2 by simul-
taneous transfection of �2 and �-targeting
shRNAs and vG–pH resulted in endocytosis
kinetics that had a single component of en-
docytic decay (Fig. 8B) similar to endocyto-
sis in the presence of BFA in AP-2KD neu-
rons (Fig. 6). Furthermore, application of
BFA to AP-1/AP-2KD synapses showed that
these synapses now had little sensitivity to
BFA (Fig. 8B). Interestingly, detailed analy-
sis of the kinetics of endocytosis at individual
boutons in AP-2KD and AP-1/AP-2KD syn-
apses showed that they were nearly indistin-
guishable from those obtained from either
the subset of synapses originally showing
two kinetic components in AP-2KD and
then treated with BFA or the subset showing
a single BFA-insensitive component (Fig.
8C,D). These results strongly support the
idea that in a subset of synapses in the ab-
sence of AP-2, AP-1 acts as a partial-
functional substitute resulting in complex
internalization kinetics and BFA sensitivity.

Discussion
The mechanisms of synaptic vesicle recy-
cling have been of significant interest since
the original ultrastructural observations of
extracellular tracer uptake at the neuro-
muscular junction (NMJ) (Heuser and
Reese, 1973). As the molecular identity of
synaptic vesicles became more defined in
the last decade, the question of how spe-
cific synaptic vesicle proteins are recycled, and in particular how
they are resorted into synaptic vesicles, has become particularly
interesting. One possibility is that once a synaptic vesicle is made,
it is simply reused repeatedly without loss of molecular identity,

as would potentially occur in a scenario where kiss-and-run pre-
dominates. However, recent experiments demonstrated that re-
moval of clathrin severely perturbs endocytosis in both rodent
CNS synapses (Granseth et al., 2006) and Drosophila NMJs
(Heerssen et al., 2008), suggesting the majority of vesicle retrieval

Figure 5. Expression of shRNA-resistant �2 rescues endocytic phenotype in AP-2KD neurons. A, Expression of shRNA-resistant
�2 in AP-2KD cells restores the surface fraction to control levels. Surface fraction was determined as in Figure 2 (A, B) by
application of NH4Cl, pH 7.4, giving a value 4.6 � 1.2%. n � 7 in the rescued cells, similar to controls (3.38 � 0.6%, n � 10). B,
Representative ensemble average examples from control (black), AP-2KD (red), and rescue (green) neuron responses to 100
action potential stimulation. For rescue of AP-2KD, neurons were transfected with shRNA-targeting �2, shRNA resistant �2, and
vG–pH; n � 8. C, shRNA-resistant �2 expression in AP-2KD neurons rescued endocytosis during stimulation. Endocytosis during
stimulation (300 action potentials at 10 Hz, start of stimulus marked by arrow) was determined as in Figure 4 as (�FBaf �
�F300 no baf) and showed that the total amount of endocytosis was 21.2 � 1.1% (n � 7) similar to controls (Fig. 4C). D,
Poststimulus endocytosis is restored by expression of shRNA-resistant �2 in the AP-2KD for various stimulation conditions (25, 50,
100, and 300 action potential stimuli at 10 Hz, respectively; n � 8). E, Comparison of endocytosis time constant with the degree
of AP-2 expression obtained in rescue experiments. After live-cell imaging, neurons were fixed and labeled with anti-�-adaptin
antibody and expression quantified as in Figure 1. The average value is shown (square symbol) in addition to the individual values
for each neuron (n � 8). F, Recovery of the defect in recycling pool was achieved by expression of shRNA-resistant �2 in the
AP-2KD neurons. Recycling pool size was measured as in Figure 2 (C, D). The recycling pool size compared with neurons transfected
with vG–pH alone was 85.4 � 4.9% (n � 6).
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occurs through a clathrin-mediated mechanism. Additionally,
we and others have shown that during vesicle recycling both
VAMP-2 (Fernández-Alfonso and Ryan, 2006; Wienisch and
Klingauf, 2006) and synaptotagmin I (Fernández-Alfonso et al.,
2006) exchange with counterparts residing on the cell surface
during recycling. Thus, the question of how SV cargo proteins are
recognized and resorted into endocytic vesicles is of significant

interest. Mutations in both vGlut1 (Vogl-
maier et al., 2006) as well as synaptotagmin
I (Poskanzer et al., 2006; Jung et al., 2007)
lead to endocytic defects, which in the lat-
ter case is thought to be mediated through
the adaptor-like protein stonin 2.

Here, we have addressed the question
of whether the classical clathrin adaptor
protein complex AP-2 functions during
synaptic vesicle recycling. At the surface of
most cells, AP-2 is thought to act as a key
molecular bridge, interacting with the cy-
toplasmic tails of cell surface transmem-
brane proteins as well as the molecular
machinery of the clathrin coat, thus help-
ing to concentrate specific cargo molecules
into endocytic pits (Bonifacino and Traub,
2003). Additionally, because of the pleth-
ora of interactions between AP-2 and pro-
teins generally considered to be part of the
endocytic machinery, AP-2 has also been
described as a “hub” protein central to
clathrin-mediated endocytosis (Schmid
and McMahon, 2007; Rodemer and
Haucke, 2008). Our analysis shows that for
all stimulation conditions tested, a drastic
reduction in the amount of AP-2 present
in neurons significantly perturbs the ki-
netics of endocytosis of at least four SV
proteins at nerve terminals. Given the fact
that AP-2 is only known to participate in
clathrin-mediated endocytosis, this is con-
sistent with the idea that synaptic vesicle
recycling in this system is mediated via
clathrin. However, the reduction of endo-
cytosis kinetics of all four of the SV pro-
teins tested suggests that AP-2’s role is not
likely to be solely one of cargo recognition,
especially because endocytosis persists
even when AP-2 levels have been reduced
to �1/25th (or �4%) of normal levels.
The loss of AP-2, however, led to unex-
pected changes in the nature of endocyto-
sis at these nerve terminals. Under control
conditions, the kinetics of endocytosis ap-
pears to be limited by a single rate-
determining step (Balaji and Ryan, 2007),
and the distribution of endocytosis time
constants across individual synapses
shows limited variability (Fig. 6E). In the
absence of AP-2, however, single bouton
analysis revealed significant heterogeneity
in endocytic behavior, with the majority
showing two distinct kinetic components.
Although the simplest interpretation
would be to assign each component to a

different molecular pathway, our double knockdown and BFA
experiments revealed that both components appear to rely on the
function of AP-1, an adaptor complex that does not normally
function in endocytosis at the plasma membrane. Our experi-
ments do not attempt to understand the normal function, if any,
of AP-1 at nerve terminals. AP-1 is generally thought to partici-
pate in membrane traffic to or from early endosomes. It is possi-

Figure 6. In the absence of AP-2, endocytosis has complex internalization kinetics. A, B, Representative average traces of
endocytosis from control (A) and AP-2KD (B) neurons after stimulation. Ensemble average vG–pH fluorescence traces from
individual neurons were fit with a single exponential decay (red) in the control neuron (A) or double exponential decay (red) in the
AP-2KD neuron (B). Traces displayed as semilog plot (inset) to illustrate the appearance of a second component. C, In AP-2KD
neurons, the weighting amplitudes (amp) and values of the two time constants were determined for various stimulation condi-
tions (n � 7– 8 cells for each condition): �25AP fast � 7.5 � 1.5 s, amp25AP fast � 32.8 � 3.9%; �25AP slow � 82.6 � 14.4 s,
amp

25AP slow
� 67.2 � 3.9%; �50AP fast � 15.7 � 7.4 s, amp50AP fast � 30.5 � 3.6%; �50AP slow � 96.5 � 14.9 s, amp50AP slow �

69.5 � 3.6%; �100AP fast � 10.0 � 1.0 s, amp100AP fast � 26.2 � 3.5%; �100AP slow � 104.1 � 17.4 s, amp100AP slow � 73.8 �
3.5%; �300AP fast � 11.2 � 3.6 s, amp300AP fast � 15.9 � 2.8%; �300AP slow � 89.6 � 14.1 s, amp300AP slow � 84.1 � 2.8%,
respectively). D, Individual boutons from the same AP2-KD neuron show different internalization kinetics. The vG–pH trace of an
individual bouton on the left shows a double-exponential decay, whereas the trace from an individual bouton on the right is
adequately fit with a single exponential decay. Analysis over several hundred boutons from many cells shows that 36% of boutons
were adequately fit by single exponential decays. E–G, The distribution of time constants of single bouton analysis from control (E,
n � 680) and AP-2KD (F, double exponential, n � 273; G, single exponential, n � 154) neurons.
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ble that AP-1 is normally present to support cargo sorting at
synaptic intermediate endosomes (either as part of synaptic ves-
icle recycling or other membrane trafficking events), and in the
absence of AP-2, it associates with the plasma membrane and
clathrin-coat complexes. Alternatively, AP-1 could be recruited

from nonsynaptic sites in the absence of AP-2. The heterogeneity
we observed across boutons suggests that the ability of AP-1 to
substitute in AP-2’s absence varies from synapse to synapse.

Previous experiments have implied that sensitivity to BFA at
nerve terminals was likely mediated by the adaptor complex

Figure 7. Endocytosis is brefeldin-A-sensitive in the majority of synapses in the absence of AP-2. A–C, Endocytosis in control neurons is insensitive to BFA. vG–pH fluorescence recovery of neurons
transfected with vG–pH and stimulated with 100 action potentials at 10 Hz before (black) and after (red) 30 min treatment of BFA (10 �g/ml). B, C, Semilog plots of the same traces before (B) and
after (C) BFA treatment are shown. D–F, Endocytosis in AP-2KD neurons is sensitive to brefeldin-A. vG–pH fluorescence recovery of neurons transfected with vG–pH and shRNA-targeting �2 and
stimulated with 100 action potentials at 10 Hz before (black) and after (red) 30 min treatment of BFA (10 �g/ml). Semilog plots of the same traces before (E) and after (F ) BFA treatment are shown.
After BFA treatment, only a single component persists in the AP-2KD neurons. Time constant in control cells (A–C) is not significantly different after BFA treatment (Con; �Before � 12.4 � 0.9 s, �After

� 12.9 � 1.5 s; n � 3). In AP-2KD (D–F ), only a single intermediate valued time constant is required to fit the endocytic recovery after BFA treatment (AP-2KD; �-BFA fast � 11.2 � 1.9 s, �-BFA slow

� 84.8 � 6.7 s, ��BFA � 45.1 � 6.7 s; n � 7). G, H, The distribution of time constants obtained from single boutons in AP-2KD neurons before (G ) and after (H ) BFA treatment.
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AP-3. AP-3 was originally implicated in synaptic vesicle biogen-
esis in PC-12 cells, which is sensitive to BFA (Faúndez et al., 1998;
Blumstein et al., 2001). Genetic ablation of the neuronal specific
isoform of AP-3 results in specific GABAergic synaptic transmis-
sion deficits (Nakatsu et al., 2004), whereas mocha mice that lack
both ubiquitous and neuronal forms of AP-3 have a number of
synaptic transmission abnormalities (Kantheti et al., 1998;
Scheuber et al., 2006; Voglmaier et al., 2006), which may result
from improper export of synaptic vesicle proteins from the cell
soma (Danglot and Galli, 2007). It remains to be seen, however, if
the AP-3 pathway is the sole target of BFA at nerve terminals,
because the sensitivity of either mocha mice or the neuronal AP-3
knockout to BFA treatment has not been reported. In our exper-
iments, we are only sensitive to disruption by BFA in the absence
of AP-2. Although our experiments indicate that functional sub-
stitution by AP-1 can account for all our data, it does not rule out
an additional possible role for AP-3.

Our experiments reveal a significant defect in endocytosis ki-
netics when AP-2 levels have been decreased to at most �4% of
control levels. Although it is possible that this residual AP-2 could
be sufficient to drive the remaining endocytic function, the fact

that the kinetics of endocytosis under
these conditions are relatively insensitive
to the degree of stimulation argues against
this interpretation. The lowest stimulus
level for which we could reliably detect
pHluorin signals in these experiments was
for 25 action potentials, and similar phe-
notypes were observed at 300 AP. This cor-
responds to exocytosis of �13 and �65%
of the recycling pool, respectively (see sup-
plemental Fig. S1, available at www.
jneurosci.org as supplemental material).
Thus, to explain the data based on residual
levels of AP-2, one would have to posit that
it is capable of handling an �5-fold range
of exocytosis with similar kinetics.

One can interpret continued function of
endocytosis after the loss of a AP-2 in one of
three ways. The first is that AP-2 has no role
in endocytosis of SV components. However,
given that endocytosis kinetics were im-
pacted by the loss of AP-2, this can be ruled
out. The second interpretation is that in AP-
2’s absence, compensation by another mech-
anism, which does not normally operate, ac-
counts for the residual functionality. Here,
AP-1 appears to be doing this, and although
we have managed to eliminate AP-1’s ability
to perform this compensation, we cannot
rule out that other such mechanisms are tak-
ing place accounting for continued endocy-
tosis in the absence of both AP-1 and AP-2.
The third interpretation is that AP-2 was not
originally acting alone in the sorting of SV
cargo proteins, and AP-2’s removal left re-
sidual functionality via other mechanisms
that normally operate in conjunction with
AP-2. One such candidate is stonin 2, a pro-
tein with homology to �2 that has been
shown to interact genetically with synapto-
tagmin and can control its cell surface local-
ization (Jung et al., 2007). In the future, it will

be important to understand how the hierarchy and network of pos-
sible interactions of SV cargo proteins with the endocytic machinery
leads to efficient and presumably stoichiometrically accurate synap-
tic vesicle identity and to identify other possible compensatory
pathways.

Note added in proof. Since the submission of this paper, a com-
plementary study examining neuronal function after loss of the �2

subunit in Caenorhabditis elegans was published (Gu et al., 2008).
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Zhang JZ, Davletov BA, Südhof TC, Anderson RG (1994) Synaptotagmin I
is a high affinity receptor for clathrin AP-2: implications for membrane
recycling. Cell 78:751–760.

3874 • J. Neurosci., March 25, 2009 • 29(12):3865–3874 Kim and Ryan • AP-2 Is Not Essential for Vesicle Recycling


