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Newly formed synapses undergo maturation during ontogenetic development via mechanisms that remain poorly understood. We show
that maturation of the presynaptic endocytotic machinery in CNS neurons requires substitution of the adaptor protein 3 (AP-3) with AP-2
at the presynaptic plasma membrane. In mature synapses, AP-2 associates with the intracellular domain of the neural cell adhesion
molecule (NCAM). NCAM promotes binding of AP-2 over binding of AP-3 to presynaptic membranes, thus favoring the substitution of
AP-3 for AP-2 during formation of mature synapses. The presynaptic endocytotic machinery remains immature in adult NCAM-deficient
(NCAMⴚ/ⴚ) mice accumulating AP-3 instead of AP-2 and its partner protein AP180 in synaptic membranes and vesicles. NCAM
deficiency or disruption of the NCAM/AP-2 complex in wild-type (NCAMⴙ/ⴙ) neurons by overexpression of AP-2 binding-defective
mutant NCAM interferes with efficient retrieval of the synaptic vesicle v-SNARE synaptobrevin 2. Abnormalities in synaptic vesicle
endocytosis and recycling may thus contribute to neurological disorders associated with mutations in NCAM.

Introduction
Cell adhesion molecules are not only important in development
of the nervous system, but also in the adult regarding their ability
to regulate synaptic plasticity. Prominent examples for their roles
in synaptic functions are the neurexins and neuroligins (Sudhof,
2008; Shen and Scheiffele, 2010) and Ig superfamily molecules
(Gerrow and El-Husseini, 2006) as well as the synapse-apposed
extracellular matrix (Dityatev et al., 2010a,b). A contribution of adhesion molecules to influencing synaptic activity has been also rec-
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ognized in the novel context of synaptic vesicle (SV) exocytosis and
endocytosis (Leshchyns’ka et al., 2006; Andreyeva et al., 2010).
To reach full competency in the maintenance of uninterrupted
synaptic transmission, the machinery for synaptic vesicle recycling
undergoes a complex process of maturation (Hannah et al., 1999;
Bonanomi et al., 2006). One of the prominent features of this process
is a switch in the adaptor proteins involved in synaptic vesicle endocytosis. In mature synapses, endocytosis of synaptic vesicle membranes is mediated at least in part by the adaptor protein 2 (AP-2;
Kim and Ryan, 2009), which recruits clathrin to the presynaptic
membrane to induce membrane internalization into clathrincoated vesicles. Several accessory proteins, such as AP180 (Koo et al.,
2011) and endophilin (Hill et al., 2001), and surface membrane
phospholipids, such as phosphatidylinositol-4,5-bisphosphate, influence recruitment of AP-2 to the membrane and subsequent
clathrin-coated vesicle formation (Slepnev and De Camilli, 2000;
Mousavi et al., 2004). Phospholipid-mediated binding of AP-2 to the
plasma membrane is further potentiated by interactions of AP-2
with integral membrane proteins (Haucke and De Camilli, 1999).
However, while AP-2 has been shown to bind to integral membrane
proteins of synaptic vesicles, such as synaptotagmin (Zhang et al.,
1994; Haucke and De Camilli, 1999), the integral membrane proteins that may recruit AP-2 to the presynaptic surface membrane
remain unidentified.
AP-3 is another adaptor protein that localizes to endosomes
but has also been found on purified synaptic vesicles (Takamori
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et al., 2006). In contrast to AP-2, AP-3 has been shown to mediate
clathrin-independent vesicle formation (Shi et al., 1998) and
function in immature synaptic vesicle recycling (Zakharenko et
al., 1999). Although both AP-2 and AP-3 have been implicated in
sorting of SV proteins (Kantheti et al., 1998; Nakatsu et al., 2004;
Salazar et al., 2004; Seong et al., 2005), the molecular mechanisms
that regulate switching between AP-3- and AP-2-dependent
pathways are unknown (Hata et al., 2007).
Studies on neuromuscular junctions showed that deficiency
in the neural cell adhesion molecule (NCAM), a member of the Ig
superfamily, results in a predominantly immature form of neurotransmission that is sensitive to brefeldin A, an inhibitor of
AP-3 (and AP-1) function, suggesting that NCAM plays a role in
synapse maturation (Polo-Parada et al., 2001, 2004; Hata et al.,
2007). The mechanisms of NCAM-dependent synapse maturation remain, however, poorly understood. Here we show that
NCAM interacts with AP-2 and promotes its binding to presynaptic membranes, thereby inducing a switch from immature
AP-3- to mature AP-2-dependent synaptic vesicle recycling pathways in favor of AP-2-dependent mechanisms.

Materials and Methods
Antibodies and toxins. Rabbit polyclonal antibodies against the extracellular domain of mouse NCAM recognizing all NCAM isoforms
(Leshchyns’ka et al., 2003; Westphal et al., 2010), mouse monoclonal
antibody (D3) against an NCAM180-specific epitope in the intracellular
domain of NCAM 180 (Pollerberg et al., 1985; Pollerberg et al., 1986;
Persohn and Schachner, 1987), and rabbit polyclonal antibodies against
the extracellular domain of L1 (Rolf et al., 2003) have been described
previously. Mouse monoclonal antibodies against the intracellular domains of NCAM140 and NCAM180 (clone 5b8), SV2 (clone SV2), delta
adaptin subunit of AP-3 (clone delta SA4), and the ␣1 subunit of Na,KATPase (clone ␣6F) were from the Developmental Studies Hybridoma
Bank. Mouse monoclonal antibodies against the clathrin heavy chain (clone
23, catalog #610499), ␥-adaptin subunit of AP1 (clone 88, catalog #610385),
␣-adaptin subunit of AP-2 (clone 8, catalog #610501), neuronal adaptin-like
protein beta (␤NAP) subunit of AP-3 (clone 18, catalog #610892), and
PSD-95 (clone 16, catalog #610495) were from BD Biosciences. Mouse
monoclonal antibodies against AP180 (clone AP180-I, catalog #A4825) and
nonspecific rabbit Ig were from Sigma. Mouse monoclonal antibodies
against SNAP25 (clone 71.2), rabbit polyclonal antibodies against syntaxin
1B (catalog #110402), synaptotagmin 1 lumenal domain (catalog #105102),
and proton ATPase (catalog #109002) were from Synaptic Systems (Göttingen, Germany). Mouse monoclonal antibodies against glyceraldehyde-3phosphate dehydrogenase (GAPDH; clone 6C5, catalog #MAB374) were
from Millipore Bioscience Research Reagents. Goat polyclonal antibodies
against synaptophysin (catalog #sc-7568), C terminus of NCAM (catalog
#sc-1507), and cysteine string protein (CSP; catalog #sc-15951) were from
Santa Cruz Biotechnology. Mouse monoclonal antibodies against vesicular
acetylcholine transporter (VAChT; clone N6/38) were from UC Davis/NIH
NeuroMab Facility. Rabbit polyclonal antibodies against synaptophysin
were a generous gift from Reinhard Jahn (Max-Planck-Institute for Experimental Medicine, Göttingen, Germany). Secondary antibodies against rabbit, rat, goat, and mouse Ig coupled to horseradish peroxidase (HRP), Cy2,
Cy3, or Cy5 were from Jackson ImmunoResearch Laboratories. Brefeldin A
(BFA) was from Sigma. DL-AP5 and 6-cyano-7-nitroquinoxaline-2,3dione (CNQX) were from Tocris Bioscience.
DNA constructs and siRNAs. Constructs encoding NCAM140 and its
intracellular domain were as described previously (Leshchyns’ka et al., 2003;
Li et al., 2013). The intracellular domain of NCAM140 was mutated using
the QuickChange II XL site-directed mutagenesis kit from Stratagene.
Vesicle-associated membrane protein 2 (VAMP2)-pHluorin construct was a
kind gift from G. Miesenböck (University of Oxford, Oxford, UK). AP-3␦
and control siRNAs were from Santa Cruz Biotechnology.
Animals. NCAM⫺/⫺ mice were provided by Harold Cremer (Cremer
et al., 1994) and were inbred for at least nine generations onto the
C57BL/6J background. These mice are deficient in expressing all iso-
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forms of NCAM. Animals for biochemical experiments were 2- to
3-month-old NCAM⫹/⫹ and NCAM⫺/⫺ littermates of either sex from
heterozygous breeding. For some studies, younger mice were also used
(as indicated in the text). To prepare cultures of hippocampal neurons, 1to 3-d-old C57BL/6J and NCAM⫺/⫺ mice of either sex from homozygous breeding pairs were used.
Ethics statement. All experiments were conducted in accordance with the
German and European Community laws on protection of experimental animals. All procedures used were approved by the responsible committees of
The State of Hamburg and the University of New South Wales.
Preparation of brain tissue homogenates. Homogenates of brains were
prepared as described previously (Leshchyns’ka et al., 2006) using a Potter homogenizer in HOMO buffer (1 mM MgCl2, 1 mM CaCl2, 1 mM
NaHCO3, 5 mM Tris, pH 7.4) containing 0.32 M sucrose (HOMO A).
Isolation of synaptosomes. Synaptosomes were isolated from homogenates as described previously (Kleene et al., 2001). All steps were performed at 4°C. Briefly, homogenates were centrifuged at 1400 ⫻ g for 10
min. The supernatant and pellet were resuspended separately in HOMO
A buffer and centrifuged for 10 min at 700 ⫻ g. The resulting supernatants were combined and centrifuged at 17,500 ⫻ g for 15 min. The pellet
was resuspended in HOMO A buffer and applied on top of a step gradient
with interfaces of 0.65, 0.85, 1, and 1.2 M sucrose in HOMO buffer. The
700 ⫻ g pellets were combined, adjusted to 1 M sucrose in HOMO buffer
and layered on 1.2 M sucrose in HOMO buffer. HOMO A buffer was
applied on the top of the step gradient. Crude synaptosomal fractions
were collected at the 1/1.2 M interface after centrifugation for 2 h at
100,000 ⫻ g and combined. This crude synaptosomal fraction was again
adjusted to 1 M sucrose and layered on top of 1.2 M sucrose in HOMO
buffer. HOMO A buffer was applied on top of the step gradient. After
centrifugation for 2 h at 100,000 ⫻ g, synaptosomes were collected at the
1/1.2 M interface, resuspended in HOMO A buffer, and pulled down by
centrifugation for 30 min at 100,000 ⫻ g.
Isolation of the soluble synaptic fraction. Soluble synaptic fraction was
obtained as described previously (Whittaker and Barker, 1972). All steps
were performed at 4°C. Brain homogenates were centrifuged at 1000 ⫻ g
for 11 min in HOMO A buffer. The supernatant and pellet were resuspended separately in HOMO A buffer and centrifuged for 11 min at
1000 ⫻ g. The resulting supernatants were combined and centrifuged at
17,500 ⫻ g for 1 h. The pellet was lysed in ice cold water (2 ml/g of original
tissue) by repeated pipetting followed by centrifugation at 12,000 ⫻ g for
30 min. The resulting supernatant was layered on a sucrose step gradient
of 0.4, 0.6, 0.8, 1, and 1.2 M sucrose in HOMO buffer and centrifuged at
63,000 ⫻ g for 2 h. The clear band obtained on top of the gradient was
collected as a soluble synaptic fraction.
Isolation of synaptic plasma membranes and synaptic vesicular organelles. Synaptic plasma membranes were isolated from synaptosomes as
described previously (Leshchyns’ka et al., 2006). Unless stated otherwise,
all steps were performed at 4°C. Briefly, synaptosomes were lysed by
diluting them in nine volumes of ice-cold H2O and then immediately
adjusted by 1 M HEPES, pH 7.4 to a final concentration of 7.5 mM HEPES.
After incubation on ice for 30 min, the mixture was centrifuged at
100,000 ⫻ g for 20 min. The resulting pellet contained synaptic plasma
membranes. This fraction was highly enriched in the plasma membrane
marker Na, K-ATPase and negative for Golgi and trans-Golgi marker
␥-adaptin (data not shown). The supernatant was centrifuged at
230,000 ⫻ g for 1 h. The resulting pellet contained synaptic vesicular
organelles.
Isolation of neuromuscular junctions. Neuromuscular junctions were
isolated as described previously (Whelchel et al., 2004). Surgically removed diaphragms, soleus muscle, and biceps femoris muscles were homogenized in 255 mM sucrose, 1 mM EDTA, and 20 mM HEPES buffer on
ice. The homogenate was centrifuged at 1000 ⫻ g to obtain a supernatant,
which was centrifuged at 10,000 ⫻ g. All centrifugation steps were
performed at 4°C. The resulting supernatant was centrifuged at
250,000 ⫻ g for 1 h. The pellet enriched in neuromuscular junctions
(NMJs) was used for Western blot analysis.
Recombinant protein production. Nonmutated and mutated His6
tagged intracellular domains of NCAM140 were expressed in Escherichia
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coli and purified using Ni-NTA beads as described previously (Bodrikov
et al., 2005; Chernyshova et al., 2011).
Analysis of AP-2, clathrin, and AP-3 binding to synaptic plasma membranes. Recruitment of AP-2, AP-3 and clathrin to synaptic membranes
isolated as described above, in Isolation of synaptic plasma membranes
and synaptic vesicular organelles, was analyzed using a protocol described by Krauss et al. (2003) with the following modifications. Synaptic
plasma membranes were incubated in 0.1 M Na2CO3 for 15 min at 37°C
to strip peripheral proteins. The soluble fraction of brain tissue containing cytosol, which was isolated from the NCAM⫹/⫹ brain homogenates
by centrifugation at 100,000 ⫻ g for 1 h and collecting the supernatant,
was used as a source of endogenous AP-2, clathrin, and AP-3. Recruitment experiments were performed in a total volume of 500 l containing
100 g/ml synaptic membrane and 0.5–1 mg/ml brain cytosol diluted in
cytosolic buffer [containing the following (in mM): 2.5 HEPES-KOH, pH
7.4, 25 KCl, 2.5 Mg acetate, 5 EGTA, 150 K-glutamate]. The reaction
mixture was incubated for 15 min at 37°C and centrifuged at 100,000 ⫻
g for 30 min. The pellet was washed in 500 l of cytosolic buffer by
thorough resuspension and centrifugation at 100,000 ⫻ g for 30 min and
analyzed by immunoblotting. When indicated, the synaptic plasma
membrane and cytosol were preincubated with BFA (200 M) or intracellular domains of NCAM140 (55 M) for 15 min at 37°C before combining them.
Isolation and purification of synaptic vesicles. Synaptic vesicles were
isolated as described previously (Huttner et al., 1983; Thoidis et al.,
1998). All steps were performed at 4°C with cold buffers. Briefly, 5 to 10
adult mouse brains were homogenized in 320 mM sucrose/4 mM HEPES,
pH 7.4, and centrifuged at 1100 ⫻ g for 10 min. The resulting supernatant
and pellet, resuspended in 0.32 M sucrose/4 mM HEPES, pH 7.4, were
centrifuged for 15 min at 9200 ⫻ g and 10,500 ⫻ g, respectively. The
pellets (crude synaptosomal fraction) were lysed by diluting them in nine
volumes of ice-cold distilled water and immediately adjusted by 1 M
HEPES, pH 7.4, to a final concentration of 7.5 mM HEPES. After incubation on ice for 30 min, the lysate was centrifuged at 25,500 ⫻ g for 20 min.
The supernatant was then centrifuged for 2 h at 130,000 ⫻ g. The resulting pellet representing a crude synaptic vesicle fraction was resuspended
in 30 mM sucrose/4 mM HEPES, pH 7.4, homogenized by passing
through a 25 gauge needle, loaded on a continuous gradient of 50 – 800
mM sucrose/4 mM HEPES, pH 7.4, and centrifuged at 100,000 ⫻ g for 5 h.
A broad band in the 200 – 400 mM sucrose region containing synaptic
vesicles was collected and pooled by centrifugation at 250,000 ⫻ g for 2 h.
The pellet, containing synaptic vesicles, was resuspended in 30 mM sucrose/4 mM HEPES, pH 7.4. Western blot analysis confirmed that it was
highly enriched in the synaptic vesicle marker synaptophysin and negative for plasma membrane marker Na,K-ATPase. To obtain highly purified synaptic vesicles, synaptic vesicles isolated in a sucrose gradient were
incubated in 30 mM sucrose/4 mM HEPES, pH 7.4, with antibodies
against synaptophysin or CSP and precipitated with protein A agarose
beads. The beads were then boiled in Laemmli buffer and the eluted
material was used for Western blot analysis.
Coimmunoprecipitation. Coimmunoprecipitation experiments were
performed essentially as described previously (Leshchyns’ka et al., 2006;
Westphal et al., 2010). Samples containing 1 mg of total protein were
lysed for 40 min at ⫹4°C with lysis buffer, pH 7.5, containing 50 mM Tris
䡠 HCl, 150 mM NaCl, 1% Nonidet P-40, 1 mM Na2P2O7, 1 mM NaF, 2 mM
Na3VO4, 0.1 mM PMSF, 2 mM EDTA and EDTA-free protease inhibitor
cocktail (Roche Diagnostics). Lysates were centrifuged for 15 min at
20,000 ⫻ g at 4°C. Supernatants were cleared with protein A/G-agarose
beads (Santa Cruz Biotechnology) applied for 3 h at 4°C and incubated with NCAM polyclonal antibodies or nonspecific rabbit IgG
applied overnight at 4°C. NCAM-antibody complexes were then precipitated with protein A/G-agarose beads applied for 1 h at 4°C. Beads
were washed three times with lysis buffer and two times with TBS and
used for Western blot analysis. The approximate percentage of AP-2
molecules bound to NCAM in synaptosomes (P) was quantified as
described previously (Santuccione et al., 2005): P ⫽ (AP-2IP/AP-2input) *
(NCAMinput/NCAMIP) * 100%, where NCAMinput and NCAMIP are
labeling intensities of NCAM in the input material and NCAM immunoprecipitates, respectively, and AP-2input and AP-2IP are labeling
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intensities of AP-2 in the input material and NCAM immunoprecipitates, respectively.
When interactions were analyzed in transfected CHO KO1 or HEK293
cells, cells were lysed 48 h after transfection with the lysis buffer and
coimmunoprecipitation was analyzed as described above. In some experiments, live HEK293 cells were preincubated with NCAM polyclonal
antibodies for 3 h in a CO2 incubator to label surface NCAM only. Cells
were then washed two times with ice-cold PBS and lysed for 30 min on ice
with the lysis buffer. NCAM-containing complexes were then precipitated with protein A/G-agarose beads as described above. Similar results
were obtained with both approaches.
Western blot analysis. Proteins were separated by 4 –12% or 8% SDSPAGE and electroblotted to nitrocellulose transfer membrane
(PROTRAN; Schleicher and Schuell; Bodrikov et al., 2005). Immunoblots were incubated with appropriate primary antibodies followed by
incubation with HRP-labeled secondary antibodies and visualized using
ECL Western blotting reagents (GE Healthcare) or SuperSignal West
Dura Extended Duration reagents (Pierce) on BIOMAX films (Sigma).
Molecular weight markers were prestained protein standards from BioRad. All preparations were performed at least three times. The chemiluminescence quantification was performed using TINA 2.09 software
(University of Manchester, Manchester, UK) or Image J (National Institute of Health, Bethesda, MD).
Cultures of hippocampal neurons and CHO and HEK cells. Cultures of
hippocampal neurons were prepared from 1- to 3-d-old mice as described previously (Puchkov et al., 2011). Neurons were grown for 14 –21
d in Neurobasal A medium (Invitrogen) supplemented with 2% B-27
(Invitrogen), glutamine (Invitrogen) and FGF-2 (2 ng/ml; R&D Systems) on glass coverslips coated with poly-L-lysine (100 g/ml). When
indicated, neurons were transfected 12 d after plating with DNA constructs or DNA constructs together with siRNA using Lipofectamine
2000 (Invitrogen) combined with CombiMag (OzBiosciences) according
to the manufacturers’ instructions.
CHO KO1 and HEK293 cells were maintained in the presence of 10%
fetal calf serum in Glasgow medium or DMEM, respectively. Both cells
lines were transfected using Lipofectamine with Plus reagent (Invitrogen) following the manufacturer’s instructions.
Loading and unloading of FM dyes in synaptic boutons. Dynasore (80
M) and brefeldin A (10 g/ml) were applied to cultured neurons for 2 h
in the culture medium in a CO2 incubator. All procedures then were
performed at room temperature in the presence of 10 M CNQX and 50
M AP-5 to prevent recurrent activation elicited by AMPA and NMDA
receptors, respectively. Neurons were washed briefly in modified Tyrode
solution containing the following (in mM): 150 NaCl, 4 KCl, 1 MgCl2, 10
glucose, 10 HEPES, and 1 CaCl2, pH 7.4. Synaptic boutons of neurons
were loaded with FM1– 43FX (15 M; Invitrogen) applied for 90 s in 47
mM K ⫹ solution (modified Tyrode solution containing equimolar substitution of KCl for NaCl; Leshchyns’ka et al., 2006; Andreyeva et al.,
2010). Neurons were then used for the analysis of FM1– 43 release or
washed with modified Tyrode solution and fixed for 15 min in 4% formaldehyde in PBS, pH 7.4, to be used for the analysis of FM1– 43 uptake.
Unloading of synaptic boutons, that is, release of the dye after loading,
was achieved by application of 47 mM K ⫹ to the cultures (Virmani et al.,
2003). Unloading rate was monitored with time by acquiring images
using LSM510 with 1 s interval.
Immunofluorescence labeling of recycling synaptic vesicles. Recycling
synaptic vesicles were labeled by incubating live neurons with antibodies
against the lumenal domain of synaptotagmin 1 (Synaptic Systems) applied in culture medium containing 47 mM K ⫹ for 5 min in a CO2
incubator. Neurons were then washed with PBS, pH 7.4, fixed for 15 min
in 4% formaldehyde in PBS, permeabilized with 0.25% Triton X-100 in
PBS for 5 min, and blocked with 1% BSA in PBS for 20 min. Synaptotagmin 1 antibodies were then visualized by corresponding secondary antibodies applied for 45 min in 1% BSA in PBS.
Immunofluorescence labeling of fixed neurons. Immunolabeling was
performed as described previously (Sytnyk et al., 2002). All steps were
performed at room temperature, and all antibodies were applied in 1%
BSA in PBS, pH 7.4. Neurons were fixed for 15 min in 4% formaldehyde
in PBS. This fixation procedure does not permeabilize membranes (Syt-
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nyk et al., 2002). Neurons were then blocked with 1% BSA in PBS for 20
min. NCAM at the cell surface was detected with polyclonal antibodies
against NCAM extracellular domain applied for 30 min followed by corresponding secondary antibodies applied for 30 min. Then neurons were
postfixed for 5 min in 2% formaldehyde in PBS, washed with PBS, permeabilized with 0.25% Triton X-100 in PBS for 5 min, blocked with 1%
BSA in PBS for 20 min, and treated with primary antibodies against
indicated in the text intracellular proteins for 2 h followed by corresponding secondary antibodies applied for 45 min. Coverslips were embedded in Aqua-Poly/Mount (Polysciences). Images were acquired at
room temperature using a confocal laser scanning microscope LSM510
(Zeiss).
FM uptake quantification. In fixed and permeabilized neurons, labeling with SV2 antibodies was used to identify synaptic boutons that were
defined as SV2 accumulations with a mean intensity of at least 30%
higher than background. The background was defined as the mean intensity of pixels in the square 30 ⫻ 30 pixel area located in the vicinity of
the synaptic bouton in the part of the image devoid of synaptic boutons
(Leshchyns’ka et al., 2006). Synaptic boutons were outlined using a
threshold function of the ImageJ software. Within the outlines, mean
intensities of the FM dye were measured and expressed in arbitrary units
defined as 8 bit pixel values of the gray scale image. In each experiment,
images were acquired using identical settings and the same threshold was
used for all groups.
Electron microscopic analysis of HRP uptake. Cultured hippocampal
neurons were preincubated with HRP (10 mg/ml) in modified Tyrode
solution for 5 min and stimulated with 47 mM K ⫹ solution containing
HRP (10 mg/ml) for 90 s. Following stimulation, cultures were washed
briefly with modified Tyrode solution containing HRP and fixed in 3%
glutaraldehyde in PBS for 20 min. Where indicated, neurons were pretreated with BFA (10 g/ml) applied for 2 h in the culture medium in a
CO2 incubator. Cultures were washed in PBS, and HRP was visualized by
incubating cultures for 25 min in 3,3⬘-diaminobenzidine tetrahydrochloride (0.75 mg/ml) in 0.05 M Tris-HCl, pH 7.6, containing 0.01%
hydrogen peroxide (Neale et al., 1999). Neurons were washed in PBS,
postfixed with 1% OsO4 for 1 h at room temperature, washed with distilled water, stained en bloc with 1% aqueous solution of uranyl acetate,
dehydrated, and embedded into Epoxy resin. Sections (60 nm thick) were
viewed with a Zeiss EM10C transmission electron microscope. Synaptic
terminals were photographed with a digital camera at 30,000⫻ magnification. The analysis was performed in a blinded manner, i.e., the observer
did not know the genotype and treatments of the individual samples.
Vesicles were considered as HRP positive if the intensity of HRP labeling
in the vesicle lumen was at least three times higher when compared to the
background labeling of nonvesicular compartments in the presynaptic
terminal. Synapses with asymmetric PSDs presumably representing excitatory synapses were taken for analysis. At least 100 synapses from four
to six individual cultures were analyzed per experimental group. Regular
shaped vesicles smaller than 50 nm in diameter and 2000 nm 2 in crosssection area were counted as synaptic vesicles. All other larger vesicles observed in synaptic terminals were classified as endosomes of different sizes.
The cross-section area of vesicles was measured using the UTHSCSA Image
Tool program (University of Texas, San Antonio, TX).
pHluorin fluorescence quantification. During recordings, live neurons
transfected with VAMP2-pHluorin were maintained at room temperature
in modified Tyrode solution [containing the following (in mM): 150
NaCl, 4 KCl, 1 MgCl2, 10 glucose, 10 HEPES, and 1 CaCl2, pH 7.4].
Neurons were cotransfected with cherry fluorescent protein to improve
identification of transfected neurons. When indicated, neurons were
stimulated with 47 mM K ⫹ buffer (modified Tyrode solution containing
equimolar substitution of KCl for NaCl; Virmani et al., 2003). Alternatively, neurons were stimulated with 1 ms bipolar current pulses at 10 Hz
to yield fields of 10 V/cm. All procedures were performed in the presence
of 10 M CNQX and 50 M AP-5 to prevent recurrent activation elicited
by AMPA and NMDA receptors, respectively. Changes in fluorescence
were monitored with time by acquiring images using a laser scanning
microscope LSM510 (Zeiss) with a 1 s interval. With these recorded time
series, synaptic boutons were identified as accumulations of pHluorin
fluorescence that appeared following the stimulation and were at least
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30% brighter in intensity than the background pHluorin fluorescence
before stimulation. Clusters of pHluorin fluorescence were outlined in
ImageJ software at the time point when pHluorin fluorescence reached
the maximum following the stimulation. These outlines were then used
to measure pHluorin fluorescence intensity on all images that were recorded before and after stimulation.

Results
Subsynaptic targeting of clathrin, AP-2 and AP-3 is abnormal
in NCAMⴚ/ⴚ CNS synapses
Studies on the neuromuscular junction have shown immaturity
of the synaptic vesicle recycling machinery in NCAM⫺/⫺ mice
(Polo-Parada et al., 2001; 2004), suggesting abnormalities in synaptic vesicle genesis. Hence, we started our work by analyzing the
molecular machinery responsible for synaptic vesicle formation
in NCAM⫺/⫺ versus NCAM⫹/⫹ CNS synapses. The AP-2 and
AP-3 adaptor proteins are responsible for the clathrin-dependent
retrieval of synaptic vesicle membrane from the surface plasma
membrane following synaptic vesicle exocytosis and for clathrinindependent synaptic vesicle formation from intracellular organelles of endosomal origin, respectively (Fig. 1A; Faúndez et al.,
1998; Shi et al., 1998; Hao et al., 1999; Zakharenko et al., 1999;
Ford et al., 2001). In cultured NCAM⫹/⫹ hippocampal neurons,
clusters of the integral synaptic vesicle membrane protein synaptophysin overlapped with accumulations of AP-2 and AP-3 and
NCAM (Fig. 1 B, C). Synaptophysin positive accumulations of
AP-2 and AP-3 were often apposed to clusters of the postsynaptic
protein PSD95 (data not shown), confirming that AP-2 and AP-3
accumulate in functional excitatory synapses. Thus, AP-2- and
AP-3-dependent synaptic vesicle generating pathways can coexist
in NCAM⫹/⫹ synaptic boutons.
Next, we compared the levels of clathrin and adaptor proteins
in brains and synaptosomes from brains of NCAM⫹/⫹ mice and
mice deficient in all NCAM isoforms (NCAM⫺/⫺; Cremer et al.,
1994). Synaptosomes were fractionated to obtain the cytosolic
fraction, plasma membranes, and the complete pool of vesicular
organelles including synaptic vesicles. Levels of AP-2, clathrin,
and the exclusively neuronal presynaptic adaptor protein AP180,
which cooperates with AP-2 in clathrin-dependent synaptic vesicle endocytosis (Zhang et al., 1998; Hao et al., 1999), were
slightly increased in NCAM⫺/⫺ versus NCAM⫹/⫹ synaptosomes (Fig. 1E) corresponding to the elevated expression of these
proteins in NCAM⫺/⫺ brains (Fig. 1D). Despite their elevated
expression, the levels of clathrin, AP-2, and AP180 were decreased by ⬃50% in synaptic plasma membranes and synaptic
vesicular organelles from NCAM⫺/⫺ versus NCAM⫹/⫹ brains
(Fig. 1E). These observations suggest that recruitment of clathrin,
AP-2 and AP180 from the cytoplasm to the synaptic plasma
membrane and formation of AP-2/AP180/clathrin-coated vesicles are reduced presynaptically in NCAM⫺/⫺ synapses. In accordance with this idea, the levels of AP-2, AP180, and clathrin
were increased in the cytosol of NCAM⫺/⫺ versus NCAM⫹/⫹
synaptosomes (Fig. 1E), indicating reduced recruitment of these
proteins from the cytoplasm to the plasma membrane and to
vesicular compartments.
In contrast, the levels of AP-3 and those of another adaptor
protein AP-1 involved in vesicle budding from the TGN and/ or
endosomes were increased in NCAM⫺/⫺ synaptosomes and in
synaptic organelles isolated from NCAM⫺/⫺ synaptosomes
(Fig. 1E). Furthermore, despite the overall increased levels of
AP-3 in NCAM⫺/⫺ synaptosomes, its levels were reduced in
cytosol prepared from these synaptosomes (Fig. 1E), again suggesting increased recruitment of AP-3 to vesicular organelles. In
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Figure 1. Targeting of AP-2, AP180, and clathrin to the synaptic plasma membrane is reduced in NCAM⫺/⫺ synapses. A, A scheme showing the subsynaptic localization of the AP-2 and AP-3 adaptor
proteinsandtheirroleinsynapticvesicleformation.SynapticvesiclesareformedviaAP-2/clathrinmediatedendocytosisfromthepresynapticsurfacemembraneorviaAP-3mediatedbuddingfromendosomes.
B, Cell surface NCAM was labeled by indirect immunofluorescence of formaldehyde-fixed hippocampal neurons maintained in culture for 12 d. Neurons were then permeabilized and labeled with antibodies
againstsynaptophysinandAP-2orAP-3.NotethatNCAM-andsynaptophysin-positiveclusterscolocalizewithAP-2andAP-3accumulations(arrows).C,Hippocampalneuronsmaintainedinculturefor12dwere
colabeled with antibodies against synaptophysin, AP-2, and AP-3. Note overlapping accumulations of AP-2 and AP-3, which colocalize with synaptophysin-positive clusters. D, E, NCAM⫹/⫹ and NCAM⫺/⫺
brain homogenates (D) and synaptosomes, synaptic plasma membranes, soluble fraction from synaptosomes, and synaptic vesicular organelles (E) were probed by Western blot with the indicated antibodies.
Note reduced levels of AP-2, AP180 and clathrin, and increased levels of AP-3 in NCAM⫺/⫺ synaptic plasma membranes and vesicular organelles. Synaptophysin served as a loading control for synaptosomes
and vesicular organelles, while labeling with antibodies against the plasma membrane associated cell adhesion molecule L1 and cytosolic marker protein GAPDH verified equal loading in synaptic plasma
membranesandsolublefraction/brainhomogenates,respectively.Graphsshowquantitationofblots.Meanlevels⫹SEMinNCAM⫺/⫺micenormalizedtothelevelsinNCAM⫹/⫹micesetto100%(dashed
lines) are shown. *p ⬍ 0.05, paired t test (compared to NCAM⫹/⫹; n ⫽ 3). Scale bars: 10 m.

Shetty et al. • NCAM Recruits AP-2 to the Presynaptic Membrane

J. Neurosci., October 16, 2013 • 33(42):16828 –16845 • 16833

contrast to AP1, which was not detectable
in synaptic plasma membrane fractions of
either genotype (data not shown), AP-3
was present in the synaptic plasma membrane fraction. Strikingly, the levels of
AP-3 were sixfold higher in the plasma
membrane fraction of NCAM⫺/⫺ compared to NCAM⫹/⫹ synaptosomes (Fig.
1E). This raises the possibility that AP-3
may function at the plasma membrane or
plasmalemmal invaginations in agreement with a previous report (Voglmaier et
al., 2006) and that this function of AP-3 is
increased under conditions of reduced recruitment of AP-2 and AP180 to the
plasma membrane in NCAM⫺/⫺ synaptic boutons.
NCAM accumulates on the presynaptic
surface membrane
Since NCAM deficiency disturbs the
subsynaptic distribution of adaptor
proteins, we analyzed the distribution of
NCAM itself. Synaptic boutons in cultured NCAM⫹/⫹ hippocampal neurons
were visualized by labeling recycling synaptic vesicles with antibodies against the lumenal domain of synaptotagmin 1 applied to
live neurons in media containing 47 mM K ⫹
to induce synaptic vesicle exocytosis and endocytosis. Neurons were then fixed and colabeled with antibodies against NCAM,
synaptophysin, and PSD95. The labeling
showed that NCAM accumulations at the
neuronal cell surface visualized with antibodies against the extracellular domain of
4

Figure 2. NCAM accumulates in the presynaptic membrane. A, Recycling synaptic vesicles were labeled by incubating live
NCAM⫹/⫹ neurons with antibodies against the lumenal domain of synaptotagmin 1 applied in the culture medium containing
47 mM K ⫹. Neurons were then fixed with formaldehyde and colabeled with antibodies against NCAM, PSD95 and synaptophysin.
Note the clusters of NCAM overlapping with accumulations of synaptotagmin 1 and synaptophysin apposed to PSD95 clusters
(arrows). B, Formaldehyde-fixed NCAM⫺/⫺ neurons transfected with NCAM140 were labeled with antibodies against NCAM, the
presynaptic marker protein synaptophysin and the postsynaptic marker protein PSD95. An axon of an NCAM140 transfected
neuron is shown. Note that accumulations of synaptophysin colocalize with accumulations of NCAM140 in NCAM⫺/⫺ neuron
transfected with NCAM140 abutting onto NCAM⫺/⫺ neurons (arrows). NCAM140/synaptophysin accumulations are apposed to
PSD95 clusters. C, Brain homogenates, synaptic plasma membranes (membranes) and synaptic vesicular organelles (vesicular
organelles) were probed by Western blot with the antibodies against the intracellular domain of NCAM140 and NCAM180, synaptophysin (synapt.), PSD95, and Na,K-ATPase. Arrows indicate NCAM isoforms detectable by the antibodies. Note that NCAM
accumulates in the synaptic plasma membrane. Synaptic membranes, containing both presynaptic and postsynaptic portions, are
also enriched in PSD95 and plasma membrane localized Na,K-ATPase. NCAM is also present in synaptic vesicular vesicles, which are
highly enriched in synaptophysin but are free of PSD95 and Na,K-ATPase. NCAM180 detectable in the synaptic vesicular organelles
is probably contained in postsynaptic transport organelles that are present in this fraction. NCAM immunoreactivity at ⬃160 kDa
most likely is a proteolytic fragment of NCAM180. The graph shows quantitation of blots (mean ⫹ SEM; n ⫽ 3) with the signal in

homogenates set to 100%. *p ⬍ 0.05, paired t test. D, Synaptosomes and highly purified synaptic vesicles (synaptic vesicles) were probed by Western blot with polyclonal antibodies
against a common epitope at the C terminus of NCAM140 and
NCAM180, monoclonal antibody D3 against an NCAM180specific epitope in the intracellular domain of NCAM 180, and
CSP. Arrows indicate NCAM isoforms detected by the antibodies. Note that NCAM140 is detectable in immunopurified synaptic vesicles. A smear above the NCAM140 band was
reproducibly detectable in our preparations and may represent glycosylated NCAM140 or NCAM140-containing protein
complexes, which were not fully dissociated by SDS-PAGE.
Note that NCAM180 is not detectable in synaptic vesicles with
NCAM180-specific antibodies even after prolonged exposure
of the blot, while NCAM180 is readily detectable in synaptosomes. Mock immunopurification (mock) of synaptic vesicles
with nonimmune Igs served as control of immunopurification.
In these experiments, 4 –12% polyacrylamide gels were used
to enable detection of both NCAM isoforms and CSP in one
SDS-PAGE run, which was necessary to control for protein
loading and specificity of synaptic vesicle immunopurification,
resulting in NCAM140 and NCAM180 labeling patterns different from the data shown in C, in which 8% polyacrylamide gels
were used and low molecular weight proteins were allowed to
run out of the gel to achieve better separation of the NCAM
bands. Scale bars: 10 m.
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NCAM overlapped with synaptic boutons identified as overlapping clusters of
synaptotagmin 1/synaptophysin immunoreactivity apposed to accumulations of
PSD95 (Fig. 2A). In the CNS, NCAM180
expression is predominantly postsynaptic,
both in brain tissue (Persohn et al., 1989;
Schuster et al., 2001; Fux et al., 2003) and in
cultured hippocampal neurons (Sytnyk et
al., 2006). Presynaptic labeling thus reflects
predominantly the distribution of the second major neuronal isoform of NCAM,
NCAM140. The third major isoform of
NCAM, glycosylphosphatidylinositol (GPI)linked NCAM120 is expressed in the CNS
mainly by glia. To visualize the presynaptic localization of NCAM140 with sufficient spatial resolution (i.e., under
conditions where postsynaptic NCAM is
absent), we transfected cultured hippocampal neurons from NCAM-deficient
(NCAM⫺/⫺) mice with an NCAM140
expression plasmid. In synapses made by
axons of transfected neurons on dendrites
of nontransfected NCAM negative neurons, NCAM140 accumulations at the
neuronal cell surface overlapped with synaptophysin clusters, which were apposed
to PSD95 accumulations, consistent with
Figure 3. AP-2 binds to the dileucine motif in the intracellular domain of NCAM140. A, NCAM immunoprecipitates (IP) from
a functional role for NCAM140 in synap- synaptosomes and 13% of the material used for NCAM immunoprecipitation (input, 13%) were probed by Western blot analysis
tic vesicle recycling at excitatory synapses with the antibodies against the extracellular domain of NCAM, AP-2, AP-3, and AP-1. Proteins were separated using 8% polyacryl(Fig. 2B).
amide gels to achieve better separation of high molecular weight proteins. Mock immunoprecipitation with nonimmune rabbit Igs
Western blot analysis of synaptosomes was performed for control. Note that AP-2 but not AP-3 or AP-1 coimmunoprecipitate with NCAM. B, Amino acid sequence of a
and synaptic plasma membranes isolated fragment of NCAM140 comprising transmembrane and membrane adjacent portions of the extracellular and intracellular domains
from adult wild-type (NCAM⫹/⫹) mice of NCAM is shown. The LL motif in the intracellular domain of NCAM is shown in bold and underlined. C, NCAM immunoprecipitates
showed that NCAM140 and NCAM180 from CHO cells transfected with NCAM140, nonmutated or mutated in the membrane-proximal LL dileucine motif, were analyzed
are enriched in the synaptic plasma mem- by Western blot with antibodies against NCAM and AP-2. Mock immunoprecipitation with NCAM antibodies from CHO cells
brane fraction when compared to total transfected with GFP only was performed for control. Note that mutation in the LL dileucine motif inhibits coimmunoprecipitation
brain homogenates (Fig. 2C). Low levels of AP-2 with NCAM140.
of NCAM immunoreactivity were detectaction between NCAM and AP-2. To analyze whether NCAM
able in the fraction containing synaptic vesicular organelles (Fig.
indeed associates with AP-2 in synapses, NCAM was immuno2C), i.e., the total pool of organelles released from synaptosomes
by osmotic shock with both NCAM140 and NCAM180 being
precipitated from synaptosomes. Western blot analysis of these
detectable in this fraction. This fraction was enriched in synaptoimmunoprecipitates showed that AP-2 but not AP-3 and AP-1
physin and negative for both Na,K-ATPase, an integral memcoimmunoprecipitated with NCAM (Fig. 3A). Approximately
brane protein localized exclusively to the surface membrane,
3–5% of all AP-2 molecules present in synaptosomes were found
and PSD95, a postsynaptic scaffold protein, highly enriched in
in NCAM immunoprecipitates.
the synaptic plasma membrane fraction (Fig. 2C). To analyze
Analysis of the amino acid sequence of NCAM shows a potenwhether NCAM is present in synaptic vesicles, synaptic vesicles
tial AP-2 binding motif comprising a dileucine (LL) motif at
were first purified on a sucrose gradient and then further immuposition 741 of mouse NCAM140 and NCAM180 (at position
nopurified using antibodies against CSP, a protein associated
751 of rat NCAM140 and NCAM180; Fig. 3B). To confirm that
with synaptic vesicles via lipid anchors (Fig. 2D), to obtain highly
the LL motif is important for NCAM/AP-2 complex formation in
pure synaptic vesicles. NCAM140 but not NCAM180 was detectlive cells, nonmutated rat NCAM140 or mutated rat NCAM140
able in highly pure synaptic vesicles (Fig. 2D) in accordance with
with leucine 752 exchanged to alanine were transfected into CHO
previous reports (Takamori et al., 2006). The combined observacells and assayed for their ability to associate with AP-2 by coimtions thus show that at the subsynaptic level, NCAM is predommunoprecipitation. Western blot analysis of NCAM immunoinantly present in the synaptic plasma membrane, thus being well
precipitates showed that wild-type NCAM140 forms a complex
poised to regulate recruitment of AP-2, AP180, and clathrin to
with AP-2 (Fig. 3C). Disruption of the LL motif by the LA mutathis place.
tion strongly reduced the levels of AP-2 coimmunoprecipitating
with NCAM140 from transfected CHO cells to 21.1 ⫾ 7.1% (n ⫽
NCAM associates with AP-2 via a dileucine motif
4; p ⬍ 0.01, paired t test) of the levels of AP2 coimmunoprecipiOne possible explanation for the loss of clathrin/AP-2 from
tating with nonmutated NCAM140 set at 100% (Fig. 3C), indiNCAM⫺/⫺ synaptic plasma membranes might be a direct inter-
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cating that the LL motif indeed is required
for efficient formation of the NCAM/
AP-2 complex in live cells.

Figure 4. NCAM promotes binding of AP-2 versus AP-3 to synaptic plasma membranes. A, NCAM⫹/⫹ and NCAM⫺/⫺
synaptic plasma membranes were treated with alkali to strip peripheral proteins. The membranes were then incubated with
cytosol and recruitment of AP-2, clathrin, and AP-3 from the cytosol to the membranes was assessed by Western blot. Note that
alkali removed AP-2, clathrin, and AP-3 from the membranes, but not L1, which served as a loading control. Note more efficient
recruitment of AP-2 and clathrin to NCAM⫹/⫹ synaptic membranes and enhanced recruitment of AP-3 to NCAM⫺/⫺ synaptic
membranes. The graph shows the quantitation of blots. Mean levels ⫹ SEM of AP-2, clathrin, and AP-3, recruited to NCAM⫺/⫺
synaptic membranes, are shown. The signals were normalized to NCAM⫹/⫹ levels (dashed line) set to 100%. *p ⬍ 0.05, paired
t test (compared to NCAM⫹/⫹; n ⫽ 3). B, C, Recruitment of AP-2 and AP-3 to NCAM⫹/⫹ synaptic membranes as analyzed by
Western blot. When indicated, the cytosol was preincubated with BFA or competitors, either the nonmutated intracellular domain
of NCAM140 (140ID) or 140ID with the mutated membrane-proximal dileucine motif (LA140ID). Note that 140ID but not LA140ID
reduces recruitment of AP-2 to the membranes (B). AP-3 recruitment is enhanced from the cytosol preincubated with 140ID, while
AP-2 recruitment is enhanced from the cytosol preincubated with BFA (C). Note that these effects are blocked when the cytosol was
preincubated with 140ID and BFA (C). No recruitment of AP-1 is observed. Brain homogenate (BH) is included to show AP-1 bands
at the expected molecular weight (C). Graphs show quantitation of blots. Mean levels ⫹ SEM of AP-2 and AP-3, recruited to
synaptic membranes from cytosol in the presence of BFA or competitors, are shown. The signals were normalized to the signal
without BFA or competitors (dashed lines) set to 100%. *p ⬍ 0.05, paired t test (compared to the signal without BFA or competitors; n ⫽ 3). L1 (A, C) or syntaxin 1B (syn 1B; B) served as a loading control.

NCAM promotes recruitment of AP-2
to the synaptic plasma membrane
To verify that NCAM induces attachment
of AP-2 to the synaptic plasma membrane, we investigated the recruitment of
AP-2 and clathrin from the synaptosomal
cytosol of NCAM⫹/⫹ mice, which served
as a source of these proteins, to synaptic
membranes isolated from NCAM⫹/⫹
and NCAM⫺/⫺ mice. Before incubation
with cytosol, synaptic membranes were
exposed to high pH levels to strip peripheral proteins from the membranes (Fig.
4A; Haucke and De Camilli, 1999; Chernyshova et al., 2011). Western blot analysis of the synaptic membranes incubated
with cytosol showed that cytosolic AP-2
and clathrin bound to NCAM⫹/⫹ and
NCAM⫺/⫺ synaptic membranes (Fig.
4A). However, the efficiency of attachment of these proteins to NCAM⫺/⫺
membranes was approximately two to
three times lower than to NCAM⫹/⫹
membranes (Fig. 4A), suggesting that
NCAM regulates recruitment of AP-2 and
clathrin to synaptic membranes. Interestingly, recruitment of AP-3 from cytosol to
NCAM⫺/⫺ synaptic membranes was approximately three times higher than to
NCAM⫹/⫹ synaptic membranes (Fig.
4A), again suggesting that AP-3 substitutes for AP-2 in the absence of NCAM.
To analyze the role of the dileucine
(LL) motif in recruitment of AP-2 to synaptic membranes, we investigated attachment of AP-2 to NCAM⫹/⫹ synaptic
membranes from cytosol that was preincubated with nonmutated intracellular
domain of NCAM140 (LL140ID) or with
the intracellular domain of NCAM140 with
the mutated membrane-proximal dileucine
motif (LA140ID). Preincubation of cytosol
with LL140ID inhibited binding of AP-2 to
synaptic membranes (Fig. 4B,C), suggesting that recombinant 140ID competes with
endogenous NCAM for AP-2. In contrast,
LA140ID did not affect membrane association of AP-2 (Fig. 4B), indicating that the
dileucine motif is an important determinant
for NCAM-dependent recruitment of AP-2
to synaptic membranes.
Interestingly, when attachment of AP-2
to NCAM⫹/⫹ synaptic membranes was inhibited by pre-incubation with 140ID, recruitment of AP-3 was enhanced (Fig. 4C),
thus resembling in this aspect the
NCAM⫺/⫺ phenotype (Fig. 4A). These
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data suggest that AP-2 and AP-3 can substitute for each other, with NCAM favoring
binding of AP-2 to synaptic membranes
over that of AP-3. To investigate this idea
further, we analyzed recruitment of AP-2
and AP-3 to NCAM⫹/⫹ synaptic membranes from cytosol preincubated with BFA.
AP-3 is recruited to membranes by the small
G protein Arf1 (Ooi et al., 1998). Since BFA
blocks nucleotide exchange on Arf1, it inhibits the ability of Arf1 to interact with
membranes inducing the dispersion of Arfassociated AP complexes such as AP-3 to the
cytosol (Robineau et al., 2000). BFAinduced inhibition of AP-3 recruitment to
NCAM⫹/⫹ synaptic membranes was accompanied by increased attachment of
AP-2 (Fig. 4C), further suggesting that AP-2
and AP-3 can substitute for each other. The
effects of 140ID and BFA were negated with
respect to AP-2 recruitment when they were
coapplied together (Fig. 4C). AP-1 was not
recruited to synaptic membranes either in
the presence or absence of 140ID or BFA
(Fig. 4C).
NCAM deficiency impairs agedependent substitution of AP-3 with
AP-2 at synaptic membranes
BFA-sensitive synaptic vesicle recycling
has been suggested to represent an immature mode of synaptic vesicle recycling in
isolated motoneuron axons (Zakharenko
et al., 1999). To investigate whether AP-3
function diminishes with age also in CNS
synapses, levels of AP-3 were analyzed in
synaptosomes and synaptic membranes
Figure 5. NCAM promotes substitution of AP-3 by AP-2 in synaptic plasma membranes during postnatal development. A,
isolated from brains of postnatal day 7 Levels of AP-2, AP-3, and AP180 in NCAM⫹/⫹ and NCAM⫺/⫺ synaptic plasma membranes and synaptosomes from P7 or P60
(P7) and P60 NCAM⫹/⫹ mice. Western mice were analyzed by Western blot. Note that levels of AP-2 and AP180 increase, while levels of AP-3 decrease with age in synaptic
blot analysis showed that not only the to- plasma membranes from NCAM⫹/⫹ mice. Developmental substitution of AP-3 by AP-2 and AP180 is reduced in NCAM⫺/⫺
tal levels of AP-3 in synaptosomes, but synaptic plasma membranes. Graphs show quantitation of blots. Mean ratios ⫹ SEM of protein levels in synaptic plasma memalso the fraction of AP-3 attached to syn- branes to their levels in synaptosomes are shown. Values were normalized to the values for P60 NCAM⫹/⫹ mice set to 100%.
aptosomal plasma membranes [charac- *p ⬍ 0.05, paired t test (n ⫽ 3). Labeling for L1 (for synaptic membranes) or GAPDH (for synaptosomes) served as a loading
terized by the ratio IAP-3 ⫽ (levels of AP-3 control. B, NCAM immunoprecipitates (IP) from brain lysates of P1, P7, P14, P21, and P60 NCAM ⫹/⫹ mice were probed with
in synaptic plasma membranes)/(levels of antibodies against the extracellular domain of NCAM, AP-2, and AP-3 by Western blot. Brain homogenates (BH) from P60 mice
AP-3 in synaptosomes)] was strongly re- were applied for comparison. Mock IP with nonimmune rabbit Igs was performed for control. A broad band of NCAM immunoreactivity observed at 200 kDa in brains of P1–P7 mice represents polysialylated NCAM (PSA-NCAM). Note that levels of nonpolysiaduced in synaptosomes from P60 versus
lylated NCAM140 and efficiency of the coimmunoprecipitation of AP-2 with NCAM increase with age. AP-3 does not
P7 mice (Fig. 5A). In contrast, IAP-2 and coimmunoprecipitate with NCAM.
IAP180 were strongly increased in P60 versus P7 NCAM⫹/⫹ mice (Fig. 5A), sugto synaptic plasma membranes. In accordance with this idea, the
gesting that the mechanism of synaptic vesicle membrane
amount of AP-2, which coimmunoprecipitated with NCAM from
retrieval had switched from AP-3- to AP-2-dependent mechaNCAM⫹/⫹ brain lysates, increased strongly with age reaching its
nisms. The total levels of AP-3 and AP-2 in synaptosomes and
peak in P60 mice (Fig. 5B). This increase in complex formation
synaptic plasma membranes from P7 NCAM⫺/⫺ and
correlated with an increase in the levels of nonpolysialylated
P7 NCAM⫹/⫹ mice were similar (Fig. 5A). In contrast to
NCAM140 (Fig. 5B), which accumulates in synapses (Fig. 3A).
NCAM⫹/⫹ mice, NCAM⫺/⫺ mice displayed increased IAP-3
in P60 versus P7. While IAP-2 also slightly increased with age in
Levels of AP-2/AP180 containing synaptic vesicles are
NCAM⫺/⫺ mice, this increase was much lower than in
reduced in NCAMⴚ/ⴚ synapses
NCAM⫹/⫹ mice (Fig. 5A). Thus, our data suggest that NCAM
Reduced recruitment of AP-2, AP180, and clathrin to
deficiency impairs the developmental switch from AP-3- to
NCAM⫺/⫺ synaptic membranes may impair formation of synAP-2-dependent modes of synaptic vesicle recycling, perhaps
aptic vesicles via an AP-2-dependent pathway. In agreement, levby inhibiting NCAM- and age-dependent recruitment of AP-2
els of AP-2, AP180, and clathrin were reduced in synaptic
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aptic vesicles that were further purified from the synaptic vesicle
fraction by immunoisolation with antibodies against synaptophysin: AP-2 levels in these highly pure NCAM⫺/⫺ synaptic
vesicles were reduced to 18.9 ⫾ 2.7% (n ⫽ 6; p ⬍ 0.0001, paired
t test) of AP-2 levels in NCAM⫹/⫹ synaptic vesicles set at 100%
(Fig. 6B). AP-3 has been found on endosomes and implicated in
the formation of synaptic vesicles from endosomes (Salem et al.,
1998; Blumstein et al., 2001). In agreement, AP-3 was present in
the total pool of synaptophysin-positive organelles immunoisolated with antibodies against synaptophysin from the crude fraction of vesicular organelles (Fig. 6C), but not in highly purified
synaptic vesicles (Fig. 6B). The levels of AP-3 in synaptophysinpositive organelles from NCAM⫺/⫺ synaptosomes were strongly
increased to 496.6 ⫾ 123.7% (n ⫽ 4; p ⬍ 0.05, paired t test) of AP-3
levels in NCAM⫹/⫹ organelles set at 100%, while levels of AP-2 in
synaptophysin-positive organelles from NCAM⫺/⫺ synaptosomes
were reduced to 19.83 ⫾ 1.8% (n ⫽ 4; p ⬍ 0.001, paired t test) of
AP-2 levels in NCAM⫹/⫹ organelles set at 100% (Fig. 6C). These
observations further suggest that reduced targeting of AP-2, AP180,
and clathrin to synaptic membranes in NCAM⫺/⫺ synapses impairs AP-2/AP180-mediated formation of clathrin-coated synaptic
vesicles.

Figure 6. The amount of AP-2/AP180/clathrin-coated vesicles is reduced in NCAM⫺/⫺
versus NCAM⫹/⫹ mice. A, Synaptic vesicles purified in a sucrose gradient were probed by
Western blot with the antibodies against clathrin, AP-2, AP180, and synaptophysin (syn.). Note
lower levels of clathrin, AP-2, and AP180 and unchanged levels of synaptophysin in NCAM⫺/⫺
versus NCAM⫹/⫹ synaptic vesicles. The graph shows quantitation of the blots (mean ⫹ SEM;
n ⫽ 3) with the signal in NCAM⫹/⫹ mice set to 100%. *p ⬍ 0.05, paired t test. B, Synaptic
vesicles purified in a sucrose gradient were further purified by immunoprecipitation (IP) with
antibodies against synaptophysin and probed by Western blot for synaptophysin, AP-2, and
AP-3. Mock immunoprecipitation with nonimmune rabbit Igs was performed for control. Note
unchanged levels of synaptophysin and reduced levels of AP-2 in NCAM⫺/⫺ synaptic vesicles.
Synaptic vesicles are negative for AP-3. C, Synaptophysin positive organelles were immunoprecipitated with antibodies against synaptophysin from the crude synaptic vesicular organelle
(SVO) fraction and probed by Western blot for synaptophysin, AP-2, and AP-3. Note unchanged
levels of synaptophysin, reduced levels of AP-2, and increased levels of AP-3 in NCAM⫺/⫺
organelles. B, C, The crude synaptic vesicular organelle fraction was applied to the gel for
comparison.

vesicular organelles from NCAM⫺/⫺ synaptosomes as compared to NCAM⫹/⫹ synaptosomes (Fig. 1E). Since these organelles contain various membranous structures including
endosomes and synaptic vesicles, we further fractionated this
crude vesicle fraction from lysed NCAM⫹/⫹ and NCAM⫺/⫺
synaptosomes on a sucrose gradient to isolate synaptic vesicles
(Huttner et al., 1983; Thoidis et al., 1998; Leshchyns’ka et al.,
2006; Andreyeva et al., 2010). These purified NCAM⫹/⫹ and
NCAM⫺/⫺ synaptic vesicles contained similar levels of synaptophysin indicating that the number of synaptic vesicles was identical in synapses of both genotypes (Figs. 6A, 7B). However, the
levels of AP-2, AP180 and clathrin were decreased in NCAM⫺/⫺
synaptic vesicles (Fig. 6A). A similar result was observed for syn-

NCAM deficiency results in upregulation of AP-3-dependent
bulk retrieval from the presynaptic membrane
In contrast to AP-2, AP-3-mediated vesicle formation does not
require clathrin (Newman et al., 1995; Shi et al., 1998) and is
involved in the regeneration of synaptic vesicles from bulk endosomes (Cheung and Cousin, 2012). Organelles resulting from
bulk membrane retrieval can be selectively labeled with large ⬎40
kDa fluid-phase markers (Holt et al., 2003) that have limited
access to small synaptic vesicles budding from the surface membrane (Berthiaume et al., 1995; Araki et al., 1996). We have used
this feature to compare the activity-dependent bulk membrane
retrieval in NCAM⫹/⫹ and NCAM⫺/⫺ synaptic boutons by
analyzing the uptake of ⬃44 kDa HRP from the culture medium
to synaptic boutons.
Cultured hippocampal neurons were stimulated for 90 s with
47 mM K ⫹ in the presence of HRP, a protocol that results in the
massive exocytosis of the entire pool of recycling synaptic vesicles
followed by membrane retrieval via clathrin-mediated endocytosis and bulk endosomes (Leshchyns’ka et al., 2006; Cheung et al.,
2010; Cheung and Cousin, 2012). Neurons were then fixed and
subjected to analysis by electron microscopy, which showed that
HRP accumulated in vesicles close in size and shape to bona fide
synaptic vesicles and in larger endosome-like structures of irregular shapes (Fig. 7A). The numbers of HRP-containing synaptic
vesicles and endosomes were analyzed in sections of synaptic
boutons imaged randomly and in a blinded manner with respect
to genotype and treatment. This analysis showed that the mean
number of HRP-containing structures was strongly increased in
NCAM⫺/⫺ synaptic boutons compared to NCAM⫹/⫹ neurons
(Fig. 7 A, B), indicating that bulk membrane endocytosis is elevated in NCAM⫺/⫺ synapses.
Given the increased recruitment of AP-3 together with our
failure to detect AP-1 recruitment to synaptic membranes from
NCAM⫺/⫺ neurons (compare Fig. 4C), we hypothesized that
elevated bulk membrane endocytosis might be mediated by AP-3.
To investigate the role of AP-3 in HRP uptake, neurons were
preincubated with BFA for 2 h before analysis of HRP uptake in
response to 47 mM K ⫹. BFA strongly reduced HRP uptake into
NCAM⫺/⫺ synaptic boutons (Fig. 7 A, B), consistent with the
idea that AP-3 is involved in bulk membrane retrieval in
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NCAM⫺/⫺ synapses. However, this effect was incomplete, suggesting that
BFA-dependent AP-3-mediated bulk
membrane retrieval coexists with a BFAindependent pathway. Somewhat surprisingly, BFA did not inhibit, but rather
increased HRP uptake into NCAM⫹/⫹
synaptic boutons (Fig. 7 A, B). Accumulation of HRP in NCAM⫹/⫹ terminals following BFA application might be related
to the inhibition of organelle processing
within the synaptic bouton, a process that
likely depends on AP-3 (Fig. 7D) and possibly AP-1 [consistent with previous data
by Cheung and Cousin (2012)]. In agreement, HRP containing organelles were
larger in BFA treated NCAM⫹/⫹ synaptic
boutons compared to mock-treated controls. This phenotype presumably reflects
impaired budding of vesicles from synaptic
vesicle protein containing endosomes in the
presence of BFA (Fig. 7C). More importantly, this observation suggests that AP-2and AP-3-mediated pathways intersect in
NCAM⫹/⫹ synaptic boutons at the level of
endosomal intermediates (Fig. 7D).
The number of small synaptic vesicles
(diameter of ⱕ40 nm) per synapse section
area was on average slightly lower in BFA
treated compared to untreated control
NCAM⫹/⫹ neurons (Fig. 7 A, B). This
reduction could be due to reduced AP-3dependent reformation of synaptic vesicles
from endosomal organelles as suggested
previously (Voglmaier et al., 2006), and/or
overall reduced biogenesis of synaptic vesicles from the trans-Golgi network (Hannah
et al., 1999) over the time of drug application. Interestingly, the effect of BFA
on synaptic vesicle number was reduced
in NCAM⫺/⫺ synaptic boutons (Fig.
7A,B). This may reflect BFA-induced substitution of the AP-3-dependent pathway of
synaptic vesicle recycling by an AP-2/
AP180-dependent route as suggested by
our biochemical data (Figs. 4C, 8C) or the
presence of AP-2/AP180- and AP-3independent recycling pathways operating in NCAM⫺/⫺ synaptic boutons.

Figure 7. AP-3-mediated bulk membrane retrieval is enhanced in NCAM⫺/⫺ synaptic boutons. A, NCAM⫹/⫹ and NCAM⫺/⫺
cultured hippocampal neurons were allowed to take up HRP in the presence of 47 mM K ⫹ applied for 90 s. Where indicated, neurons were
pretreated with BFA for 1 h. Representative electron micrographs of synapses are shown. HRP-loaded vesicles are seen as dark core
structures.Scalebar,300nm.HRPuptakeisenhancedinNCAM⫺/⫺synapticboutonswhencomparedtoNCAM⫹/⫹synapticboutons.
The number of HRP positive organelles is increased in NCAM⫹/⫹ synaptic boutons and reduced in NCAM⫺/⫺ boutons after BFA
application.HighermagnificationoftheareaoutlinedinNCAM⫺/⫺synapse(right)showsthatHRPwastakenupbysynapticvesicle-like
structures(arrows)andlargerendosome-likestructures(arrowheads).B,GraphsshownumbersofSV-likestructureswiththecross-section
area ⬍2000 nm 2, endosome-like structures with the cross-section area ⬎2000 nm 2, and the total number of SVs including HRP-loaded
and nonlabeled SVs counted per synapse section area. C, Graphs show numbers of HRP-loaded vesicles of the indicated size normalized to
the total number of HRP-loaded vesicles per synaptic bouton section (top) and the total cross-section area of all SV-like structures or
endosome-likestructuresnormalizedtothetotalcross-sectionareaofallHRPloadedorganellespersynapticboutonsection(bottom).InB
andC,meanvalues⫹SEMareshown.*p⬍0.05,ttest(n⬎100synapseswereanalyzedfrom4 – 6coverslips).D,Aschemeshowingthe
hypotheticalroleofAP-2andAP-3inbulkmembraneretrievalinNCAM⫹/⫹andNCAM⫺/⫺synapticterminals.AP-3-dependentsteps
blocked by BFA are indicated.

NCAMⴚ/ⴚ synapses combine AP-2and AP-3-dependent pathways of
synaptic vesicle endocytosis
Next, we compared the overall efficiency
of synaptic vesicle endocytosis by using
the lipophilic dye FM1– 43, which labels
the total recycling pool of vesicles including those generated by bulk membrane retrieval; the latter is thought to
represent a minor fraction of the total recycling vesicle pool
(Teng and Wilkinson, 2000). A fixable analog of FM1– 43 was
used in these experiments, and the levels of FM1– 43 dye were
measured in synaptic boutons visualized with antibodies to

the synaptic vesicle marker SV2 after fixation. FM1– 43 uptake
in response to 90 s stimulation with 47 mM K ⫹ was reduced
by ⬃20% in synaptic boutons from NCAM⫺/⫺ neurons when
compared to NCAM⫹/⫹ neurons (Fig. 8A). This reduction
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neurons (Fig. 8B). Impaired uptake of
FM1– 43 in NCAM⫺/⫺ synaptic boutons was also not caused by reduced total
numbers of synaptic vesicles, which were
similar in NCAM⫹/⫹ and NCAM⫺/⫺
synapses (Fig. 7). Hence, we conclude that
synaptic vesicle endocytosis is impaired in
NCAM⫺/⫺ synaptic boutons.
When neurons were preincubated with
BFA for 2 h, the uptake of FM1– 43 into synaptic boutons from NCAM⫹/⫹ neurons in
response to 90 s stimulation with 47 mM K ⫹
slightly decreased (Fig. 8A), probably due to
a small reduction in the number of synaptic vesicles. In agreement, there was
no difference in FM1– 43 uptake between
untreated and BFA treated NCAM⫹/⫹
neurons when FM1– 43 levels were normalized to the levels of the synaptic vesicle
marker protein SV2 (Fig. 8A). In contrast
to the observations on NCAM⫺/⫺ NMJs,
treatment of NCAM⫺/⫺ hippocampal
neurons with BFA surprisingly increased
the level of FM1– 43 internalization into
synaptic boutons (Fig. 8A). This increase
could be due to slower processing of synaptic vesicles in BFA-treated NCAM⫺/⫺
synaptic terminals resulting in dye trapping.
In agreement with this possibility, FM143 release in response to 47 mM K ⫹ was
slower and incomplete in synaptic boutons from BFA treated versus untreated
NCAM⫺/⫺ neurons (Fig. 8B). BFA had no
effect on FM1–43 release in NCAM⫹/⫹ synaptic boutons (Fig. 8B).
Our biochemical data indicate that application of BFA results in the substitution
of AP-3 with AP-2 at the plasma membrane (Fig. 4C), causing a switch from
AP-3- to AP-2-dependent modes of synaptic vesicle recycling (Fig. 8C). Hence, it
is difficult to judge the role of AP-3 in synaptic vesicle endocytosis using data obFigure 8. AP-3-dependent synaptic vesicle endocytosis and intrasynaptic processing are upregulated in NCAM⫺/⫺ synaptic tained with BFA. To compare the role of
boutons. A, Presynaptic boutons of NCAM⫹/⫹ and NCAM⫺/⫺ cultured hippocampal neurons that were either not treated AP-3 in synaptic vesicle endocytosis in
(control) or treated as indicated with BFA and dynasore were loaded with the fixable analog of FM1– 43 applied in the presence of NCAM⫹/⫹ and NCAM⫺/⫺ neurons,
47 mM K ⫹ for 90 s. After washing, neurons were fixed and colabeled with antibodies against the presynaptic marker protein SV2 cells were treated for 2 h with dynasore, a
to visualize presynaptic boutons. Graphs show quantification (mean ⫹ SEM) of FM1– 43 fluorescence levels in SV2 accumulations small molecule inhibitor of the large GT(top) or the ratio of FM1– 43 fluorescence levels to SV2 immunofluorescence levels (bottom). Values were normalized to the levels Pase dynamin. Such treatment blocks
in control NCAM⫹/⫹ neurons set to 100%. Compared to NCAM⫹/⫹ neurons, FM1– 43 uptake in NCAM⫺/⫺ presynaptic clathrin/AP-2- and dynamin-dependent
boutons is reduced and increased in response to BFA. Note that BFA and dynasore have an additive effect on FM1– 43 uptake in
synaptic vesicle endocytosis (Newton et
NCAM⫺/⫺ but not NCAM⫹/⫹ presynaptic boutons. *p ⬍ 0.05 (t test compared to control neurons of the same genotype);
al., 2006), while leaving AP-3-dependent
§
p ⬍ 0.05 (t test compared as indicated); n ⬎ 20 images of neurons with N ⬎ 200 synapses per image were analyzed. B, Graphs
show quantification (mean ⫹ SEM) of FM1– 43 release from presynaptic boutons of NCAM⫹/⫹ and NCAM⫺/⫺ cultured routes unperturbed. Dynasore inhibited
hippocampal neurons in response to 47 mM K ⫹. Values [I(t)] were normalized to FM1– 43 levels before stimulation [I(0)]. Where FM1– 43 uptake into NCAM⫹/⫹ synapindicated, neurons were preincubated with BFA. BFA inhibits FM1– 43 release from the presynaptic boutons of NCAM⫺/⫺ tic boutons by ⬃80% (Fig. 8A), in agreeneurons. C, A diagram showing the roles of AP-2 and AP-3 adaptor proteins in synaptic vesicle endocytosis and intrasynaptic ment with previous reports (Newton et
processing in NCAM⫹/⫹ and NCAM⫺/⫺ synaptic terminals. AP-3- and AP-2-dependent steps blocked by BFA and dynasore, al., 2006). In contrast, in NCAM⫺/⫺
respectively, are indicated.
neurons dynasore inhibited FM1– 43
uptake by only ⬃50% (Fig. 8A), consiswas not due to reduced exocytosis of synaptic vesicles, since
tent with the upregulation of dynamin-independent AP-3the release of FM1– 43 from synaptic boutons in response to 47
dependent routes of synaptic vesicle endocytosis in NCAM⫺/⫺
mM K ⫹, indicative of synaptic vesicle exocytosis, was similar
neurons. In agreement with this interpretation, coapplication of
in NCAM⫺/⫺ synaptic boutons compared to NCAM⫹/⫹
dynasore with BFA inhibited FM1– 43 uptake in NCAM⫺/⫺
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synaptic boutons to a level similar to that
seen in BFA plus dynasore-treated
NCAM⫹/⫹ neurons.
Together, our data indicate that in
contrast to NCAM⫹/⫹ synapses that predominantly use an AP-2/AP180/dynamindependent pathway for synaptic vesicle
endocytosis, NCAM⫺/⫺ synapses combine
AP-2- and AP-3-dependent routes for synaptic vesicle reformation.
NCAM deficiency results in impaired
synaptic vesicle endocytosis in
hippocampal neurons
To analyze synaptic vesicle endocytosis
with higher temporal resolution, we visualized synaptic vesicle recycling in live
NCAM⫹/⫹ and NCAM⫺/⫺ cultured
hippocampal neurons by transfecting
them with a pH-sensitive form of green
fluorescent protein (GFP) fused to the
lumenal domain of synaptobrevin 2,
also called VAMP2 (VAMP2-pHluorin).
This provides a sensitive optical probe
to follow exocytosis and endocytosis of
synaptic vesicles in real time (Miesenbock et al., 1998). Stimulation with 47
mM K ⫹ for 90 s resulted in an increase in
VAMP2-pHluorin fluorescence at synaptic boutons due to synaptic vesicle exocytosis and exposure of the lumenal
pHluorin tag to the neutral extracellular
space (Fig. 9A). Following stimulation,
the buffer was exchanged to low (4 mM)
K ⫹ containing buffer resulting in a reduction in VAMP2-pHluorin fluorescence intensity due to endocytosis and
vesicle reacidification (Fig. 9B). As seen
in Figure 9, B and E, the efficiency of
VAMP2-pHluorin endocytosis characterized
by the difference between pHluorin fluorescence levels reached during stimulation and
after recovery (Ir) was significantly reduced in
NCAM⫺/⫺ neurons when compared to Figure 9. Endocytosis of VAMP2-pHluorin is reduced in NCAM⫺/⫺ synaptic boutons. A, NCAM⫹/⫹ neurons were cotransfected with cherry and VAMP2-pHluorin. Neurons were stimulated with 1 ms bipolar current pulses at 10 Hz to yield fields of 10
NCAM⫹/⫹ littermate neurons. The speed of
V/cm. Gray scale images show pHluorin fluorescence in neurons before (0 s), during (45 s), and after (420 s) stimulation. Note an
VAMP2-pHluorin endocytosis characterized
increase in pHluorin fluorescence intensity in synaptic boutons in response stimulation (arrows). B, VAMP2-pHluorin endocytosis
by t1/2 tended to be slower in NCAM⫺/⫺ ver- monitored in synaptic boutons of NCAM⫹/⫹ and NCAM⫺/⫺ cultured hippocampal neurons cotransfected (tr.) with an empty
sus NCAM⫹/⫹ neurons (not statistically pcDNA3 vector, or NCAM⫹/⫹ neurons cotransfected with NCAM140LA in the pcDNA3 vector. Neurons were stimulated with 47
significant).
mM K ⫹ and allowed to recover in 4 mM K ⫹. C, Synaptic vesicles purified from NCAM⫹/⫹ and NCAM⫺/⫺ brains were probed by
Quenching of pHluorin fluorescence de- Western blot with antibodies against the largest subunit (116 kDa) of proton ATPase. Note that the levels of proton ATPase are not
pends on the rate of synaptic vesicle endocy- changed in NCAM⫺/⫺ versus NCAM ⫹/⫹ synaptic vesicles. D, VAMP2-pHluorin endocytosis monitored in synaptic boutons of
tosis and acidification of the synaptic vesicle cultured NCAM⫹/⫹ and NCAM⫺/⫺ hippocampal neurons cotransfected with control or AP-3 siRNA or NCAM140. Neurons were
lumen. The levels of the largest (116 kDa) stimulated with 1 ms bipolar current pulses at 10 Hz to yield fields of 10 V/cm. In B and D, fluorescence intensity levels before
subunit of the proton ATPase, which is es- stimulation were set to 0, and signals during the recovery time were normalized to the peak intensity reached during stimulation.
sential for proton pump activity and synap- Mean values ⫾ SEM are shown (n ⫽ 14 –25 synapses from 8 –10 coverslips were recorded in each group). E, Mean ⫾ SEM. values
tic vesicle acidification, were similar in for pHluorin fluorescence recovery efficiency (Ir ⫽ (1 ⫺ Iend) * 100%) and for time constants (t1/2) are shown.*p ⬍ 0.05, one-way
synaptic vesicles isolated from NCAM⫹/⫹ ANOVA with Dunnett’s multiple comparison post-test.
and NCAM⫺/⫺ mice (Fig. 9C). This observation renders it unlikely that reduced
To analyze whether VAMP2 retrieval is also sensitive to the
quenching of VAMP2-pHluorin fluorescence in NCAM⫺/⫺ synapdisruption of the NCAM/AP-2 complex in wild-type neurons, we
tic boutons is due to reduced levels of the vATPase. Hence, the defect
also analyzed VAMP2 retrieval after 90 s stimulation with 47 mM
in VAMP2-pHluorin quenching most likely results from its imK ⫹ in NCAM⫹/⫹ neurons transfected with NCAM140LA. Since
paired endocytosis in NCAM⫺/⫺ synaptic boutons.
the NCAM140LA mutant contains a wild-type extracellular do-
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main, it is able to compete with endogenous wild-type NCAM for
homophilic and heterophilic interactions in the synaptic membrane, which target NCAM to synapses (Leshchyns’ka et al.,
2011), and may thus function as a dominant-negative construct
by substituting endogenous NCAM at synapses. In agreement,
NCAM140LA was detectable in synaptic boutons of transfected
neurons by immunofluorescence labeling (data not shown). Endocytosis of VAMP2-pHluorin was strongly inhibited in
NCAM140LA expressing NCAM⫹/⫹ neurons (Fig. 9B).
To analyze whether NCAM deficiency also affects synaptic
vesicle endocytosis after a milder stimulation protocol, VAMP2
retrieval was analyzed after subjecting neurons to stimulation
with 900 action potentials applied at 10 Hz, a protocol that does
not activate bulk endocytosis. Also with this stimulation protocol, VAMP2-pHluorin endocytosis was reduced in NCAM⫺/⫺
neurons versus NCAM⫹/⫹ neurons (Fig. 9 D, E).
Since removal of AP-3 from the plasma membrane promotes
recruitment of AP-2 (Fig. 4C), we also compared VAMP2 retrieval after 10 Hz stimulation in NCAM⫹/⫹ and NCAM⫺/⫺
neurons transfected with AP-3 siRNA. The difference between
genotypes was eliminated in neurons transfected with AP-3
siRNA (Fig. 9 D, E). This effect might be due to reactivation of the
AP-2 pathway after inactivation of AP-3 in NCAM⫺/⫺ neurons
or could reflect other AP-independent mechanisms of bulk
membrane retrieval.
A crucial role for NCAM140 in regulating VAMP2 endocytosis was further confirmed by the observation that overexpression
of wild-type NCAM140 in NCAM⫺/⫺ neurons increased
VAMP2-pHluorin endocytosis (Fig. 9 D, E). These data thus indicate that NCAM140 regulates endocytic retrieval of VAMP2
from the neuronal surface, presumably by facilitating recruitment of AP-2/AP180 to the presynaptic plasma membrane (compare with Fig. 1).

Discussion
An inherent feature of neurons is their ability to locally recycle the
membranes of neurotransmitter containing vesicles, thus enabling uninterrupted neurotransmitter release. While exocytosis
and endocytosis of synaptic vesicle precursors in immature neurons occurs at random sites along axons, following formation of
axodendritic contacts synaptic vesicle precursors accumulate at
these nascent synapses switching to a spatially restricted and
highly regulated release of neurotransmitters, a process called
“maturation” of the presynaptic vesicle release machinery
(Zakharenko et al., 1999; Hata et al., 2007). In the present study
we have identified NCAM as an important player in this process:
it induces formation of the mature AP-2-dependent synaptic vesicle endocytotic machinery at nascent synapses.
NCAM accumulates in nascent synapses several minutes following an initial axodendritic contact (Sytnyk et al., 2002; Sytnyk
et al., 2004), thus being well poised for its role in regulating synaptic transmission. Our data suggest that NCAM140 at the presynaptic membrane then recruits AP-2 and indirectly AP180
from the cytosol, thereby stabilizing these adaptors at the endocytic periactive zone. The physiological significance of this process is underscored by our observation of impaired endocytic
retrieval of VAMP2, a process known to depend on AP-2/AP180
(Koo et al., 2011), in NCAM⫺/⫺ neurons. We do not exclude,
however, that deficiency in NCAM may also be associated with
general changes in lipids/lipid dynamics in synapses, which may
add to the abnormalities in synaptic vesicle recycling. The importance of the interaction between NCAM and AP-2 in endocytic
retrieval of VAMP2 is supported by our data showing that
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VAMP2 endocytosis is reduced in NCAM⫹/⫹ neurons overexpressing NCAM140 with a mutated binding site for AP-2
(NCAM140LA). Since NCAM140LA contains the nonmutated
extracellular domain, which mediates adhesion, these data indicate that disruption of the interaction between NCAM140 and
AP-2 without disruption of NCAM-dependent adhesion is sufficient to interfere with VAMP2 endocytosis.
The physiological function of NCAM detectable in synaptic
vesicles (Fig. 2; Takamori et al., 2006; Morciano et al., 2009)
remains to be identified. However, low levels of NCAM in synaptic vesicles support the idea that the NCAM/AP-2 complex is
disassembled before synaptic vesicle endocytosis. Dissociation of
the AP-2/clathrin complex from NCAM may be required to detach a nascent endocytic protein complex from the NCAMassociated spectrin cytoskeleton to allow efficient endocytosis,
which is otherwise inhibited by the spectrin meshwork (Sato et
al., 1995; Puchkov et al., 2011). Such a mechanism would also
prevent missorting of NCAM, which instead is retained at the cell
surface to promote further rounds of AP-2/AP180 recruitment at
the plasma membrane. Following dissociation from NCAM,
AP-2 might bind to synaptic vesicle proteins, such as synaptotagmin (Haucke and De Camilli, 1999), which transiently accumulates at the cell surface after synaptic vesicle exocytosis.
We show that AP-3 partially substitutes for AP-2 in
NCAM⫺/⫺ synapses. Not only the attachment of AP-3 to the
membranes is increased in NCAM⫺/⫺ synapses, as shown by the
in vitro recruitment assay, but also the overall expression levels of
AP3 are increased in NCAM⫺/⫺ brains. This may explain the
fact that the approximately twofold decline in AP2 levels in
NCAM⫺/⫺ synaptic membranes is accompanied by an approximately sixfold increase in levels of AP3. Clathrin-independent
bulk endocytosis of synaptic vesicles has been observed following
clathrin inactivation in Drosophila (Heerssen et al., 2008). Our
data also suggest that AP-3 associates with synaptic membranes
and mediates vesicle formation perhaps not only from endosomes (Faúndez et al., 1998), but also from the synaptic surface
membrane, as proposed previously (Voglmaier et al., 2006). In
addition to cargo-specific sorting of synaptic vesicle proteins,
AP-3 promotes bulk membrane retrieval in NCAM⫺/⫺ synapses, thereby compensating for AP-2 deficiency. Levels of AP-1,
an adaptor protein implicated in endosomal synaptic vesicle
recycling (Glyvuk et al., 2010), are also increased in NCAM⫺/⫺
synaptosomes and synaptic vesicles, suggesting increased synaptic vesicle recycling via endosomal intermediates.
Our data showing that AP-3 is also present at high levels in
NCAM⫹/⫹ synapses at early stages of neuronal development
confirm that AP-3 is a component of the immature synaptic vesicle endocytotic machinery. AP-3 is recruited to synaptic membranes independently of NCAM. This could be an important
feature in immature axons that assures endocytosis of synaptic
vesicle precursor membranes being exocytosed at random sites
along axons in the absence of contacts accumulating NCAM.
AP-3 mediated endocytosis is, however, less efficient, as underscored by our observations in NCAM⫺/⫺ neurons and suggested
previously (Voglmaier et al., 2006).
We show that with progression of brain development the immature AP-3-dependent synaptic vesicle recycling pathway is
substituted by an AP-2-dependent mechanism. While the exact
mechanisms underlying this switch remain to be determined, our
data suggest that NCAM is one of the molecules which can induce
it. In agreement, the amount of AP-2 in association with NCAM
also increases with age, reflecting the increase in the ratio of mature to immature synapses. We speculate that in the absence of
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NCAM the affinity of AP-3 to the presynaptic membrane phospholipids may be higher than that of AP-2 resulting in a predominantly AP-3-dependent mode of synaptic vesicle recycling. It is
also possible that other yet unknown factors contribute to the
enhanced attachment of AP-3 to NCAM⫺/⫺ synaptic membranes. Binding to NCAM increases the affinity of AP-2 to the
presynaptic membrane over that of AP-3 resulting in a switch
from AP-3- to AP-2-dependent retrieval pathways. Interestingly,
this is a reversible process, since inhibition of AP-2 binding to
NCAM even in mature synaptic membranes results in a switchback to the AP-3-dependent pathway. This feature may be important for remodeling of synapses in the mature brain: synaptic
vesicle clusters released from eliminated synapses or splitting
from the total synaptic vesicle pool in the presynaptic boutons,
the so-called “orphans” traveling and recycling along axons in the
absence of a postsynaptic counterpart (Krueger et al., 2003),
could then switch to the AP-3-dependent pathway upon detachment from the synaptic boutons and relocation to adjacent axonal segments with lower levels of NCAM.
Our experiments are in agreement with previous observations
made in experiments with NMJs, which showed the coexistence
of both immature and mature modes of synaptic vesicle recycling
mechanisms in NCAM⫺/⫺ NMJs (Polo-Parada et al., 2001,
2004; Hata et al., 2007). Interestingly, some of our data are in
contrast to the observations in NMJs possibly reflecting differences in the overall organization of these two synapses. In particular, while BFA application to hippocampal synapses resulted in
an increase in the uptake of FM1– 43 into NCAM⫺/⫺ synaptic
boutons (Fig. 8A), BFA inhibited FM1– 43 uptake in NCAM ⫺/⫺
NMJs to ⬃30% of that in the absence of BFA (Polo-Parada et al.,
2001). A possible explanation for this difference is that the stoichiometry of AP-2 and AP-3 is different in the two types of synapses. The ratio of AP-2 to AP-3 levels in NMJs was 5.7 ⫾ 2.5-fold
(n ⫽ 4) lower than that in synaptosomes in wild-type animals
(Fig. 10A). Similarly to brain synaptosomes, NCAM⫺/⫺ NMJs
contained higher levels of AP-3 and lower levels of AP-2 when
compared to NCAM⫹/⫹ NMJs (Fig. 10B), an effect that resulted
in a further reduction of AP-2 to AP-3 ratio in NCAM⫺/⫺ NMJs.
Hence, it is plausible that lower levels of AP-2 relative to AP-3 in
NCAM⫺/⫺ NMJs are insufficient to fully substitute for AP-3 in
the presence of BFA. However, we cannot exclude that other
factors and differences in the stimulation protocols used in the
FM1– 43 uptake experiments may account for the observed discrepancies. Regardless of these differences, the fact that inactivation of
AP-3 via application of BFA eliminated neurotransmission failures
in NCAM⫺/⫺ NMJs (Polo-Parada et al., 2001), while knock-down
of AP-3 with siRNA also improved the efficiency of synaptic vesicle
endocytosis in NCAM⫺/⫺ hippocampal synapses (Figs. 8A, 9D),
indicates that the immature AP-3-dependent mechanism contributes to the defects observed both in NMJs and CNS synapses.
Constitutive deficiency of the three major NCAM isoforms in
mice results in abnormal emotional behavior and impaired learning
4

Figure 10. Stoichiometry of AP-2 and AP-3 in CNS synapses differs from the stoichiometry of
these adaptor proteins in neuromuscular junctions. A, NCAM⫹/⫹ synaptosomes (syn.; 5 g
total protein) and neuromuscular junctions (20 g total protein) were probed by Western blot

with the indicated antibodies. Note that both preparations are positive for synaptic markers
VAChT, SNAP25, and VAMP, which are present at various levels in both preparations. Note also
that the levels of AP-2 relative to AP-3 are higher in synaptosomes when compared to NMJs. B,
NCAM⫹/⫹ synaptosomes (20 g total protein) or NCAM⫹/⫹ and NCAM⫺/⫺ neuromuscular junctions (20 g total protein) were probed by Western blot with the antibodies against
AP-2 and AP-3. GAPDH served as a loading control. Note that levels of AP-2 are decreased, while
levels of AP-3 are increased in NCAM⫺/⫺ NMJs compared to NCAM⫹/⫹ NMJs. The graph
shows levels of AP-2 and AP-3 (mean ⫹ SEM) in NCAM⫺/⫺ NMJs. Values were normalized to
NCAM⫹/⫹ levels (dashed line). *p ⬍ 0.05, paired t test (compared to NCAM⫹/⫹; n ⫽ 3).
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and memory (Cremer et al., 1994; Stork et al., 1997; Pillai-Nair et al.,
2005). Mutations, abnormal processing or posttranslational modifications of NCAM lead to a number of stress-related psychiatric
disorders in humans, such as mood disorders and schizophrenia
(Poltorak et al., 1996; Vawter et al., 2000; Arai et al., 2004; Sandi and
Bisaz, 2007; Sullivan et al., 2007; Tanaka et al., 2007). Abnormalities
in neuronal network functioning have been considered as important
contributors to the development of these diseases (Sandi and Bisaz,
2007). Our present findings provide insights into the molecular
mechanisms that may underlie these abnormalities: inefficient endocytosis of synaptic vesicles especially under conditions of high
activity accompanied by strong synapse activation and massive exocytosis of synaptic vesicles, similar to what is observed in response to
high K ⫹ and electric field stimulation used in our study, may lead to
inefficient recovery of synaptic vesicles and disturbances in synapse
function eventually resulting in psychiatric symptoms. While further work is required to provide additional support for this idea, our
data establish NCAM as an important player in the organization of
the presynaptic machinery in CNS synapses.
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