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The trafficking of AMPA-type glutamate receptors to and from synapses is an important mechanism underlying synaptic plasticity, a
cellular model of learning and memory. PICK1 (protein interacts with C-kinase 1) is a peripheral membrane protein that interacts with
AMPA receptors and regulates their trafficking. PICK1 contains a PDZ (PSD-95/Dlg/ZO1) domain and a BAR (Bin/amphiphysin/Rvs)
domain. The PDZ domain of PICK1 interacts with the intracellular C-terminal tails of AMPA receptors, while the BAR domain binds to
lipid membranes. Both the AMPA receptor interaction and the lipid binding of PICK1 are important to AMPA receptor trafficking and
synaptic plasticity. Here, we identified ICA69 (islet cell autoantigen 69 kDa), another BAR-domain-containing protein, as the major
binding partner of PICK1. Over three-fourths of ICA69 and PICK1 associate with each other in the brain. The BAR domain of ICA69 also
binds to liposomes and forms heteromeric BAR domain complexes with PICK1. ICA69 coexpresses with PICK1 in different tissues and at
various developmental stages. In neurons, although ICA69 colocalizes well with PICK1 in cell bodies and dendrites, it is surprisingly
absent from synapses, where PICK1 is enriched. Furthermore, overexpression of ICA69 redistributes PICK1 from synapses to dendrites.
ICA69 also disrupts the PICK1-induced clustering of AMPA receptors and reduces synaptic targeting and surface expression of the
receptors. ICA69 regulates AMPA receptor trafficking by forming heteromeric BAR domain complexes with PICK1 and preventing
formation of PICK1 homomeric complexes. Together, our results suggest that the switch from ICA69 –PICK1 heteromeric complexes to
PICK1–PICK1 homomeric complexes could be an important mechanism regulating synaptic targeting and surface expression of AMPA
receptors.
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Introduction
The AMPA-type glutamate receptors mediate the majority of fast
excitatory synaptic transmissions in the CNS. Trafficking of
AMPA receptors to and from synapses is a key molecular event
underlying synaptic plasticity such as long-term potentiation and
long-term depression (LTD) (Malinow and Malenka, 2002; Col-
lingridge et al., 2004). The trafficking of AMPA receptors is reg-
ulated by a number of associated proteins (Barry and Ziff, 2002;
Song and Huganir, 2002; Bredt and Nicoll, 2003; Henley, 2003).
PICK1 (protein interacts with C-kinase 1) is a protein that di-
rectly interacts with AMPA receptors and regulates their traffick-
ing. PICK1 contains a PDZ (PSD-95/Dlg/ZO1) domain and a
BAR (Bin/amphiphysin/Rvs) domain, and its PDZ domain inter-
acts with the C termini of AMPA receptors (Xu and Xia, 2007).

Multiple lines of evidence indicate that PICK1 is a key regula-

tor of AMPA receptor trafficking and synaptic plasticity. PICK1
has been found to induce clustering of GluR2, a subunit of AMPA
receptors, and increase the number of AMPA receptors at syn-
apses (Dev et al., 1999; Xia et al., 1999; Terashima et al., 2004; Jin
et al., 2006). PICK1 also regulates surface expression of AMPA
receptors in a protein kinase-dependent manner (Matsuda et al.,
1999; Chung et al., 2000; Perez et al., 2001; Terashima et al.,
2004). Disrupting the interaction between PICK1 and AMPA
receptors inhibits LTD in both the cerebellum and hippocampus
(Matsuda et al., 2000; Xia et al., 2000; Kim et al., 2001). In PICK1
knock-out mice, LTD in cerebellar Purkinje neurons is com-
pletely abolished (Steinberg et al., 2006). In addition, PICK1
knock-out mice have deficiencies in calcium-permeable AMPA
receptor-mediated plasticity, a process that also requires the in-
teraction of PICK1 with GluR2 (Gardner et al., 2005; Liu and
Cull-Candy, 2005).

BAR domains are banana-shaped dimers that bind to lipid
membranes and initiate vesicle formation by sensing membrane
curvature or actively bending membranes (Peter et al., 2004;
Dawson et al., 2006; Ren et al., 2006). The BAR domain of PICK1
was recently demonstrated to bind to lipids (Jin et al., 2006).
Lipid binding is required for PICK1’s synaptic targeting and
PICK1-mediated AMPA receptor trafficking. Lipid-binding-
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deficient PICK1 loses its ability to cluster GluR2 and no longer
targets AMPA receptors to synapses. Moreover, lipid-binding-
deficient PICK1 is unable to regulate the surface expression of
AMPA receptors and impairs expression of LTD (Jin et al., 2006).
Whereas wild-type PICK1 rescued the cerebellar LTD deficiency
in PICK1 knock-out mice, lipid-binding-deficient PICK1 was
unable to do so (Steinberg et al., 2006). These results suggest that
with its BAR domain binding to membranes, PICK1 may tether
AMPA receptors as cargos to membrane microdomains that are
designated to form trafficking vesicles.

To gain more insight into the molecular machinery that is
responsible for PICK1-mediated receptor trafficking, we per-
formed coimmunoprecipitation coupled with mass spectrometry
analysis to identify PICK1-associated proteins. Here, we report
that ICA69 (Islet Cell Autoantigen 69 kDa), another BAR
domain-containing protein, forms tight heteromeric BAR do-
main complexes with PICK1 and regulates AMPA receptor
trafficking.

Materials and Methods
cDNA cloning and fusion protein purification
Rat ICA69 cDNA was obtained from cDNA library using a combination
of library screening and PCR amplification and was verified by sequenc-
ing. ICA-BAR (amino acids 1–276) and ICAC (amino acids 257– 480)
fragments were generated by PCR from full-length rat ICA69 cDNA.
ICA69 full-length, ICA-BAR, and ICAC cDNAs were then subcloned in
frames into myc-pRK5, pEGFP-C3, pPC86, and pET-MBP vectors by
SalI/NotI. All PICK1 and GluR2 constructs used here were described
previously (Jin et al., 2006). To produce fusion proteins, cDNA con-
structs were transformed into Escherichia coli BL21 cells and induced
with isopropyl-�-D-thiogalactopyranoside. Maltose-binding protein
(MBP) fusion protein was affinity purified by amylose resin (New En-
gland Biolabs, Beverly, MA), according to the instructions of the manu-
facturer. Fusion protein concentrations were determined by Coomassie
assays (Pierce, Rockford, IL).

Antibodies
Anti-ICA69 rabbit polyclonal antibodies used in immunostaining and
coimmunoprecipitation were generated against two antigens: a peptide
corresponding to residues 468 – 480 (IGKTDKEHELLNA) of rat ICA69
and a His-tagged fusion protein of rat ICA69 (amino acids 215– 480).
Antibody specificity was tested by preblocking with antigens. Anti-
PICK1 guinea pig polyclonal antibody used in immunostaining was gen-
erated against the C-terminal 100 aa of mouse PICK1 (PC100). Anti-
PICK1 rabbit polyclonal antibodies used in coimmunoprecipitation
were generated against the N-terminal 29 aa (PN29) or C-terminal 100 aa
(PC100) of mouse PICK1. Anti-GluR2/3 rabbit polyclonal antibody was
raised using C-terminal 20 aa of GluR2 as antigen. Anti-green fluorescent
protein (GFP) rabbit polyclonal antibody was generated using GFP fu-
sion protein as the antigen. Anti-hemagglutinin (HA) mouse monoclo-
nal antibody was purchased from Sigma (St. Louis, MO). Anti-myc
mouse monoclonal antibody was purchased from Developmental Stud-
ies Hybridoma Bank (Iowa City, IA) (9E10). Horseradish peroxidase
(HRP)-labeled secondary antibody was purchased from GE Healthcare
(Piscataway, NJ). HRP-labeled protein A was purchased from Bio-Rad
(Hercules, CA). Secondary antibodies labeled with Alexa Fluor-488 or
647 were purchased from Invitrogen (Carlsbad, CA). Secondary antibod-
ies labeled with rhodamine red X were from Jackson ImmunoResearch
(West Grove, PA).

Purification and identification of PICK1-binding proteins
Mouse brains were homogenized in 10 mM Tris-HCl buffer with 320 mM

glucose, pH 7.4, and solubilized in TBS buffer with 2% Triton X-100 for
2 h. The brain samples were then subjected to high-speed centrifugation
at 12,000 rpm for 20 min, and the supernatants were incubated with
purified rabbit PICK1 N29 antibody for at least 4 h at 4°C. For peptide-
block control, antibodies were preincubated with PICK1 N29 peptide for
2 h before combining with brain samples. Protein A beads were added

into the samples and incubated for �2 h to pull down the protein com-
plex. The bound proteins were resolved by SDS-PAGE and stained with
GelCode blue (#24590; Pierce). The band around 70 kDa from non-
blocked sample was cut out and subjected for mass spectrometry
analysis.

Yeast two-hybrid assay
For the interacting domain mapping, PICK1 full length (amino acids
1– 416), PICK1-PDZ (amino acids 1–146), PICK1-BAR (amino acids
147–358), and PICK1-C (amino acids 358 – 416) were subcloned in
frame into pDBLeu vector, which contains the GAL4 DNA-binding do-
main. ICA69 full length (amino acids 1– 480), ICA-BAR (amino acids
1–276), and ICAC (amino acids 257– 480) were subcloned into pPC86
vector, which contains the GAL4 activation domain (Xia et al., 1999).
Two constructs from different groups were cotransformed into HF7c
yeast cells in pairs and grown on double-minus plates lacking leucine and
tryptophan. The positive colonies were then patched onto triple-minus
plates that lacking leucine, tryptophan, and histidine. Positive clones
were scored by both growth and blue assays.

Coimmunoprecipitation
In vitro coimmunoprecipitation. To test PICK1–ICA69 interaction, HEK
293T cells were cotransfected with GFP-PICK1 and myc-ICA69 (or GFP-
ICA69 and myc-PICK1) 3 d before coimmunoprecipitation. Anti-GFP
sera (1 �l) were preincubated with 40 �l of protein A beads (GE Health-
care) for 1 h at 4°C. At the same time, transfected 293T cell lysates (1 ml
of each) were extracted by 1% Triton X-100 in PBS following top-speed
centrifugation for 20 min at 4°C. Antibody/protein A beads complexes
were then incubated with cell lysates for at least 2 h at 4°C. The beads were
washed once with cold PBS plus 1% Triton X-100, twice with cold PBS
plus 1% Triton X-100 plus 500 mM NaCl, and three times with cold PBS.
After washing, beads were eluted with 1� SDS sample buffer and ana-
lyzed by SDS-PAGE and immunoblotted with anti-myc or anti-GFP
antibody. To test ICA69 –GluR2 interaction, the effect of ICA69 on
PICK1–GluR2 interaction, or PICK1 self-association, DNA constructs in
different combinations (myc-ICA69 and GluR2; myc-ICA69, GFP-
PICK1, and GluR2; myc-ICA69, myc-PICK1, and GFP-PICK1) were co-
transfected into 293T cells, respectively, and coimmunoprecipitation was
performed to pull down overexpressed PICK1 or ICA69 proteins as men-
tioned earlier.

In vivo coimmunoprecipitation. Approximately 500 �g of rat brain
homogenates were solubilized by 1% Triton X-100 plus protease inhib-
itor mixture for 30 min at 4°C and spun down at maximum speed for 20
min at 4°C. The supernatant was used for immunoprecipitation (IP).
Approximately 10 �g of affinity-purified PICK1 antibody was preincu-
bated with 40 �l of 1:1 slurry of protein A Sepharose for 1–2 h at 4°C. The
antibody–protein A beads complexes were spun down at 2000 rpm for 2
min at 4°C. The clarified supernatant of brain homogenates was then
added into the beads, and the mixtures were incubated for 2–3 h at 4°C.
The mixtures were washed once with 1% Triton X-100 in cold TBS, twice
with 1% Triton X-100 in cold TBS plus 500 mM NaCl, and three times
with cold TBS. The immunoprecipitates were resolved by SDS-PAGE
and analyzed by Western blotting. HRP-coupled protein A, which elim-
inates the IgG background in IP samples, was used to detect PICK1. For
consecutive co-IP, both anti-PICK1 and anti-ICA69 sera were coupled
with protein A beads. The supernatant after each IP was collected and
reincubated with newly prepared antibody-coupled protein A beads for
2–3 h. This process was repeated two to three times to completely pull
down all of PICK1 or ICA69 proteins from brain homogenates. IP and
co-IP efficiencies were determined by densitometry analysis, and the
ratio was calculated as AIP (supernatant after IP)/INPUT (supernatant
before IP).

Tissue blotting and developmental profile
For tissue blotting, different tissues were dissected out from rat separately
and homogenized using homogenate buffer (10 mM Tris-Cl, 320 mM

sucrose, pH 7.4) to obtain the total proteins. For developmental profile,
brains were dissected out from B6 mice at different developmental stages
[from embryonic day 15 (E15) to postnatal day 90 (P90)]. Protein con-
centration was determined by Coomassie assay (Pierce). Equal amounts
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of proteins (�20 �g/lane) were loaded to SDS-PAGE and analyzed by
Western blotting using anti-PICK1 or anti-ICA69 antibodies.

Liposome sedimentation assay
The liposome sedimentation assay was performed by following the pro-
cedure described previously (Jin et al., 2006). Briefly, brain lipid extracts
(Folch fraction I, Sigma B1502) were resuspended at 2 mg/ml in a buffer
containing 20 mM HEPES, pH 7.4, 150 mM NaCl, and 1 mM DTT. Fusion
proteins (5 �M) were incubated with 0.6 mg/ml liposomes in 100 �l of
buffer for 15 min at 37°C and then spun at 140,000 � g for 15 min at 4°C
in a Beckman (Fullerton, CA) TLA100.1 rotor. Supernatants were saved,
and the pellets were washed once with the same buffer and brought up to
the same volume as the supernatant. The supernatant and the pellet
proteins were subjected to SDS-PAGE and visualized by Coomassie stain.

Cell culture and transfection
HEK 293T cells were cultured in humidified atmosphere containing 5%
CO2 in MEM (Invitrogen) with 10% fetal bovine serum, 1 mM sodium
pyruvate, 100 U/ml penicillin, and 100 �g/ml streptomycin and passed
every 3 d when the cell confluence reached to 80 –90%. Calcium phos-
phate coprecipitation method was used on 293T cells for transient trans-
fection, and medium was changed 9 h later completely. For neuronal
culture, hippocampal neurons were prepared from embryonic day 18
rats (Sprague Dawley) and grown on coverslips coated with poly-L-lysine
(Sigma). Hippocampal neurons were transfected by calcium phosphate
coprecipitation at 5–7 d in vitro.

Immunocytochemistry
HEK 293T cell staining. The cells were fixed 36 – 48 h after transfection by
4% paraformaldehyde plus 4% sucrose in PBS for 20 min at room tem-

perature. The cells were then permeabilized by
0.2% Triton X-100 in PBS for 10 min at room
temperature. After blocking with 10% normal
donkey serum (NDS) in PBS for 1 h, the cells
were incubated with primary antibody in 3%
NDS for 1 h at room temperature, followed by
1 h of incubation with fluorescence-conjugated
secondary antibody (Jackson ImmunoRe-
search). After washing with PBS, the coverslips
were mounted with Permafluor (Immunon).
The cells were observed with a Nikon (Tokyo,
Japan) Eclipse TE2000 inverted fluorescence
microscope under a 60� plan Apochromatic
oil lens (numerical aperture, 1.4). Pictures were
taken by a monochrome cooled CCD camera
(SPOT-RT; Diagnostic Instruments, Sterling
Heights, MI) controlled by MetaMorph imag-
ing acquisition software (Universal Imaging,
Downingtown, PA). Images were processed by
Adobe (San Jose, CA) Photoshop to adjust in-
tensity and contrast, to select region of interest,
and to overlay two images. All images were
taken in monochrome gray scale and artificially
colored for presentation.

Neuron staining. Day 17–21 neurons were
fixed by 4% paraformaldehyde plus 4% sucrose
in PBS for 15 min at 4°C and then permeabil-
ized by 0.2% Triton X-100 for 10 min at 4°C.
After blocking with 10% normal donkey serum
for �2 h at room temperature, the neurons
were incubated with primary antibody in 3%
NDS at 4°C overnight or 1 h at room tempera-
ture. For surface HA-GluR2 staining, neurons
were first incubated with mouse anti-HA anti-
body for 1 h at room temperature before per-
meabilization. Fluorescent secondary antibod-
ies were added for 1 h at room temperature. For
F-actin staining, the neurons were further incu-
bated with rhodamine–phalloidin (Invitrogen)
for 20 min at room temperature. After washing,
coverslips were mounted and observed under

the fluorescence microscope as described above.

Immunohistochemistry
The brains were dissected out from adult B6 mice and fixed with 4%
paraformaldehyde and 4% sucrose in PBS for at least 4 h at 4°C.
Cryoprotection was performed by incubating brain tissues in gradient
sucrose-PBS solution (10% sucrose for 1 h, 20% sucrose for 1 h, and
30% sucrose overnight) at 4°C. Cryosections of 10 �m thickness were
used for immunohistochemistry. For 3,3�-diaminobenzidine (DAB)
staining, the slices were first incubated in 0.6% hydrogen peroxide for
30 min to consume endogenous peroxides. Next, the slices were di-
gested with 25 �g/ml trypsin for 5 min at 37°C and heated in micro-
wave in 0.2% citrate acid buffer, pH 6.0, for 90 s to enhance antigen
accessibility and diminish nonspecific background staining. After
cooling down and rinsing with PBS, the sections were permeabilized
and blocked by 10% normal goat serum (NGS) plus 0.2% Triton
X-100 in PBS for 1 h at room temperature in humidified atmosphere.
After blocking, the sections were incubated with primary antibodies
overnight at 4°C, followed by washing with PBS three times gently and
incubation with biotinylated rabbit secondary antibody for 1 h at
room temperature. Then the slices were washed with PBS and incu-
bated for 30 min with Vectastain ABC reagent (Vector Laboratories,
Burlingame, CA). After washing, the slices were developed in DAB
peroxidase substrate solution (Vector Laboratories) for 5–10 min,
and reactions were stopped by washing with water. For fluorescent
staining, after blocking and primary antibody incubation, the slices
were directly labeled by fluorescent secondary antibodies at room
temperature for 1 h, and then 4�,6�-diamidino-2-phenylindole

Figure 1. Identification of ICA69 as a major PICK1 binding partner and mapping of the interaction domain. A, Mouse brain
homogenate was immunoprecipitated by an anti-PICK1 antibody. In the control (Ctrl) IP, the anti-PICK1 antibody was blocked by
antigenic peptides. The two hollow arrows indicate the IgG heavy chain and light chain. The solid arrow indicates the strongest
band found in IP with the PICK1 antibody but not in the control IP. The band was cut out and identified as ICA69 by mass
spectrometry. B, The amino acid sequence of mouse ICA69. The shaded areas indicate the BAR domain and the C-terminal domain
(ICAC) of ICA69. The red letters indicate the eight peptides identified in the mass spectrometry analysis. C, Different regions of
PICK1 in the pDBLeu vector and ICA69 in the pPC86 vector were transformed to yeast and grown on selective plates. Interactions
were judged by both growth on selective plates and �-galactosidase blue assays. Positive and negative interactions are desig-
nated with “�” and “�,” respectively.
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(DAPI) was used to stain the nucleus at room
temperature for 15 min. Finally, the slices
were dehydrated and mounted with Vecta-
Mount solution (Vector Laboratories).

Biotinylation assay
HEK 293T cells were washed three times with
PBS supplemented with 0.5 mM CaCl2 and 0.5
mM MgCl2 (B buffer) and treated with 0.5
mg/ml sulfo-succinimidyl-6-(biotinamido)
hexanoate (sulfo-NHS-LC-biotin; Pierce) in B
buffer for 5 min at room temperature. The free
sulfo-NHS-LC-biotin was removed by washing
the cells twice with 100 mM glycine in B buffer
followed by two washes with B buffer. The bio-
tinylated cells were solubilized with 1 ml of ra-
dioimmunoprecipitation assay buffer (10 mM

Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.1%
SDS, 1% Triton X-100, and 1% sodium deoxy-
cholate). The samples were centrifuged at
14,000 rpm for 15 min at 4°C. A sample of this
supernatant was saved for estimation of the to-
tal protein. The remaining supernatants were
incubated with 50 �l of 50% slurry of NeutrA-
vidin beads (Pierce) for 1 h at 4°C with constant
rotation. After several washes, the biotinylated
surface proteins were eluted from the NeutrA-
vidin beads in 100 �l of 1� SDS sample buffer.
The samples were subjected to SDS-PAGE and
Western blot analysis. The surface GluR2 ratio
was calculated by densitometry analysis using a
linear standard curve of total GluR2.

Results
Identification of ICA69 as a major
binding partner of PICK1’s
BAR domain
To identify PICK1-interacting protein(s),
we performed coimmunoprecipitation
from brain tissue using an N-terminal
PICK1 antibody. The immunoprecipita-
tion products were resolved by SDS-PAGE
and stained with Coomassie blue. One
prominent band around 70 kDa was con-
sistently pulled down by the PICK1 anti-
body (Fig. 1A). This band was not seen in
the control, in which the PICK1 antibody
was blocked by the antigenic peptide. We
excised this band and subjected it to mass
spectrometry analysis, which identified
eight different peptides that belong to a
single protein called ICA69 (Fig. 1B).

ICA69 was initially cloned by its reac-
tion with autoantibodies from type-1 or
insulin-dependent diabetes mellitus pa-
tients (Pietropaolo et al., 1993). Interest-
ingly, ICA69 also contains a BAR domain,
which spans the N-terminal half of the
protein (Fig. 1B,C). The C-terminal half
of ICA69 contains a domain with no ap-
parent homology to other known proteins,
and we tentatively named it ICAC (ICA69
C terminus) domain here. Using the yeast
two-hybrid assay, we found that the BAR
domain of PICK1 was sufficient to interact
with ICA69 (Fig. 1C). Similarly, the BAR

Figure 2. ICA69 and PICK1 form tight complexes in vitro and in vivo. A, Myc-ICA69 was transfected into 293T cells with or
without GFP-PICK1. PICK1 was immunoprecipitated using an anti-GFP antibody. Anti-GFP antibody (top) or anti-myc antibody
(bottom) was used for Western blotting. Expression of GFP-PICK1 and myc-ICA69 in 293T cells is indicated in the INPUTs, which are
the cell lysates used for IP. The IP products indicate that myc-ICA69 was only pulled down in the presence of GFP-PICK1 but not in
the control, when myc-ICA69 was expressed alone. B, GFP-ICA69 and myc-PICK1 were transfected into 293T cells and immuno-
precipitation was performed as described in A. Similarly, myc-PICK1 was only pulled down when ICA69 was present. C, Coimmu-
noprecipitation from rat brain homogenate was performed using an anti-PICK1 antibody. The antibody pulled down PICK1 itself
(top) and a significant amount of ICA69 (bottom), indicating that ICA69 and PICK1 interact with each other in vivo. In the control
experiments, when PICK1 antibody was preblocked by the antigenic peptide, or when preimmune serum or unrelated anti-GFP
serum was used, both PICK1 and ICA69 were not precipitated. D, PICK1 was consecutively immunoprecipitated with anti-PICK1
antibodies from rat brain homogenate. The rat brain homogenate before immunoprecipitation was designated as INPUT. The rat
brain homogenate after the first immunoprecipitation was designated as AIP1. AIP1 was subsequently immunoprecipitated with
PICK1 antibodies again, and the rat brain homogenate after the second immunoprecipitation was designated as AIP2. Immuno-
precipitation was performed consecutively until almost all of the PICK1 was depleted from the rat brain homogenate, which
usually took two to three rounds of immunoprecipitation. Equal volumes of INPUT and AIP samples were loaded, the intensity of
INPUT was normalized to 1, and the intensities of the AIPs were normalized in relation to corresponding INPUT. The last AIP from
the consecutive immunoprecipitation was used for the quantification and bar chart. E, The quantification data show that when
PICK1 is almost completely depleted (7.4 � 3.2% in AIP, mean � SEM, n � 3), there is �16.8 � 7.6% of ICA69 left in AIP. This
translates to �90% of ICA69 being immunoprecipitated if PICK1 was 100% immunoprecipitated. F, Consecutive coimmunopre-
cipitation was performed as described in D using anti-ICA69 antibodies. G, The quantification data show that when ICA69 was
nearly completely depleted (5.6�3.6% in AIP, mean�SEM, n�3), there is�28.2�12.2% of PICK1 left in AIP. This translates
to 76% of PICK1 associating with ICA69 in rat brain homogenates.
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domain of ICA69 was sufficient to interact with the BAR domain
of PICK1. BAR domains form crescent-shaped dimers (Tarri-
cone et al., 2001; Peter et al., 2004). The interaction of the PICK1
and ICA69 BAR domains suggests that PICK1 and ICA69 could

each contribute one subunit to form a het-
eromeric BAR domain complex. Using the
yeast two-hybrid assay, we also detected an
interaction between the ICAC domain of
ICA69 and full-length PICK1. However, we
could not map the ICAC domain’s binding
site on PICK1, because it does not bind to
the PDZ, the BAR domain, or the
C-terminal region of PICK1 (Fig. 1C).

ICA69 and PICK1 form tight complexes
in vitro and in vivo
To verify the interaction between PICK1
and ICA69, we performed both in vitro and
in vivo coimmunoprecipitation experi-
ments. GFP- or myc-tagged PICK1 and
ICA69 were transfected into HEK 293T cells
and immunoprecipitated with an anti-GFP
antibody. As expected, myc-ICA69 was
readily coimmunoprecipitated with GFP-
PICK1 (Fig. 2A). No ICA69 was pulled
down in the control experiment, when myc-
ICA69 was expressed in the absence of GFP-
PICK1 (Fig. 2A). In contrast, when ICA69
was immunoprecipitated, PICK1 was also
robustly pulled down with ICA69 (Fig. 2B).
To detect endogenous ICA69 from the in
vivo coimmunoprecipitation experiments,
we generated a rabbit polyclonal antibody
against ICA69. This antibody recognizes a
doublet band around 70 kDa from rat brain
homogenate, and both bands can be blocked
by the antigenic peptide (supplemental Fig.
S1, available at www.jneurosci.org as sup-
plemental material). We then performed in
vivo coimmunoprecipitation using the anti-
PICK1 antibody to pull down PICK1 from
rat brain homogenate. Again, ICA69 was
found to coimmunoprecipitate robustly
with PICK1 (Fig. 2C), confirming PICK1’s
in vivo interaction with ICA69. In the con-
trol experiments, ICA69 was not pulled
down when PICK1 antibody was preblocked
by the antigenic peptide or when preim-
mune serum or anti-GFP serum were used,
indicating the specificity of the
coimmunoprecipitation.

To estimate the percentages of PICK1
and ICA69 that were associated with each
other in vivo, we performed quantitative co-
immunoprecipitation from rat brain ho-
mogenates. We first completely depleted
PICK1 from the rat brain homogenate by
consecutive immunoprecipitation using the
anti-PICK1 antibody. We found that when
PICK1 was completely depleted from the
brain homogenate, most of the ICA69 was
also depleted (Fig. 2D). We quantified the
result using densitometry and estimated that

�90% of ICA69 associates with PICK1 in rat brain homogenate
(Fig. 2E). Similarly, when ICA69 was completely depleted from
the brain homogenate using the ICA69 antibody, the majority of
PICK1 was also depleted (Fig. 2F). Quantification of our immu-

Figure 3. ICA69 colocalizes with PICK1 in most tissues, developmental stages, cells, and subcellular regions, except for
synapses. A, Different tissues were dissected from rats and homogenized to obtain the total proteins. Equal amounts of proteins
were loaded to SDS-PAGE and analyzed by Western blotting. The highest level of both PICK1 and ICA69 were found in the brain,
followed by the pancreas and testis. B, Brains were dissected from B6 mice at different developmental stages, from E15 to P90,
and homogenized to obtain the total proteins. Equal amounts of proteins were loaded to SDS-PAGE and analyzed by Western blotting.
Both PICK1 and ICA69 are expressed from early embryonic stages to adult, and the expressions peak at �2 weeks after birth. C,
Immunohistochemistry studies were performed on mice brain cryosections using anti-PICK1 and anti-ICA69 antibodies. Both proteins
are highly expressed in cerebellum, especially at the Purkinje neurons and the molecular layer, which harbors the dendrites of Purkinje
neurons. D, Double staining of PICK1 (green) and ICA69 (red) on 10-�m-thick brain cryosections, using a guinea pig antibody against
PICK1 and a rabbit antibody against ICA69. ICA69 and PICK1 colocalized very well in the perinuclear region and dendrites of Purkinje
neurons. The nuclei were stained by DAPI (blue). Scale bar, 10 �m. E, Double staining of PICK1 (green) and ICA69 (red) on cultured
hippocampal neurons (day in vitro 17) shows that they colocalized well in the perinuclear region and dendrites. However, ICA69 is
notably absent from the synapses, where PICK1 is expressed. Scale bar, 10 �m.
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noblots revealed that �76% of PICK1 as-
sociates with ICA69 in the brain (Fig. 2G).
These results indicate that the majority of
PICK1 and ICA69 form complexes with
each other in the brain.

ICA69 colocalizes with PICK1 except
at synapses
ICA69 was initially identified from pan-
creatic � cells and subsequently found to
be expressed in many other tissues, includ-
ing the brain (Pietropaolo et al., 1993; Pi-
lon et al., 2000). PICK1 is known to be
highly expressed in the brain, but its ex-
pression in the pancreas has not been ex-
amined (Xia et al., 1999). To get a more
complete picture about the distribution
pattern of ICA69 in relationship with
PICK1, we compared the expression levels
of ICA69 and PICK1 in various tissues by
immunoblot analysis. Identical amounts
of protein from different tissue homoge-
nates were resolved by SDS-PAGE and im-
munoblotted with antibodies recognizing
either endogenous PICK1 or ICA69. As
shown in Figure 3A, the expression levels
of PICK1 and ICA69 were well correlated
in different tissues. The highest expression
of both PICK1 and ICA69 was found in the
brain. PICK1 and ICA69 were also highly
expressed in the pancreas and testis, fol-
lowed by significant expression in the
stomach and lung and modest expression
in liver, spleen, heart, and kidney. The
lowest expression of both PICK1 and
ICA69 was found in skeletal muscles,
where they were almost undetectable. In
addition, our ICA69 antibody recognizes
multiple bands in different tissues. This
suggests either alternative splicing of the
ICA69 mRNA and/or that different post-
translational modifications occur in
ICA69 in different tissues. We also exam-
ined the developmental profiles of ICA69
and PICK1 in mouse brains. Equal
amounts of protein from different devel-
opmental stages of mouse brains were
used for SDS-PAGE and immunoblot
analysis. As shown in Figure 3B, ICA69
and PICK1 have very similar developmental profiles. They are
both expressed as early as embryonic day 15. The expressions of
both proteins gradually increase, reach their peaks at �2 weeks
after birth, and remain expressed in adult mice brains.

The localization of PICK1 and ICA69 in different regions and
cell types of the brain were also examined using immunohisto-
chemical analysis. PICK1 and ICA69 were found to be coex-
pressed in many brain regions. The highest expression levels of
both PICK1 and ICA69 were in the cerebellar Purkinje neurons
(Fig. 3C,D). The molecular layer of the cerebellar cortex, which har-
bors the dendrites of Purkinje neurons, was also heavily stained.
High-magnification photos indicate that both PICK1 and ICA69
were located in the perinuclear region and dendrites of Purkinje
neurons (Fig. 3D). To examine the detailed subcellular localization

of PICK1 and ICA69 in neurons, we stained cultured hippocampal
neurons with antibodies against PICK1 and ICA69. Although
PICK1 and ICA69 colocalized well with each other in the dendrites
and the perinuclear regions of the cell bodies, ICA69 was surprisingly
missing at synapses, where PICK1 is enriched (Fig. 3E). This suggests
that the heteromeric BAR domain complexes of PICK1 and ICA69
are mainly located in cell bodies and dendrites. At synapses, PICK1 is
likely to exist as a homomeric BAR domain complex or in complex
with other proteins.

ICA69 inhibits synaptic targeting of PICK1
The absence of ICA69 protein at synapses raises the possibility
that ICA69 may form complexes with PICK1 and prevent PICK1
from targeting to synapses. To test this possibility, we transfected
ICA69 together with PICK1 into cultured hippocampal neurons.

Figure 4. ICA69 redistributes PICK1 from synapses to dendrites. A, Cultured hippocampal neurons were transfected with
myc-PICK1 and stained with a guinea pig anti-PICK1 antibody. PICK1 (green) was found to be highly clustered along the dendrites.
These PICK1 clusters are synaptic, as we have demonstrated previously (Jin et al., 2006). Scale bar, 10 �m. B, Neurons were
transfected with both myc-PICK1 and myc-ICA69 and double stained with a guinea pig anti-PICK1 antibody and a rabbit anti-
ICA69 antibody. PICK1 (green) synaptic targeting was dramatically reduced by coexpression of ICA69 (red), and PICK1 formed
many patches with ICA69 inside the dendrites. C, Quantification data of A and B. Both the number and intensity of synaptic PICK1
clusters significantly decreased in the presence of ICA69 (PICK1 cluster number per 100 �m: PICK1 � 38.9 � 5.0,
PICK1�ICA69�8.8�1.4; PICK1 cluster intensity: PICK1�19,918.3�1931.1, PICK1�ICA69�10,843.7�1511.1, mean�
SEM; n � 26; ***p 	 0.001, Student’s t test). Error bars represent SEM.
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Without the transfected ICA69, PICK1 formed many synaptic
clusters along the dendrites (Fig. 4A). These clusters were synap-
tic, because they colocalized with postsynaptic markers such as
PSD-95 (Fig. 5). When ICA69 was transfected with PICK1, there
were almost no synaptic clusters of PICK1 (Fig. 4B). Meanwhile,
patches of PICK1 and ICA69 were found along the dendritic
shafts. Quantification of these data indicated that both the num-
ber and intensity of PICK1 synaptic clusters were significantly
reduced in the presence of ICA69 (Fig. 4C). These results suggest
that ICA69 indeed redistributes PICK1 from synapses to den-
dritic shafts. To make sure that ICA69’s effect on PICK1 is spe-
cific, we expressed ICA69 together with GFP-tagged PSD-95, a
well studied synaptic PDZ domain-containing protein. As shown
in supplemental Fig. S2, expression of ICA69 in neurons did not
significantly alter the number or intensity of GFP-PSD-95
clusters.

To rule out the possibility that the disappearance of PICK1
from synapses was a secondary effect of losing spines or excitatory
synapses, we stained PICK1 together with endogenous PSD-95,

which serves as a marker for excitatory
synapses. As shown in Figure 5A, without
overexpression of ICA69, PICK1 colo-
calized with PSD-95 at the excitatory
synapses. In the presence of ICA69, there
was largely no PICK1 at the synapses,
whereas PSD-95 clusters were still
present (Fig. 5B). We quantified these
results and found that ICA69 did not al-
ter either the number or the intensity of
the PSD-95 clusters (Fig. 5C), indicating
that ICA69 does not reduce excitatory
synapses. To make sure there is no
change in spine morphology, we used
rhodamine–phalloidin to label F-actin, a
cytoskeleton protein enriched in spines,
to mark spines. We did not find any no-
table change in the spine morphology as
revealed by rhodamine–phalloidin. Nei-
ther the cluster number nor the intensity
of rhodamine–phalloidin-labeled spines
was affected by overexpression of ICA69
(supplemental Fig. S3). These results in-
dicate that ICA69 dose not alter the
structure of spines.

ICA69 regulates PICK1-mediated
trafficking of GluR2
PICK1 has been reported to interact with
GluR2 and induce clustering of GluR2
(Dev et al., 1999; Xia et al., 1999). The clus-
tering of GluR2 by PICK1 requires the
lipid-binding capability of PICK1’s BAR
domain (Jin et al., 2006). Because ICA69
forms a heteromeric BAR domain com-
plex with PICK1, it raises the possibility
that ICA69 may regulate PICK1-induced
clustering of GluR2. To test this, we over-
expressed ICA69 together with PICK1 and
GluR2 in 293T cells. When GluR2 was co-
expressed with PICK1, they formed nu-
merous coclusters in the cytosol of 293T
cells (Fig. 6A). Interestingly, when ICA69
was expressed together with PICK1 and

GluR2, the PICK1–GluR2 coclusters completely disappeared
(Fig. 6B). Without PICK1, both ICA69 and GluR2 were diffused
in the 293T cells (Fig. 6C), similar to the patterns when ICA69
and GluR2 were expressed alone (Fig. 6D). This suggests that
ICA69 indeed regulates PICK1-mediated AMPA receptor
trafficking.

In view of the results that ICA69 disrupts PICK1–GluR2
coclustering in 293T cells and that ICA69 inhibits synaptic
targeting of PICK1 in neurons, we wondered whether ICA69
could also affect synaptic targeting of GluR2 in neurons. To
test this hypothesis, we overexpressed ICA69 in cultured hip-
pocampal neurons together with PICK1 and GluR2. We found
that when ICA69 was absent, PICK1 colocalized with GluR2 at
the synapses (Fig. 7A). Overexpression of ICA69 redistributed
PICK1 to the dendrites and also significantly reduced the
number of GluR2 clusters at the synapses (Fig. 7B). Quantifi-
cation of these results indicated that ICA69 reduced the num-
ber of GluR2 clusters by �40% (Fig. 7C).

Because PICK1 has been reported to regulate surface ex-

Figure 5. Overexpression of ICA69 does not affect PSD-95 distribution. A, Cultured hippocampal neurons were transfected with
myc-PICK1 and double stained with a guinea pig anti-PICK1 antibody and a mouse anti-PSD-95 antibody. PICK1 (green) colocal-
ized with PSD-95 (red) at the excitatory synapses along the dendrites. Scale bar, 10 �m. B, In neurons transfected with both PICK1
and ICA69 (blue), the amount of PICK1 was significantly reduced from the synaptic region and no longer colocalized with PSD-95
clusters. Instead, PICK1 colocalized with ICA69 inside the dendrites. However, the PSD-95 clusters along the dendrites were not
significantly different from the neurons without ICA69 in A. C, Quantification data of A and B. Neither the number nor the intensity
of synaptic PSD-95 clusters changed significantly in the presence of ICA69 (PSD-95 cluster number per 100 �m: PICK1 � 109.9 �
7.2, PICK1�ICA69 � 105.8 � 10.5; PSD-95 cluster intensity: PICK1 � 7885.1 � 317.9, PICK1�ICA69 � 8098.7 � 654.3,
mean � SEM; n � 13; p � 0.05, Student’s t test). Error bars represent SEM.
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pression of AMPA receptors (Jin et al.,
2006), we further tested whether ICA69
plays any role in AMPAR surface expres-
sion. We used biotinylation assay to
measure surface expression of GluR2 in
HEK 293T cells transfected with GluR2
alone, GluR2 with PICK1, or GluR2 with
PICK1 and ICA69. Biotin-labeled sur-
face proteins were pulled down by Neu-
trAvidin beads, and surface GluR2 was
detected by rabbit anti-GluR2/3 anti-
body. Similar to what we observed pre-
viously (Jin et al., 2006), PICK1 signifi-
cantly reduced the surface level of
GluR2, compared with cells transfected
with GluR2 alone (Fig. 8 A, top and mid-
dle). When ICA69 was added in, surface
GluR2 was further decreased (Fig. 8 A,
bottom). Quantification showed that
surface GluR2 was reduced by �50% in
the presence of PICK1 and ICA69 (Fig.
8 B). We also performed surface staining
of GluR2 on cultured hippocampal neu-
rons. In HA-GluR2- and GFP-PICK1-
cotransfected neurons, PICK1 targeted
to synapse and surface GluR2 was de-
tected on the spine (Fig. 8C). With over-
expressed ICA69, PICK1 was absent
from synapses, and surface GluR2 at syn-
apses also dramatically decreased (Fig.
8 D). We also noticed notable decrease of surface GluR2 on
dendrites and cell bodies of ICA69-transfected neurons, indi-
cating that ICA69’s role on surface expression of GluR2 is not
limited to synapses. Quantification showed that overexpres-
sion of ICA69 significantly reduced surface GluR2 level on
both dendrites and synapses (Fig. 8 E). We also used RNAi to
knock down ICA69, but, unexpectedly, knocking down ICA69
caused a dramatic reduction of total GluR2, which prevented
us from evaluating the effect of ICA69 downregulation on
surface expression of GluR2 (M. Cao and J. Xia, unpublished
data).

ICA69 regulates AMPA receptor trafficking by preventing
formation of homomeric PICK1 BAR domain complexes
We then sought to find out how ICA69 prevents synaptic tar-
geting of PICK1 and trafficking of AMPA receptors. Because
the BAR domain of PICK1 was found to interact directly with
lipid molecules and this interaction is important for PICK1’s
synaptic targeting and AMPA receptor trafficking (Jin et al.,
2006), we wondered whether the BAR domain of ICA69 could
also bind to lipids. This was tested using a liposome sedimen-
tation assay. MBP-tagged full-length ICA69, BAR domain
(ICA-BAR) and the C-terminal domain of ICA69 (ICAC) fu-
sion proteins were incubated with liposomes and subjected to
ultracentrifugation. Fusion proteins that bound to liposomes
would be cosedimented with liposomes and detected in the
pellet fraction after centrifugation. We found that ICA69 was
fully capable of binding to lipids, as it readily came down with
liposomes (Fig. 9A). As expected, the BAR domain of ICA69
bound to liposomes but the ICAC domain did not, indicating
that the BAR domain of ICA69 is responsible for lipid binding
(Fig. 9A).

Because PICK1-mediated clustering and synaptic targeting

of GluR2 requires lipid binding of PICK1’s BAR domain (Jin et
al., 2006), we wondered whether ICA69 could prevent the
synaptic targeting of PICK1 and AMPA receptors by inhibit-
ing the lipid binding of PICK1. To test this possibility, we
measured the lipid-binding capability of PICK1 in the pres-
ence or absence of ICA69, using the liposome sedimentation
assay described above. As shown in Figure 9B, the amount of PICK1
associated with the liposomes did not change significantly in the
presence of ICA69. This result suggests that ICA69’s effects on
PICK1 and AMPA receptor trafficking are unlikely through alter-
ation of PICK1’s lipid-binding capability.

We then examined whether ICA69 could affect PICK1-
mediated AMPA receptor trafficking by directly interacting with
GluR2. We cotransfected GluR2 with myc-ICA69 or myc-PICK1
into 293T cells. The cell lysates were immunoprecipitated with an
anti-myc antibody and immunoblotted to detect the presence of
ICA69, PICK1, and GluR2. Whereas GluR2 readily associated
with PICK1, as previously reported (Xia et al., 1999), we did not
observe any coimmunoprecipitation of ICA69 with GluR2 (Fig. 9C).
In addition, we did not notice any change in GluR2 localization
when GluR2 was coexpressed with ICA69 in 293T cells in the ab-
sence of PICK1 (Fig. 6C). These results indicate that ICA69 does not
interact with GluR2 directly and thus does not regulate the cellular
distribution of GluR2 in the absence of PICK1.

We then tested whether ICA69 could disrupt PICK1-
mediated AMPA receptor trafficking by perturbing the inter-
action between PICK1 and GluR2. GFP-PICK1 and GluR2
were transfected into 293T cells with or without ICA69. PICK1
was then immunoprecipitated with an anti-GFP antibody.
GluR2 was found to coimmunoprecipitate with PICK1 regard-
less of the presence of ICA69 (Fig. 9D). This result indicates
that ICA69 does not perturb the interaction between GluR2
and PICK1.

Figure 6. Overexpression of ICA69 disrupts PICK1–GluR2 coclusters in 293T cells. HEK 293T cells were transfected with myc-
ICA69, HA-PICK1, and GluR2 in different combination as indicated. Scale bar, 10 �m. A, When PICK1 (green) and GluR2 (red) were
coexpressed in 293T cells, they formed many coclusters in the cytosol. B, When ICA69 (blue) was coexpressed with PICK1 and
GluR2, these clusters completely disappeared. C, When ICA69 was transfected with GluR2 without PICK1, both ICA69 and GluR2
were diffuse in the cytosol. D, When ICA69, PICK1, and GluR2 were expressed alone, they were all diffusely localized in the cytosol.
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Finally, we tested whether ICA69 could alter the capability of
PICK1 to self-associate, because dimerization of PICK1 is re-
quired for its clustering of GluR2. PICK1, with different tags
(GFP or myc), was transfected into 293T cells with or without
myc-ICA69. GFP-PICK1 was immunoprecipitated with an anti-
GFP antibody. As expected, myc-PICK1 coprecipitated with GFP-
PICK1 in the absence of ICA69 (Fig. 9E), confirming the capability
of PICK1 to form homodimers. However, in the presence of ICA69,
the amount of myc-PICK1 that coprecipitated with GFP-PICK1 was
significantly reduced (Fig. 9E). On the other hand, a large amount of
ICA69 was pulled down by GFP-PICK1 and detected by the same
anti-myc antibody (Fig. 9E). These results indicate that the hetero-
meric BAR domain interaction of ICA69 with PICK1 is stronger
than PICK1 self-association. ICA69 can prevent the formation of
homomeric PICK1 BAR domain complexes and, consequently,
PICK1-mediated trafficking of AMPA receptors.

Discussion
In this study, we identified ICA69 as a major binding partner
of PICK1. Interestingly, both ICA69 and PICK1 contain BAR
domains and are capable of forming heteromeric BAR domain

complexes with each other. The interac-
tion between ICA69 and PICK1 is very
robust. In brain, over three-fourths of
ICA69 and PICK1 form heteromeric
complexes with each other. Not surpris-
ingly, ICA69 coexpresses with PICK1 in
many tissues, including the brain, pan-
creas, and testis. ICA69 and PICK1 also
colocalize well in different cells and sub-
cellular regions, including the perinu-
clear region and dendrites of neurons.
One exception is that ICA69 is absent
from synapses, suggesting that PICK1 at
synapses is likely in homomeric PICK1
BAR domain complexes or in complexes
with proteins other than ICA69. This
notion is supported by the finding that
overexpressed ICA69 redistributes
PICK1 from synapses to dendritic shafts,
as greater amounts of ICA69 will prevent
the formation of homomeric PICK1
BAR domain complexes. We also found
that ICA69 regulates PICK1-mediated
AMPA receptor trafficking. When coex-
pressed with PICK1 in HEK 293T cells,
ICA69 completely disrupts PICK1-
induced clustering of GluR2 and de-
creases the amount of GluR2 on the cell
surface. In neurons, ICA69 reduces sur-
face expression and synaptic targeting of
GluR2 by preventing formation of ho-
momeric PICK1 complexes. Together,
these results suggest that ICA69 –PICK1
heteromeric BAR domain complexes
maintain a pool of intracellular AMPA
receptor at dendrites, while PICK1 ho-
momeric complexes regulate AMPA re-
ceptor trafficking at synapses (Fig. 9F ).

ICA69 was initially cloned as an au-
toantigen for type-1 or insulin-
dependent diabetes mellitus (Pietropa-
olo et al., 1993). It was later discovered
that ICA69 was also an autoantigen in

primary Sjogren’s syndrome, an autoimmune disease affecting
the salivary and lacrimal glands (Winer et al., 2002b). ICA69
knock-out mice are grossly normal but have delayed or re-
duced rates of diabetes and primary Sjogren’s syndrome
(Winer et al., 2002a,b). The cellular function of ICA69 is not
clear. It has been suggested that ICA69 might be involved in
neuron-endocrine secretion, as the mutation of ric-19, the
Caenorhabditis elegans homolog of ICA69, leads to resistance
to inhibitors of acetylcholinesterase, a phenomenon attrib-
uted to defective acetylcholine release (Pilon et al., 2000).
ICA69 was found to be located around the Golgi and nearby
vesicles (Spitzenberger et al., 2003). Our finding that the BAR
domain of ICA69 binds to liposomes supports the notion that
ICA69 may target to trafficking vesicles. The interaction of
ICA69 with PICK1, whose PDZ domain interacts with a num-
ber of membrane proteins, suggests that ICA69 may regulate
protein trafficking, perhaps using its BAR domain to sense or
form trafficking vesicles.

The complexes of PICK1 and ICA69 are likely to have more
functions than just regulating AMPA receptor trafficking. In

Figure 7. ICA69 inhibits synaptic targeting of GluR2. A, Cultured hippocampal neurons were transfected with myc-PICK1 and
HA-GluR2 and double stained with a guinea pig anti-PICK1 antibody and a mouse anti-HA antibody. PICK1 (green) and GluR2 (red)
colocalized at synapses along the dendrites. Scale bar, 10 �m. B, When ICA69 was expressed in neurons, ICA69 (blue) not only
redistributed PICK1 to the dendrites, but also significantly reduced synaptic targeting of GluR2. C, Quantification data of A and B.
ICA69 decreased the number of synaptic GluR2 significantly. ICA69 also slightly decreased the intensity of GluR2, but the decrease
was not significant (GluR2 cluster number per 100 �m: PICK1�GluR2 � 29.0 � 2.3, PICK1�ICA69�GluR2 � 18.1 � 1.9;
GluR2 cluster intensity: PICK1�GluR2 � 12,830.4 � 1608.3, PICK1�ICA69�GluR2 � 11,245.4 � 1416.5, mean � SEM; n �
106; ***p 	 0.001, Student’s t test). Error bars represent SEM.
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addition to AMPA receptors, the PDZ
domain of PICK1 also interacts with a
larger number of other molecules,
mainly membrane proteins (Xu and Xia,
2007). It is likely that the heteromeric
BAR domain complexes of ICA69 and
PICK1 are also involved in regulating the
trafficking of these proteins. It would
also be interesting to examine what the
ICA69 and PICK1 complexes do in non-
neuronal cells, for example, in pancre-
atic � cells or salivary gland cells, and if
the ICA69 and PICK1 complexes play
any roles in the pathogenesis of diabetes
or primary Sjogren’s syndrome.

We have previously reported that
PICK1’s BAR domain binds to lipids and
that its lipid binding is critical for AMPA
receptor trafficking and synaptic plasticity
(Jin et al., 2006). The identification of
ICA69 and PICK1 heteromeric BAR do-
main complexes and their functions in
AMPA receptor trafficking provides fur-
ther evidence supporting the role of BAR
domains and lipid binding in regulating
AMPA receptor trafficking. Our results
suggest that there are two pools of AMPA
receptors. One is tethered with the hetero-
meric complexes of ICA69 and PICK1 in
the cell bodies and dendrites. The other
pool is clustered by homomeric PICK1
complexes at the synapses. It is conceivable
that these two pools of receptors can inter-
change, by changing the preference of
PICK1 to form heteromeric or homomeric
BAR domain complexes. By regulating the
amount of AMPA receptors at synapses,
ICA69 and PICK1 could affect the strength
of synaptic transmission and therefore
mediate synaptic plasticity. It has been re-
ported that the BAR domain of PICK1 can
interact with GRIP/ABP and regulate
AMPA receptor trafficking (Lu and Ziff,
2005). We did not identify GRIP/ABP in
our screening of PICK1 interacting pro-
teins, suggesting that the interaction of
GRIP/ABP with PICK1 is probably weaker
than that of ICA69 with PICK1. However,
it is possible that the interaction strength
can be regulated under different conditions
and thus the binding of PICK1 to GRIP/ABP
and ICA69 may provide flexibility to regu-
late AMPA receptor trafficking in response
to different stimuli that are often present in
neurons and that are important to synaptic
plasticity.
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