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Summary

Cerebellar long-term depression (LTD) is a major form

of synaptic plasticity that is thought to be critical for
certain types of motor learning. Phosphorylation of

the AMPA receptor subunit GluR2 on serine-880 as
well as interaction of GluR2 with PICK1 have been sug-

gested to contribute to the endocytic removal of post-
synaptic AMPA receptors during LTD. Here, we show

that targeted mutation of PICK1, the GluR2 C-terminal
PDZ ligand, or the GluR2 PKC phosphorylation site

eliminates cerebellar LTD in mice. LTD can be rescued
in cerebellar cultures from mice lacking PICK1 by

transfection of wild-type PICK1 but not by a PDZ mu-
tant or a BAR domain mutant deficient in lipid binding,

indicating the importance of these domains in PICK1
function. These results demonstrate that PICK1-GluR2

PDZ-based interactions and GluR2 phosphorylation
are required for LTD expression in the cerebellum.

Introduction

Cerebellar LTD is a persistent attenuation of synaptic
strength at the parallel fiber-Purkinje cell synapse that
results from repeated coactivation of parallel fiber and
climbing fiber inputs to a Purkinje cell. It is widely
thought to underlie various forms of motor learning such
as associative eyelid conditioning and adaptation of the
vestibulo-ocular reflex (Bear and Linden, 2000; Boyden
et al., 2004). Previous work has shown that cerebellar
LTD is induced by simultaneous activation of ionotropic
AMPA receptors and metabotropic mGluR1 receptors
as well as voltage-gated calcium channels on postsyn-
aptic Purkinje cell terminals (Bear and Linden, 2000;
Ito, 2002). The resultant rise in postsynaptic Ca2+ and
liberation of diacylglycerol activates PKCa, which phos-
phorylates AMPA receptors on the GluR2 subunit and
promotes the removal of AMPA receptors via clathrin-
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mediated endocytosis (Chung et al., 2003; Leitges
et al., 2004; Linden, 2001; Matsuda et al., 2000; Wang
and Linden, 2000). Results from rescue experiments
performed in GluR2 knockout Purkinje cell cultures sup-
port this mechanism by showing GluR2 serine-880
(S880) to be the critical PKCa substrate for cerebellar
LTD expression (Chung et al., 2003).

The Protein Interacting with C-Kinase 1 (PICK1) is
a 55 kDa cytosolic protein with a single PDZ domain
(Staudinger et al., 1995, 1997). The PDZ domain of PICK1
is unusual in that it can bind both type I and type II PDZ
ligands. PKCa, the first identified ligand (Staudinger
et al., 1997), has a carboxy-terminal sequence (QSAV)
matching the consensus for a type I interaction (Son-
gyang et al., 1997). The PICK1-PKCa interaction appears
to be important for cerebellar LTD expression, poten-
tially by serving to recruit PKCa to its proper subcellular
target for phosphorylation (Leitges et al., 2004). GluR2,
the critical PKCa target for cerebellar LTD, also binds
directly to PICK1 (Dev et al., 1999; Xia et al., 1999), but
through a type II PDZ interaction (Songyang et al.,
1997). Interestingly, S880 of GluR2 lies within the type II
PDZ ligand (S880-VKI) and, consequently, implicates
phosphorylation in the dynamic regulation of GluR2 in-
teractions during plasticity (Chung et al., 2000; Matsuda
et al., 1999). Previous work has shown that S880 phos-
phorylation disrupts GluR2 binding to the PDZ domain
containing protein GRIP1/2 but does not affect binding
to PICK1 (Chung et al., 2000; Matsuda et al., 1999). It
has thus been proposed that upon activation of PKCa
and phosphorylation of GluR2, GRIP1/2 binding is dis-
rupted, PICK1 binding is favored, and AMPA receptor
endocytosis is facilitated. Studies involving the perfu-
sion of PDZ domain interfering peptides or antibodies
into cultured Purkinje cells support the importance of
the PICK1-GluR2 interaction in cerebellar LTD expres-
sion. When a phoshoS880-VKI peptide or PICK1 PDZ
domain-directed antibody designed to specifically inter-
fere with the binding of PICK1 to GluR2 was introduced
into Purkinje cells, a large attenuation of subsequent
LTD induction was observed (Xia et al., 2000).

The recent finding that PICK1 belongs to a large family
of proteins containing a BAR (Bin/amphiphysin/Rvs)
domain (Habermann, 2004; Peter et al., 2004) supports
a direct role for PICK1 in endocytosis. Present in a num-
ber of small GTPase binding and endocytic pathway
proteins, BAR domains exist as dimers of coiled-coil do-
mains that come together in a banana-shaped crescent.
The tips of the crescent contain clusters of positively
charged lysine residues that appear to mediate binding
to negatively charged phospholipids. By either sensing
areas of preferred membrane curvature or actively bend-
ing the membrane for subsequent budding, BAR do-
mains are believed to facilitate endocytosis (Peter et al.,
2004). Subsequent to binding GluR2, PICK1 dimers may
localize AMPA receptor complexes to lateral margins of
the postsynaptic density where endocytosis is thought
to occur (Blanpied et al., 2002; Racz et al., 2004).

In this study, we first focused on the role of the PICK1-
GluR2 interaction in cerebellar LTD through a reciprocal
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strategy of genetic deletion. We generated homozygous
knockout (KO) mice lacking PICK1 (PICK1 KO) as well as
homozygous knockin (KI) mice with a mutant form of the
GluR2 AMPA receptor subunit lacking the last seven
amino acids (GluR2D7 KI). The GluR2D7 mutation elimi-
nates the C-terminal type II PDZ ligand and disrupts the
interaction of GluR2 with PICK1 and GRIP1/2. Second,
we generated KI mice containing a mutant form of GluR2
designed to prevent PKCa-mediated phosphorylation at
S880 (GluR2 K882A KI). This mouse line incorporates
a lysine mutation in the consensus recognition motif
for PKC (S/T-X-K/R) (Kemp and Pearson, 1990) and
thereby prevents phosphorylation of S880. The mutant
mouse lines were subject to anatomical and biochemi-
cal characterization as well as electrophysiological anal-
ysis in both cerebellar cultures and brain slices. To-
gether, our studies indicate a clear in vivo requirement
for PDZ-dependent interactions between PICK1 and
GluR2, as well as phosphorylation of GluR2 at S880, in
the expression of cerebellar LTD.

Results

PICK1 KO and GluR2D7 KI Mice Have Normal Levels
of AMPA Receptors but Altered GluR2 Ultrastructural

Localization
PICK1 KO and GluR2D7 KI mice were generated by
homologous recombination as described previously
(Gardner et al., 2005). Homozygous mice derived from
both lines were viable and showed no gross develop-
mental defects. No obvious abnormalities in cerebellar
architecture or defects in Purkinje cell dendritic elabora-
tion were observed in Nissl- and Golgi-stained brain
sections, respectively (Figure S1).

The levels of AMPA receptor subunits and associated
proteins in PICK1 KO (Figure 1A) and GluR2D7 KI mice
(Figure 1B) were determined by Western blotting of cer-
ebellar and hippocampal tissue samples from 3–4 week
old animals. The absence of PICK1 protein in PICK1 KO
mice was confirmed with several antibodies to PICK1 di-
rected against both N- and C-terminal regions (Figure 1A
and data not shown). The expression levels of all four
major AMPA receptor subunits (GluR1–GluR4), mea-
sured by using a variety of subunit-specific antibodies,
were equal among PICK1 KO mice and wild-type (wt) lit-
termates. In addition, the levels of splice variants of
GluR2 and GluR4 (GluR2L and GluR4c) were similar in
wt and PICK1 KO mice. In GluR2D7 KI mice, the absence
of the C-terminal 7 amino acids (C-7) of GluR2 was con-
firmed with an antibody purified to recognize only the
last seven amino acids. However, a GluR2 N-terminal
antibody (which reacts with both GluR2 and GluR2L)
showed equal levels in GluR2D7 KI mice and wt litter-
mates. The expression levels of GluR1, GluR3, GluR4,
and GluR4c were also similar between wt and GluR2D7
KI mice. A GluR2/3/4c C-terminal antibody showed a
reduction in GluR2D7 KI mice but likely reflects loss of
the strong GluR2 C-7 epitope rather than a reduction
in GluR2 levels because this difference was nearly elim-
inated by preabsorbing the antibody with C-7 peptide.
Unexpectedly, levels of GluR2L, which does not con-
tain a known PDZ ligand, were elevated approximately
5-fold in GluR2D7 KI samples from both cerebellum and
hippocampus. Although care was taken to preserve the
30 splice site during generation of the GluR2D7 KI line,
the elevation in GluR2L levels suggests altered regula-
tion of splicing in these mice. Nonetheless, we believe
GluR2L to be only a very minor contributor to total GluR2
levels based on two findings. First, as mentioned above,
total levels of GluR2 detected with a GluR2 N-terminal
antibody were equal among GluR2D7 KI mice and wt lit-
termates. Second, immunodepletion of GluR2L from 3–4
week old wt brain samples resulted in no apparent de-
crease of total GluR2 levels detected with a GluR2 N-
terminal antibody, whereas immunodepletion of GluR2
(short form) resulted in complete elimination of the total
GluR2-N signal (Figure S2).

To confirm our Western blot findings, we performed
immunoperoxidase staining in cerebellar sections of
3–4 week old PICK1 KO (Figure 1C) and GluR2D7 KI
mice (Figure 1D). Antibodies to PICK1 and GluR2 C-7
confirmed absence of these two epitopes as seen in
Western blots. In PICK1 KO mice, GluR2 staining (either
with GluR2 C-7 or GluR2/3/4c antibodies) was compara-
ble to that in wt littermates. In GluR2D7 KI mice, a reduc-
tion in GluR2/3/4c staining attributable to loss of the
GluR2 C-7 epitope was again seen. This difference was
nearly eliminated by preabsorbing the antibody with the
C-7 peptide (data not shown). GluR1, expressed pre-
dominantly in Bergmann glial processes rather than Pur-
kinje cells at this age (Baude et al., 1994), stained simi-
larly in wt and homozygous mice of both mutant lines.

Recent studies have suggested that the interaction
between PICK1 and PKCa subserves a key role in tar-
geting PKCa to GluR2 during synaptic plasticity (Leitges
et al., 2004; Lu and Ziff, 2005; Perez et al., 2001). To de-
termine the effect of PICK1 deletion on GluR2 S880
phosphorylation, we used a S880 phospho-specific an-
tibody (Chung et al., 2000) to analyze wt and PICK1 KO
lysates prepared from high-density cortical neurons
treated with the PKC-activating phorbol-12-myristate-
13-acetate (TPA, 200 nM) or with media containing an
equal volume of DMSO as a control (Figure 1E). As ob-
served previously in rat cultures (Chung et al., 2000; Lu
and Ziff, 2005; Perez et al., 2001), neurons derived
from wt mice showed a robust increase in GluR2 S880
phosphorylation after 20 min of TPA stimulation relative
to DMSO-treated controls (p < 0.001). Notably, we ob-
served a similar TPA-induced increase in S880 phos-
phorylation in PICK1 KO neurons (p < 0.001). Moreover,
basal phosphorylation was slightly higher in PICK1 KO
neurons compared to neurons from wt littermates (p <
0.05). These results suggest that PICK1 is not required
on a global level for PKC-mediated phosphorylation of
GluR2 S880. Nonetheless, we cannot rule out the possi-
bility that PICK1 may be important in recruiting PKCa to
GluR2 at synapses because these receptors may consti-
tute a small, biochemically undetectable pool of GluR2.

To examine the ultrastructural distribution of GluR2 at
parallel fiber-Purkinje cell synapses in PICK1 KO and
GluR2D7 KI mice, we performed immunoelectron micros-
copy on 3–4 week old mouse cerebella with a GluR2
N-terminal antibody. In wt littermates from both PICK1
(Figure 2) and GluR2D7 (Figure 3) mutant lines, GluR2
labeling was concentrated along the PSD with occa-
sional gold particles located intracellularly within spines
or at extrasynaptic plasma membrane regions. The de-
gree of PSD labeling was unchanged in PICK1 KO mice
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Figure 1. Biochemical and Immunohisto-

chemical Characterization of PICK1 KO and

GluR2D7 KI Mice

(A) Western blot of hippocampal (Hip) and

cerebellar (Cb) homogenates from 3–4 week

old PICK1 KO (homo) mice and wt littermates.

a-GluR2 C-7 denotes an antibody specific for

the C-terminal 7 amino acids of GluR2. GluR2

C-7 pep represents the corresponding GluR2

C-terminal 7 amino acid peptide used for pur-

ification of this antibody.

(B) Western blot from 3–4 week old GluR2D7

KI (homo) mice and wt littermates.

(C) Immunoperoxidase staining in 3–4 week

old PICK1 KO mice and wt littermates. Scale

bar = 100 mm.

(D) Immunoperoxidase staining in 3–4 week

old GluR2D7 KI mice and wt littermates. Scale

bar = 100 mm.

(E) Phorbol ester stimulation in high-density

cortical neuron cultures from PICK1 KO mice

and wt littermates. (Ei) 10 day old cortical

neurons were treated in duplicate with

200 nM TPA for 20 min (or DMSO as a control),

lysed, and analyzed by Western blot with

a phospho-specific S880 antibody (Chung

et al., 2000). (Eii) S880 phosphorylation signal

intensities relative to total GluR2-N signal

intensities were quantified for each lane

and averaged. Error bars = SEM. Asterisk,

p < 0.05; triple asterisk, p < 0.001.
(11.50 6 1.80 [mean 6 SEM] versus 11.60 6 1.72 gold
particles/mm PSD for wt) and in GluR2D7 KI mice
(9.85 6 1.73 versus 10.40 6 2.45 gold particles/mm PSD
for wt). Interestingly, the degree of extrasynaptic plasma
membrane GluR2 labeling in spines of both PICK1 KO
(1.84 6 0.32 versus 1.00 6 0.22 gold particles/mm for
wt, p < 0.05) and GluR2D7 KI mice (2.24 6 0.36 versus
0.39 6 0.20 gold particles/mm for wt, p < 0.05) was signif-
icantly increased. Moreover, the degree of intracellular
GluR2 labeling was higher within spines of PICK1 KO
(34.80 6 4.92 versus 14.52 6 3.45 gold particles/mm2

for wt, p < 0.001) and GluR2D7 KI mice (30.25 6 6.09 ver-
sus 8.57 6 4.95 gold particles/mm2 for wt, p < 0.001).
These increases in spine GluR2 labeling were concomi-
tant with a significant decrease in the degree of intracel-
lular GluR2 labeling within dendrites and cell bodies of
both PICK1 KO (18.80 6 2.77 versus 31.66 6 2.16 gold
particles/mm2 for wt, p < 0.001) and GluR2D7 KI mice
(4.43 6 0.72 versus 26.70 6 5.10 gold particles/mm2 for
wt, p < 0.001). Taken together with the Western blot
data showing equal total levels of GluR2 among wt
and homozygous mice of each mutant line, these results
suggest a redistribution of GluR2-containing AMPA re-
ceptors from somatic and dendritic compartments to ex-
trasynaptic regions of spines in PICK1 KO and GluR2D7
KI mice. Although equal PSD labeling suggests the main-
tenance of a normal steady-state synaptic GluR2 pool in
homozygous mice, the accumulation of GluR2 at extra-
synaptic plasma membrane regions and intracellularly
within Purkinje cell spines suggests aberrant trafficking
into and out of the synaptic compartment.

Cerebellar LTD Is Absent in PICK1 KO Mice

To test the hypothesis that cerebellar LTD expression
requires PICK1, we first measured LTD in dissociated
cerebellar cultures derived from PICK1 KO mice. Pur-
kinje cells were held at 270 mV, and test pulses of glu-
tamate (30–90 ms long, delivered at 0.05 Hz) evoked
an AMPA-receptor mediated inward current that was
stable during the baseline recording period (Figure 4A).
When wt Purkinje cells received induction stimuli con-
sisting of six 3 s long depolarizations to 0 mV, each
paired with a pulse of glutamate, an immediate and per-
sistent depression resulted in response to subsequent
test pulses (50% 6 8.3% of baseline [mean 6 SEM],
t = 17.5 min, n = 8). This LTD was maximal because later
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Figure 2. Immunoelectron Microscopy Reveals Altered GluR2 Ultrastructural Localization in PICK1 KO Mice

(A–C) Immunogold labeling using a GluR2 N-terminal antibody in wt littermates. Gold particles are preferentially observed at the PSD of parallel

fiber-Purkinje cell synapses. Rare labeling at the plasma membrane (arrows) or intracellularly within spines (arrowheads) can be seen. (s = Pur-

kinje cell dendritic spine; p = parallel fiber synapses.)

(D–H) In PICK1 KO (homo) mice, gold particles are also observed at the PSD. Additionally, numerous gold particles are localized extrasynaptically

at the plasma membrane of Purkinje cell dendritic spines (arrows) and associated with smooth membranes of the endoplasmic reticulum (arrow-

heads) in spines. (s = Purkinje cell dendritic spine; p = parallel fiber synapses.)

(I) Quantitative analysis of immunogold labeling. Histograms show the density/mm of gold particles along the PSD and extrasynaptic spine

plasma membrane (upper row) and intracellular density/mm2 within the spine and in dendrites/cell bodies (lower row). Error bars = SEM. Asterisk,

p < 0.05; triple asterisk, p < 0.001. s = Purkinje cell dendritic spine; p = parallel fiber synapses; scale bar = 0.2 mm.
induction stimuli consisting of 12 pairings induced no
further depression (51% 6 7.1% of baseline, t = 40
min). In contrast, when pairing stimulation was delivered
to PICK1 KO Purkinje cells, no LTD was observed and a
mild potentiation was revealed (108% 6 7.8% of base-
line at t = 17.5 min and 112% 6 9.0% of baseline at t =
40 min, n = 7). Mutant Purkinje cells displayed normal
Rinput as well as normal mEPSC amplitude and kinetics
(Table S1). It is also unlikely that PICK1 deletion blocked
LTD by disrupting essential initial transmembrane sig-
nals required for induction because microfluorimetric
Ca2+ imaging revealed normal Ca2+ transients evoked
by either depolarization or DHPG-evoked mGluR1 acti-
vation (Table S1).
To address the possibility that these results with
PICK1 KO mice were restricted to cell culture, we re-
peated LTD experiments with acute parasagittal slices
prepared from P20–P25 mice. Parallel fiber EPSCs were
evoked by brief (100 ms) shocks delivered to the molec-
ular layer, and Purkinje cells were whole-cell voltage
clamped at a command potential of 270 mV. After
a 20 min baseline recording period, parallel fibers were
stimulated with a train of five pulses at 100 Hz, which
was accompanied by a 100 ms long depolarization of
the Purkinje cell to 0 mV. These bursts were repeated
30 times with an interburst interval of 2 s. Slices from
wt littermates showed robust LTD (73% 6 3.0% of
baseline at t = 40 min, n = 6), whereas those from
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Figure 3. Immunoelectron Microscopy Reveals Similarly Aberrant GluR2 Localization in GluR2D7 KI Mice

(A–D) Gold particles in wt littermates are preferentially observed at the PSD of parallel fiber-Purkinje cell synapses with only occasional labeling

at the extrasynaptic plasma membrane or intracellularly within spines (arrowheads). (s = Purkinje cell dendritic spine; p = parallel fiber synapses.)

(E–J) Gold particles in GluR2D7 KI (homo) mice are observed at the PSD but also found in significant numbers at the extrasynaptic plasma

membrane (arrows) and within the spine intracellular compartment (arrowheads). (s = Purkinje cell dendritic spine; p = parallel fiber synapses.)

(K) Quantitative analysis of immunogold labeling. Histograms show the density/mm of gold particles along the PSD and extrasynaptic spine

plasma membrane (upper row) and intracellular density/mm2 within the spine and in dendrites/cell bodies (lower row). Error bars = SEM. Asterisk,

p < 0.05; triple asterisk, p < 0.001. s = Purkinje cell dendritic spine; p = parallel fiber synapses; scale bar = 0.2 mm.
PICK1 KO mice did not (100% 6 3.6% of baseline at t =
40 min, n = 6) (Figure 4C).

PICK1 PDZ Domain Function Is Required
for Cerebellar LTD

To examine the structural domains of PICK1 that are
critical for LTD expression, we attempted to rescue
LTD in PICK1 KO Purkinje cell cultures by gene gun-
mediated transfection with wt and mutant PICK1 cDNA
constructs. Purkinje cells transfected with a wt PICK1
construct showed a complete rescue of LTD (52% 6
7.8% of baseline at t = 17.5 min and 52% 6 6.8% of
baseline at t = 40 min, n = 9) (Figure 4A). In contrast,
a PICK1 cDNA construct with a mutation in the PDZ do-
main (K27A/D28A) (Staudinger et al., 1997; Xia et al.,
1999) completely failed to rescue LTD (114% 6 8.0%
of baseline at t = 17.5 min and 119% 6 8.4% of baseline
at t = 40 min, n = 6) (Figure 4A). These results rule out
a chronic, developmental effect of PICK1 deletion on
the ability to induce cerebellar LTD and confirm the crit-
ical role of the PDZ domain in PICK1 function during LTD
expression.

LTD that is both induced and monitored by glutamate
test pulses has the advantage that it bypasses presyn-
aptic events and allows for an analysis of postsynaptic
mechanisms in isolation. One disadvantage, however,
is that it measures both synaptic and extrasynaptic re-
ceptors. To determine whether PICK1 is required for
cerebellar LTD specifically at synaptic AMPA receptors,
we measured miniature excitatory postsynaptic currents
(mEPSCs) and induced LTD chemically by a 10 min long
bath application of the PKC activator phorbol-12,13-
diacetate (PDA, 200 nM) (Figure 4B). As previously de-
scribed (Chung et al., 2003; Linden and Connor, 1991),
PDA produced an LTD-like effect appearing as a slowly
developing, but ultimately stable, decrease in the mean
amplitude of mEPSCs (from 33 6 4.1 pA at t = 210 min
to 15 6 5.8 pA at t = 35 min, n = 10). Analysis of the LTD-
like phenomenon produced by PDA showed that it gen-
erally followed the results with glutamate/depolarization
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Figure 4. Cerebellar LTD Is Abolished in Cultures and Acute Slices

from PICK1 KO Mice and Cannot Be Rescued by a PDZ Domain Mu-

tant of PICK1

(A) After baseline recording of glutamate-evoked inward currents,

LTD was induced in cultures by iontophoretic glutamate pulses in

conjunction with depolarization. Six pairings were delivered at t = 0

min (horizontal bar) and 12 pairings at t = 17.5 min (horizontal

bar, 23). Representative single current traces were acquired at the

indicated times. Scale bars = 1 s, 50 pA. PICK1 KO cultures were ei-

ther untransfected, transfected with wt PICK1, or transfected with

the PICK1 K27A/D28A PDZ domain mutant.

(B) An LTD-like effect was induced in cultures by bath application of

200 nM PDA at t = 0–10 min as indicated by the horizontal bar.

mEPSCs were measured and are expressed as mean raw ampli-

tudes (rather than a normalized scale). n = 10 cells/group.

(C) After baseline acquisition of parallel fiber EPSCs, LTD was in-

duced in cerebellar slices by pairing brief parallel fiber bursts with

depolarization as indicated by the arrow at t = 0 min. Representative

current traces are the average of three consecutive responses,

taken at the times indicated on the graph. n = 6 cells/group. It should
pairing: PICK1 KO Purkinje cells showed no depression
(from 30 6 4.6 pA at t = 210 min to 29 6 6.7 pA at t =
35 min, n = 10) that could be rescued by transfection
with wt PICK1 (from 29 6 4.3 pA at t = 210 min to
13 6 6.9 pA at t = 35 min, n = 10) but not by the K27A/
D28A PDZ mutant of PICK1 (from 32 6 3.8 pA at
t = 210 min to 33 6 6.6 pA at t = 35 min, n = 10). These
results indicate that PICK1 PDZ domain function is re-
quired for the depression of synaptic AMPA receptor
currents and that PICK1 deletion is unlikely to block
LTD induction through effects on processes prior to
PKCa activation.

PICK1 BAR Domain Function Is Required

for Cerebellar LTD
Recent homology studies have indicated that in addition
to its N-terminal PDZ domain, PICK1 contains a BAR do-
main (Peter et al., 2004). BAR domain proteins comprise
a large family of GTPase binding and endocytic pathway
proteins including arfaptin2 and amphiphysin, respec-
tively (Habermann, 2004). Recent crystallization of the
BAR domains in these two proteins has revealed critical
residues mediating association with lipid bilayers for
sensing and/or induction of membrane curvature. These
positively charged lysine and arginine residues are
found at the tips of the banana-shaped BAR domain di-
mer structure (Peter et al., 2004) (Figure 5A).

To investigate the function of the putative BAR do-
main in PICK1 and its potential involvement in cerebellar
LTD, we attempted to rescue LTD in PICK1 KO Purkinje
cell cultures by using cDNA constructs with targeted
mutations in the BAR domain. In one construct, lysines
at positions 266 and 268 within the loop region were mu-
tated to glutamates (K266E/K268E) to attenuate lipid as-
sociation (Figure 5A). Selection of these residues was
based on previously characterized mutations in amphi-
physin at the corresponding region that blocked associ-
ation with lipids and membrane tubulation in vitro (Peter
et al., 2004). In the second construct, a cluster of leu-
cines toward the interior of the first helix and away from
the positively charged loop region were mutated to glu-
tamates (L149E/L156E/L162E) (Figure 5A). We tested
the ability of each mutant to coprecipitate with phos-
pholipid extracts by a method previously described for
amphiphysin (Peter et al., 2004). Equal amounts of puri-
fied PICK1 protein were incubated with phospholipid
mixtures for 15 min at 37ºC and centrifuged. Pellets
and supernatants were then analyzed independently
by SDS-PAGE. Comparable to wt PICK1, a significant
fraction of the L149E/L156E/L162E helix-region mutant
copelleted with lipids (Figure 5B). However, the K266E/
K268E loop-region mutant showed a marked reduction
in lipid binding capability (Figure 5B) (p < 0.05) consis-
tent with structural predictions.

In PICK1 KO Purkinje cells transfected with a PICK1
K266E/K268E mutant cDNA construct, LTD evoked
by glutamate/depolarization pairing was completely
blocked (107% 6 9.0% of baseline at t = 40 min, n = 6)
(Figure 5C). By contrast, LTD was largely rescued in
L149E/L156E/L162E-transfected cultures (66% 6 7.8%

be noted that, in slices, LTD is typically slower to develop after con-

ditioning stimulation and is of smaller amplitude compared to that

seen in cultures. Error bars = SEM for all graphs.
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Figure 5. A Lipid-Binding-Deficient BAR Domain Mutant of PICK1 Fails to Rescue Cerebellar LTD in Cultures from PICK1 KO Mice

(A) Schematic representation of PICK1 BAR domain based on arfaptin2 crystal structure (Tarricone et al., 2001).

(B) In vitro lipid binding assay. (Bi) Equal amounts of PICK1 fusion protein were incubated with lipid extracts and centrifuged. S = supernatant;

P = pellet. (Bii) Quantitative analysis of pellet-to-supernatant (P/S) signal intensity ratio (normalized to the P/S signal intensity ratio for wt). n = 6

experiments per construct. Error bars = SEM. Asterisk, p < 0.05.

(C) PICK1 KO Purkinje cells were transfected with the PICK1 K266E/K268E or PICK1 L149E/L156E/L162E BAR domain mutant. LTD induction

was attempted with six pairings delivered at t = 0 min (horizontal bar) and 12 pairings at t = 17.5 min (horizontal bar, 23). Scale bars = 1 s, 50 pA.

(D) An LTD-like effect on mEPSC amplitude was induced by bath application of PDA as indicated by the horizontal bar. n = 10 cells/group. Error

bars = SEM for all graphs.
of baseline at t = 40 min, n = 6). A similar pattern was ob-
served when PDA-evoked depression of mEPSCs was
assessed: K266E/K268E-transfected cultures showed
no depression from basal values (from 32 6 4.5 pA at
t = 210 min to 34 6 7.0 pA at t = 35 min, n = 10), whereas
L149E/L156E/L162E-transfected cultures showed typi-
cal depression (from 29 6 3.5 pA at t = 210 min to
17 6 5.8 pA at t = 35 min, n = 10) (Figure 5D). These re-
sults indicate a critical function for lysine residues in
the loop region of the PICK1 BAR domain and suggest
a key role for PICK1-mediated lipid binding in endocyto-
sis events associated with cerebellar LTD. Nonetheless,
we cannot rule out the possibility that the K266E/K268E
mutation has an effect on some other functional prop-
erty of PICK1.

Cerebellar LTD Is Absent in GluR2D7 KI Mice
Our studies of cerebellar LTD in preparations from
PICK1 KO mice suggest a critical role for this PDZ
domain-containing protein. However, since the PICK1
PDZ domain mediates binding to both PKCa and GluR2,
our rescue studies in PICK1 KO Purkinje cell cultures
with the K27A/D28A PDZ domain mutant of PICK1 do not
distinguish between these two interactions. To focus
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more specifically on the PICK1-GluR2 PDZ-dependent
interaction, we analyzed LTD in dissociated cultures
and acute parasagittal slices from GluR2D7 KI mice.

Pairing-evoked LTD monitored with glutamate pulses
was normal in cultures derived from wt controls (53 6
9.4% of baseline at t = 40 min, n = 7) but was completely
blocked in cultures from GluR2D7 KI mice (120% 6
9.9% of baseline at t = 40 min, n = 7) (Figure 6A). Simi-
larly, PDA treatment depressed mEPSC amplitude in
cultures from wt littermates (from 33 6 4.6 pA at t =
210 min to 16 6 5.7 pA at t = 35 min, n = 10) but failed
to do so in GluR2D7 KI cultures (from 31 6 3.8 pA at
t = 210 min to 36 6 7.0 pA at t = 35 min, n = 10)
(Figure 6B). Acute cerebellar slices from GluR2D7 KI
mice also failed to show LTD (98% 6 3.1% of baseline
at t = 40 min, n = 6), whereas slices from wt littermates
revealed typical depression (76% 6 1.0% of baseline
at t = 40 min, n = 6) (Figure 6C). These results in dissoci-
ated Purkinje cell cultures and acute slice preparations
from GluR2D7 KI mice demonstrate a critical role for
the GluR2 PDZ ligand in cerebellar LTD.

GluR2 K882A KI Mice Show Impaired PKC-Mediated

Phosphorylation and Altered GluR2 Ultrastructural
Localization

We have previously shown that mutation of K882 within
the intracellular C terminus of the GluR2 subunit (GluR2
K882A) to ablate the S/T-X-K/R kinase recognition motif
(Kemp and Pearson, 1990) prevents PKC-mediated
phosphorylation at S880 (Chung et al., 2003). Further-
more, we have shown that the K882A mutation (at the
21 position of the C-terminal PDZ ligand) does not inter-
fere with binding to the PDZ domain-containing pro-
teins, PICK1 and GRIP1 (Chung et al., 2003; Seidenman
et al., 2003). When a GluR2 cDNA construct containing
this mutation was transfected into LTD-deficient GluR2
knock-out Purkinje cells in culture, no rescue was
achieved (Chung et al., 2003). GluR2 phosphorylation
at S880 therefore appears to be the key initial regulatory
step modulating the removal of AMPA receptors from
the cell surface during LTD. We generated GluR2
K882A KI mice with a similar strategy to that used for
the GluR2D7 KI line as a specific test of this hypothesis
(Figures 7A and 7B) (Gardner et al., 2005).

The GluR2 K882A KI mice were viable and were with-
out any observable developmental defects. Cerebellar
architecture and Purkinje cell morphology appeared
grossly normal by Nissl and Golgi staining (Figure S1).
Western blotting with GluR1, GluR2, GluR3, and GluR4
subunit-specific antibodies showed normal AMPA re-
ceptor levels in GluR2 K882A KI mice at 1 and 3 months
of age in both cerebellum and hippocampus (Figure 7C).
A reduction was seen with a GluR2 C-7 antibody but
likely reflects disruption of the epitope by the K882A
point mutation. Interestingly, a marked reduction in the
levels of the GluR2L splice form was observed for GluR2
K882A KI mice relative to wt littermates in both brain re-
gions, particularly at 1 month of age. This is in contrast
to the distinct increase in GluR2L levels observed for
GluR2D7 KI mice. As mentioned above, care was taken
to preserve the 30 splice site in the construction of both
KI lines by introducing the most parsimonious base
changes possible to produce the desired mutations. De-
spite this effort, it appears that inadvertent effects on
GluR2 splicing still occurred. Nonetheless, we believe
this change in the level of GluR2L to be of negligible
functional consequence because of the very small per-
centage of this splice form in 3–4 week old mouse brains
(Figure S2).

To confirm the Western blot data, we analyzed immu-
nohistochemical stains in sections of cerebellum from
both wt and GluR2 K882A KI mice (Figure 7D). GluR2/
3/4c staining in Purkinje cells was approximately equal

Figure 6. Cerebellar LTD Is Abolished in Cultures and Acute Slices

from GluR2D7 KI Mice

(A) LTD was induced in cultures by six glutamate/depolarization

pairings at t = 0 min. Scale bars for representative current traces =

1 s, 40 pA.

(B) An LTD-like effect on mEPSC amplitude was induced in cultures

by bath application of PDA as indicated by the horizontal bar. n = 10

cells/group.

(C) Parallel fiber LTD in slices derived from GluR2D7 mice. n = 6 cells/

group. Error bars = SEM for all graphs.
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Figure 7. Genetic, Biochemical, and Immu-

nohistochemical Characterization of GluR2

K882A KI Mice

(A) Schematic of KI targeting strategy. Geno-

mic DNA structure of GluR2 30 region is

shown. Exons and transmembrane regions

are indicated as green and black boxes, re-

spectively. DNA and amino acid sequences

are shown in detail in the box (top, wt, bot-

tom, GluR2 K882A KI). The K882A mutation

(asterisk), which also introduces a Bsl I site

by conservative mutation of the surrounding

codons, was generated by PCR. A Neo resis-

tance cassette (Neo; gray box) with loxP se-

quences at both sides (red triangles) was in-

troduced into the Bgl II site in the intron

upstream of the exon containing transmem-

brane (TM) domain 4 and the C terminus re-

gion of GluR2. After germline transmission,

Neo was deleted with the Cre/loxP system

by breeding to CMV-Cre transgenic mice. B,

BamH I sites; S, Spe I sites.

(B) Southern blot and PCR/restriction digest

analysis of genomic DNA isolated from

GluR2 K882A KI (homo) mice and wt litter-

mates. (Bi) Southern blot was performed

with an outer probe to the targeting vector

as indicated in (A). BamH I digestion of wt ge-

nomic DNA generated a 4.5 kb fragment,

whereas digestion of Neo+ mutant genomic

DNA produced a 6.3 kb fragment. After Neo

deletion, fragments from each of the different

genotypes were of indistinguishable size.

Double enzyme digestion with BamH I and

Spe I allowed separation of the mutant band

because of an additionally introduced Spe I

site from the loxP sequence (2.4 kb). (Bii) Ge-

nomic DNA was used as a PCR template to

amplify a fragment surrounding the region

of the GluR2 K882A mutation. These PCR

products were then digested with Bsl I to

confirm the presence of the mutation. Lane

2 shows Bsl I digestion of purified genomic

DNA from a Neo+ mouse. The 341 bp upper

band represents amplification of the wt allele.

The corresponding PCR product from the tar-

geted allele was cleaved by Bsl I into two

fragments of 176 and 165 bp, both of which

run together as a single lower band. Only

this single lower band is observed in homozy-

gous DNA. An additional 49 bp Bsl I digest

fragment is seen in all lanes.

(C) Western blot of hippocampal (Hip) and

cerebellar (Cb) homogenates from 1 month

old (mo) and 3 month old (mo) GluR2 K882A

KI mice and wt littermates.

(D) Immunoperoxidase staining in 3–4 week

old GluR2 K882A KI mice and wt littermates.

Scale bar = 100 mm.
among wt and GluR2 K882A KI mice, whereas GluR2 C-7
staining was markedly reduced. The reduction in GluR2
C-7 staining in sections from GluR2 K882A KI mice is
again attributable to interference of antibody recognition
by the K882A point mutation. GluR1 staining in Berg-
mann glia was comparable between both genotypes.

To assay for GluR2 S880 phosphorylation, we used a
previously characterized antibody that was purified to
recognize S880 phosphorylation in the presence or ab-
sence of a downstream K882A mutation (Chung et al.,
2003; Seidenman et al., 2003). Because this phospho-
specific antibody crossreacted with the corresponding
phosphoserine in the GluR4c AMPA receptor subunit
(data not shown), we specifically isolated the GluR2 sub-
unit by immunoprecipitation (IP) after denaturation of
brain homogenates in 1% SDS. To our surprise, we found
that basal S880 phosphorylation was intact in GluR2
K882A KI mice, with levels similar to that observed in
wt littermates (Figure 8A). As a control for specificity,
we analyzed samples from GluR2D7 KI mice by the
exact same IP protocol. In GluR2D7 KI mice (which lack
the S880 site altogether), basal phosphorylation was
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Figure 8. Basal S880 Phosphorylation Is In-

tact in GluR2 K882A KI Mice, whereas PKC-

Mediated S880 Phosphorylation Is Abolished

(A) GluR2 IPs from 3–4 week old forebrains

and cerebella show intact S880 phosphoryla-

tion in GluR2 K882A KI (homo) mice relative to

wt littermates. Samples were denatured in

1% SDS and then diluted in Triton X-100 prior

to IP (with a-GluR2-N or a-myc as a control)

to disrupt multimeric AMPA receptor com-

plexes. Western blotting was performed with

a specially purified phospho-specific S880

antibody (Chung et al., 2003; Seidenman

et al., 2003).

(B) Identical IP experiment performed in

GluR2D7 KI mice and wt littermates as a

control.

(C) Phorbol ester stimulation in cortical cul-

tures from GluR2 K882A KI mice and wt litter-

mates. (Ci) 10 day old cortical neurons were

treated in triplicate with 200 nM TPA for 20

min (or DMSO as a control), lysed, and

analyzed by Western blot with the phospho-

specific S880 described in (A). (Cii) S880

phosphorylation signal intensities relative

to total GluR2-N signal intensities were quan-

tified for each lane and averaged. Error bars =

SEM. Asterisk, p < 0.05; triple asterisk, p <<

0.001.

(D) Phorbol ester stimulation in cerebellar

slices from a 4 week old GluR2 K882A KI

mouse and its wt littermate. Slices were pooled

into two groups per genotype and treated by

bath application with either 1 mM PDA for

25 min or DMSO as a control.
completely undetectable (Figure 8B). These data sug-
gest that basal phosphorylation, perhaps mediated by
kinases other than PKC, is unaffected in GluR2 K882A
KI mice.

To specifically examine PKC-mediated phosphoryla-
tion in GluR2 K882A KI mice, we prepared high-density
cortical neuron cultures and treated them with either
TPA or DMSO as a control. Changes in the levels of
S880 phosphorylation were then measured by Western
blot with the phospho-specific antibody. Neurons de-
rived from wt mice showed a robust increase in S880
phosphorylation after 20 min of TPA stimulation relative
to DMSO-treated controls (p < 0.001) (Figure 8C). In con-
trast, neurons derived from GluR2 K882A KI mice
showed no significant increase in S880 phosphorylation
after TPA treatment (p > 0.1). Basal levels of S880 phos-
phorylation were not significantly different between wt
and GluR2 K882A KI neurons (p > 0.1). To confirm these
findings in cerebellum, we performed an analogous bio-
chemical experiment with cerebellar tissue slices de-
rived from a 4 week old GluR2 K882A KI mouse and
a wt littermate. Slices from each mouse were pooled
into two groups containing 10–15 slices each and incu-
bated in perfusion chambers for 25 min with either phor-
bol ester (PDA, 1 mM) or an equivalent volume of DMSO.
In agreement with the results from cortical cultures, a
marked increase in S880 phosphorylation was observed
for wt slices after PDA treatment (Figure 8D). In slices
from GluR2 K882A KI mice, however, S880 phosphoryla-
tion levels did not increase beyond basal levels.

We also performed immunoelectron microscopy with
a GluR2 N-terminal antibody to analyze the ultrastruc-
tural distribution of the mutant receptors (Figure 9). Sim-
ilar to PICK1 KO and GluR2D7 KI mice, GluR2 K882A KI
mice showed normal GluR2 labeling at PSDs (10.50 6
1.50 versus 9.70 6 1.20 gold particles/mm for wt). How-
ever, GluR2 labeling was significantly increased at both
extrasynaptic plasma membranes (1.54 6 0.29 versus
0.76 6 0.17 gold particles/mm for wt, p < 0.05) and intra-
cellularly within spines (34.60 6 5.60 versus 15.19 6
2.80 gold particles/mm2 for wt, p < 0.001). Also similar
to PICK1 KO and GluR2D7 KI mice, GluR2 K882A KI
mice showed a concomitant decrease in the degree of
intracellular GluR2 labeling in cell bodies and dendrites
(6.30 6 1.13 versus 24.2 6 3.97 gold particles/mm2 for
wt, p < 0.001). These strikingly similar ultrastructural
findings in GluR2 K882A KI mice suggest that S880
phosphorylation also regulates GluR2 trafficking in vivo.

Cerebellar LTD Is Absent in GluR2 K882A KI Mice

To check for a deficit in cerebellar LTD, we again per-
formed electrophysiological recordings in both dis-
sociated cultures and acute parasagittal slices from
GluR2 K882A KI mice and their wt littermates. LTD was
expressed normally in wt cultures (59% 6 8.4% of base-
line at t = 40 min, n = 7) (Figure 10A) but was completely
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Figure 9. Immunoelectron Microscopy Shows Altered GluR2 Ultrastructural Localization in GluR2 K882A KI Mice

(A–D) Gold particles in wt littermates are again observed predominantly at the PSD with only occasional labeling at the extrasynaptic plasma

membrane or intracellularly within spines (arrowheads). (s = Purkinje cell dendritic spine; p = parallel fiber synapses.)

(E–J) PSD labeling in GluR2 K882A KI (homo) mice is comparable to wt littermates, but labeling is increased at the extrasynaptic plasma mem-

brane (arrows) and within the spine intracellular compartment (arrowheads). (s = Purkinje cell dendritic spine; p = parallel fiber synapses.)

(K) Quantitative analysis of immunogold labeling. Histograms show the density/mm of gold particles along the PSD and extrasynaptic spine

plasma membrane (upper row) and intracellular density/mm2 within the spine and in dendrites/cell bodies (lower row). Error bars = SEM. Asterisk,

p < 0.05; triple asterisk, p < 0.001. s = Purkinje cell dendritic spine; p = parallel fiber synapses; scale bar = 0.2 mm.
abolished in those derived from GluR2 K882A KI mice
(112% 6 10.7% of baseline at t = 40 min, n = 6). When
PDA was used to chemically induce LTD, typical depres-
sion of mEPSC amplitudes was observed for wt cultures
(from 35 6 5.6 pA at t = 210 min to 13 6 6.3 pA at t =
40 min, n = 10) (Figure 10B). Although basal mEPSC
amplitudes in GluR2 K882A KI mice were comparable to
those of wt littermates, they failed to depress with bath
application of PDA (from 33 6 5.2 pA at t = 210 min to
33 6 7.5 pA at t = 40 min, n = 10). Acute cerebellar slices
from GluR2 K882A KI mice also failed to show LTD (Fig-
ure 10C: 101% 6 3.0% of baseline at t = 40 min, n = 6),
whereas slices from wt littermates showed normal de-
pression (Figure 10C: 75% 6 2.6% of baseline at t = 40
min, n = 6). Taken together with the biochemical data
above, these results demonstrate that PKC-mediated
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phosphorylation at S880 is essential for cerebellar LTD
expression.

Discussion

Deficient Cerebellar LTD in PICK1 KO
and GluR2D7 KI Mice

In the first part of our analysis, we investigated the roles
of PICK1 and the GluR2 C-terminal PDZ ligand in cere-

Figure 10. Cerebellar LTD Is Abolished in Cultures and Acute Slices

from GluR2 K882A KI Mice

(A) LTD was induced in cultures by six glutamate/depolarization

pairings at t = 0 min. Scale bars for representative current traces =

1 s, 30 pA.

(B) An LTD-like effect on mEPSC amplitude was induced in cultures

by bath application of PDA as indicated by the horizontal bar. n =

10 cells/group.

(C) Parallel fiber LTD in slices derived from GluR2 K882A mice. n =

6 cells/group. Error bars = SEM for all graphs.
bellar LTD by making use of genetically engineered
mice lacking the PICK1 protein (PICK1 KO) or the final
seven amino acids of the GluR2 intracellular C terminus
(GluR2D7 KI), respectively. We show here that cerebellar
LTD was completely absent in PICK1 KO mice in both
dissociated cultures and acute slices. This defect could
be rescued by transfection of wt PICK1 in Purkinje cells
but not by transfection of a PDZ domain mutant of
PICK1 (Staudinger et al., 1997; Xia et al., 1999). Our find-
ing that cerebellar LTD was also abolished in cultures
and acute slices from GluR2D7 KI mice demonstrates
that the PDZ ligand is essential for LTD expression and
strongly indicates that the type II PDZ-mediated interac-
tion between PICK1 and GluR2 is necessary for this form
of plasticity. It should be noted, however, that because
the GluR2D7 mutation disrupts GluR2 interaction with
both PICK1 and GRIP1/2, our findings with GluR2D7 KI
mice do not exclude an additionally important role for
GRIP1/2 (or other type II PDZ-domain-containing pro-
teins) in cerebellar LTD.

Molecular Roles of PICK1 in Synaptic Function

One key potential role for PICK1 is the facilitation of
GluR2 S880 phosphorylation by recruitment of PKCa
to GluR2 (Leitges et al., 2004; Lu and Ziff, 2005; Perez
et al., 2001). In our studies using neurons derived from
PICK1 KO mice, the absence of PICK1 had no effect
on TPA-induced increases in GluR2 S880 phosphoryla-
tion. Moreover, basal S880 phosphorylation was actu-
ally higher in neurons from PICK1 KO mice compared to
those from wt littermates. These results suggest that
PICK1 is not globally required for PKC-mediated phos-
phorylation of GluR2 S880. However, we cannot rule
out the possibility that PICK1 may be important for reg-
ulation of PKC-mediated phosphorylation of GluR2
S880 in response to more physiological stimuli. None-
theless, our finding that cerebellar LTD was abolished
in PICK1 KO mice in response to induction by either
phorbol ester or glutamate/depolarization pairing sug-
gests that PICK1 is playing a role in cerebellar LTD
that is distinct from the recruitment of PKCa. Our finding
that the selective PICK1 K266E/K268E BAR domain
mutant failed to rescue LTD from PICK1 KO mice sug-
gests the importance of BAR domain lipid binding in
the expression of LTD. Furthermore, it suggests a molec-
ular mechanism by which PICK1 may remodel cellular
membranes to facilitate the removal of surface GluR2-
containing AMPA receptors during LTD.

Studies in cerebellar stellate cells have suggested an
additional role for PICK1 in maintaining a reserve pool of
extrasynaptic GluR2-containing receptors for rapid in-
corporation into the synapse during plasticity (Gardner
et al., 2005; Liu and Cull-Candy, 2005). At parallel fiber-
stellate cell synapses in the cerebellum, high-frequency
stimulation drives a switch in AMPA receptor subtype
such that Ca2+-permeable, GluR2-lacking AMPA recep-
tors are replaced by Ca2+-impermeable, GluR2-contain-
ing AMPA receptors (Liu and Cull-Candy, 2000). This
form of calcium-permeable AMPA receptor plasticity
(CARP) is absent in PICK1 KO and GluR2D7 KI mice
(Gardner et al., 2005). Moreover, PICK1 KO and GluR2D7
KI mice appear to have a decrease in the level of
GluR2-containing receptors present in the extrasynaptic
plasma membrane measured electrophysiologically by
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using excised somatic outside-out patches (Gardner
et al., 2005). This reduction in extrasynaptic GluR2 con-
tent may explain the absence of CARP in PICK1 KO and
GluR2D7 KI mice through a deficit in the pool of extrasyn-
aptic GluR2-containing AMPA receptors available to
mobilize laterally into the synapse. Through a series of
rescue studies in GluR2 KO Purkinje cell cultures, we
have previously shown that NSF binding is critical for
the incorporation of extrasynaptic plasma membrane
receptors into the synaptic compartment of Purkinje
cells (Steinberg et al., 2004). NSF may act to disrupt
PICK1 anchoring of GluR2-containing receptors at
extrasynaptic sites, permitting them to diffuse laterally
into the synapse to maintain normal basal synaptic
transmission and, in the case of stellate cells, to induce
a change in synaptic Ca2+ permeability upon high-fre-
quency stimulation.

Despite a complete impairment in CARP, cerebellar
stellate cells in PICK1 KO and GluR2D7 KI mice appear
to have normal basal synaptic transmission (Gardner
et al., 2005). This is consistent with our present findings
of normal mEPSC amplitudes in Purkinje cells derived
from PICK1 KO and GluR2D7 KI mice despite the com-
plete absence of cerebellar LTD. It is also consistent
with the results of studies involving peptide perfusion
into Purkinje cells, in which GluR2 C-terminal peptides
designed to interfere with PICK1-GluR2 PDZ-dependent
interactions had no effect on AMPA-mediated mEPSCs
but produced a large attenuation of LTD (Xia et al., 2000).
Our immunoelectron microscopic analysis showing an
equivalent degree of GluR2 labeling at the PSD for
PICK1 KO and GluR2D7 KI mice and their wt littermates
supports the data on mEPSC amplitudes. Altogether,
these results suggest that PICK1 is not critical for main-
taining basal synaptic levels of GluR2 or that a compen-
satory mechanism maintains tight regulation over the
level of synaptic AMPA receptors in vivo.

Interestingly, we observed a significant increase in the
degree of both extrasynaptic plasma membrane and in-
tracellular GluR2 immunogold labeling within the spines
of PICK1 KO and GluR2D7 KI mice. The increase in ex-
trasynaptic plasma membrane labeling appears to be
at odds with the finding of reduced GluR2-containing re-
ceptors (and therefore lower GluR2 content) in cerebel-
lar stellate cells from PICK1 KO and GluR2D7 KI mice us-
ing excised somatic outside-out patches (Gardner et al.,
2005). It should be noted, however, that we observed
increases in GluR2 immunogold labeling only at the
extrasynaptic plasma membrane of spines and could
not detect any changes in labeling at dendritic or so-
matic plasma membranes because of the relatively low
density of AMPA receptors at these locations. The
extrasynaptic plasma membrane in spines may differ
from the perisynaptic plasma membrane of dendrites
and from the plasma membrane of cell bodies where
the excised outside-out patches were isolated (Gardner
et al., 2005). In general, our results indicate a redistribu-
tion of GluR2 from cell bodies and dendrites to extrasyn-
aptic regions in spines in PICK1 KO and GluR2D7 KI as
well as GluR2 K882A KI mice. We believe that this strik-
ingly similar accumulation of GluR2 in the spines of all
three mutants reflects aberrant receptor trafficking
that contributes to the blockade of plasticity. Identifica-
tion of the specific trafficking defects will require future
imaging studies in cerebellar preparations from the mu-
tant mice.

Intact Basal, but Impaired PKC-Mediated,

Phosphorylation and Deficient Cerebellar LTD
in GluR2 K882A KI Mice

Our findings indicate that GluR2 K882A KI mice with a
disruption in the C-terminal PKC consensus motif have
normal levels of basal S880 phosphorylation compared
to wt littermates in both forebrain and cerebellum. In
contrast, PKC-mediated phosphorylation of S880 in
response to phorbol ester stimulation is completely
abolished in samples from both brain regions. Previous
studies have shown that PKCa is the critical kinase in
Purkinje cells mediating expression of LTD (Leitges
et al., 2004). Our results demonstrate that S880 is a
key substrate for PKCa and is absolutely required for ex-
pression of cerebellar LTD and support a model (Chung
et al., 2000, 2003; Matsuda et al., 1999) in which S880
phosphorylation disrupts GRIP1/2 binding and pro-
motes PICK1 binding and AMPA receptor endocytosis.

LTD at the parallel fiber-Purkinje cell synapse in the
cerebellum has long been hypothesized to form a major
portion of the engram for certain types of motor learning
(Bear and Linden, 2000; Boyden et al., 2004; Linden,
2003). Previous studies in transgenic mice lacking cere-
bellar LTD have associated this deficit with altered per-
formance in behavioral paradigms such as associative
eyelid conditioning (Aiba et al., 1994; Kishimoto et al.,
2001; Koekkoek et al., 2003; Shibuki et al., 1996) and ad-
aptation of the vestibulo-ocular reflex (De Zeeuw et al.,
1998; Feil et al., 2003). Conclusive evidence linking
LTD to behavior awaits further experimentation because
interpretation of a number of previous studies is con-
founded by the presence of generalized motor distur-
bances and/or abnormal cerebellar development in the
mutant mice (Aiba et al., 1994; Kashiwabuchi et al.,
1995). Moreover, many mouse models have involved
complete ablation or inhibition of kinases such as PKC
(De Zeeuw et al., 1998) and cGMP-dependent protein ki-
nase I (Feil et al., 2003) or receptors such as mGluR1
(Aiba et al., 1994) and the orphan GluRd2 (Kashiwabuchi
et al., 1995). Because these kinases and receptors
have multiple targets and multiple effects, respectively,
these relatively nonspecific manipulations make it diffi-
cult to link behavioral deficits with the absence of cere-
bellar LTD.

The GluR2 K882A KI mouse may represent an impor-
tant tool for behavioral analysis. First, cerebellar mor-
phology and development appears normal in GluR2
K882A KI mice. Second, basal synaptic transmission ap-
pears normal in Purkinje cells of GluR2 K882A KI mice.
Third, binding of GluR2 to PDZ domain-containing pro-
teins is unaltered (Chung et al., 2003; Seidenman et al.,
2003) because of mutation at a noncritical residue for
PDZ binding (Songyang et al., 1997). Fourth, S880 phos-
phorylation is not disrupted basally but rather only in re-
sponse to signals that activate PKC. Fifth, cerebellar
LTD is completely abolished in both cultures and acute
slices in a fashion that is independent of side effects
on signals upstream of PKCa activation. Thus, future
studies using the GluR2 K882A KI mice may help to
more clearly delineate the role of cerebellar LTD in cere-
bellar motor learning.
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Experimental Procedures

Biochemical Analysis of Mutant Mice

For Western blot detection of AMPA receptor levels in each of the

three mutant mouse lines, hippocampi and cerebella were dissected

from 3–4 week old (1 month old) or 3 month old mice (KO/KI and wt

littermates) and sonicated to homogeneity in 320 mM sucrose,

10 mM Tris (pH 7.4), 5 mM EDTA, Complete protease inhibitor cock-

tail (Roche), 1 mM microcystin-LR, and 1 mM sodium orthovanadate

(Buffer H). Protein samples were denatured in SDS buffer and loaded

(10 mg/well) onto 7.5% polyacrylamide gels. Separated proteins

were transferred onto PVDF membranes (Millipore) and blotted

with homemade primary antibodies as described in the text or com-

mercially available anti-tubulin (Sigma).

For IP experiments, P2 fractions were first prepared from 3–4

week old mice (KO/KI and wt littermates). Briefly, forebrains and cer-

ebella were dissected, homogenized in Buffer H with 20 strokes with

a Glas-Col homogenizer, and cleared by centrifugation at 700 3 g for

10 min. Supernatants were then respun at 37,000 3 g for 16 min to

obtain the P2 pellet. P2 fractions were resuspended in 10 mM Tris

(pH 7.4), 5 mM EDTA, Complete protease inhibitor cocktail (Roche),

1 mM microcystin-LR, and 1 mM sodium orthovanadate (Buffer TE).

For IP, 500 mg P2 aliquots were diluted to 2 mg/ml in Buffer TE, son-

icated briefly, then extracted for 30 min at 4ºC by the addition of SDS

to 1% final concentration. The SDS was then diluted to 0.2% by the

addition of Buffer TE containing Triton X-100, NaCl, and DTT for final

concentrations of 1%, 0.25 M, and 10 mM, respectively, and further

incubated for 30 min at 4ºC. For the GluR2L/GluR2/3/4c immunode-

pletion experiment, P2 aliquots were instead extracted in Buffer TE

containing 1.5% Triton X-100. Extracted P2 samples were pre-

cleared for 1 hr prior to incubation with antibody-coupled Protein

A-Sepharose beads for 3 hr. After incubation, immunoprecipitates

were washed extensively, boiled, and loaded onto 7.5% gels.

For phorbol ester stimulation in cultured neurons, high-density

cortical cultures were prepared from P0–P1 pups according to

methods previously described for the rat (Rumbaugh et al., 2003).

Cortices from two to three KO/KI pups and their wt littermates

were pooled separately according to genotype, dissociated, and

plated in 6-well dishes at a density of 100,000 cells/cm2. On day

in vitro (div) 10, neurons were treated in duplicate or triplicate with

200 nM TPA (Calbiochem) or an equivalent volume of DMSO for

20 min at 37ºC. Cultures were placed on ice, washed once with

ice-cold Tris-buffered saline, and solubilized in Buffer TE contain-

ing 1.5% Triton X-100 for 30 min at 4ºC. Samples were then centri-

fuged at 16,100 3 g and loaded (12.5 mg/well) onto 7.5% gels. Quan-

titative analysis was performed with NIH ImageJ 1.34s freeware.

Two-tailed t tests (assuming equal variance) were used for statistical

comparison.

For phorbol ester stimulation in cerebellar slices, 200 mm thick

sagittal slices of whole cerebellum were prepared from a 4 week

old GluR2 K882A KI mouse and its wt littermate with a vibrating

tissue slicer (Leica) and ice-cold standard artificial cerebrospinal

fluid (ACSF) containing (in mM) 124 NaCl, 2.5 KCl, 1.3 MgCl2, 2.5

CaCl2, 1 NaH2PO4, 26.2 NaHCO3, and 20 glucose bubbled with

95% O2/5% CO2 (pH 7.4). Slices from each mouse were then divided

into two approximately equal groups (10–15 slices each) and incu-

bated in perfusion chambers with ACSF containing 1 mM PDA

(Sigma) or an equivalent volume of DMSO for 25 min at room tem-

perature (RT). Slices were then transferred into tubes containing

Buffer TE, sonicated to homogeneity, and loaded (25 mg/well) onto

7.5% gels.

Immunoelectron Microscopy

For electron microscopy, cerebellar regions were dissected, sec-

tioned with a Vibratome, and processed for freeze-substitution

and low-temperature embedding as previously described (Matsui

et al., 2005). Postembedding immunogold labeling of the GluR2

AMPA receptor subunit was performed with a monoclonal antibody

to the N terminus (1:300; Chemicon) following a similar protocol to

that detailed previously (Matsui et al., 2005; Rubio and Soto, 2001).

Primary antibody was labeled with 5 nm colloidal gold-coupled sec-

ondary antibodies (Amersham). Control experiments were per-

formed by omitting the primary antibody. Electron micrographs

were taken at 34,3003 magnification with a Philips 300M transmis-
sion electron microscope and scanned at a resolution of 1600 dpi

with an Epson Expression 1680 scanner. Image processing was per-

formed with Adobe Photoshop with only the brightness and contrast

commands to enhance gold particles.

Identification of parallel fiber synapses on Purkinje cells was

based on defined criteria (Matsui et al., 2005; Rubio and Soto,

2001). The distribution and relative density of GluR2 immunolabeling

was determined for 60 parallel fiber-Purkinje cell synapses for each

of the three pairs of wt and KO/KI mice analyzed. The linear density

of gold particles at the PSD (n = 60 profiles) and at the extrasynaptic

plasma membrane (n = 60 profiles) was computed with NIH Scion

Image by dividing the number of gold particles in a PSD profile by

the membrane length of that profile. The density of intracellular

labeling in the spine (n = 60 profiles) or intracellular labeling within

cell bodies and dendrites (n = 15 profiles, each with an average

area of 3–5 mm2) was calculated by dividing the number of gold par-

ticles in a profile by the area of that profile. The average linear density

and density per area were computed across all profiles. Two-tailed

t tests (assuming unequal variance) were used for statistical

comparison.

Cerebellar Culture Preparation

For GluR2D7 and GluR2 K882A mutant mouse lines, wt and homozy-

gous mice were mated separately. Cerebella from E18 pups were

then dissected and pooled into two separate groups according to

genotype. Because homozygous mating was not productive in

PICK1 mutant mice, heterozygotes were intercrossed. Tail samples

from P0 pups were digested with proteinase K and genotyped by

PCR immediately prior to culture. Cerebellar dissection, dissocia-

tion, plating, and gene gun-mediated transfection were performed

as previously described (Chung et al., 2003; Linden, 2001). Cultures

were generally transfected on div 6 and recordings were begun

20–50 hr later.

Electrophysiology

Electrophysiology in cultures was performed as previously de-

scribed (Chung et al., 2003; Steinberg et al., 2004). For slice record-

ings, sagittal (250 mm thick) slices of the cerebellar vermis were first

prepared from P20–P25 mice with a vibrating tissue slicer and ice-

cold standard ACSF. Slices were recovered for 30 min in a warm

chamber at 37ºC and further recovered for 1 hr at RT. The slices

were placed in a submerged chamber that was perfused at a flow

rate of 2 ml/min with room temperature ACSF and 20 mM gabazine

to block GABAA receptors. Visualized whole-cell patch-clamp re-

cording was performed with a Zeiss Axioskop 2FS equipped with

Dodt gradient contrast illumination. The electrodes for Purkinje

cell recording (2–4 MU) were filled with a solution containing

(in mM) 135 Cs-methanesulfonate, 10 CsCl, 10 HEPES, 0.2 EGTA,

4 Na2-ATP, and 0.4 Na-GTP (pH 7.2). Cells were voltage clamped

at 270 mV. The currents were filtered at 2 kHz and digitized at

10 kHz. For parallel fiber stimulation, standard patch pipettes filled

with ACSF were placed in the molecular layer and test stimulation

was given by using paired pulses (80 ms interval) at a frequency of

0.1 Hz with 100–150 mA pulses (100 ms duration). Stimulus strength

was adjusted so that the first EPSC did not exceed 400 pA. To in-

duce LTD, we stimulated parallel fibers with a burst of five pulses at

100 Hz, which was accompanied by 100 ms long depolarization of

the Purkinje cell to 0 mV, repeated 30 times with an interburst interval

of 2 s. A total of 30 trains were applied at 2 s intervals. The experi-

menter was blind to the mouse genotype until after data analysis.

PICK1 cDNA Mutagenesis and Lipid Binding Assays

PICK1 point mutant constructs were created by PCR mutagenesis

with complete sequence verification. Lipid binding assays were per-

formed according to a previously detailed method (Peter et al.,

2004). Briefly, equimolar amounts of purified PICK1 fusion protein

(wt and mutants) were incubated with brain lipid extracts (Folch frac-

tion I; Sigma) for 15 min at 37ºC and then centrifuged at 140,000 3 g

for 15 min at 4ºC. Supernatants were separated and pellets resus-

pended in equal volumes of buffer before SDS-PAGE analysis

and Coomassie blue staining. Quantification was performed by

densitometric analysis as described above (n = 6 experiments per

construct).
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Supplemental Data

The Supplemental Data for this article can be found online at http://

www.neuron.org/cgi/content/full/49/6/845/DC1/.
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