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Trafficking of AMPA-type glutamate receptors (AMPAR)

between endosomes and the postsynaptic plasma mem-

brane of neurons plays a central role in the control of

synaptic strength associated with learning and memory.

The molecular mechanisms of its regulation remain poorly

understood, however. Here we show by biochemical and

atomic force microscopy analyses that NEEP21, a neuronal

endosomal protein necessary for receptor recycling includ-

ing AMPAR, is associated with the scaffolding protein

GRIP1 and the AMPAR subunit GluR2. Moreover, the

interaction between NEEP21 and GRIP1 is regulated by

neuronal activity. Expression of a NEEP21 fragment con-

taining the GRIP1-binding site decreases surface GluR2

levels and delays recycling of internalized GluR2, which

accumulates in early endosomes and lysosomes. Infusion

of this fragment into pyramidal neurons of hippocampal

slices induces inward rectification of AMPAR-mediated

synaptic responses, suggesting decreased GluR2 expres-

sion at synapses. These results indicate that NEEP21–

GRIP1 binding is crucial for GluR2-AMPAR sorting

through endosomes and their recruitment to the plasma

membrane, providing a first molecular mechanism to

differentially regulate AMPAR subunit cycling in internal

compartments.
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Introduction

The number of AMPA-type glutamate receptors at the synap-

tic surface is regulated by endocytosis on the one hand, and

recycling and exocytosis on the other hand, which is a major

determinant of synaptic strength (Barry and Ziff, 2002;

Malinow and Malenka, 2002; Sheng and Kim, 2002; Song

and Huganir, 2002; Bredt and Nicoll, 2003). Induction of

long-term depression (LTD) in hippocampal neuron cultures,

hippocampal slice preparations and cultured cerebellar

Purkinje cells is associated with a decrease in cell surface

AMPA-type glutamate receptors (AMPAR) (Luscher et al,

1999; Beattie et al, 2000; Man et al, 2000; Matsuda et al,

2000; Xia et al, 2000). Likewise, during induction of long-

term potentiation (LTP), AMPAR are recruited into synapses

(Shi et al, 1999; Lu et al, 2001). The involvement of AMPAR

trafficking in synaptic plasticity was also confirmed in vivo

(Heynen et al, 2003; Lu et al, 2003; Takahashi et al, 2003).

Despite the importance of this trafficking for synaptic trans-

mission and plasticity, the molecular mechanisms involved,

particularly at the level of the intracellular sorting compart-

ments, are still poorly understood.

AMPAR are hetero-oligomers composed of the subunits

GluR1–4, and GluR1/2 and GluR2/3 receptors are predomi-

nant in the hippocampus. AMPAR containing edited GluR2

are Ca2þ -impermeable, and the appearance of Ca2þ -perme-

able, GluR2-lacking receptors was linked to transient fore-

brain ischemia (Pellegrini-Giampietro et al, 1997; Liu et al,

2004). In hippocampal slice cultures, GFP-GluR1 is delivered

to the synaptic surface in an activity-dependent manner (Shi

et al, 1999), which is proposed to be the initial event to

increase the number of surface AMPAR upon LTP induction.

Unlike GluR1/2-AMPAR, GluR2/3-AMPAR cycle rapidly and

constitutively between the synaptic surface and intracellular

endosomes (Passafaro et al, 2001; Shi et al, 2001). The

constitutive GluR2/3 cycling is believed to replace

the newly inserted GluR1/2 receptors, thereby stabilizing

the LTP-induced increase in surface receptor number (Shi

et al, 2001). Following internalization in hippocampal neuron

cultures, AMPAR can be differentially sorted by an unknown

mechanism. Upon incubation with AMPA/tetrodotoxin (TTX)

or NMDA, they are sent to lysosomal degradation, while

following stimulation with AMPA or NMDA/TTX they recycle

back to the plasma membrane (Ehlers, 2000; Lee et al, 2004).

GluR1 and GluR4 differ from GluR2 and GluR3 in their

cytoplasmic tails. These tails determine subunit-specific traf-

ficking, because they bind specific subsets of proteins. While

the carboxy termini of GluR1 and GluR4 bind type I PDZ

(postsynaptic density 95/disc large/zonula occludens-1), pro-

teins like SAP97, GluR2 and GluR3 mainly interact with

the type II PDZ proteins PICK1, GRIP1 and ABP (Barry and

Ziff, 2002; Malinow and Malenka, 2002; Sheng and Kim,

2002; Song and Huganir, 2002; Bredt and Nicoll, 2003).

GluR2 mutants, which show unaffected PICK1 binding but
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abolished GRIP1 binding, indicate an essential role of GRIP1

in stabilization of AMPAR at the synapse (Chung et al, 2000;

Matsuda et al, 2000; Xia et al, 2000). In addition to GRIP1

localized at the plasma membrane, a significant portion is

also detected on internal compartments (Dong et al, 1997;

Daw et al, 2000; Braithwaite et al, 2002), which might be

involved in regulating the recruitment of AMPAR from

intracellular storage organelles to the synaptic surface

(Collingridge and Isaac, 2003). In non-neuronal cells, recy-

cling receptors pass first through early endosomes, and then

through tubular recycling endosomes, although their sorting

along these compartments is not yet clear (Maxfield and

McGraw, 2004). Internalized AMPAR have been colocalized

with the endosomal SNARE trafficking protein syntaxin 13

(Lin et al, 2000) and the small GTPase Rab4 (Ehlers, 2000).

We have recently identified NEEP21, an early endosomal

protein primarily detected in the somatodendritic compart-

ment of neurons, which is immunoprecipitated with syntaxin

13 (Steiner et al, 2002). We demonstrated that suppression of

NEEP21 leads to impaired recycling of internalized transferrin

(Tf) receptor (TfR) (Steiner et al, 2002) and neurotension

receptor 2 (Debaigt et al, 2004). This indicated that NEEP21 is

an essential component for receptor sorting and recycling.

Strikingly, NEEP21 suppression led to strong retardation of

GluR1 and GluR2 recycling following NMDA/TTX-induced

internalization. In the present study, we show that NEEP21

forms a complex with GRIP1 and GluR2. Disruption of

NEEP21–GRIP1 binding has drastic effects on GluR2, but

not GluR1, cycling, and causes inward rectification of

AMPAR-mediated synaptic responses. These results strongly

indicate that NEEP21 regulates endosomal sorting of AMPAR

and excitatory neurotransmission by virtue of its direct

interaction with GRIP1–GluR2.

Results

NEEP21 forms a regulated complex with GRIP1

and GluR2

We have previously shown that suppression of NEEP21

strongly delays recycling of internalized surface receptors,

including the AMPAR subunits GluR1 and GluR2 in hippo-

campal neurons (Steiner et al, 2002). In order to verify this

result by an independent approach, we overexpressed in

hippocampal neurons either GFP or GFP fused to the entire

cytosolic domain of NEEP21 spanning amino acids (aa) 104–

185 (GFP-N104–185). We noticed that GFP-N104–185-trans-

fected neurons had shorter dendrites. We analyzed internali-

zation and recycling of GluR1 and GluR2 following TTX

preincubation and NMDA stimulation, by immunolabeling

for surface GluR1 and GluR2 (Steiner et al, 2002). At steady

state, there was a modest, but significant reduction in surface

labeling for GluR1 (Figure 1A) and GluR2 (Figure 1B).

Following stimulation, GluR1 and GluR2 decreased at the

neuronal surface in the presence of GFP or GFP-N104–185,

reflecting receptor internalization. At 60 min, reappearance of

both GluR1 and GluR2 was strongly impaired by GFP-N104–

185 compared to control GFP. In order to distinguish cycling

of GluR1 and GluR2 receptors, we also analyzed surface

appearance of transfected HA-tagged GluR1 or GluR2. In

contrast to endogenous heteromeric AMPAR, exogenously

expressed GluR1 or GluR2 form homomeric receptors (Shi

et al, 1999, 2001). As for the endogenous receptors, the
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Figure 1 Expression of the entire cytosolic domain of NEEP21
perturbs GluR1 and GluR2 cycling. (A, B) Hippocampal neurons
at DIV8 were transfected with GFP (black bars) or GFP fused to
aa104–185 of NEEP21 (gray bars). At DIV10, cells were preincu-
bated with TTX for 1 h and fixed (0 min, images on the left row) or
stimulated for 2 min with 50mM NMDA and further incubated for a
total of 10 or 60 min (images on the right row) before fixation. Then,
surface GluR1 (A) or GluR2 (B) was revealed by immunolabeling
without permeabilization using extracellularly binding antibodies.
Fluorescence was quantified on confocal images. 100% corresponds
to integrated fluorescence intensity of the GFP-transfected cells at
0 min. (C, D) As in panels A and B, except that neurons were
cotransfected with HA-GluR1 (C) or HA-GluR2 (D), and an anti-HA
antibody was used for surface labeling. Scale bar, 10mm; **Po0.01,
differences between black bar and gray bar at a given time point.
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recycling of both GluR1 (Figure 1C) and GluR2 (Figure 1D)

was retarded by GFP-N104–185. These results show that the

cytosolic domain of NEEP21 interferes with the recycling of

the AMPAR subunits GluR1 and GluR2, in agreement with

our previous result using antisense suppression (Steiner et al,

2002).

In order to elucidate the mechanism involving NEEP21

in AMPAR cycling, we sought to identify protein complexes

containing NEEP21 by immunoprecipitation from rat brain

membrane extracts. Anti-NEEP21 immunopellets contained

the PDZ protein GRIP1 (Figure 2A), a scaffolding molecule

involved in trafficking of membrane receptors including

GluR2. We also identified GRIP1 in anti-syntaxin 13 immuno-

precipitations, but not in control precipitations with nonspe-

cific IgG. We then asked whether NEEP21 also associates with

AMPAR. Indeed, we observed faint, but clear GluR2 immu-

noreactivity (Figure 2B). GluR2 was shown to bind to the

general trafficking proteins NSF/aSNAP (Song et al, 1998;

Noel et al, 1999). We did not detect aSNAP in NEEP21

immunoprecipitates (Figure 2B), suggesting different inter-

actions. Also, the PDZ proteins SAP97, a protein involved in

GluR1 trafficking, and PSD-95 were not detected (Figure 2B,

arrow indicates full-length SAP97 band). As further controls,

we analyzed for co-precipitation of the SNARE proteins

syntaxin 1 and VAMP2, and the integral synaptic vesicle

protein synaptophysin, which were all negative (Figure 2B).

Co-precipitation of GRIP1, GluR2 and syntaxin 13 with

NEEP21 could also be confirmed using CHAPS instead of

Triton X-100 to solubilize membranes (data not shown).

In order to further define NEEP21/GRIP1/AMPAR inter-

actions, we investigated their relative size distribution by

size-exclusion chromatography (Figure 2C), which separates

protein complexes according to their globular sizes. NEEP21

eluted from the column at a peak around 250 kDa and at

another clearly separated high-molecular-weight peak that

we estimate to be about 650–900 kDa (herein called 800 kDa

peak; note that fractions 1–3 belong to the column void

volume). Syntaxin 13, SAP97, GluR2 and GluR1 eluted over

wide size ranges, with maxima at about 300 kDa for syntaxin

13, about 700 kDa for SAP97 and around 600 kDa for both

AMPAR subunits. GRIP1 eluted with two recognizable peaks

at around 400 kDa, containing the majority of GRIP1, and a

Figure 2 NEEP21, GRIP1, GluR2 and syntaxin 13 are present in
600–900 kDa complexes. (A) Antibodies crosslinked to beads (N21,
anti-NEEP21; s13, anti-syntaxin 13; rIgG, rabbit IgG; mIgG, mouse
IgG) were incubated with rat brain membrane extract (1.6 mg) and
immunoprecipitated proteins (IP) analyzed by Western blotting for
the indicated proteins (syx13, syntaxin 13; extr, crude input extracts
corresponding to 1/20 of immune pellets). The arrowhead indicates
crossreacting antibody heavy chain. (B) As in panel A. Anti-NEEP21
antibodies co-precipitate GluR2, but not SAP97, PSD95, synapto-
physin (syp), syntaxin 1 (syx1), VAMP2 or aSNAP. SAP97 appears
at 140 kDa (arrow) and an additional, presumably degradation
product at about 90 kDa in extract lane, as described previously
(Muller et al, 1995). (C) Rat brain membrane extract (6 mg) was
separated on a Superdex 200 size-exclusion chromatography col-
umn and fractions were analyzed by Western blotting for the
indicated proteins. The column was calibrated in parallel runs
using the following as standards: Blue Dextran, void volume;
thyroglobulin, 669 kDa; ferritin, 440 kDa; catalase, 232 kDa; albu-
min, 67 kDa; chymotrypsin, 25 kDa. NEEP21 elutes in two distinct
peaks around 800 and 250 kDa. (D) Fractions 3–6 or 11–14, contain-
ing NEEP21 around 800 or 250 kDa, respectively, were pooled from
five column runs and loaded sequentially on a nonspecific rabbit
IgG (rIgG) column and then on a specific anti-NEEP21 immunoaffi-
nity column. Eluted proteins were analyzed. Note that GluR2,
GRIP1 and syntaxin 13 co-precipitate with NEEP21 from 800 kDa
fractions, but not from 250 kDa fractions. (E) As in panel D, but
using non-crosslinked mouse IgG and then mouse anti-GluR2 for
immunoprecipitation. Co-precipitation of NEEP21 was detected only
in 800 kDa fractions.

NEEP21–GRIP1 interaction in AMPAR cycling
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second peak at around 800 kDa. Interestingly, the latter

showed clear overlap with the 800 kDa peak of NEEP21.

Given these partially overlapping distribution profiles, we

wondered whether GluR2 and GRIP1 associated with NEEP21

either in the 800 kDa or the 250 kDa peaks. Therefore, we

pooled the NEEP21-positive fractions 3–6 (around 800 kDa)

and 11–14 (around 250 kDa), preabsorbed them to nonspe-

cific IgG beads (Figure 2D, IgG) and immunopurified NEEP21

from both pools on specific anti-NEEP21 antibody beads

(Figure 2D, N21). We found that GRIP1, GluR2 and syntaxin

13 were selectively co-immunopurified from fractions 3–6,

but not from fractions 11–14 (Figure 2D). No signals for

GluR1 and SAP97 could be detected (data not shown).

In reciprocal precipitations, we subjected the NEEP21-

positive fractions 3–6 (250 kDa pool) and 11–14 (800 kDa

pool) to anti-GluR2 immunoprecipitations (Figure 2E). In

line with the result in Figure 2D, we detected a small,

but specific amount of co-precipitated NEEP21 only from

the 800 kDa pool. These results clearly suggest that large

NEEP21 complexes include interactions between NEEP21,

GRIP1, syntaxin 13 and GluR2-containing AMPAR.

A NEEP21 fragment of 35 aa interacts directly

with GRIP1

In a next step, we wanted to elucidate which domains

of NEEP21 and GRIP1 are involved in this interaction. We

carried out pull-down experiments using rat brain membrane

extracts and immobilized fusion proteins between glu-

tathione-S-transferase (GST) and different fragments of the

carboxy-terminal, cytosolic part of NEEP21 (Steiner et al,

2002). The complete cytosolic domain (aa104–185) was

able to pull down GRIP1 (Figure 3B). Wherever neither

aa104–134 nor aa167–185 recruited significant amounts of

GRIP1 signals, the fragment aa129–164 resulted in a strong

GRIP1 signal. The same fragments could also recruit GluR2/

3, while no GluR1 signals were detected (Figure 3B). Also, the

unrelated membrane protein L1 was not detected (data not

shown), verifying the specificity of the observed interactions.

These results thus provided additional evidence for inter-

actions between NEEP21, GRIP1 and GluR2/3, and pointed to

a critical 35 aa stretch containing the binding region in

NEEP21. To analyze whether there is a direct binding between

NEEP21 and GRIP1, we used a purified recombinant fragment

of GRIP1. There was a clear binding of this soluble GRIP1-

aa810–1112 to GST-N104–185 and, although weaker, to GST-

N129–164, but not to control GST beads (Figure 3C).

We then investigated further the binding between NEEP21,

GRIP1 and GluR2 (as GST fusion proteins) using atomic force

microscopy (AFM). This technique allows a direct and quan-

titative analysis of an interaction between a protein on the tip

of the AFM cantilever and another protein on the mica

surface (Florin et al, 1994; Yersin et al, 2003). In a first

experiment, we measured the established interaction be-

tween GluR2 and GRIP1. The carboxy-terminal cytosolic

domain of GluR2 (GluR2ct) was fixed to the AFM tip, and a

GRIP1 fragment aa342–809 to the mica surface. After 1200

contact–retraction cycles, we observed interaction events

with an average relative binding force of 109710 pN and a

binding probability (defined as the ratio of number of binding

events divided by number of contact–retraction cycles) that

was clearly higher than the negative control between GluR2ct

and nonspecific GST (Figure 3D). This confirms the

previously shown interaction between GluR2 and PDZ do-

mains 4 and 5 (Dong et al, 1997) contained in GRIP1-aa342–

809. When the same GRIP1 fragment was tested against

the cytosolic domain of NEEP21 (NEEP21ct), we could not

observe a significant interaction (Figure 3E). In contrast,

NEEP21ct bound to the carboxy-terminal GRIP1-aa810–1112

(Figure 3F) with an average relative interaction force

of 11178 pN. NEEP21ct did not interact with GluR2ct

(Figure 3G), suggesting no direct binding. We further con-

firmed the interaction between NEEP21ct and a long fragment

GRIP1-aa342–1112 by on-line AFM measurements. While

injection of soluble GRIP1-aa342–809 into the AFM chamber

had no effect (Figure 3H), injection of GRIP1-aa810–1112

caused a significant reduction of the continuously recorded

binding events (Figure 3I), presumably by competing with

the GRIP1 fragment on the mica surface.

We then tested whether full-length GRIP1 promotes bind-

ing between NEEP21 and GluR2. To this end, HEK293T

fibroblast cells were cotransfected with tagged NEEP21,

GluR2 and either GFP (as control) or GRIP1, followed by

NEEP21 immunoprecipitation (Figure 3J). We detected a

weak, but clear co-precipitation of GluR2 in the absence

of GRIP1, which might be linked to endogenous GRIP1 in

fibroblast cell lines, as detected by Western blot (not shown).

The presence of GRIP1 induced a modest increase in GluR2

co-precipitation (1.52-fold after normalization on precipitated

NEEP21).

The above pull-down assays showed that fragment aa129–

164 of NEEP21 contains a GRIP1-binding site. To analyze

if this fragment could interfere in cells with the binding

between NEEP21 and GRIP1, HEK293T cells were cotrans-

fected with NEEP21, GRIP1 and either GFP or GFP tagged

with aa129–164 of NEEP21 (GFP-N129–164). Following

NEEP21 immunoprecipitation, the presence of this fragment

caused a marked decrease in the amount of co-precipitated

GRIP1 (Figure 3K).

Together, these data show that NEEP21 interacts directly

with GRIP1. Moreover, the NEEP21-binding domain on GRIP1

is in the carboxy-terminal 303 aa, while the GRIP1-binding

site on NEEP21 is located on fragment aa129–164.

NEEP21–GRIP1 interaction regulates synaptic

GluR2-AMPAR insertion

In order to assess the effect of NEEP21–GRIP1 interaction on

receptor trafficking in neurons, we tested the effect of the

GRIP1-binding domain of NEEP21 (aa129–164) on GluR1 and

GluR2 cycling described in Figure 1. We noticed a reduced

dendrite length upon GFP-N129–164 transfection, but overall

transport of other dendritic and synaptic proteins appeared to

be normal (Supplementary Figure 1). Hippocampal neurons,

transfected with either GFP or GFP-N129–164, were preincu-

bated with TTX and stimulated with NMDA, followed by

surface labeling of GluR1 and GluR2 (Steiner et al, 2002).

Before stimulation, GFP-N129–164-expressing neurons had

significantly lower GluR2 levels at the surface (Figure 4B,

gray bars) than GFP-expressing neurons (Figure 4B, black

bars). At 10 min after stimulation, there was efficient inter-

nalization of GluR2 in both cell batches. In contrast, while in

GFP-expressing neurons, GluR2 reappeared at the surface to

almost initial values at 60 min, surface GluR2 levels were

substantially decreased in GFP-N129–164-expressing neurons

(Figure 4B, 60 min). Despite the strong effect on GluR2

NEEP21–GRIP1 interaction in AMPAR cycling
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Figure 3 A fragment aa129–164 of NEEP21 interacts with GRIP1. (A) Scheme of NEEP21 deletion constructs expressed as GST fusion proteins.
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analyzed on Western blot. (C) Binding assay between different amounts of purified recombinant GRIP1-aa810–1112 and immobilized GST, GST-
N104–185 or GST-N129–164. GRIP1 binds directly to NEEP21. (D) Analysis by AFM of interactions between GRIP1 and GluR2 (all as GST fusion
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relative peak interaction force 11178 pN), confirming direct interaction between NEEP21 and GRIP1. (G) As in panel E, but with either GST or
GluR2ct on the mica. No significant binding was detected. (H, I) On-line observations of binding events between aa104–185 of NEEP21 (on
AFM tip) and GRIP1-aa342–1112 (on mica), before and after injection (arrow) of soluble GRIP1-aa342–809 (H) or GRIP1-aa810–1112 (I). Only in
the latter case, a significant decrease in binding probability (Po0.01) was observed, suggesting competition by fragment aa810–1112 for binding
between NEEP21 and GRIP1-aa342–1112. The histograms show all events before (left) or after (right) injection. (J) HEK293T fibroblast cells
were cotransfected with NEEP21-EE, HA-GluR2 and either GFP or myc-GRIP1, as visible in the extract lanes, followed by anti-EE
immunoprecipitation. There is a detectable co-precipitation of GluR2, which is enhanced (1.5-fold) by the expression of exogenous GRIP1.
(K) HEK293T fibroblast cells were cotransfected with NEEP21-EE, myc-GRIP1 and either GFP or GFP-N129–164, followed by anti-EE
immunoprecipitation. GFP-N129–164 reduces NEEP21–GRIP1 co-precipitation.
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recycling, GFP-N129–164 caused only a slight, statistically

not significant inhibition of GluR1 recycling (Figure 4A). This

distinguishes this limited fragment from the whole cytosolic

domain of NEEP21 presented in Figure 1 that affected both

GluR1 and GluR2.

When analyzing homomeric HA-tagged GluR1 or GluR2,

we observed again a clear inhibition on the surface reappear-

ance of HA-GluR2 (Figure 4D), but not of HA-GluR1

(Figure 4C), by aa129–164. We did not find a difference in

surface HA-GluR2 before stimulation, probably due to its

overexpression. The effect of GFP-N129–164 on endogenous

and exogenous GluR2, but not on GluR1, indicates that this

fragment acts via GluR2 on the cycling of AMPAR that are

presumably mainly GluR2/3-AMPAR.

Since aa129–164 interacted with the carboxy-terminal

GRIP1 fragment aa810–1112 (see Figure 3C and F), we
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Figure 4 Expression of aa129–164 of NEEP21 and of aa810–1112 of GRIP1 perturb GluR2 cycling. (A–D) Hippocampal neurons were
transfected, stimulated and labeled for surface GluR1 or GluR2 as in Figure 1, except that GFP (black bars), or GFP-N129–164 (gray bars)
instead of the whole cytosolic domain, was used. (E, F) Surface labelings as in panels A and B, except that neurons were transfected with either
GFP (black bars) or GFP fused to the carboxy-terminal aa810–1112 of GRIP1 (shaded bars). (G) Rhodamine-conjugated Tf was prebound on ice
to hippocampal neurons cotransfected with human TfR and either GFP (black bars) or GFP-N129–164 (gray bars). Internalization and recycling
of Tf was then allowed at 371C. Surface Tf was removed by acid wash on ice before fixation. Internal Tf labeling on confocal images was
quantified. GFP-N129–164 does not alter Tf recycling.
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wondered whether this GRIP1 fragment affects AMPAR cy-

cling in a similar manner. Indeed, while internalization and

recycling of GluR1 were not affected (Figure 4E), recycling of

GluR2 was strongly retarded (Figure 4F), as observed above

with aa129–164 of NEEP21. This result indicates that the

carboxy terminus of GRIP1 is involved in AMPAR recycling.

In order to verify that GFP-N129–164 does not cause a

general perturbation of the endosomal recycling pathway, we

also analyzed the cycling of the ubiquitous TfR and its ligand

Tf. Hippocampal neurons were transfected with the human

TfR and either GFP or GFP-N129–164, and we measured the

appearance and disappearance of fluorescent Tf in internal

compartments, a phenomenon that reflects internalization

and recycling (Steiner et al, 2002). GFP-N129–164 did not

alter the Tf time course (Figure 4G), excluding a general effect

of this small NEEP21 fragment on the endosomal recycling

pathway. Also, it did not affect regulated secretion in a

growth hormone release assay in PC12 cells (data not

shown).

It has been shown that GluR2-lacking AMPAR exhibit

particular electrophysiological features, such as inward recti-

fication of excitatory post synaptic current (EPSC) current/

voltage relationships (Hollmann et al, 1991) and Joro spider

toxin (JST) sensitivity (Blaschke et al, 1993). Since aa129–

164 specifically interfered with surface localization of GluR2

in dissociated hippocampal neurons, we tested its effect on

AMPAR-mediated synaptic currents by whole-cell patch

clamp recordings in CA1 hippocampal slice culture. We

infused a peptide corresponding to aa129–164 (N129–164)

through the patch pipette, and recorded evoked AMPAR-

mediated synaptic activity at different holding potentials

going from �80 to þ 40 mV, before and 30 min after peptide

infusion (Figure 5A and B). While immediately after whole-

cell access the EPSC current/voltage relationship was linear,

it exhibited clear inward rectification at depolarized poten-

tials after peptide infusion (Figure 5A and B; n¼ 16). The

rectification index, calculated by dividing the EPSC current

amplitude at þ 40 mV by the one at �60 mV, was 0.7770.4

before and 0.3170.06 after peptide infusion (Figure 5A and

C; n¼ 12; Po0.01). This was further confirmed by JST

(500 nM), a drug known to specifically block GluR2-lacking

AMPAR (Blaschke et al, 1993). In control cells, bath applica-

tion of JST did not affect the amplitude of evoked EPSCs,

consistent with GluR2-containing AMPAR being expressed at

synapses (data not shown). However, after 35 min of peptide

infusion, application of JST reduced the amplitude of evoked

EPSC at �80 mV by about 42% (Figure 5D; n¼ 5; Po0.05).

Control neurons, perfused with buffer alone, exhibited

neither inward rectification nor JST sensitivity. In addition,

infusion of N129–164 resulted in a run-down of synaptic

transmission (1874%; n¼ 6; Po0.01) similar to that ob-

served with an NSF-interacting peptide (pep2m; 2874%;

n¼ 6; Po0.05), suggesting an impairment of constitutive

AMPAR recycling (Figure 5E and Supplementary Figure 2).

These results strongly indicate that peptide N129–164

impairs surface expression of GluR2-containing AMPAR at

synapses.

NEEP21 promotes sorting of GluR2 to the recycling

pathway

It has previously been shown that brief application of NMDA

to hippocampal neuron cultures in combination with TTX

preincubation induces rapid AMPAR internalization and

recycling (Ehlers, 2000; Lee et al, 2004), while stimulation

with NMDA alone causes internalization and sorting to the

degradation pathway (Lee et al, 2004). In order to analyze

whether the NEEP21–GRIP1–GluR2 binding is modulated

under these conditions of differential AMPAR sorting, we

carried out anti-NEEP21 immunoprecipitations from control

cells, NMDA/TTX-stimulated cells or NMDA-stimulated cells.

From control neurons, we co-precipitated GRIP1 with

NEEP21 (Figure 6A and B). This signal is significantly en-

hanced in cells that had been preincubated with TTX and

briefly stimulated with NMDA (2.3-fold; recycling condition),

while stimulation with NMDA alone causes a significant

decrease in GRIP1 co-precipitation (0.48-fold; degradation

condition). When blots from these immunoprecipitations

were probed for GluR2, we detected the same profile

(Figure 6C). This strongly suggests that NEEP21–GRIP1–

GluR2 interactions are increased in living neurons under
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evoked EPSC after 30 min of N129–164 infusion (n¼ 5; *Po0.05).
(E) Infusion of peptide N129–164 decreases AMPAR-mediated sy-
naptic responses. Time course of changes in EPSC amplitude
measured in control cells (black circles) and in adjacent cells
infused with peptide N129–164 (gray circles; n¼ 6). Data are
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conditions of receptor recycling, and decreased when recep-

tors are sorted for degradation.

The inhibition of GluR2 surface expression by GFP-N129–

164 suggested that it is blocked in an internal compartment.

We therefore analyzed colocalization of internalized HA-

GluR2 with the early endosomal marker EEA1 (Figure 7A

and B) or the lysosomal marker LAMP1 (Figure 7C and D) in

NMDA/TTX-stimulated neurons that had been transfected

with either GFP or GFP-N129–164. In control GFP-transfected

cells, we found a transient appearance of GluR2 in early

endosomes (37.3% at 10 min and 16.6% at 30 min) in line

with previous data (Ehlers, 2000; Lee et al, 2004), and a low

colocalization with LAMP1 (12.9% at 10 and 30 min), verify-

ing a low degree of sorting to degradation. In contrast, GFP-

N129–164 led to a strong accumulation of HA-GluR2 in early

endosomes at 30 min (71.8%), a time point when cycling

receptors have normally been sorted to downstream path-

ways (Ehlers, 2000; Lee et al, 2004). Moreover, there is an

aberrant sorting of HA-GluR2 to lysosomes at 30 min

(27.5%). As negative control, we analyzed colocalization

between internal GluR2 and the synaptic vesicle protein

VAMP2, which was equally low under all conditions (Figure

7E and F). Total expression levels of HA-GluR2 (surface plus

internal) were equal in neurons expressing GFP (100%) or

GFP-N129–164 (97.9%). Together, these results are in line

with an essential function of NEEP21 protein interactions in

the exit of internalized receptors from early endosomes and

traffic toward the recycling pathway.

Discussion

Synaptic transmission and plasticity rely on variations in the

number of AMPA-type glutamate receptors inserted into the

postsynaptic plasma membrane. These receptors are re-

cruited from or internalized into endosomes, but the mole-

cular mechanisms governing intracellular receptor transport

through these organelles are not well understood. We show

here that the endosomal protein NEEP21 associates with the

PDZ scaffolding molecule GRIP1 and the AMPAR subunit

GluR2. Interfering with this interaction by expression of the

GRIP1-binding site of NEEP21 specifically affects GluR2 sur-

face expression, causes GluR2 accumulation in early endo-

somes and results in alterations of the properties of evoked

synaptic currents.

We have previously found that suppression of NEEP21 by

an antisense construct causes retardation of recycling not

only of GluR2 but also of GluR1 in hippocampal neurons, and

even of the ubiquitous TfR in PC12 cells (Steiner et al, 2002).

This is confirmed here by the effect of overexpression of the

cytosolic domain of NEEP21 that affected cycling of both

GluR1 and GluR2. In contrast, expression of the small frag-

ment aa129–164 that interacts with GRIP1 does not affect

GluR1 or TfR. This suggests that interactions apart from that

with GRIP1 occur on NEEP21 and are responsible for regula-

tion of a larger range of receptors. It is not clear why we did

not detect significant signals for GluR1 associated with

NEEP21. A likely explanation is that, in contrast to GluR2

receptors, the GluR1-containing receptors do not cycle con-

stitutively (Shi et al, 2001). Therefore, only extremely small,

undetectable amounts might be present in NEEP21-contain-

ing complexes.

Through size-exclusion chromatography, we found that

NEEP21 exists in two distinct protein complexes of around

250 and 800 kDa, with GRIP1 and GluR2 associated with

NEEP21 only in the latter one. As NEEP21 is also involved in

the cycling of receptors other than AMPAR (Steiner et al,

2002; Debaigt et al, 2004), NEEP21 molecules at 250 and

800 kDa are most probably engaged in further interactions, in

addition to the ones described here. Moreover, the majority of

GluR2 is presumably in AMPAR at the plasma membrane and

in other endosomal compartments.

Pull-down assays and AFM showed that GRIP1-aa342–809,

containing the GluR2-interacting PDZ domains 4 and 5 (Dong

et al, 1997), bound to GluR2, while the carboxy-terminal

GRIP1-aa810–1112 bound to NEEP21. This latter GRIP frag-

ment contains PDZ domain 7, which has previously been
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Figure 6 NEEP21–GRIP1–GluR2 interactions are regulated by
NMDA stimulation. (A) Hippocampal neurons were either left
unstimulated (ctr) or preincubated for 1 h with TTX (2mM) and
then stimulated with 50 mM NMDA for 2 min (N/T), or only
stimulated with 50 mM NMDA for 2 min (N). N/Tand N were further
incubated for 2 min without NMDA. Neurons were lysed and
subjected to anti-NEEP21 immunoprecipitation, followed by blot-
ting for NEEP21 and GRIP1. Crude extracts and immunopellets (IP
NEEP21) were loaded. (B) Pixel intensities on images from four
experiments as in (A) were quantified. The graph shows the relative
amount of co-precipitated GRIP1 normalized to precipitated
NEEP21. 100% corresponds to unstimulated cells. Co-precipitated
GRIP1 is significantly increased upon NMDA/TTX stimulation and
decreased upon NMDA stimulation (Po0.02). (C) Blot as in (A) was
reprobed for the co-precipitation of GluR2.
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found to be involved in nonconventional PDZ interactions

(Feng et al, 2002). It is however unclear whether PDZ 7 is

involved in NEEP21 binding. We used AFM because it directly

measures interaction forces between single proteins. Since

this force depends on the loading rate, all our measurements

were accomplished by keeping this parameter constant.

Multiple ruptures of protein–protein pairs can be excluded,

since they would result in the presence of additional peaks

at multiple interaction forces, which did not occur in the

presented study.

To investigate the functional implication of this NEEP21–

GRIP1 interaction in AMPAR trafficking and synaptic trans-

mission, we used the dominant-negative NEEP21 fragment

aa129–164 that interfered with this interaction. Expression of

aa129–164 in hippocampal neurons markedly reduced sur-

face expression of GluR2, but not of GluR1. Therefore, it is

likely that the limited fragment aa129–164 affects specifically

trafficking of the GluR2 subunit in AMPAR. These might

include some GluR1/2 receptors passing through the recy-

cling pathway, but the main effect is likely to concern fast-

cycling GluR2/3 receptors. This is consistent with our recent

study showing that interference with NEEP21 expression

results in a reduction of spontaneous miniature synaptic

response amplitude, a reduced AMPA/NMDA ratio and a

lack of enhancement of evoked synaptic responses following

blockade of endocytosis (Alberi et al, 2005). All these results

thus clearly point to a role of NEEP21 in constitutive cycling.

Interestingly, infusion of the peptide N129–164 resulted in

increased rectification of AMPAR-mediated responses and

increased sensitivity to JST, signatures that can be attributed

to a selective decrease in synaptic GluR2-containing AMPAR.

This differs from the GluR2-NSF-interacting peptide pep2m,

which causes run-down of the responses, but no significant

rectification in hippocampal slices (Terashima et al, 2004;

Supplementary Figure 2). This indicates therefore that the

effects observed upon interference with NEEP21 are not

simply a nonspecific consequence of removing AMPAR

from the synapse. They rather reflect a direct contribution

of NEEP21–GRIP1 interaction to the regulation of the subunit

composition of AMPAR, possibly at the level of receptor

sorting. Indeed, aa129–164 provoked an accumulation of

GluR2 in early endosomes and an increased targeting

to lysosomes, in agreement with our previous localization

of NEEP21 on early sorting endosomes.

In dissociated cultures, NMDA stimulation in combination

with TTX preincubation (which blocks sodium channels and

thereby eliminates spontaneous activity) enhances internali-

zation and recycling of AMPAR (Ehlers, 2000; Lee et al,

2004), as does agonist stimulation with AMPA (Lee et al,

2004). Curiously, stimulation with NMDA in the absence of

TTX induces sorting to the degradation pathway (Lee et al,

2004). This has been suggested to be linked to synaptic

scaling, an adaptation of the neuron to the overall activity

status in the network (Turrigiano and Nelson, 2004).

Interestingly, we found that co-precipitation of GRIP1 and

GluR2 with NEEP21 is enhanced under conditions of AMPAR

recycling, while it is decreased under conditions of AMPAR

degradation. This is a strong indication that the protein

interactions discovered here are directly linked to the regula-

tion of intracellular AMPAR sorting, and might allow the cell

to adapt to long-term changes in activity levels. The en-

hanced interaction by NMDA/TTX occurred quickly, within

4 min after stimulation, and could presumably coincide with

the arrival of endocytosed receptors in early endosomes

where the stimulus-dependent sorting into the recycling or

degradative pathways takes place (Ehlers, 2000; Lee et al,

2004). This is in line with our previous study on the sub-

cellular localization of NEEP21 on a Rab4 domain of early

endosomes. Since the fragment aa129–164 behaves in a

dominant-negative manner in GluR2 surface reappearance

and AMPAR properties, and blocks cycling receptors in early

endosomes, we propose a model (Figure 8) in which the

interaction between NEEP21 and GRIP1 would promote sort-

ing of internalized receptors through endosomes and toward

recycling compartments, before being inserted into the plas-

ma membrane. This hypothesis is supported by the finding

that anti-syntaxin 13 immunoprecipitates contained not only

NEEP21 but also GRIP1 and that syntaxin 13 is present in the

800 kDa NEEP21-positive complex. Syntaxin 13 is a mem-

brane trafficking SNARE mainly detected on recycling endo-

somes (Prekeris et al, 1998; Hirling et al, 2000) and also on

early endosomes (McBride et al, 1999). Co-immunoprecipita-

tion of GRIP1 with syntaxin 13 and of syntaxin 13 with

NEEP21 suggests that at least some fraction of NEEP21–

GRIP1 complexes becomes associated with components of

the general recycling machinery during intracellular receptor

trafficking. In a recently proposed modular organization of

receptor sorting (Gage et al, 2005), NEEP21 could act as a link

between the general membrane trafficking components and

the sorting of a specific group of receptors. It will be im-

portant to investigate whether sorting signals like ubiquitina-

tion or other modifications can influence the observed
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Figure 8 Model for a role of NEEP21 in GluR2 sorting. (A) NEEP21
is localized to early endosomes (Steiner et al, 2002), and syntaxin
13 to early and recycling endosomes (Prekeris et al, 1998; McBride
et al, 1999). GluR2-containing AMPAR are at the postsynaptic
density, and are internalized and appear on early endosomes. (B)
According to this model, interactions between NEEP21, GRIP1,
GluR2 and syntaxin 13 promote receptor sorting into the recycling
pathway. Fusion events involving syntaxin 13 might occur during
the transfer between the endosomal compartments. (C) Receptors
can be recycled back to the cell surface from recycling endosomes.
The dominant-negative fragment aa129–164 of NEEP21 might inter-
fere with complex formation at the sorting step, causing impairment
of GluR2 surface expression, its accumulation in early endosomes
and aberrant sorting to degradation, and rectification of AMPAR
currents.
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interactions. In any case, the protein interactions discovered

here might target GluR2 to tubular areas of early endosomes

representing the exit domain toward recycling (Figure 8).

In conclusion, this study identified interactions between

NEEP21, GRIP1, GluR2 and syntaxin 13 as a key regulatory

mechanism that could control the intracellular fate of AMPAR

and the endosomal sorting of the GluR2 subunit toward

recycling and membrane targeting.

Materials and methods

Immunoprecipitation and pull-down experiments
Membrane pellets from rat brain (postnatal day 10) were prepared
as described (Steiner et al, 2002) and lysed in buffer B (20 mM
HEPES/KOH pH 7.4, 2 mM EDTA, 2 mM EGTA, 0.1 mM DTT, 0.1 M
KCl, 1% Triton X-100; 5 ml per 1 g brain tissue). For immunopre-
cipitation and Western blotting (Steiner et al, 2002), antibodies
crosslinked to protein A- or G-Sepharose (10ml) were incubated
with 1.6 mg of membrane extract for 4 h, washed with buffer B and
eluted with 100 mM glycine, pH 2.5. For immunoprecipitation using
non-crosslinking conditions, extracts were incubated for 2 h with
5 ml of anti-NEEP21 antibody, or 4 ml of monoclonal anti-GluR2
antibody, followed by addition of 10ml of protein A- or protein G-
Sepharose beads and further incubation for 1 h. Beads were washed
and loaded onto SDS–PAGE for Western analysis. For GST pull-
down assays, 1.8 mg of membrane extract was incubated for 1 h
with GST fusion protein beads. After three washing steps, bound
protein was analyzed by Western blots.

Interaction force measurement by AFM
AFM tips and substrates were prepared as described previously
(Yersin et al, 2003). Briefly, recombinant GST fusion proteins (200–
300 ng/ml) were covalently crosslinked by glutaraldehyde (0.5%) to
the AFM tip (Digital Instruments, Santa Barbara, USA; nominal
spring constant 0.06 N/m, calibrated by thermal noise analysis) and
to a freshly cleaved mica sheet that had been functionalized by
aminopropyltriethoxysilan (APTES). Experiments were performed
at room temperature on a Nanoscope IIIs (Digital Instruments)
with force volume mode operating in TBS buffer, at a constant
retraction speed of 355 nm/s. Force curves were then analyzed
off-line by a fuzzy logic algorithm (Yersin et al, 2003).

Size-exclusion chromatography
The membrane extract was prepared as described above, at a
protein concentration around 24 mg/ml. A Superdex 200 size-
exclusion chromatography column on an Äkta FPLC system
(Amersham) was equilibrated in buffer B. The membrane extract
(250ml) was injected and fractions (500ml) were collected at 0.5 ml/
min. The column was calibrated under identical conditions using
kits of proteins with known globular sizes (Amersham). Fractions
3–6 (150–350 kDa) or 11–14 (650–950 kDa) were pooled from five
separations to immunopurify NEEP21 complexes from the 800 or
250 kDa fractions, respectively. These pools were incubated in
a column with 80ml of nonspecific rabbit IgG beads for 40 min,
and then the flow-through was incubated overnight in a column
with anti-NEEP21 antibody beads. Both columns were washed
and eluted with 100 mM glycine pH 2.5. NEEP21 complexes were
analyzed by Western blotting.

Cell culture and immunofluorescence
Rat hippocampal neuron cultures, neuron transfection, immuno-
fluorescence and cycling of endogenous GluR1,2 and of HA-tagged
GluR1,2 (Passafaro et al, 2001) were performed as described
(Steiner et al, 2002). See also Supplementary data. We observed a
reduced dendrite length in GFP-N129–164-transfected neurons
(36%) compared to control neurons, which was partially, but
significantly compensated by overexpression of HA-GluR2 (52%;
P¼ 0.01). Double stainings between GluR2 and either PSD-95, NR1,
MAP2 or synaptophysin suggested overall correct dendritic trans-
port and synapse formation in GFP-N129–164-transfected neurons
(Supplementary Figure 1).

For localization of internalized HA-GluR2, transfected neurons
were incubated for 1 h at 371C with TTX (2 mM) and for 10 min with
TTX and anti-HA antibody to label surface HA-GluR2. Neurons
were stimulated with 50 mM NMDA for 2 min, washed and further
incubated for the indicated durations. Neurons were washed with
PBS/30 mM glycine pH 2.5 to remove the remaining surface label,
fixed and immunolabeled using antibodies against EEA1, LAMP1 or
VAMP2. Colocalization using Metamorph software was quantified
as described previously (Steiner et al, 2002) and detailed in
Supplementary data. Colocalization is defined as the pixels that
are positive for both internal GluR2 and EEA1, LAMP1 or VAMP2.
The 100% in Figure 7 corresponds to the sum of pixels that are red
or green, while colocalization corresponds to pixels that are red and
green at a set threshold.

To analyze the modification of the NEEP21–GRIP1 interaction,
neurons were either not treated, or stimulated for 2 min with 50mM
NMDA, or incubated for 1 h with TTX (2 mM) and then 50mM
NMDA was added. Washed neurons were further incubated for
2 min at 371C, lysed in buffer B, cleared at 10 000 g for 10 min and
supernatants incubated at 41C for 4 h with 10ml of anti-NEEP21-
protein A beads.

HEK293T cells were cultured in DMEM/10% FCS, transfected
using the calcium phosphate technique and lysed in buffer B for
immunoprecipitation using anti-EE protein G beads.

Electrophysiology
Hippocampal organotypic slice cultures were prepared as described
(Stoppini et al, 1991). Whole-cell recordings were performed on
CA1 pyramidal cells of continuously superfused slices at DIV10. The
bipolar stimulating electrode was placed in the stratum radiatum at
X100 mm from the recorded cell soma. Evoked glutamatergic
NBQX-sensitive AMPAR-mediated synaptic responses were induced
at a frequency of 0.05–0.5 Hz throughout the experiment in the
presence of GABAA and NMDA antagonists (bicuculline and
D-APV). The effects of N129–164 infusion were recorded after
30–40 min. For details, see Supplementary data.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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