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Kainate receptors (KARs) play important roles in the

modulation of neurotransmission and plasticity, but the

mechanisms that regulate their surface expression and

endocytic sorting remain largely unknown. Here, we

show that in cultured hippocampal neurons the surface

expression of GluR6-containing KARs is dynamically regu-

lated. Furthermore, internalized KARs are sorted into

recycling or degradative pathways depending on the en-

docytotic stimulus. Kainate activation causes a Ca2þ - and

PKA-independent but PKC-dependent internalization of

KARs that are targeted to lysosomes for degradation. In

contrast, NMDAR activation evokes a Ca2þ -, PKA- and

PKC-dependent endocytosis of KARs to early endosomes

with subsequent reinsertion back into the plasma mem-

brane. These results demonstrate that GluR6-containing

KARs are subject to activity-dependent endocytic sorting,

a process that provides a mechanism for both rapid and

chronic changes in the number of functional receptors.
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Introduction

Kainate receptors (KARs) are highly expressed in many brain

regions. At presynaptic terminals, they can modulate both

excitatory and inhibitory neurotransmitter release

(Chittajallu et al, 1999; Lerma et al, 2001). Postsynaptically,

they mediate a slow component of synaptic transmission and

are involved in plasticity (Lerma, 2003). Overall, low to

moderate activation of KARs enhances whereas strong KAR

activation reduces synaptic transmission (Schmitz et al,

2001). There are five KAR subunits: GluR5, GluR6 and

GluR7 that can form functional homomeric receptors and

KA1 and KA2 that can only form part of a functional receptor

when coassembled with at least one of the GluR5–GluR7

subunits (Chittajallu et al, 1999; Lerma et al, 2001). Thus

KARs, probably with different subunit compositions, can be

specifically targeted to pre-, post- and extrasynaptic locations

within the same cell. Functional KARs at thalamocortical

synapses are subject to acute activity-dependent and longer

term developmental regulation. During the critical period of

experience-dependent plasticity at these synapses, the con-

tribution of KARs is decreased. Similarly, long-term potentia-

tion (LTP) at these synapses involves a rapid switch from

kainate to AMPA receptor-mediated synaptic transmission,

suggesting that KARs are regulated in response to synaptic

plasticity during development (Kidd and Isaac, 1999). These

results suggest that KARs and AMPARs are subject to inde-

pendent and differential trafficking events.

In cultured hippocampal neurons, the locations and roles

of KARs are less clearly defined. Despite punctate, synaptic-

like staining with anti-KAR antibodies and the demonstration

of functional KARs using application of agonists, no synaptic

role for these receptors has been established since all fast

excitatory transmission can be blocked by AMPAR-selective

antagonists (Lerma et al, 1997). One possible explanation for

these observations is that hippocampal neurons in culture

have similar properties to CA1 pyramidal cells that do not

express postsynaptic KARs. Recently, however, evidence for

CA1 postsynaptic GluR6-containing KARs metabotropic re-

ceptors has been reported (Melyan et al, 2004).

By comparison with AMPAR trafficking and the processes

controlling their surface and synaptic expression, little is

known about KAR trafficking. However, an ER retention

signal around Arg896 in the GluR5-2b subunit has been

identified (Ren et al, 2003b) and a forward trafficking motif

that promotes surface expression of homomeric and hetero-

meric KARs has been identified in a splice isoform of GluR6

(Jaskolski et al, 2004; Yan et al, 2004). The KA2 subunit,

which likely forms heteromers with GluR6 in hippocampal

neurons (Darstein et al, 2003), is retained in the ER by

specific motifs until sterically hindered by assembly with

other subunits and also contains a di-leucine endocytotic

motif in the C-terminal of KA1 and KA2 that is highly

selective for clathrin internalization pathways (Ren et al,

2003a).

GluR6 mRNA, together with KA1 and KA2 mRNAs, is

highly expressed in most cultured embryonic hippocampal

neurons that display characteristic native kainate responses

(Ruano et al, 1995). Furthermore, the channel properties of

receptors in cultured hippocampal neurons are similar to

homomeric GluR6 receptors expressed in clonal cell lines

(Lerma et al, 2001). In the hippocampal mossy fibre pathway,

KARs mediate slow frequency-dependent postsynaptic re-

sponses (Castillo et al, 1997; Vignes and Collingridge,

1997), and subsequent studies with knockout mice have

supported that GluR6 is required for these responses (Mulle

et al, 1998). Presynaptic GluR6 has been implicated in the

kainate-induced inhibition of GABA release on CA1 pyrami-

dal cells (Mulle et al, 2000), and a role for GluR6 in the

facilitation of GABA release at inhibitory synapses on CA1

interneurons has also been proposed (Mulle et al, 2000;

Cossart et al, 2001).

Here we have investigated the surface expression and fate

of GluR6 in cultured hippocampal neurons. We show that
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GluR6-containing KARs are rapidly endocytosed and differ-

entially sorted to either a recycling or degradative pathway

depending on the endocytotic stimulus. Kainate activation

causes a Ca2þ - and PKA-independent but PKC-dependent

internalization of KARs that are targeted to lysosomes

for degradation. In contrast, NMDAR activation evokes a

Ca2þ -, PKA- and PKC-dependent endocytosis of KARs to

early endosomes with subsequent reinsertion back into the

plasma membrane. Our results demonstrate a previously

unknown mechanism by which surface-expressed KARs can

be regulated.

Results

Basal and activity-dependent GluR6 endocytosis

We first compared the time course of internalization of

GluR6-containing KARs and GluR1-containing AMPARs. In

these experiments, all surface proteins were biotinylated for

10 min at 41C, washed extensively and returned to 371C for

various times to allow endocytosis. Biotinylated proteins

remaining on the surface after incubation were debiotinylated

by incubating the cells in glutathione (GSH) buffer at 41C

leaving only the endocytosed proteins biotinylated. The

amount of biotinylated GluR6 was determined by binding

cell lysate to streptavidin–agarose beads and Western blotting

with anti-GluR6/7 antibody. Since GluR7 is present only in

interneurons at relatively low levels in the hippocampus

(Isaac et al, 2004) and our cultures comprise mainly of

principal neurons, the anti-GluR6/7 antibody is an effective

marker for GluR6 in our experiments. We quantified inter-

nalized (biotinylated) receptors under conditions of reduced

(TTX, 2mM), basal and activated (bicuculline, 10mM) synap-

tic activity (Figure 1A and B). No endocytosis occurred in

cells left at 41C (data not shown). Under basal control

conditions, GluR6-containing KARs were subject to time-

dependent internalization that reached a plateau

(17.374.9% at 15 min) that fitted a single exponential with

a time constant (t) of 2.970.9 min. Blocking synaptic activity

with TTX markedly reduced the extent (11.471.2% after

30 min) and rate of endocytosis (t¼ 7.570.7 min). In con-

trast, increasing synaptic activity by blocking inhibitory

GABAA receptors with bicuculline increased the amount

(28.573.4% after 30 min) and rate of internalization

(t¼ 2.570.7 min).

The endocytosis rates for GluR1 (Figure 1C and D) were

also rapid under all of the conditions investigated with values

consistent with those obtained in a previous report of GluR1

internalization in cortical cultured neurons (Ehlers, 2000). As

for GluR6, bicuculline resulted in the highest levels of inter-

nalization for AMPARs, but a striking difference between

GluR6 and GluR1 was the observation that bicuculline plus

D-AP5 caused AMPAR endocytosis to drop to levels similar to

TTX, whereas for KARs the percentage of internalization was

identical to control levels but significantly higher than in TTX

(Figure 1A and B). There was no change in the total amount

(surface plus intracellular) of either protein under any of the

conditions (Figure 1E). These results suggest that NMDAR

activation accounts for nearly all GluR1 internalization, but

for GluR6 there is an NMDAR-independent component that is

presumably due to direct activation of KARs by glutamate.

Recycling of endocytosed GluR6 back into the plasma

membrane

We next measured the proportion of total GluR6 present at

the plasma membrane (Figure 2A). Under all the conditions

Figure 1 Basal and activity-dependent internalization of glutamate
receptors in hippocampal neurons. (A, C) Upper panels: Calibration
standards of total surface GluR6/7 (A) and GluR1 (C) corresponding
to 5–40% of the cells used for experiment to determine the degree of
endocytosis. Lower panels: Immunoblots of biotinylated GluR6/7
(A) and GluR1 (C) showing the time course of basal endocytosis
and its modulation by enhancing or decreasing synaptic activity.
The Naþ channel blocker TTX (2mM) reduces synaptic activity,
whereas the GABAA receptor antagonist bicuculline (10 mM) in-
creases basal activity. The NMDA receptor antagonist D-AP5
(50 mM) was also tested in combination with bicuculline to deter-
mine the effect of NMDA receptors on kainate and AMPA receptor
endocytosis. Molecular weights in kDa are shown. The blots are
representative of at least three separate experiments. (B, D) Time
course of GluR6/7 (B) and GluR1 (D) internalization in hippocam-
pal neurons quantified by surface biotinylation assays from (A) and
(C), respectively. Each time point represents mean7s.e.m. of at
least three independent experiments. (E) Immunoblots of total
proteins from control-, TTX-, bicuculline- and bicucullineþD-
AP5-treated hippocampal neurons showing that the drugs have no
effect on overall GluR1 and GluR6/7 protein expression. The blots
are representative of three separate experiments.
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tested, the steady-state levels of surface-expressed GluR6

remained unchanged at B27% for GluR6. Since this value

is lower than those reported for AMPARs (Ehlers, 2000), we

also examined the cell surface expression of GluR1

(Figure 2B). The overall GluR1 surface expression was not

changed by modulators of synaptic activity with B53% of

GluR1 expressed at the plasma membrane in all conditions

examined (Figure 2B). These results suggest that the changes

in GluR6 and GluR1 endocytosis were counterbalanced by

changes in exocytosis.

To determine if GluR6 internalized in response to changes

in synaptic activity is reinserted back into the plasma mem-

brane or whether new GluR6 is recruited, we investigated

receptor recycling using biotinylation assays (Figure 2C and

D). Neurons in which surface biotinylated GluR6 had been

removed by incubating the cells in GSH buffer at 41C were

returned to 371C for various times to allow reinsertion of

biotinylated GluR6 back into the plasma membrane. Cells

were then subjected to a second GSH treatment at 41C to

debiotinylate recycled GluR6 and compared to controls that

did not undergo this second debiotinylation step. The differ-

ence in GluR6 retained by streptavidin precipitation between

cells given the second GSH wash and those washed in control

buffer indicates the amount of recycled GluR6.

Under basal conditions in the absence of TTX, there was a

rapid and extensive recycling of GluR6 with 8772% of the

constitutively internalized receptor reinserted into the plasma

membrane in 30 min (t¼ 4.671.2 min). Unexpectedly, the

rate and extent of reinsertion were slightly but significantly

(Po0.01) less in the presence of bicuculline with 68.872.8%

of GluR6 recycled back into the plasma membrane

(t¼ 5.670.8 min). When neurons were incubated with

bicuculline plus the NMDAR antagonist D-AP5, a dramati-

cally reduced GluR6 reinsertion was observed with only

52.474.4% of the receptors recycled after 30 min, suggesting

a role of NMDAR in this process (Figure 2D). Thus, under

basal synaptic activity, and especially under conditions where

NMDARs are blocked, a proportion of the internalized recep-

tors exit the recycling pathway. Therefore, given that B87%

of internalized GluR6 are reinserted, the remaining receptors

must be ‘new’ to the plasma membrane. These data indicate

that synaptic NMDAR activation is important for GluR6 sur-

face expression as well as internalization and that processes

exist to balance the total amount of surface-expressed recep-

tors both in terms of endocytosis versus exocytosis and

recycling versus recruitment of ‘new’ GluR6.

Kainate-induced internalization of GluR6

The fact that the NMDAR antagonist D-AP5 did not reduce

levels of GluR6 internalization to the same levels as TTX

(Figure 1) indicates that NMDAR activation does not account

for all of the synaptically evoked endocytosis. To analyse the

effects of direct kainate- and NMDAR-evoked endocytosis, we

bath applied drugs to the cultures. In these experiments, all

surface-expressed receptors were modulated. Kainate-evoked

Figure 2 Basal and activity-dependent recycling of KARs in hippo-
campal neurons. (A, B) Immunoblots showing the effects of TTX,
bicuculline and bicucullineþD-AP5 on GluR6/7 (A) and GluR1 (B)
surface expression (see Materials and methods for details). Neurons
were pretreated with the drugs indicated for 1 h in neurobasal
medium at 371C and then the biotinylated receptors (surface, S)
were precipitated using streptavidin beads immediately after the
biotinylation step. The surface expressions of GluR6/7 and GluR1
were compared to 25 or 50% plate fractions (T) for kainate and
AMPA receptor, respectively. Molecular weights in kDa are shown.
Histograms show mean7s.e.m. (n¼ 3). (C) Modulation of GluR6/7
recycling by synaptic activity. Two rounds of debiotinylation were
used to assess the recycling of internalized receptors to the cell
surface (see Materials and methods for details). (D) Time course of
GluR6/7 recycling in hippocampal neurons quantified by recycling
biotinylation assays from (C). Each time point represents mean7
s.e.m. of at least three independent experiments.
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internalization of GluR6 in hippocampal neurons was visua-

lized by antibody feeding experiments where surface-ex-

pressed KARs were labelled with an N-terminal directed

anti-GluR6 antibody (Fleck et al, 2003). After washing off

excess antibody, the cells were incubated for 30 min at 371C

and then partially fixed. Antibodies remaining on the surface

were labelled with a Cy3 (red) secondary antibody. Following

further fixation and permeabilization with Triton X-100, the

internalized anti-GluR6 antibodies were labelled with Cy2

(green) secondary antibody. Surface GluR6 showed a punc-

tate distribution on the soma and processes of cultured

hippocampal neurons (18–21 DIV; Figure 3). Consistent

with the biotinylation data, in the presence of TTX little

internalization was observed under nonstimulated conditions

(Figure 3A). There was, however, an B6-fold increase in

internalized receptor, seen as diffuse intracellular staining,

following a 30 min application of kainate (10mM) with loss

of surface GluR6 immunofluorescence (Figure 3E; note that

Figure 3 Pharmacological modulation of KAR endocytosis in cultured hippocampal neurons. Effect of drugs either alone or in combination
with kainate (10mM) on the endocytosis of GluR6 assessed by immunofluorescence assays (see Materials and methods). Internalized receptors
after 30 min at 371C are shown in green and the remaining prelabelled surface receptors are in red. (A) Constitutive GluR6 internalization at
30 min in TTX-treated conditions (control). (B) NBQX (20mM), an AMPA and KAR competitive antagonist. (C) D-AP5 (50 mM), an NMDA
receptor antagonist. (D) NBQX (2mM), AMPAR-selective antagonist at this concentration. (E) Internalization of GluR6 induced by kainate
(10mM) at 30 min. (F) Kainate (10 mM)þNBQX (2mM)þD-AP5 (50 mM). (G) Kainate (10mM)þNBQX (20mM). (H) Kainate (10mM)þNBQX
(2mM). (I) Quantification of GluR6 endocytosis, measured as a ratio between internalized (green) and total labelled GluR6 (red and green),
normalized to the 30 min control. The data are from at least three separate experiments and show mean7s.e.m. *Po0.001 compared with
control; **Po0.001 compared with control, Po0.001 compared with D-AP5; xPo0.001 compared with control, Po0.001 compared with NBQX
(2mM). yPo0.001 compared with control, Po0.001 compared with kainate, Po0.001 compared with NBQX (20mM), Po0.001 compared with
NBQX (2 mM). (J–L) Surface GluR6 immunostaining as above showing the punctate distribution of GluR6 along an hippocampal neuron (J, in
red) and the respective transmission image (K) showing that the labelling is associated with the membrane of the cell body and the dendritic
arborization. (M) Time course of constitutive and kainate-induced GluR6 internalization in TTX- and D-AP5 treated hippocampal neuronal
cultures measured by quantitative immunofluorescence assay. The data are the mean7s.e.m of three separate experiments. Scale bar, 20 mm.
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receptors exocytosed during the 30 min incubation are

not detected with this technique). The kainate-evoked inter-

nalization was blocked in the presence of high con-

centrations (20mM) of the AMPAR/KAR antagonist NBQX

(Figure 3G), but was unaffected by low NBQX (2 mM, which

blocks only AMPARs; Figure 3H) or the NMDAR antagonist

D-AP5 (Figure 3F). Quantitative data are shown in

Figure 3I, and Figure 3J–L shows the distribution of surface-

associated GluR6 superimposed on a transmission image of

a neuron.

We determined the time course of GluR6-containing KAR

endocytosis by quantitative immunofluorescence assays in

TTX- and D-AP5-treated neurons under basal or stimulated

conditions (Figure 3M). In the presence of kainate (10 mM)

plus D-AP5 (50mM), GluR6 endocytosis reached a plateau by

15–20 min and the rate of internalization was rapid

(t¼ 6.170.5 min). Under basal conditions, GluR6 endocyto-

sis occurred to a much lesser extent reaching a plateau after

10 min. Kainate-evoked GluR6 endocytosis did not occur at

41C and was blocked by expressing the dominant-negative

(dynamin-K44E) form of dynamin (data not shown). These

data suggest that in the absence of action potentials and

NMDAR activation GluR6 is stable at the cell surface over

30 min and that direct stimulation of KARs evokes a rapid and

substantial internalization.

Immunocytochemistry provides valuable information

about localization, but can be difficult to quantify accurately.

We therefore performed corresponding GluR6 internalization

assays using surface biotinylation (Figure 4A and B;

Supplementary Figure 1). We found that under kainate

stimulation a plateau (29.370.9%) was reached by 10 min

with a rate (t¼ 2.070.5 min) that was slightly more rapid

than the time constant obtained using immunofluorescence

assays (t¼ 6.170.5 min). In the absence of agonist and the

presence of TTX and D-AP5, there was a modest endocytosis

with B20% of surface receptors endocytosed after 30 min.

These results using the more sensitive biotinylation assay

indicate that there is a small component of spontaneous

GluR6 internalization.

Kainate is an agonist at both AMPARs and KARs (Lerma

et al, 2001), and 10mM kainate in the presence of D-AP5

(50mM) for 30 min also evoked endocytosis of GluR1-contain-

ing AMPARs. GluR1 displays high levels of membrane recy-

cling with 73.072.1% of receptors reinserted at the cell surface

Figure 4 Recycling of AMPA and KARs after kainate-induced inter-
nalization in cultured hippocampal neurons. (A) Representative
immunoblot of the time course of GluR6/7 endocytosis upon
kainate stimulation in TTX- and D-AP5-treated hippocampal neu-
rons using biotinylation assay (see Materials and methods for
details). (B) Time course of kainate-induced GluR6/7 internaliza-
tion measured by biotinylation assay from (A). Each time
point represents the mean7s.e.m. of three different experiments.
(C) Representative immunoblots of GluR6/7 (upper blot) and GluR1
(lower blot) recycling after kainate-induced internalization in neu-
ronal culture pretreated with TTX and D-AP5. (D) Densitometric
analysis of GluR1 and GluR6/7 recycling after kainate-induced
internalization in TTX- and D-APV-treated hippocampal neurons
measured by biotinylation assay from (C). Values represent the
mean7s.e.m. of three separate experiments. (E) Representative
Western blot showing the remaining surface-associated GluR6/7
after kainate stimulation. TTX- and D-AP5-pretreated neurons were
incubated with either 10 or 100 mM kainate for 30 min and then
surface biotinylated on ice. After streptavidin precipitation, samples
were separated by SDS–PAGE and immunoblotted with GluR6/7
antibody and compared to the total amount of KARs. (F)
Quantification of the remaining surface-associated GluR6/7 after a
30 min stimulation with different concentrations of kainate from
(E). Histograms show mean7s.e.m. of three independent experi-
ments. *Po0.001 compared to control in the absence of kainate.
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after 30 min. In contrast, only 20.776.4% of internalized

GluR6 was recycled back into the plasma membrane follow-

ing kainate-evoked internalization (Figure 4C and D). The

finding that kainate stimulation caused a much higher degree

of recycling of AMPARs compared to KARs was unexpected

since it has been reported previously that only B50% of

AMPARs return to the surface after 75 min following AMPA

application (Ehlers, 2000). It should be noted, however, that

in that study AMPA evoked 80–90% AMPAR internalization,

whereas here kainate caused internalization of only about

20% of surface GluR1. Differences in the cultures, that is,

hippocampal versus cortical, and/or experimental protocols

may account for this difference, but another possibility is that

there may be differences in agonist-induced trafficking such

that kainate and AMPA stimulation of AMPARs leads to their

entry into different sorting pathways.

In the 30 min time frame of these experiments, 10 and

100 mM kainate application reduced the amount of GluR6

at the cell surface to 61.577.5 and 60.778.4% of control

(Po0.001), but did not change the total amount of GluR6

present in the neurons (Figure 4E and F). These results show

that exposure to kainate effectively downregulates surface

GluR6 and thus indicate that, unlike modulation of synaptic

activity, the internalization is not compensated for by in-

creased exocytosis.

NMDAR activation leads to GluR6 endocytosis

No role for NMDARs in KAR trafficking has been reported

previously. We therefore further investigated the effect of

NMDA (30mM) in TTX-treated culture on the internaliza-

tion–recycling of GluR6 using biotinylation assays

(Figure 5). NMDA evoked an even greater endocytosis of

GluR6 (43.771.7%; Figure 5A and C) than kainate

(29.370.9%; Figure 4) with a time constant of

4.571.0 min. Importantly, almost no internalization of NR1

subunits was detected under these conditions (B4%; Figure

5B and C). Most interestingly, however, and consistent with

the modulation of synaptic activity data, a large percentage

(78.274.3%) of the GluR6 endocytosed via the NMDAR-

activated pathway was rapidly recycled back into the plasma

membrane (t¼ 4.071.6 min; Figure 5A and D), whereas

GluR6 internalized in response to kainate was not reinserted

at the plasma membrane. These results demonstrate that

internalized GluR6 can enter different recycling or retention

pathways depending on the mode of stimulation.

Differential sorting of endocytosed KARs

Similar to previous reports for AMPARs (Kameyama et al,

1998; Lee et al, 1998, 2002, 2004; Beattie et al, 2000; Ehlers,

2000; Colledge et al, 2003), NMDAR-mediated internalization

and recycling of KARs indicates different sorting pathways for

endocytosed receptors. We performed antibody-feeding ex-

periments to identify the endocytic compartmentalization of

GluR6 in response to NMDA or kainate (Figure 6A–E).

Surface GluR6 was prelabelled with an N-terminal antibody

and the neurons were exposed to NMDA (30 mM) or kainate

(10mM) for 3 min. Antibody remaining at the surface was

removed by acid wash prior to fixation, permeabilization and

probing with fluorophore-conjugated secondary antibody.

This acid treatment effectively removed all surface labelling

since no signal was observed in nonpermeabilized cells

(Figure 6E). At 3 min after kainate- or NMDA-evoked inter-

nalization, GluR6-containing KARs initially redistributed to

vesicular structures in dendrites that showed extensive colo-

calization with the early endosome marker EEA1 (Figure 6A

and B; degree of colocalization¼ 65.174.0 and 69.273.9%

Figure 5 NMDAR-evoked internalization and recycling of GluR6/7.
(A) Representative immunoblot of the time course of 30mM NMDA-
induced endocytosis and recycling of surface biotinylated GluR6/7.
(B) Representative immunoblot of surface biotinylated NR1 inter-
nalization in response to NMDA (30 mM). (C) Time course of
NMDA-induced GluR6/7 and NR1 internalization (from A and B)
and compared to kainate-induced GluR6/7 endocytosis (dotted line;
data replotted from Figure 4B) as in Figure 4. Each time point
represents the mean7s.e.m. of three different experiments. (D)
Time course of GluR6/7 recycling after NMDA-induced KAR inter-
nalization from (A). Data show mean7s.e.m. of three independent
experiments. The dotted line represents the time course of GluR6/7
recycling after kainate-induced endocytosis as in Figure 4.
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respectively). At 30 min, however, there was far less coloca-

lization with EEA1 (19.278.3 and 27.373.1%, respectively).

These data show that, irrespective of the stimulus, interna-

lized receptors initially traffic to early endosomes that act as a

transit point to downstream processing pathways.

Since the fate of GluR6-containing receptors internalized in

response to KAR or NMDAR activation differs, they are likely

to segregate to different compartments (e.g. lysosomes)

downstream of early endosomes. We therefore determined

the extent of colocalization of internalized GluR6 with the

late endosome/lysosome marker Lamp1 (Figure 6C and D).

At 3 min after agonist application, essentially no GluR6

localized to Lamp1-positive structures (not shown). After

30 min however, GluR6 internalized in response to

kainate displayed extensive colocalization with Lamp1

(colocalization¼ 70.773.0%). In marked contrast, GluR6

internalized by activation of NMDARs showed very little

colocalization with Lamp1 (colocalization¼ 12.170.9%).

These results indicate that GluR6 endocytosed in response

to agonist application exits from early endosomes to late

endosomes/lysosomes and that this degradative pathway is

comparatively slow. GluR6 internalized in response to

NMDAR activation exits the early endosomes and rapidly

recycles to the plasma membrane.

We next tested if long-term exposure of the cultures to

kainate would lead to a reduction in the amount of GluR6 by

driving internalized receptors into the degradative pathway

(Figure 6F and G). To do this, TTX-treated neurons were

biotinylated on ice and then stimulated for 6 h with 10 mM

kainate (plus 50mM D-AP5 to block NMDARs) plus or minus

lysosomal degradation inhibitors. Long-term kainate applica-

tion decreased (58.772.6%, Po0.01) biotinylated GluR6

immunoreactivity. GluR6 degradation was blocked by the

lysosomal protease inhibitor leupeptin (102.4716.7%),

chloroquine (87.5715.4%) and partially by ammonium

chloride (74.672.9%), drugs that prevent lysosomal acidifi-

cation (Figure 6F and G). In the same cultures, levels of the

AMPAR subunit GluR1 were relatively unchanged (9074%).

This indicates that the effects on surface GluR6 were not due

to cell death and reflect the fact that GluR1 internalized in

response to kainate recycles back into the plasma membrane

(Figure 4). These results confirm that kainate stimulation

causes degradation of internalized GluR6 by trafficking to

lysosomes.

Figure 6 Differential sorting of internalized KARs following kainate or NMDA stimulation. (A, C) Confocal images showing colocalization
(yellow) of kainate- and NMDA-induced internalized GluR6 (red) and the early endosomal marker EEA1 (A) or the lysosomal marker Lamp1
(C) (green) at different time points in TTX-treated hippocampal neurons. Scale bar, 10mm. (B, D) Quantification of the percentage of
internalized GluR6 that colocalizes with EEA1 (B) and with Lamp1 (D) after 3, 10 and 30 min of stimulation with kainate (10 mM kainate plus
50mM D-AP5) or NMDA (30mM). Data show mean7s.e.m. of three independent experiments. (E) Control experiments showing that almost no
KARs are internalized after 30 min in the absence of agonist (upper panel) and that acid washing is effective in removing surface antibody
labelling (centre and lower panels). (F) Representative immunoblots of kainate-induced GluR6/7 degradation in hippocampal neurons. TTX-
pretreated cells were biotinylated on ice as described in Materials and methods and then incubated for 6 h with control (TTX, 2mM; D-AP5,
50mM) or kainate-containing media (TTX, 2mM; D-AP5, 50mM; kainate, 10 mM) plus or minus the lysosomal degradation inhibitor leupeptin
(100 mM) or the compartment acidification blockers NH4Cl (50 mM) or chloroquine (200 mM). Note that almost no GluR1 is degraded after 6 h
incubation following kainate stimulation (lower panel). (G) Quantification of KAR GluR6/7 degradation in response to kainate. The remaining
biotinylated receptors are detected after streptavidin precipitation and immunoblotting using anti-GluR6/7 or anti-GluR1 antibodies. Histogram
shows mean7s.e.m. (n¼ 3). *Po0.01 compared to control.
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Roles of Ca2þ , PKC and PKA on kainate- and

NMDA-induced KARs endocytosis

Calcium mobilization and protein phosphorylation are im-

portant mediators of AMPAR trafficking (Barry and Ziff,

2002), so we hypothesized that they may regulate surface

expression of KARs. We therefore tested the effects of Ca2þ

and selective activators and inhibitors of PKA and PKC on

GluR6 endocytosis (Figure 7).

The Ca2þ chelator BAPTA-AM had no significant effect on

kainate-evoked GluR6 endocytosis at 15 min (Figure 7A and

B; 29.271.4% compared to 27.771.2% for kainate in the

presence of Ca2þ ) showing that kainate-induced internaliza-

tion is calcium independent. However, BAPTA-AM did sig-

nificantly reduce NMDAR-evoked GluR6 internalization at

both 3 min (3.371.9 versus 22.673.1% for NMDA treatment,

Po0.01 compared to NMDA at 3 min) and 15 min (6.273.4

versus 37.871.5% for NMDA treatment, Po0.001 compared

to NMDA at 15 min). The fact that some internalization still

occurred in the absence of Ca2þ suggests that NMDAR-

dependent GluR6 internalization also has a small Ca2þ -

independent component.

Recombinant GluR6 subunits are directly phosphorylated

by PKA at serine 684 and homomeric GluR6 currents are

potentiated by intracellular perfusion of PKA (Raymond et al,

1993; Wang et al, 1993). Neither the PKA activators 8-Br-

cAMP plus IBMX nor the inhibitor H89 affected kainate-

evoked GluR6 endocytosis in cultured hippocampal neurons

(Figure 7A and B). For NMDAR-activated GluR6 internaliza-

tion, there was a significant inhibition (Po0.05) by H89 at

15 min (26.276.9% compared to 37.871.5% for NMDA

treatment) but not at 3 min. Surprisingly, activation of PKA

did not increase NMDAR-evoked GluR6 internalization.

These results suggest that PKA phosphorylation of GluR6

does not play a role in kainate-evoked internalization but that

it may be permissive for NMDAR-induced endocytosis.

The PKC activator PMA and the inhibitor calphostin C had

significant effects on kainate-evoked GluR6 endocytosis

(Figure 7A and B). PKC activation significantly increased

kainate-induced internalization at both 3 min (31.571.1 ver-

sus 17.971.1% for kainate, Po0.05 compared to kainate)

and 15 min (36.973.1 versus 27.771.2% for kainate,

Po0.05 compared to kainate), whereas inhibition of PKC

using calphostin C abolished nearly all endocytosis (Po0.001

for both time points compared to kainate). Similarly,

NMDAR-evoked GluR6 internalization was significantly in-

hibited by calphostin C at both 3 min (Po0.001 compared to

NMDA at 3 min) and 15 min (11.173.0 versus 37.871.5% for

NMDA treatment, Po0.001 compared to NMDA at 15 min).

Increasing PKC activity using PMA, however, did not have

significant effects on NMDA-induced GluR6 endocytosis

(Figure 7A and C). These data suggest that PKC phosphoryla-

tion of GluR6 (or of receptor-associated protein) is required

for agonist-evoked internalization. Under basal conditions,

phosphorylation is incomplete since the PKC activator PMA

caused increased internalization in response to kainate.

Discussion

The regulation of KAR responses has been shown at thala-

mocortical and mossy fibre/CA3 synapses (Kidd and Isaac,

1999; Hirbec et al, 2003). Despite progress identifying inter-

acting proteins (Garcia et al, 1998; Hirbec et al, 2003) and

elucidating some mechanisms of forward trafficking

(Jaskolski et al, 2004; Yan et al, 2004) and ER retention/

retrieval of these receptors (Gallyas et al, 2003; Hayes et al,

2003; Ren et al, 2003a, b), understanding of the trafficking

Figure 7 Effect of Ca2þ , PKA and PKC on kainate- and NMDA-
induced GluR6/7 endocytosis. (A) Representative immunoblots of
kainate- and NMDA-induced GluR6/7 internalization in the pre-
sence or absence of PKA activators 8-Br-cAMP (100mM) plus IBMX
(100 mM), PKA inhibitor H89 (10mM), PKC activator PMA (1 mM),
PKC inhibitor calphostin C (1 mM) or the cell-permeable Ca2þ

chelator BAPTA-AM (50mM) in the absence of extracellular calcium.
(B, C) Quantification of the effects of Ca2þ ions and PKA and PKC
activators and inhibitors on GluR6/7 endocytosis following kainate
(B) or NMDA (C) stimulation. The data show mean7s.e.m. of at
least three independent experiments. *Po0.01 compared with
kainate stimulation at 3 min; Po0.001 compared with kainate
stimulation at 15 min; Po0.001 compared with NMDA treatment
at 3 and 15 min. xPo0.05 compared with kainate stimulation at 3
and 15 min; Po0.01 compared with NMDA stimulation at 3 min;
Po0.001 compared with NMDA stimulation at 15 min. yPo0.05
compared with NMDA stimulation at 15 min.
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and targeting of KARs lags far behind that for AMPAR and

NMDARs. Here we show that the expression of GluR6-con-

taining KARs at the plasma membrane is dynamically regu-

lated. In our hippocampal culture system, there is a relatively

high level of spontaneous network activity (Noel et al, 1999)

and the Naþ channel blocker TTX significantly reduced the

rate and extent of GluR6 internalization. In contrast, increas-

ing network activity with the GABAA receptor antagonist

bicuculline significantly increased GluR6 endocytosis.

There were differences between NMDAR-evoked AMPAR

(GluR1) and KAR (GluR6) internalization. D-AP5 treatment

in the presence of bicuculline reduced GluR1 endocytosis to

levels comparable to those in TTX, but only reduced GluR6

internalization to control levels. In the presence of both

D-AP5 and TTX, some surface GluR6 (B10%) was still

constitutively internalized. Since the overall proportion of

surface-expressed GluR6 remained unchanged, there must be

increased levels of membrane insertion of GluR6 to compen-

sate for increased internalization. Therefore, neurons possess

mechanisms to balance receptor internalization with surface

expression, processes that require extensive signalling.

AMPA application causes a slow and incomplete return

of internalized AMPARs to the surface (Ehlers, 2000), but

we found that kainate stimulation caused a high degree of

recycling of AMPARs compared to KARs. However, kainate

evoked only B20% internalization of surface GluR1, whereas

AMPA evoked 80–90% internalization (Ehlers, 2000). This

suggests that, if kainate is directly activating AMPARs, there

is a difference in the degree of internalization (interestingly,

AMPAR responses rapidly desensitize to kainate; Patneau

et al, 1993) and that endocytosed AMPARs enter into different

sorting pathways. Bath application of kainate did not mark-

edly alter GluR1 surface expression, but effectively down-

regulated the total levels of surface GluR6 by B40%

indicating that, in these circumstances, the GluR6 internali-

zation is not compensated for by increased exocytosis.

Internalized GluR6-containing receptors initially traffic to

early endosomes and subsequently enter recycling or degra-

dation pathways. NMDAR activation leads to a high propor-

tion (B80%) of endocytosed GluR6 rapidly recycling back

into the plasma membrane. GluR6 internalized in response

to kainate, on the other hand, traffics to lysosomal compart-

ments. This sorting of internalized KARs reveals an important

aspect of KAR trafficking and provides a mechanism for the

rapid and longer term activity-dependent regulation of KARs

in neurons. Specifically, reinsertion of KARs allows rapid

recovery, whereas degradation of internalized receptors

would be expected to more chronically decrease the KAR-

mediated responsiveness of the cell.

Ca2þ , PKA and PKC have been shown to be important for

AMPAR trafficking (Malinow and Malenka, 2002; Esteban

et al, 2003; Terashima et al, 2004). Furthermore, all known

KAR subunits have consensus phosphorylation sites for PKA

and PKC. Previous studies on the recombinant GluR6 ex-

pressed in heterologous cells have shown that GluR6 can be

phosphorylated by PKA on serine 684 resulting in an increase

in the amplitude of glutamate response (Raymond et al, 1993;

Wang et al, 1993) due to an increased channel open prob-

ability (Traynelis and Wahl, 1997). We show that neither

activation nor inhibition of PKA affected kainate-evoked

GluR6 endocytosis, suggesting that changes in channel prop-

erties are not associated with changes in the surface resi-

dence time of the receptor. Inhibition of PKA, however,

significantly reduced the amount of NMDA-induced GluR6

internalization at 15 min, consistent with this kinase playing

a permissive role in GluR6 internalization evoked by

NMDAR-gated Ca2þ cascades.

We recently reported that the PKC-binding PDZ protein

PICK1 interacts with GluR52b, GluR52c and GluR6, that PKC

can directly phosphorylate the C-termini of these subunits

and that PICK1 interactions maintain KAR-mediated synaptic

function at mossy fibre–CA3 synapses (Hirbec et al, 2003).

Furthermore, GluR5-containing KAR-mediated actions can be

modulated by group 1 metabotropic glutamate receptors in a

PKC-dependent manner (Cho et al, 2003). Here we show that

PKC inhibition with calphostin C abolishes nearly all kainate-

and NMDA-evoked GluR6 endocytosis, suggesting that PKC

regulates GluR6 internalization. Increasing PKC activity with

PMA, however, had differential effects. PMA increased kai-

nate-induced GluR6 internalization, but had no effects on

NMDA-induced GluR6 endocytosis. This could indicate a

subpopulation of surface GluR6 that are amenable to kainate-

(but not NMDA-) evoked internalization are prevented from

undergoing endocytosis until they are phosphorylated by

PKC. In this model, PKC phosphorylation would allow but

not initiate GluR6 internalization. Thus, the roles of PKC in

the surface expression of GluR52b- and GluR6-containing

KARs and/or of GluR6 at different plasma membrane loca-

tions may be different, suggesting that PKC phosphorylation

could act as a mechanism for regulating the subunit composi-

tion of surface-expressed KARs. It should be noted that a

possible complication is that phorbol esters may activate

other target proteins (Brose and Rosenmund, 2002).

Nonetheless, a functional role for PKC in GluR6 metabotropic

signalling has been reported. Activation of GluR6-containing

KARs causes long-lasting inhibition of a postspike potassium

current-mediated slow afterhyperpolarization (sAHP) in CA1

pyramidal cells via a pertussis toxin-sensitive and PKC-de-

pendent mechanism (Melyan et al, 2002). These GluR6-

containing KARs are activated by synaptically released glu-

tamate, and this activation is increased in the presence of

glutamate uptake inhibitors and blocked by the PKC inhibitor

calphostin C (Melyan et al, 2004).

Removal of calcium had no effect on kainate-evoked GluR6

internalization (Figure 7). Consistent with analogous studies

on AMPARs (Beattie et al, 2000; Ehlers, 2000; Lee et al, 2004),

however, calcium influx through NMDARs was required for

NMDAR-evoked GluR6 endocytosis. Our results showing that

GluR6 internalization was almost completely suppressed in

the absence of extracellular calcium and in the presence of

BAPTA-AM are consistent with an electrophysiological study

showing that calcium influx following activation of NMDA

receptors caused depression of kainate currents (Ghetti and

Heinemann, 2000).

Here, we report the differential endocytic sorting of

endogenous GluR6-containing KARs that advances under-

standing of the cellular mechanisms that control surface

expression of these receptors (Figure 8). The balance bet

ween receptor recycling and degradation is most likely a

key determinant of the level of plasma membrane KARs.

AMPARs and KARs have distinct physiological roles,

and our results showing that GluR6-containing KARs

differ markedly from AMPARs in their membrane stability

and internalization properties, although there are similar
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pathways and processes involved, provide a mechanistic

explanation for the independent regulation of these receptors

in cultured neurons.

Materials and methods

Dissociated hippocampal cultures
Hippocampal cultures were prepared using a modified published
protocol (Noel et al, 1999), and further details are given in
Supplementary Materials and methods.

Biotinylation experiments
Live hippocampal neurons (18–21 DIV) were preincubated for 1 h at
371C. The cells were then biotinylated using the membrane-
impermeant sulpho-NHS-SS-biotin for 10 min on ice, washed three
times and subsequently incubated in the absence or in the presence
of drugs for times indicated in Results. The cells were then washed
again, remaining surface biotin removed with GSH and then lysed
and incubated with streptavidin beads to bind biotinylated proteins.
After washing, proteins were eluted from the streptavidin beads and
used for Western blots. For recycling assays, surface-expressed
proteins were then debiotinylated and the internalized receptor
fraction was ‘chased’ with a second incubation at 371C. Surface-
expressed proteins were debiotinylated again to remove the label
from proteins recycled to the surface (see Supplementary Materials
and methods).

Fluorescence endocytosis and localization experiments
Experiments were performed using a previously described protocol
(Lin et al, 2000). Internalization was assessed using an extracellular
epitope-directed anti-GluR6 antibody and appropriate Cy3-conju-
gated secondary and, where appropriate, Cy2-conjugated secondary
antibodies to label anti-cell compartment marker antibodies.
A Zeiss LSM 510 confocal microscope was used for imaging (see
Supplementary Materials and methods).

Receptor degradation experiments
TTX-treated hippocampal neurons were preincubated for 1 h at
371C in control or lysosome inhibitor-containing medium. After
surface biotinylation, the cells were incubated in the absence or
presence of lysosomal inhibitors and the amount of biotinylated
GluR6 remaining was determined (see Supplementary Materials
and methods).

Modulation of endocytosis by Ca2þ , PKA and PKC
The roles of PKA and PKC on kainate- or NMDA- induced
endocytosis were assessed by preincubation with selective activa-
tors and inhibitors. The cell-permeable Ca2þ chelator BAPTA-AM
was used to determine the effects of Ca2þ on endocytosis (see
Supplementary Materials and methods).

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