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Long-Term Depression

Mónica Fernández-Monreal,1 Tyler C. Brown,2 María Royo,1 and José A. Esteban1
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The strength of excitatory synaptic transmission depends partly on the number of AMPA receptors (AMPARs) at the postsynaptic surface and,
thus, can be modulated by membrane trafficking events. These processes are critical for some forms of synaptic plasticity, such as long-term
potentiation and long-term depression (LTD). In the case of LTD, AMPARs are internalized and dephosphorylated in response to NMDA
receptor activation. However, the fate of the internalized receptors upon LTD induction and its relevance for synaptic function is still a matter of
debate. Here we examined the functional contribution of receptor recycling versus degradation for LTD in rat hippocampal slices, and their
correlation with receptor dephosphorylation. We observed that GluA1 undergoes sequential dephosphorylation and degradation in lysosomes
after LTD induction. However, this degradation does not have functional consequences for the regulation of synaptic strength, and therefore, for
the expression of LTD. In contrast, the partition of internalized AMPARs between Rab7-dependent trafficking (toward lysosomes) or Rab11-
dependent endosomes (recycling back toward synapses) is the key factor determining the extent of synaptic depression upon LTD induction.
This sorting decision is related to the phosphorylation status of GluA1 Ser845, the dephosphorylated receptors being those preferentially
targeted for lysosomal degradation. Altogether, these new data contribute to clarify the fate of AMPARs during LTD and emphasize the impor-
tance of membrane sorting decisions to determine the outcome of synaptic plasticity.

Introduction
AMPA-type glutamate receptors (AMPARs) are responsible for
most synaptic transmission at excitatory synapses. These recep-
tors can be inserted or removed from synapses in response to
neuronal activity, leading to long-lasting changes in synaptic
strength, such as long-term potentiation or long-term depression
(LTD) (Malenka and Bear, 2004). Subunit composition, phos-
phorylation state of AMPAR subunits, and interaction with sev-
eral scaffolding proteins are important for AMPAR localization,
stabilization, and membrane trafficking (Sheng and Lee, 2001;
Malinow and Malenka, 2002). This complex regulation suggests
highly structured dynamics in the intracellular transport of these
receptors. Indeed, endosomal trafficking is important for the
synaptic sorting of AMPARs, whose functional compartmental-
ization is governed by multiple GTPases of the Rab family
(Gerges et al., 2004; Brown et al., 2005, 2007). In particular, dur-

ing LTD, AMPARs are internalized by a Rab5-dependent mech-
anism (Brown et al., 2005). After endocytosis, AMPARs may
follow two downstream pathways: recruitment to recycling en-
dosomes for plasma membrane insertion or targeting to late en-
dosomes en route to lysosomes for cargo degradation (Ehlers,
2000; Lin et al., 2000). However, the contribution of these alter-
native pathways to synaptic plasticity has not been directly eval-
uated. Thus, although lysosomal localization of AMPARs after
LTD induction is well established (Ehlers, 2000; Lee et al., 2004),
it is still unknown whether lysosomal-dependent degradation of
AMPARs contributes to synaptic depression.

In this work, we show that the GluA1 subunit of AMPARs is
degraded in lysosomes in an NMDA receptor (NMDAR)-
dependent manner upon LTD induction in hippocampal slices.
This degradation occurs preferentially on dephosphorylated recep-
tors. However, lysosomal function is not required for LTD. Instead,
sorting of internalized AMPARs via Rab7-driven late endosomes
favors synaptic depression, whereas Rab11-dependent receptor re-
cycling attenuates LTD expression. Therefore, our work demon-
strates that driving AMPAR toward lysosomes is an important event
for LTD as a membrane sorting decision, separable from the final
enzymatic degradation of the receptor.

Materials and Methods
Material. Chemicals were purchased from Sigma-Aldrich when not spec-
ified otherwise. AMPA and DL-APV were obtained from Tocris Biosci-
ences. GluA1 antibodies were purchased from Abcam (intracellular
epitope) and Millipore (surface epitope); antibody phospho-specific for
Ser845 of GluA1 was from Affinity Bioreagents.
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Hippocampal slice cultures. Organotypic cultures were prepared from
young Wistar rats of either sex (postnatal day 5– 6) and placed on semi-
porous membranes for 4 –7 d. Expression of single recombinant proteins
was performed with the Sindbis virus expression system (Malinow et al.,
1999).

Electrophysiology. The recording chamber was perfused with the fol-
lowing (in mM): 119 NaCl, 2.5 KCl, 4 CaCl2, 4 MgCl2, 26 NaHCO3, 1
NaH2PO4, 11 glucose, 0.1 picrotoxin, and 0.004 2-chloroadenosine, pH
7.4, gassed with 5% CO2/95% O2. Patch recording pipettes (3– 6 M�)
were filled with the following (in mM): 115 cesium methanesulfonate, 20
CsCl, 10 HEPES, 2.5 MgCl2, 4 Na2ATP, 0.4 Na3GTP, 10 sodium phos-
phocreatine, and 0.6 EGTA, pH 7.25. Synaptic responses were evoked
with bipolar electrodes using single-voltage pulses (200 �s, up to 20 V).
LTD was induced using a pairing protocol by stimulating Schaffer collat-
eral fibers at 1 Hz (300 pulses) while depolarizing the postsynaptic cell to
�40 mV.

Hippocampal primary cultures. Hippocampi were dissected from E18
rat embryos and cells dissociated with trypsin. Neurons were plated onto
poly-L-lysine-coated coverslips and cultured in Neurobasal medium
supplemented with B27 and glutamine. Cells were maintained at 37°C
and 5% CO2. Neurons were infected with Sindbis virus driving the ex-
pression of EGFP or Rab7-DN for 24 h.

Extracellular staining of surface AMPA receptors and image analysis.
Neuronal cultures were washed and maintained for 30 min in an extra-
cellular solution containing the following (in mM): 150 NaCl, 2 CalCl2, 5
KCl, 10 HEPES (pH 7.4), 30 glucose, and 0.001 tetrodotoxin. Neurons
were untreated or treated for 5 min with 20 �M NMDA plus 1 �M glycine,
and then fixed at different times with 4% paraformaldehyde plus 4%
sucrose for 15 min on ice. Surface AMPA receptors were stained with an
antibody directed against the N-terminal epitope of GluA1 (Millipore)
without permeabilization. Images were acquired by laser-scanning con-
focal microscopy. Total fluorescence intensity from the maximum
Z-projection was determined by ImageJ and normalized to total area of
the neuron. Data presented are means � SEMs.

GST pull-down. Rab11-FIP2 was fused downstream from GST, ex-
pressed in BL21 star bacteria, and loaded onto glutathione beads (GE
Healthcare). Pull-down controls were performed with 0.1 mM nonhy-
drolyzable GTP analog (GMP-PNP) or 1 mM GDP. Hippocampal ex-
tracts were prepared in homogenization buffer containing the following
(in mM): 10 HEPES, 150 NaCl, 5 MgCl2, 1 DTT, 1% Triton X-100, and
5% glycerol. Extracts from each condition were incubated with GST

beads for 1.5 h at 4°C, followed by three washes in homogenization
buffer.

Statistical analyses. All graphs represent average values � SEM. Statis-
tical differences were calculated according to nonparametric tests. When
significant differences were observed, p values for pairwise comparisons
were calculated according to two-tailed Mann–Whitney tests (for un-
paired data) unless otherwise noted, or Wilcoxon’s tests (for paired
data).

Results
Sequential dephosphorylation and lysosomal degradation of
AMPARs upon LTD
Most of the evidence on lysosomal-dependent degradation of
AMPARs during LTD has been obtained in primary neuronal
cultures (Ehlers, 2000; Lee et al., 2004). Therefore, we started
by investigating the degradation of the GluA1 subunit of
AMPARs during long-term depression in hippocampal slices.
To this end, we used a chemical protocol of LTD (c-LTD, 20
�M NMDA, 5 min) that maximizes the number of synapses
undergoing plasticity (Lee et al., 1998). We analyzed protein
content and phosphorylation state by immunoblotting at dif-
ferent times after NMDA application. As shown in Figure 1, A
and B, treatment with NMDA induced a significant degrada-
tion of GluA1 at 30 min, which is blocked by the inhibitor of
lysosome degradation leupeptin (100 �g/ml). This degrada-
tion is delayed in time, since it is not observable at 15 min. As
dephosphorylation of the Ser845 of the GluA1 subunit is a
hallmark of LTD (Lee et al., 1998), we monitored GluA1 phos-
phorylation in correlation with receptor degradation. We ob-
served that this subunit is significantly dephosphorylated at 15
min, independent from lysosomal degradation. This result
suggests that AMPAR dephosphorylation is an early event af-
ter c-LTD induction. Interestingly, GluA1 dephosphorylation
is detectable at 30 min after c-LTD only if lysosomal degrada-
tion is blocked with leupeptin (Fig. 1 A, B). This suggests that
dephosphorylated receptors are preferentially targeted for
degradation. Hence, GluA1 dephosphorylation at Ser845 ap-
pears to be a tag for lysosomal degradation.

Figure 1. AMPA receptors are degraded upon chemical LTD in lysosomes. A, Hippocampal slices were incubated with 20 �M NMDA for 5 min (LTD) and protein extracts were analyzed by
immunoblotting at different times (left, 15 min; right, 30 min) after treatment. Leupeptin (100 �g/ml) was added in some slices 4 h before the experiment and was present during the NMDA
treatment. B, Immunoblotting quantification for total GluA1 subunit and for phosphorylated GluA1 (n � 8 for 15 min and n � 4 for 30 min; *significantly different from control, p � 0.05). C,
Hippocampal slices were treated with 100 �M AMPA plus NMDA receptor inhibitor DL-APV (100 �M) for 5 min, and analyzed by immunoblotting at 30 min after treatment. D, Quantification of total
GluA1 and phosphorylated GluA1 (n � 4).
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Next, we tested whether dephosphory-
lation and degradation of GluA1 were
specific for NMDAR activation, since di-
rect activation of AMPARs (with AMPA)
has also been shown to trigger receptor
internalization (Ehlers, 2000). As shown
in Figure 1, C and D, treatment with
AMPA (100 �M, 5 min, in the presence of
100 �M DL-APV to prevent NMDAR ac-
tivation) neither induced degradation nor
dephosphorylation of GluA1 at 30 min of
treatment. Altogether, these results sug-
gest that during LTD, the GluA1 subunit
of AMPAR undergoes an early dephos-
phorylation, which is correlated to the
subsequent degradation of the receptor by
lysosomes. These events are triggered by
NMDAR activation, and are not a neces-
sary consequence of ligand-induced re-
ceptor internalization.

Lysosomal degradation is not necessary
for LTD expression
We tested whether AMPAR lysosomal
degradation was important for synaptic
plasticity using electrophysiological re-
cordings. We induced LTD in the CA1 re-
gion of the hippocampus by stimulating
Schaffer collaterals for 5 min at 1 Hz. This
protocol produces a decrease in the EPSCs
of �40% from the baseline (Fig. 2A,B,
Vehicle). Importantly, incubation of the
slices with leupeptin (for 4 or 24 h, as in-
dicated) had no effect on LTD (Fig. 2A,B;
leupeptin was also present during the recordings), although these
conditions were effective to suppress lysosomal-dependent deg-
radation of AMPARs (Fig. 1A,B).

In addition, we tested c-LTD at electrophysiological level. As
shown in Figure 2, C and D, no differences were found between
slices treated and untreated with leupeptin during c-LTD. These
results are virtually identical to those obtained with synaptic in-
duction of LTD (Fig. 2A,B). Therefore, these combined data
suggest that lysosomal degradation of AMPARs is not neces-
sary for the functional expression of synaptic depression in
hippocampal slices.

Membrane sorting toward lysosomes or recycling endosomes
determines LTD expression
Targeting of membrane proteins for lysosomal degradation requires
endosomalsortingmediatedbysmallGTPasesoftheRabfamily.There-
fore, we explored whether the trafficking of AMPARs to lysosomes was
important for LTD. For this purpose, we used a dominant negative
(DN) version of the small-GTPase Rab7, which mediates the trafficking
of target proteins to lysosomes from late-endosomes (Press et al., 1998).
As shown in Figure 3, A and B, blockade of Rab7-dependent trafficking
produced a significant reduction in LTD expression compared with
control (uninfected) neurons. This result suggests that Rab7-
driven trafficking of AMPARs to lysosomes is important for LTD
expression.

We reasoned that recycling endosomes may constitute an al-
ternative pathway for internalized AMPARs after LTD induction,
as opposed to trafficking toward lysosomes. To evaluate the con-
tribution of this pathway for synaptic depression, we induced

LTD on CA1 hippocampal neurons expressing a dominant neg-
ative version of Rab11 (Rab11-DN), which blocks the transport
of AMPARs from recycling endosomes to the postsynaptic com-
partment (Park et al., 2004; Brown et al., 2007). We observed a
significant increase in LTD expression, compared with control
neurons (Fig. 3C,D). This result suggests that a fraction of the
internalized AMPARs upon LTD induction return to the synaptic
membrane via Rab11-driven recycling endosomes.

Finally, we tested whether the overexpression of Rab7-DN
affects basal transmission in hippocampal neurons. Simulta-
neous recordings were obtained from nearby pairs of CA1
neurons expressing Rab7-DN and control (uninfected) neu-
rons. As shown in Figure 3, E and F, overexpression of
Rab7-DN does not affect synaptic responses mediated by
AMPA or NMDA receptors. Similar results were previously
obtained with Rab11-DN-expressing neurons (Gerges et al.,
2004). Therefore, semiacute (18 –24 h) blockade of recycling
(Rab11) or late (Rab7) endosomal trafficking does not alter
basal excitatory synaptic transmission.

An important question about the endolysosomal trafficking of
AMPARs during LTD is whether it is specific to the activation of
synaptic or extrasynaptic NMDARs. The pharmacological ap-
proach used in Figure 1 was used to maximize the number of
synapses undergoing plasticity and, therefore, increase the sensi-
tivity to detect biochemical changes. We wanted to evaluate
whether c-LTD displays the same dependence on Rab proteins as
the synaptically induced one. As shown in Figure 4, A–D, this was
the case for both Rab7 and Rab11: Rab7-DN attenuates c-LTD
and Rab11-DN enhances it. These data reinforce the interpreta-

Figure 2. Degradation of AMPA receptors in lysosomes is not necessary for LTD expression. A, LTD (1 Hz, 300 pulses) was
induced in control slices or in slices preincubated with leupeptin for 4 or 24 h, as indicated. Amplitude of synaptic responses during
the experiment is normalized to a 5 min baseline. B, Average of AMPA receptor-mediated responses collected from the last 5 min
of the recording and normalized to the baseline. C, c-LTD was induced in control slices and slices preincubated with leupeptin for
4 h. Amplitude of synaptic responses was normalized to a 5 min baseline. D, Average of AMPA receptor response collected from the
last 5 min of recording and normalized to baseline. A, C, Insets, Sample traces averaged from baseline (thin lines) or from the last
5 min of recording (thick lines). Scale bars: vertical, 20 pA; horizontal, 5 ms. *p � 0.05, **p � 0.01.

13202 • J. Neurosci., September 19, 2012 • 32(38):13200 –13205 Fernández-Monreal et al. • Intracellular Sorting and Degradation of AMPARs during LTD



tion that these two protocols of LTD induction are functionally
equivalent, at least with respect to Rab-dependent trafficking and
lysosomal degradation.

Blocking Rab7-dependent trafficking increase the recycling of
AMPA receptors to surface
Our electrophysiological results suggest that after blocking the
degradation pathway, internalized AMPARs are recycled back to
the surface. To test this possibility, we monitored surface AM-
PARs in hippocampal neurons during LTD upon suppression of
Rab7-dependent trafficking. As shown in Figure 4, E and F, there
were no significant differences in the amount of surface receptors
between EGFP and Rab7-DN-expressing neurons under basal con-
ditions. In contrast, as shown in Figure 4, E and G, upon NMDA
treatment, Rab7-DN expression increases AMPAR surface levels

at 15 and 30 min. These results are in
agreement with the electrophysiological
recordings from Figures 3A and 4A. These
combined data are consistent with our in-
terpretation of Rab7-DN blocking en-
dolysosomal trafficking of internalized
receptors, and therefore, favoring their
recycling to the neuronal surface. Alter-
natively, it is also possible that Rab7-
DN attenuates receptor endocytosis at
late time points during LTD due to a
general alteration in early endosomal
trafficking.

Rab11 activity levels are high and do
not change during LTD
Finally, we determined whether Rab11 ac-
tivity is altered during the recycling events
taking place during LTD. To monitor the
levels of active (GTP-bound) Rab11 dur-
ing LTD induction, we designed a GST
pull-down assay using the Rab11 effector
protein Rab11-Family Interacting Pro-
tein2 (FIP2), which specifically binds
Rab11-GTP (Junutula et al., 2004). To
evaluate the specificity of the GST fusion
protein, we preloaded hippocampal ex-
tracts with a nonhydrolyzable GTP analog
or with GDP, followed by incubation with
beads containing either GST alone or GST
fused to FIP2 (GST-FIP2) (see Materials
and Methods). As shown in Figure 4H
(top), GST-FIP2 preferentially binds
Rab11-GTP, with only a weak binding to
Rab11-GDP. Interestingly, the amount of
Rab11 pulled-down from untreated ex-
tracts (without nucleotide preloading)
was comparable to the condition with
nonhydrolyzable GTP, suggesting that
hippocampal extracts contain high levels
of active Rab11 under basal conditions.

We then evaluated Rab11 activation
during LTD. We found that the amount of
active (GTP-bound) Rab11 is not altered
relative to untreated, control slices (Fig.
4H, middle). These results imply that
basal Rab11 activity is sufficient to sup-
port the recycling of newly internalized

AMPA receptors back to the neuronal surface after LTD
induction.

Discussion
These studies present a functional dissection of the postendocytic
trafficking pathways of AMPARs and how the choice between
receptor recycling and lysosomal targeting determines the extent
of synaptic depression during LTD. Thus, a fraction of internal-
ized AMPARs are driven via Rab11-dependent recycling endo-
somes back to the synaptic membrane, and therefore, this process
contributes to attenuate synaptic depression. Conversely, some
AMPARs traffic with Rab7-dependent late endosomes toward
lysosomes. When this pathway is blocked (Rab7-DN), receptor
recycling is favored and synaptic depression is decreased (al-
though we cannot rule out an indirect impairment of receptor

Figure 3. Degradation and recycling pathways of AMPA receptors are involved in LTD expression. A, LTD was induced in
slices infected with Sindbis virus expressing the DN version of Rab7 or from uninfected slices. Amplitude of the synaptic
responses is normalized to a 5 min baseline. Scale bars: vertical, 20 pA; horizontal, 5 ms. B, Average of AMPA receptor-
mediated responses collected from the last 5 min of the recording and normalized to the baseline. Left bars (LTD, paired)
correspond to the stimulation pathway in which postsynaptic depolarization (�40 mV) was paired to low-frequency
stimulation (***significantly different from baseline, p � 0.005). Right bars (control, unpaired) correspond to the path-
way that was not stimulated during depolarization. C, Same LTD experiment as in A from neurons infected with Sindbis
virus expressing Rab11-DN or control (uninfected) neurons. Amplitude of the synaptic responses is normalized to a 10 min
baseline. Scale bars: vertical, 20 pA; horizontal, 30 ms. A, C, Insets, Sample traces averaged from baseline (thin lines) or
from the last 5 min of the recording (thick lines). D, Average of AMPA receptor-mediated responses collected from the last
5 min of the recording and normalized to the baseline. Left bars (LTD, paired) correspond to the stimulation pathway
(*significantly different from baseline, p � 0.05; **significantly different from baseline, p � 0.01). E, Average of AMPA
receptor- (left) and NMDA receptor- (right) mediated current amplitude (recorded at �60 mV and �40 mV, respectively)
from pairs of uninfected and Rab7DN-expressing neurons. F, Comparison of evoked synaptic responses from uninfected and
infected cells. AMPA/NMDA ratio is calculated from the size of the AMPAR- and NMDAR-mediated responses. Insets,
Representative traces. Scale bars: vertical, 50 pA; horizontal, 10 ms.
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endocytosis with Rab7-DN due to a general alteration of early
endosomal trafficking). Interestingly, although a fraction of
AMPARs are effectively degraded at lysosomes after LTD induc-
tion, this enzymatic degradation is not required for depression.
This suggests that transport of AMPARs via Rab7 is a no-return
pathway that ensures receptor removal from the synaptic mem-
brane, and therefore synaptic depression, regardless from lyso-
somal action.

Whether AMPARs are degraded after activity-dependent en-
docytosis and its role in LTD have been controversial questions
the last decade. Using primary neuronal cultures, it has been
reported that AMPARs follow alternative sorting pathways de-
pending on whether AMPARs or NMDARs are activated (Ehlers,
2000; Lee et al., 2004). In contrast, another report using acute
hippocampal slices from adult mice failed to detect AMPA recep-
tor degradation upon pharmacological NMDA receptor activa-
tion (Delgado et al., 2007). Our work helps to clarify this issue by
determining the relative contribution of recycling versus endoly-
sosomal pathways to synaptic depression. Indeed, our data sug-
gest that AMPARs partition �50% into these two pathways after
LTD induction, because blockade of receptor recycling approxi-
mately doubles synaptic depression, whereas interfering with lys-
osomal trafficking almost abolishes LTD.

An important corollary of this work is that AMPAR lysosomal
degradation is observable after LTD induction in hippocampal
slices (but see Delgado et al., 2007). However, we have revealed
that lysosome enzymatic action is in fact not relevant for synaptic
depression, because leupeptin incubation blocks receptor degra-

dation but does not alter LTD expression. In a sense, these results
are reminiscent on the role of protein ubiquitination for LTD,
where postendocytic trafficking may play the dominant role
(Lussier et al., 2011), rather than enzymatic degradation by the
proteasome (Citri et al., 2009). Obviously, this interpretation
does not preclude a role for ubiquitin-dependent degradation of
other proteins in synaptic depression, as it has been described for
PSD-95 (Colledge et al., 2003), although this issue remains con-
troversial (Xu et al., 2008; Bhattacharyya et al., 2009).

The existence of a point of choice between receptor recycling
and lysosomal trafficking opens the possibility that the relative
weight of these two alternative pathways may be modulated to
adjust the final outcome of synaptic depression under different
circumstances. We have not fully explored this possibility. How-
ever, the correlation we have observed between GluA1 phosphor-
ylation and receptor degradation does suggest that this point of
choice is in fact a regulated one. GluA1 dephosphorylation at
Ser845 is a hallmark of AMPAR regulation during LTD (Lee et al.,
1998). While monitoring the phosphorylation state of GluA1
during LTD, we observed that receptor dephosphorylation is
only detected transiently (at 15 min, but not at 30 min), unless
lysosomal function was blocked with leupeptin. Therefore, pre-
vention of receptor degradation unmasked an accumulation of
dephosphorylated GluA1 after LTD induction. This suggests that
dephosphorylated receptors are preferentially degraded by the
lysosome, or in other words, dephosphorylation of GluA1 Ser845
appears to be a tag to direct AMPARs to lysosomal degradation
during LTD. This is consistent with a previous report where

Figure 4. Blocking Rab7-dependent trafficking to lysosomes increases recycling of AMPA receptors to the surface. A, C, LTD was chemically induced by bath incubation with NMDA (20 �M) for
5 min in control slices and slices infected with Rab7-DN (A) or with Rab11-DN (C). Amplitude of synaptic responses was normalized to a 5 min baseline. Insets, Sample traces averaged from the
baseline (thin lines) or from the last 5 min of the recording (thick lines). Scale bars: vertical, 20 pA; horizontal, 5 ms. B, D, Average of AMPA receptor response collected from the last 5 min of the time
course and normalized to the baseline from the recordings shown in A and C (significantly different from baseline: **p � 0.01, *p � 0.05). E, Representative images of surface GluA1 immuno-
staining of hippocampal neurons infected with Sindbis virus driving the expression of EGFP or Rab7-DN, untreated (control) or treated with 20 �M NMDA for 5 min plus 30 min of washout. F,
Quantification of surface AMPA receptors under basal conditions from neurons infected with virus expressing EGFP or Rab7-DN. G, Time course quantification of surface GluA1 from neurons infected
with virus expressing EGFP or Rab7-DN during c-LTD. *Significantly different from EGFP infected neurons, p � 0.05. H, Top, Western blot of Rab11 pulled-down with GST or GST fused to FIP2
(GST-FIP2) from hippocampal extracts. Extracts were preloaded with nonhydrolyzable GTP or with GDP, or left untreated, as indicated. Ten percent of the extract was loaded as reference (left lane,
input). Middle, Analysis of Rab11 pulled-down with GST-FIP2.Extracts from some untreated slices were pulled-down with GST alone (left lane). Bottom, Ten percent of the total extracts correspond-
ing to the middle panel. C: Untreated neurons; 5�, 15�, 30�: minutes after NMDA treatment.
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phosphomimetic mutations in GluA1 protected AMPAR from
lysosomal degradation under basal conditions (Kessels et al.,
2009). By controlling the partition between receptor recycling or
degradation, protein phosphatases would play a crucial role in
determining synaptic strength during LTD. This interpretation
provides a mechanistic explanation for the requirement of pro-
tein phosphatase activity for LTD as it was originally described
(Mulkey et al., 1993).

In summary, this work sheds light on the contribution of pos-
tendocytic trafficking of AMPARs to LTD, and shows for the first
time that Rab7-dependent transport is required to drive recep-
tors away from recycling endosomes, thereby preventing them
from returning to the synaptic membrane.
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