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In brief

Long-term synaptic depression in the hippocampus is accomplished by the endocytic removal of AMPA typeglutamate receptors from the synaptic membrane. Brachet et al. identify the motor protein machinery that associates with the receptors after internalization. This association prevents receptors from returning to synapses and ensures persistent synaptic depression.

INTRODUCTION

Activity-dependent changes in synaptic function, known as synaptic plasticity, are widely thought of as the cellular basis for learning and memory [START_REF] Bliss | A synaptic model of memory: longterm potentiation in the hippocampus[END_REF]. Longlasting forms of synaptic plasticity, such as long-term potentiation (LTP) and long-term depression (LTD) in the hippocampus, are now known to rely on the regulated trafficking of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-type glutamate receptors (AMPARs) in response to the activation of N-methyl-D-aspartate (NMDA)-type glutamate receptors (NMDARs; [START_REF] Collingridge | Receptor trafficking and synaptic plasticity[END_REF][START_REF] Kennedy | Organelles and trafficking machinery for postsynaptic plasticity[END_REF][START_REF] Shepherd | The cell biology of synaptic plasticity: AMPA receptor trafficking[END_REF]. In particular, during LTD, AMPARs are internalized and undergo complex endosomal sorting processes that direct them either to be recycled to the plasma membrane or to be targeted to late endosomes en route to lysosomes for cargo degradation [START_REF] Ehlers | Reinsertion or degradation of AMPA receptors determined by activity-dependent endocytic sorting[END_REF][START_REF] Ferna ´ndez-Monreal | The balance between receptor recycling and trafficking toward lysosomes determines synaptic strength during long-term depression[END_REF][START_REF] Lin | Distinct molecular mechanisms and divergent endocytotic pathways of AMPA receptor internalization[END_REF]. The spatial organization of these events is still rather unclear. Nevertheless, it is likely that synaptic plasticity, and specifically LTD, engage dendritic transport of AMPARs, either locally in the vicinity of the spine or involving long-range trafficking. If this is the case, then specific molecular motors are expected to be involved.

Microtubules are the major cytoskeletal element for intracellular membrane transport along the dendritic shaft [START_REF] Conde | Microtubule assembly, organization and dynamics in axons and dendrites[END_REF]. In fact, different microtubule-dependent motor proteins have already been shown to mediate the transport of AMPARs and NMDARs along the somatodendritic compartment, for the continuous supply and redistribution of receptors among synapses [START_REF] Guillaud | KIF17 dynamics and regulation of NR2B trafficking in hippocampal neurons[END_REF][START_REF] Heisler | GRIP1 interlinks Ncadherin and AMPA receptors at vesicles to promote combined cargo transport into dendrites[END_REF][START_REF] Hoerndli | Kinesin-1 regulates synaptic strength by mediating the delivery, removal, and redistribution of AMPA receptors[END_REF][START_REF] Hoogenraad | GRIP1 controls dendrite morphogenesis by regulating EphB receptor trafficking[END_REF][START_REF] Jeyifous | SAP97 and CASK mediate sorting of NMDA receptors through a previously unknown secretory pathway[END_REF][START_REF] Kapitein | Mixed microtubules steer dynein-driven cargo transport into dendrites[END_REF][START_REF] Monteiro | The kinesin-3 family motor KLP-4 regulates anterograde trafficking of GLR-1 glutamate receptors in the ventral nerve cord of Caenorhabditis elegans[END_REF][START_REF] Setou | Kinesin superfamily motor protein KIF17 and mLin-10 in NMDA receptor-containing vesicle transport[END_REF][START_REF] Setou | Glutamate-receptor-interacting protein GRIP1 directly steers kinesin to dendrites[END_REF][START_REF] Shin | Association of the kinesin motor KIF1A with the multimodular protein liprin-a[END_REF]. Microtubule-dependent trafficking can also mediate synaptic plasticity mechanisms by modulating synaptic signaling [START_REF] Morikawa | The Molecular Motor KIF21B Mediates Synaptic Plasticity and Fear Extinction by Terminating Rac1 Activation[END_REF] or synaptic maturation [START_REF] Zhao | Specific depletion of the motor protein KIF5B leads to deficits in dendritic transport, synaptic plasticity and memory[END_REF]. Also, we have recently shown that kinesindependent endosomal remodeling is required for the transport of AMPARs during LTP [START_REF] Gutie ´rrez | KIF13A drives AMPA receptor synaptic delivery for long-term potentiation via endosomal remodeling[END_REF].

In this study, we specifically investigated the molecular motors potentially involved in AMPAR trafficking during NMDAR-dependent LTD in the hippocampus. We found that kinesin 1 (KIF5), a plus-end-directed microtubule motor, and more precisely, KIF5A and KIF5C, are necessary for sustained AMPAR internalization during LTD. Furthermore, we identify protrudin, a KIF5associated molecule [START_REF] Matsuzaki | Protrudin serves as an adaptor molecule that connects KIF5 and its cargoes in vesicular transport during process formation[END_REF] involved in lysosomal positioning [START_REF] Hong | PtdIns3P controls mTORC1 signaling through lysosomal positioning[END_REF], as a critical component of the motor protein-endosomal machinery required for LTD. Our data show the requirement of a specific kinesin motor for AMPAR synaptic removal during LTD, and identify protrudin as a potential adaptor for the associated vesicular trafficking.

RESULTS

Interference with KIF5A and KIF5C inhibits LTD expression

To evaluate a potential role for microtubule-dependent motors in NMDAR-dependent LTD, we tested KIF5 and KIF13, two plusend-directed motors known to be involved in glutamate receptor transport [START_REF] Heisler | GRIP1 interlinks Ncadherin and AMPA receptors at vesicles to promote combined cargo transport into dendrites[END_REF][START_REF] Hoerndli | Kinesin-1 regulates synaptic strength by mediating the delivery, removal, and redistribution of AMPA receptors[END_REF][START_REF] Hoogenraad | GRIP1 controls dendrite morphogenesis by regulating EphB receptor trafficking[END_REF][START_REF] Monteiro | The kinesin-3 family motor KLP-4 regulates anterograde trafficking of GLR-1 glutamate receptors in the ventral nerve cord of Caenorhabditis elegans[END_REF][START_REF] Setou | Glutamate-receptor-interacting protein GRIP1 directly steers kinesin to dendrites[END_REF], and the cytoplasmic dynein heavy chain 1, the only minus-end molecular motor in neurons [START_REF] Hirokawa | Molecular motors in neurons: transport mechanisms and roles in brain function, development, and disease[END_REF], which has already been implicated in late endosomal/lysosomal trafficking [START_REF] Jordens | The Rab7 effector protein RILP controls lysosomal transport by inducing the recruitment of dynein-dynactin motors[END_REF]. KIF5 and KIF13 have several closely related isoforms (KIF5A, -B, and -C; KIF13A and -B) [START_REF] Hirokawa | Molecular motors in neurons: transport mechanisms and roles in brain function, development, and disease[END_REF]. We thus started by using a dominant-negative (DN) approach (constructs lacking the motor domain) [START_REF] Cai | Single molecule imaging reveals differences in microtubule track selection between Kinesin motors[END_REF]. This strategy is less likely to discriminate between the different isoforms of the same motor, and may provide the first hints to test whether KIF proteins are involved in LTD. As for dynein, we used overexpression of the dynamitin subunit of the dynactin complex, which inhibits dynein function in a dynactin-dependent manner [START_REF] Burkhardt | Overexpression of the dynamitin (p50) subunit of the dynactin complex disrupts dynein-dependent maintenance of membrane organelle distribution[END_REF].

We expressed mCherry fusion proteins of DN forms of KIF5 (DN-KIF5) and KIF13 (DN-KIF13) or a GFP fusion of dynamitin by viral infection in CA1 hippocampal neurons from organotypic slice cultures. The effect of these DN proteins on LTD was evaluated by whole-cell recordings under voltage clamp. Interestingly, only the overexpression of DN-KIF5 (Figure 1A), but not DN-KIF13 (Figure 1B) or dynamitin (Figure 1C), reduced the magnitude of LTD. These results suggest that KIF5, but not KIF13 or dynein, is necessary for LTD in CA1 hippocampal synapses.

We then used a small hairpin RNA (shRNA) approach to knock down the corresponding endogenous proteins. This method allows us to validate the DN effect, but also to distinguish between isoforms for their role in LTD. In the case of KIF5, we chose to target KIF5A and KIF5C, the KIF5 neuron-specific isoforms [START_REF] Kanai | KIF5C, a novel neuronal kinesin enriched in motor neurons[END_REF]. As for KIF13, we decided to target KIF13A, which participates in endosomal trafficking [START_REF] Delevoye | Recycling endosome tubule morphogenesis from sorting endosomes requires the kinesin motor KIF13A[END_REF], and we recently showed it to be required for LTP [START_REF] Gutie ´rrez | KIF13A drives AMPA receptor synaptic delivery for long-term potentiation via endosomal remodeling[END_REF] A specific shRNA against dynein heavy chain was also designed. The effectiveness of these shRNAs to downregulate the expression of the corresponding endogenous motors is shown in Figures S1A and S1B (see Gutie ´rrez et al., 2021 for KIF13A).

shRNAs were expressed by lentiviral infection in CA1 hippocampal neurons from organotypic slices, and LTD was evaluated as described above. Knockdown of KIF5A or KIF5C independently had only a moderate and not significant effect on synaptic depression (Figure 1D), but simultaneous knockdown of KIF5A and KIF5C by biolistic transfection virtually abolished LTD (Figure 1E). In contrast, shRNAs for KIF13A and dynein did not affect LTD (Figures 1F and 1G). Therefore, these combined results strongly suggest that KIF5A and -C (probably with some overlapping function), but not KIF13 or dynein, are critically required for LTD (for simplicity, with respect to the functions of these proteins in LTD, we refer to KIF5A/C as KIF5). In addition, the blockade of KIF5 function with DN-KIF5 produced no significant effect on LTP expression (Figure 1H). This observation serves to verify that the effect observed in LTD is not due to altered NMDAR activity.

Finally, we also evaluated the effect of interfering with KIF5 function on basal synaptic transmission. To this end, we carried out simultaneous recordings from pairs of nearby infected and uninfected CA1 neurons. As shown in Figures 1I and1J, DN-KIF5 overexpression or simultaneous knockdown of KIF5A and KIF5C did not produce any significant change in AMPAR-or NMDAR-mediated currents or in the ratio of NMDAR to AMPAR responses, when compared with uninfected cells. These results suggest that, under basal conditions, AMPAR and NMDAR number at synapses are not detectably affected by this disruption of KIF5 function (but see also [START_REF] Heisler | GRIP1 interlinks Ncadherin and AMPA receptors at vesicles to promote combined cargo transport into dendrites[END_REF]. We also confirmed that DN-KIF5 does not produce a global perturbation of dendritic trafficking, as monitored by transferrin receptor movement in hippocampal neurons (Figures S1C-S1E).

KIF5 is required for AMPAR transport upon LTD induction

To determine the specific step mediated by KIF5 in the transport of AMPARs, we transfected organotypic hippocampal slices with mCherry-tagged DN-KIF5, or plain red fluorescent protein (RFP; as a control) together with the GFP-tagged AMPAR subunit GluA2 (GFP-GluA2) (Figure 2A, left). The fluorescence intensity of the GFP-tagged receptor along the primary apical dendrite was then used as a proxy for the efficiency of the dendritic transport of AMPARs. As shown in Figure 2A (right), DN-KIF5 did not affect the distribution of GFP-tagged GluA2 receptors along dendrites. 
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To further assess the potential role of KIF5 in AMPAR trafficking during LTD, we monitored the surface expression of GluA2 tagged with the pH-sensitive protein superecliptic pHluorin (SEP-GluA2). SEP-GluA2 was expressed in organotypic hippocampal slices together with mCherry-tagged DN-KIF5 or with mCherry (as control). After 2 days' expression, SEP-GluA2 fluorescence intensity at dendritic spines and adjacent dendritic shafts was monitored in response to chemical LTD (cLTD) induction (20 mM NMDA). As shown in Figure 2B, NMDA application in control neurons produced a pronounced decrease in SEP-GluA2 fluorescence in dendritic spines (white circles) and a more moderate one, but still significant, in the dendritic shaft (white triangles). This result is consistent with the internalization of synaptic and extrasynaptic AMPARs upon NMDAR activation, as previously described [START_REF] Ashby | Removal of AMPA receptors (AMPARs) from synapses is preceded by transient endocytosis of extrasynaptic AMPARs[END_REF]. Interestingly, the expression of DN-KIF5 significantly attenuated the reduction of SEP-GluA2 fluorescence, particularly after cLTD induction, both at dendritic spines and on the dendritic shaft (Figure 2B, blue symbols). This result suggests that KIF5-dependent trafficking is necessary to ensure a persistent internalization of AMPARs after NMDAR activation, at both synaptic and extrasynaptic sites.

As a complementary approach, we also evaluated the impact of KIF5 function on the internalization of endogenous AMPARs in dissociated hippocampal neurons. This was carried out by surface immunolabeling of an extracellular epitope of the GluA1 AMPAR subunit under non-permeabilized conditions. As shown in Figures 2C (representative images) and 2D (quantification), there were no significant differences in the amount of surface GluA1 between non-transfected and KIF5-DN-expressing neurons under basal conditions (all values are normalized to the average surface labeling of control, non-transfected cells). As expected, uninfected cells exhibit decreased GluA1 surface expression after cLTD induction (Figure 2D, white columns). In contrast, DN-KIF5 expression completely blocked the decrease in surface GluA1, both immediately after NMDA application and after 15 min of recovery (Figure 2D, blue columns). In contrast, no significant change was observed when total GluA1 expression was assessed by immunolabeling on permeabilized neurons (Figure 2E).

To visualize more precisely the endocytic trafficking of AMPARs during cLTD, we pulse labeled surface AMPARs in living neurons and monitored their localization in early endocytic compartments after internalization (see Method details). As shown in Figures 2F (representative image) and 2G (quantification; white columns), internalized GluA1 accumulated in Early Endosome Antigen 1 (EEA1)-positive compartments immediately after cLTD induction, and this accumulation returned to basal levels after 15 min of recovery, in control neurons, similar to previously published experiments [START_REF] Ehlers | Reinsertion or degradation of AMPA receptors determined by activity-dependent endocytic sorting[END_REF]. In contrast, in DN-KIF5-expressing neurons, GluA1 accumulation in EEA1 compartments did not increase upon cLTD (Figure 2G), but was already elevated from baseline (Figure 2H).

Synaptic depression during NMDAR-dependent LTD is typically associated with a reduction in spine size. We then evaluated whether KIF5 may also participate in this form of structural plasticity. To this end, we carried out similar experiments to the ones shown in Figure 2B, but expressing EGFP as a volume marker, together with mCherry-DN-KIF5 or mCherry as control. As shown in Figures S2A andS2B, cLTD induction produced a small but significant reduction in spine size in control neurons, as monitored by a decrease in the spine:dendrite ratio of the EGFP signal. In contrast, spine shrinkage was virtually absent in neurons coexpressing DN-KIF5 (Figures S2A andS2B, blue symbols). The spine size was not altered by DN-KIF5 under basal conditions, as assessed by the EGFP spine:dendrite ratio before cLTD induction ( Figure S2C). Therefore, this result indicates that KIF5 is also required for the structural plasticity associated with LTD.

KIF5A/C and AMPARs associate in vesicular compartments, and their interaction is enhanced during LTD To further characterize the molecular mechanism by which KIF5 participates in LTD, we decided to evaluate the interaction between KIF5 and AMPARs by coimmunoprecipitation. As shown in Figure 3A, both KIF5C and KIF5A coimmunoprecipitate with the AMPAR subunit GluA2 from whole extracts of hippocampal slices of P14 rats. As a control, the NMDAR subunit GluN2B did not coprecipitate with GluA2. The KIF5-GluA2 complex Cell Reports 36, 109499, August 3, 2021 5 Report was also observed when the KIF5C antibody was used as bait for immunoprecipitation using a vesicle-enriched brain lysate (Figure 3B). These results show that KIF5 and GluA2 are associated in vesicular compartments under basal conditions.

We then carried out similar coimmunoprecipitation experiments using hippocampal slices after cLTD induction. As shown in Figures 3C and3D, the interaction between KIF5 and GluA2 was transiently enhanced after cLTD induction (5 min NMDA and 7.5 min recovery). Importantly, GluA2 association with Ncadherin, which is cotransported with AMPARs under basal conditions [START_REF] Heisler | GRIP1 interlinks Ncadherin and AMPA receptors at vesicles to promote combined cargo transport into dendrites[END_REF], was not altered by cLTD induction (Figures 3C and3D). Therefore, these results support the interpretation that KIF5 plays a specific role in the regulated transport of AMPARs during LTD.

As a complementary approach, we analyzed the enrichment of these proteins in microsomal membrane fractions from hippocampal slices during LTD. This fraction is obtained after separation of the crude synaptosomal fraction (see Method details), and therefore may be enriched in molecular components engaged in vesicular trafficking separate from the synapse. Membrane fractionations were carried out from untreated slices (baseline) or from slices immediately after cLTD induction (5 min NMDA) or at different times of recovery after the NMDA treatment. As shown in Figure 3E, the accumulation of KIF5A and KIF5C in microsomal membranes was enhanced immediately after cLTD induction and throughout the experiment. Changes in GluA1 association with microsomal membranes were not statistically significant, although they displayed a similar trend. Importantly, Rab11, a protein bound to recycling endosomes (and therefore expected to always reside in the microsomal fraction) did not change with cLTD induction.

As a control, we also analyzed the relative enrichment of these proteins in the crude synaptosomal fraction during cLTD induction. The levels of KIF5A, KIF5C, or GluA1 did not significantly change, although there was a trend for GluA1 to decrease in the synaptosomal fraction (Figures S3A-S3C). The presence of Rab11 in synaptosomes significantly increased after cLTD induction (Figure S3D), perhaps as a consequence of membrane recycling to synapses after receptor removal [START_REF] Ferna ´ndez-Monreal | The balance between receptor recycling and trafficking toward lysosomes determines synaptic strength during long-term depression[END_REF]. These results suggest that KIF5 associates with AM-PARs and is engaged in vesicular trafficking in response to LTD induction.

Finally, we detected a partial colocalization between GluA1 and KIF5C along dendrites in dissociated hippocampal neurons, but the extent of this colocalization did not significantly change throughout the cLTD experiment (Figures S3F andS3G). This result, although negative, is not necessarily surprising, given the multiplicity of transport duties carried out by KIF5 in neurons [START_REF] Hirokawa | Molecular motors in neurons: transport mechanisms and roles in brain function, development, and disease[END_REF].

Protrudin associates with AMPARs and is required for LTD It has been previously shown that glutamate receptor interacting protein 1 (GRIP1) is a molecular adaptor linking the GluA2 AMPAR subunit and KIF5 during the microtubule-dependent dendritic transport of AMPARs [START_REF] Heisler | GRIP1 interlinks Ncadherin and AMPA receptors at vesicles to promote combined cargo transport into dendrites[END_REF][START_REF] Setou | Glutamate-receptor-interacting protein GRIP1 directly steers kinesin to dendrites[END_REF]. We then carried out a structural/functional analysis to determine whether KIF5-GRIP1 interaction was required for LTD. On the one hand, we overexpressed the kinesin binding domain (KBD) of GRIP1 fused to EGFP (DN-GRIP-KBD; Figure 4A,inset). On the other hand, we overexpressed the GRIP binding domain (GBD) of KIF5 (which resides in its C-tail) fused to mCherry (DN-KIF5-GBD, Figure 4B, inset). Interestingly, the overexpression of neither DN-GRIP-KBD nor DN-KIF5-GBD had an impact on the magnitude of LTD (Figures 4A and4B). As a comparison, we have replotted in Figure 4B (shaded area) the result obtained with the DN-KIF5 (from Figure 1A), which significantly impaired LTD expression. These results suggest that the GRIP1-KIF5 interaction is not required for LTD.

This conclusion led us to reason that if DN-KIF5 blocked LTD expression, while DN-KIF5-GBD did not, then the relevant cargo-binding interactions of KIF5 for LTD should reside in the KIF5 neck-stalk domain (see Figure 4B, inset, comparing DN-KIF5 and DN-KIF5-GBD). Protrudin is a membrane-associated protein known to interact with the KIF5 stalk domain [START_REF] Matsuzaki | Protrudin serves as an adaptor molecule that connects KIF5 and its cargoes in vesicular transport during process formation[END_REF] and with the GluA2 AMPAR subunit [START_REF] Hashimoto | Protrudin regulates endoplasmic reticulum morphology and function associated with the pathogenesis of hereditary spastic paraplegia[END_REF]. We then tested whether protrudin had a role in LTD. We found that under basal conditions, protrudin coimmunoprecipitates with GluA2 from whole extracts of hippocampal slices (Figure S4A), and with KIF5C from whole-brain vesicle fractions (Figure S4B). In addition, protrudin association with GluA2 was transiently increased after cLTD induction (Figure 4C). Similar to our analysis of KIF5 and GluA1, protrudin levels were significantly increased in microsomal membrane fractions after cLTD (Figure 4D).

These biochemical data suggest that protrudin participates in LTD-induced association between AMPARs and KIF5. To directly test this hypothesis, we carried out similar GluA2/ KIF5C coimmunoprecipitations from hippocampal neurons after knocking down protrudin with a specific shRNA (see Figure S4C for protrudin depletion). As shown in Figures 4E and4F, the absence of protrudin significantly reduced, but did not abolish, the association between KIF5C and GluA2, both under basal conditions and after cLTD induction.

Given the regulated association between AMPARs, KIF5, and protrudin, and their concurrent recruitment to microsomal membranes, we decided to evaluate the dynamics of protrudin during cLTD by live imaging. To this end, we expressed GFP-protrudin Report in organotypic hippocampal slices and monitored its distribution in dendritic spines during cLTD. As shown in Figure S4D, GFPprotrudin distribution did not greatly change during NMDA application, although a modest but significant decrease in spines was detectable at later times, after cLTD induction (Figure S4E).

Finally, we directly tested whether protrudin is required for LTD. To this end, we expressed the shRNA against protrudin by viral infection in CA1 hippocampal neurons. As shown in Fig- ure 4G, protrudin knockdown had no effect on AMPAR-or NMDAR-mediated synaptic currents in basal conditions. In contrast, LTD expression was strongly impaired after protrudin depletion (Figure 4H, pink symbols), whereas a scrambled version of the protrudin shRNA did not affect LTD (Figure S4F). Therefore, this result indicates that protrudin is required for LTD. Protrudin has been shown to interact with guanosine triphosphate (GTP)-bound (active) Rab7 and with guanosine diphosphate (GDP)-bound (inactive) Rab11 [START_REF] Raiborg | Repeated ER-endosome contacts promote endosome translocation and neurite outgrowth[END_REF][START_REF] Report Shirane | Protrudin Induces Neurite Formation by Directional Membrane Trafficking[END_REF], suggesting that this protein may participate in intracellular endosomal sorting. To assess whether this function may be related to the role of protrudin in LTD, we carried out similar LTD experiments coexpressing the protrudin shRNA together with Rab11-DN to block receptor recycling back to synapses after LTD induction (Ferna ´ndez- [START_REF] Ferna ´ndez-Monreal | The balance between receptor recycling and trafficking toward lysosomes determines synaptic strength during long-term depression[END_REF]. The rationale for this experiment is that if protrudin is required for receptor sorting toward late endosomes/ lysosomes and away from recycling to the synapse, then protrudin will no longer be necessary in the presence of Rab11-DN, as the path for receptor recycling should not be available any longer. As shown in Figure 4H (purple symbols), the blockade of receptor recycling with Rab11-DN fully rescued LTD in protrudin-depleted neurons. This result strongly suggests that protrudin mediates receptor sorting away from synapses after internalization.

DISCUSSION

In this work, we have demonstrated that NMDAR-dependent LTD relies on the action of a specific kinesin-1 motor protein (KIF5A/C) and the vesicular adaptor protrudin. Specifically, we show that the genetic depletion of KIF5A/C or protrudin, or interference with their function using DN approaches, completely precludes LTD expression. Interestingly, this involves an activ-ity-dependent mechanism, as NMDAR activation triggers the interaction between KIF5A/C, protrudin, and AMPARs, and their association with microsomal membranes. Therefore, we propose that this complex is particularly engaged during LTD for the synaptic removal of AMPARs, even though a role for KIF5 in the basal dendritic transport, as previously described [START_REF] Heisler | GRIP1 interlinks Ncadherin and AMPA receptors at vesicles to promote combined cargo transport into dendrites[END_REF][START_REF] Hoogenraad | GRIP1 controls dendrite morphogenesis by regulating EphB receptor trafficking[END_REF][START_REF] Setou | Glutamate-receptor-interacting protein GRIP1 directly steers kinesin to dendrites[END_REF], is not ruled out.

This distinction between constitutive dendritic transport and acute, plasticity-triggered mobilization suggests that this latter mechanism may subserve specific trafficking events involved in the removal of AMPARs from synapses during LTD. It would be reasonable to hypothesize that LTD-associated trafficking is dedicated to mobilize AMPARs toward late endosomes and lysosomes, instead of recycling to the synaptic membrane [START_REF] Ferna ´ndez-Monreal | The balance between receptor recycling and trafficking toward lysosomes determines synaptic strength during long-term depression[END_REF]. In this sense, the involvement of protrudin would be particularly fitting, as this vesicular adaptor associates with active (GTP-bound) Rab7, the driver of late endosomal trafficking [START_REF] Raiborg | Repeated ER-endosome contacts promote endosome translocation and neurite outgrowth[END_REF], and also with inactive (GDP-bound) Rab11, which directs recycling endosomes [START_REF] Report Shirane | Protrudin Induces Neurite Formation by Directional Membrane Trafficking[END_REF]. Our results strongly support this interpretation, as protrudin becomes dispensable for LTD when receptor recycling is prevented with a DN Rab11 mutant. Therefore, we propose that synaptic depression during LTD is achieved by KIF5/protrudin-driven trafficking of AMPARs toward late endosomes. However, under basal conditions, impairment of this pathway may enhance the turnover between surface and internalized receptors. This is because the return of AMPAR to the neuronal surface would be accelerated, and this in turn may enhance AMPAR constitutive endocytosis, as total AMPAR surface expression is likely limited by anchoring elements (see, e.g., [START_REF] Buonarati | Mechanisms of postsynaptic localization of AMPA-type glutamate receptors and their regulation during long-term potentiation[END_REF][START_REF] Petrini | Endocytic trafficking and recycling maintain a pool of mobile surface AMPA receptors required for synaptic potentiation[END_REF].

Separate from direct trafficking of AMPARs, kinesin activity may also be required for intracellular signaling events that lead to AMPAR endocytosis in an indirect manner. This is the case for KIF21B, which controls the termination of Rac1 activity in dendritic spines by transporting the Rac-GEF ELMO1 during LTD. In this manner, KIF21B permits AMPAR internalization and supports spine structural plasticity [START_REF] Morikawa | The Molecular Motor KIF21B Mediates Synaptic Plasticity and Fear Extinction by Terminating Rac1 Activation[END_REF]. Therefore, this scenario implies the concerted actions of KIF21B (to terminate Rac1 signaling and allow AMPAR endocytosis) and KIF5A/C (to sort internalized AMPARs via protrudin) (C) Coimmunoprecipitations between GluA2 and protrudin on hippocampal slices, and right, quantification of protrudin:GluA2 ratios before (baseline), immediately after cLTD induction, and after 7. Report during synaptic and structural plasticity. Obviously, the repertoire of kinesin-dependent mechanisms for plasticity does not need to be restricted to these functions. Thus, it has recently been shown that a related kinesin motor protein, KIF5B, delivers critical mRNA cargo for dendritic growth and synaptic maturation, which are needed for synaptic potentiation, learning, and memory [START_REF] Zhao | Specific depletion of the motor protein KIF5B leads to deficits in dendritic transport, synaptic plasticity and memory[END_REF]. In addition, KIF5C also transports plasticity-related mRNA cargo for local translation, which is important for structural plasticity and spatial memory [START_REF] Swarnkar | Molecular motor protein KIF5C mediates structural plasticity and long-term memory by constraining local translation[END_REF].

Another important finding in this study is that protrudin facilitates the interaction between KIF5 and AMPARs. This fits well with the observation that protrudin assists in the loading of KIF5 onto late endosomal membranes [START_REF] Raiborg | Repeated ER-endosome contacts promote endosome translocation and neurite outgrowth[END_REF]. Thus, protrudin may direct the convergence of KIF5 and AM-PARs onto late endosomes after receptor internalization. Nevertheless, it is also worth pointing out that protrudin depletion only partially disrupts, but does not abolish, GluA2/KIF5 interaction, despite the observation that the shRNA for protrudin fully blocks LTD. This may indicate that protrudin only participates in AMPAR/KIF5 association in the synaptic environment. Alternatively, we cannot rule out KIF5-independent functions of protrudin during LTD, related to its differential Rab7-Rab11 interaction [START_REF] Raiborg | Repeated ER-endosome contacts promote endosome translocation and neurite outgrowth[END_REF][START_REF] Report Shirane | Protrudin Induces Neurite Formation by Directional Membrane Trafficking[END_REF].

In summary, we present a kinesin motor protein as a direct effector of AMPAR trafficking during LTD, acting in concert with protrudin as a coupling mechanism for endosomal sorting after endocytosis.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following: Report amplification using GRIP1 plasmid as template. Plasmids for GRIP1 and for EGFP-tagged transferrin receptor were gifts from Daniel Choquet (Interdisciplinary Institute for NeuroSciences, Bordeaux, France). The final construct is fused on its N-terminal part to EGFP. Plasmid with Dynamitin was a gift from Fernando Martı ´n-Belmonte (Centro de Biologı ´a Molecular Severo Ochoa, Madrid, Spain). cDNA for protrudin was obtained by RT-PCR using RNA extracted from dissociated rat hippocampal neurons. The amplified protrudin sequence corresponds to the longer, neuron-specific isoform that contains exon L [START_REF] Ohnishi | Identification and characterization of a neuron-specific isoform of protrudin[END_REF]. Dynamitin and protrudin cDNAs were subcloned by in-frame ligation with the eGFP-C1 vector from Clontech. For protein expression, all coding sequences were cloned in pSinRep5 for the preparation of Sindbis virus. This is a neurotropic plus-strand RNA virus, which acts as an mRNA inside the cell, leading to high protein expression with low toxicity for % 72 h after infection [START_REF] Ehrengruber | Recombinant Semliki Forest virus and Sindbis virus efficiently infect neurons in hippocampal slice cultures[END_REF][START_REF] Malinow | Introduction of green fluorescent protein (GFP) into hippocampal neurons through viral infection[END_REF]. Protein overexpression was 24-48 h for all Sindbis virus infections. Because only CA1 cells (and not CA3 cells) were infected, this configuration ensured that recombinant proteins were always expressed exclusively in the postsynaptic cell.

d KEY RESOURCES
The sequences to generate the shRNAs against KIF5A and KIF5C were selected from [START_REF] Konishi | Tubulin tyrosination navigates the kinesin-1 motor domain to axons[END_REF]. The target sequences were 5 0 -AGATCCGTTCGCTCACGGA-3 0 for KIF5A and 5 0 -GGATCTTCAAACTCCACTC-3 0 for KIF5C. The target sequence to knockdown the expression of protrudin was 5 0 -CAGCTACCAGAGTCTGAGCTGAT-3 0 (Shirane and [START_REF] Report Shirane | Protrudin Induces Neurite Formation by Directional Membrane Trafficking[END_REF]. Its scrambled control sequence was 5 0 -AAGCTACTTGCTCGGACTGCAAG-3 0 . To knockdown Dynein Heavy Chain, we used an shRNA against the target sequence 5 0 -GATGTGGATGAGAAGCGTT-3 0 . The sequence to generate the shRNA KIF13A was 5 0 -AAATATGCCGGTCAAGAAG-3 0 (Gutie ´rrez et al., 2021). All these sequences were subcloned in KH1-LV vector for the preparation of lentiviruses, a gift from Maria S. Soengas (Centro Nacional de Investigaciones Oncolo ´gicas, Madrid, Spain). All vectors used also express mCherry under an independent promoter, which allows us to identify the infected or transfected cells.

Primary antibodies

GluA1 N terminus: Millipore MAB2263 and a rabbit polyclonal antibody kindly provided by Daniel Choquet (IINS, CNRS, Universite ´de Bordeaux, France). GluA2: Millipore MAB397. KIF5C: PA1-644 Thermo Fisher (for immunoprecipitations) and Abcam AB5630 (for membrane fractionations). KIF5A: Abcam AB5628. KIF13A: Santa Cruz sc-16789. Dynein Heavy Chain: Santa Cruz sc-9115. ZFYVE27 (protrudin): Proteintech 12680-1-AP. Rab11: BD Biosciences 610656. N-Cadherin: BD Biosciences 610921. GluN2B: Abcam AB65783. EEA1: BD Biosciences 610456. mCherry: GeneTex GTX59788.

Infection and transfection

Slices were infected in the CA1 area through pulse injection of either the lentivirus or the Sindbis virus with the help of a picospritzer at DIV1 or DIV3-5 and maintained for 4-9 days or 2 days, respectively, in an incubator at 35 C under 5% CO 2 . To co-express several plasmids, slices were transfected at DIV1 using the biolistic method and maintained for 6-9 days for shRNA co-expression or 2-3 days for GFP-GluA2/SEP-GluA2 and mRFP/DN-KIF5 experiments. For coexpression of protrudin shRNA and Rab11-DN, slices were first infected with the lentiviral vector for protrudin shRNA and then super-infected with Rab11-DN Sindbis virus the day before the electrophysiology recordings. Coinfection was evaluated from the coexpression of mCherry (lentivirus) and EGFP (Sindbis virus). Dissociated primary neuron infection was achieved by adding Sindbis virus in the culture medium 48 hours prior to experiments.

Electrophysiology

Voltage-clamp whole-cell recordings were obtained from CA1 pyramidal neurons, patched under visual guidance using transmitted light illumination. The recording chamber was perfused with ACSF containing 119 mM NaCl, 2.5 mM KCl, 1 mM NaH 2 PO 4 , 11 mM glucose, 26 mM NaHCO 3 , 4 mM MgCl 2 , 4 mM CaCl 2 , 290 mOsm gassed with 5% CO 2 /95% O 2 , supplemented with 4 mM 2-chloroadenosine, 0.1 mM picrotoxin, and maintained at 29 C. Patch recording pipettes (3 -8 MU) were filled with internal solution containing 115 mM CsMeSO 3 , 20 mM CsCl, 10 mM HEPES, 2.5 mM MgCl 2 , 4 mM Na 2 ATP, 0.4 mM Na 3 GTP, 10 mM sodium phosphocreatine, and 0.6 mM EGTA, pH 7.25. Synaptic responses were evoked with bipolar electrodes using single-voltage pulse (200 ms, up to 20 V). The stimulating electrodes were placed over Schaffer collateral fibers between 200 and 400 mm from the recorded cells. CA3-CA1 intersection was cut to prevent propagation of recurrent CA3 activity. Synaptic currents were collected at À60 mV for AM-PAR-mediated responses, and at +40 mV for NMDAR-mediated responses, and averaged over 50-80 trials. LTD and LTP were induced in CA1 neurons by pairing 1 Hz (300/500 pulses) or 3 Hz (300 pulses) presynaptic stimulation of the Schaffer collaterals with À40 mV or 0 mV postsynaptic depolarization, respectively. Electrophysiological recordings and data acquisition were performed with Multiclamp 700A/B amplifiers and pClamp software (Molecular Devices). Analysis was performed with custom-made Excel (Microsoft) macros.

Confocal imaging of fixed organotypic slices

Slices were transfected with either GFP-GluA2 plus mRFP or with GFP-GluA2 plus DN-KIF5 (tagged with mCherry) at DIV0/1 and fixed overnight after 2-3 days with a solution of 4% paraformaldehyde and 4% sucrose in PBS at 4 C. Slices were then washed and mounted with Prolong Gold (Invitrogen). Images were acquired with a LSM510 scanning confocal microscope coupled to an inverted Axiovert 200 microscope (Zeiss). Posterior analysis was done using ImageJ software. Briefly, a line of 1-pixel width was drawn from the soma to the end of the apical dendrite using ImageJ software on the GFP-GluA2 channel. The values of fluorescence intensity, once they are normalized to the maximum value of fluorescence at the soma, along this line are interpreted as the quantity of GFP-GluA2.

Live-imaging of SEP-GluA2 in organotypic slices Slices were transfected with either SEP-GluA2 plus mCherry (control) or with SEP-GluA2 plus DN-KIF5 (tagged with mCherry). Fluorescence images were acquired with a confocal microscope (LSM510; Carl Zeiss) using a 63 3 , NA 1.2 water immersion objective and 488-and 543-nm lasers, at 29 C. Fluorescence was collected as z stacks using Zen software (Carl Zeiss). Slices were perfused with ASCF (composition described for electrophysiology experiments). Baseline images were acquired every 5 min. For cLTD induction, the perfusion solution was switched to ACSF containing 20 mM NMDA for 7.5-min. Slices were then perfused with standard ACSF for a 15-min recovery period. Quantification was performed using ImageJ software. Regions of interest corresponding to individual spines and adjacent dendritic shafts were manually selected on the 488 nm channel. All fluorescence intensities were corrected for background. Analysis was done blind with respect to mCherry or DN-KIF5 expression. For illustration of representative pictures, image editing was performed using ImageJ and was limited to background subtraction and linear contrast enhancement.

Live-imaging of spine volume in primary hippocampal neurons Dissociated hippocampal neurons were transfected with eGFP and mCherry-DN-KIF5 or eGFP and mCherry (control) at 8 to 9 Days In Vitro (DIV). After one week of expression, neurons were imaged on a spinning-disk confocal microscope (Leica DMi6000 Yokogawa CSU-X1) in Tyrode imaging medium (10 mM D(+)glucose, 10 mM HEPES, 120 mM NaCl, 3.5 mM KCl, 2 mM MgCl 2 and 2 mM CaCl 2 , pH 7.4; osmolarity 279) maintained at 37 C. Quantification was performed using ImageJ software. Regions of interest corresponding to individual spines and adjacent dendritic shafts were manually selected on the eGFP channel. All fluorescence intensities were corrected for background. Analysis was done blind with respect to mCherry or DN-KIF5 expression. For illustration of representative pictures, image editing was performed using ImageJ and was limited to background subtraction and linear contrast enhancement.

Immunostaining of primary hippocampal cultures

Neuronal cultures were washed and maintained for 5 min in culture medium supplemented with 1 mM tetrodotoxin, 10 mM CNQX and 0.5 mM MCPG, to block voltage-gated sodium channels, AMPARs and a metabotropic glutamate receptors, respectively, following the protocol outlined in [START_REF] Bhattacharyya | A critical role for PSD-95/AKAP interactions in endocytosis of synaptic AMPA receptors[END_REF]. Neurons were untreated or treated for 3-5 min with 100 mM NMDA, and then fixed at different times with 4% paraformaldehyde plus 4% sucrose in PBS for 10 min. Nonspecific binding was blocked with 0.2% gelatin, 1% BSA in PBS for 30 min. For surface GluA1 labeling, neurons were incubated for 1 h with an antibody against the GluA1 N terminus in blocking solution without detergents. For labeling of intracellular epitopes, the indicated primary antibody is added in blocking solution in the presence of 0.1% Triton X-100. Corresponding secondary antibodies (goat anti-mouse or goat anti-rabbit) conjugated with Alexa Fluor dyes (Life Technologies) were incubated for 45 min. Coverslips were mounted in Prolong Gold (Invitrogen). Cells were imaged using an epifluorescence microscope (Axiovert 200; Carl Zeiss). Quantification was performed using ImageJ software. Regions of interest corresponding to individual dendrites were manually selected. All intensities were corrected for background labeling. In the case of expression of recombinant proteins (Figures 2C-2E), determination of status of infection of the neuron was done retrospectively on the basis of the signal in red channel (DN-KIF5 is fused to mCherry) to avoid bias in neuron selection. For colocalization analyses (Figures S3F andS3G), Spearman's and Pearson's correlation coefficients are calculated using ImageJ plugins. For illustration of representative pictures, image editing was performed using ImageJ and was limited to background subtraction and linear contrast enhancement.

Immunostaining assay for AMPA receptor internalization and EEA1 colocalization Primary hippocampal neurons in culture were incubated live with home-made rabbit anti-GluA1 N terminus antibody (rabbit) for 8 min at 37 C, then rinsed once in Tyrode medium to prelabel surface AMPARs. Cells were then treated following the cLTD protocol, and fixed with 4% paraformaldehyde/4% sucrose in PBS (4 C, 10 min). Remaining surface GluA1 N terminus antibody was blocked with unlabeled goat anti-rabbit IgG (0.2 mg/ml in PBS, Jackson ImmunoResearch) (room temperature, 30 min). Cells were then permeabilized and blocked in PBS containing fish gelatin, 1% BSA and 0.1% Triton (room temperature, 30 min), and incubated with primary monoclonal antibodies against EEA1 (mouse), followed by Alexa488-anti-rabbit and Alexa647-anti-mouse secondary antibodies. Cells were imaged using an epifluorescence microscope (DM 5000 Leica). Quantification was performed using ImageJ software. Regions of interest corresponding to EEA1 labeling were automatically selected by the application of a fixed threshold on the EEA1 channel and transposed onto the GluA1 channel. In the case of expression of recombinant proteins, determination of status of infection of the neuron was done retrospectively on the basis of the signal in red channel (DN-KIF5 is fused to mCherry) to avoid bias in neuron selection. All intensities were corrected for background signal.

Single-particle tracking of transferrin receptor trafficking Primary hippocampal cultures were transfected at DIV7-11 or DIV13-15 with EGFP-transferrin receptor and mCherry-DN-KIF5 or soluble mCherry as control. After 24-48 hours expression, live-videos were acquired using a microscope Leica DM5000. Line-type ROIs were drawn along dendrites of transfected neurons, from the EGFP channel. The signal intensity from these linear ROIs was applied to the time series to generate kymographs (space-time images) using the Multiple Kymograph ImageJ plugin. The velocity of individual transport events is calculated from the slope of the track in the kymogrpah, in mm/s, using ImageJ and Metamorph Image Analysis Software. The density of the transport events is calculated as the number of transport events divided by the length of the dendrite. 

Figure 1 .

 1 Figure 1. LTD expression after interference with KIF5, KIF13, or dynein function (A-G) Left, time course of normalized AMPAR-mediated synaptic responses before and after LTD induction (time = 0 min), from control neurons or neurons expressing dominant-negative (DN) constructs or shRNA as indicated. Right, quantification of mean synaptic depression from the last 10 min of the time course. The p values were determined with the Mann-Whitney test. ns, non-significant. *p % 0.05 and **p % 0.001. n, number of cells. Error bars show means ± SEMs. (H) Time course of normalized AMPAR-mediated synaptic responses before and after LTP induction (time = 0 min), from control cells and infected cells with DN-KIF5. Right, quantification of mean synaptic potentiation from the last 10 min of the time course. Error bars show means ± SEMs. (I and J) AMPAR-or NMDAR-mediated synaptic responses (left and center panels, as indicated) or NMDA:AMPA ratios (right panels) from pairs of uninfected (control) and DN-KIF5-expressing neurons (I) or shRNA against KIF5A and -5C (J). Error bars show means ± SEMs. For all of the panels, representative traces are shown above the graphs (thick lines, before plasticity induction; thin lines, after plasticity induction). Scale bars: 40 pA, 20 ms.

Figure 2 .

 2 Figure 2. KIF5 and AMPAR transport during LTD (A) Left, representative confocal images of GluA2-GFP fluorescence from transfected CA1 neurons, coexpressing mCherry-DN-KIF5 (top) or RFP, as control (bottom). Scale bar: 10 mm. Right, GluA2-GFP fluorescence intensity along the primary apical dendrite, normalized to the maximum fluorescence in the soma. (B) Left, representative images of dendritic spines expressing SEP-GluA2 together with mCherry (control) or DN-KIF5 before (baseline), immediately after 5 min NMDA application, or after 15 min of NMDA washout (recovery). Scale bar: 2 mm. Center, quantification of SEP-GluA2 fluorescence intensity in dendritic spines or the adjacent dendritic shaft during the cLTD time course. Fluorescence signals are normalized to the average baseline value. Right, average SEP-GluA2 fluorescence value from the last 10 min of the time course, normalized to the average baseline value. Statistical significance is calculated according to the Mann-Whitney test. **p % 0.01.***p % 0.001. (C) Representative images of GluA1 immunostaining of control hippocampal neurons and neurons infected with DN-KIF5 in baseline, after 100 mM NMDA for 5 or 15 min after recovery (NMDA washout). Immunostaining was carried out under non-permeabilized conditions (surface) or after membrane permeabilization (total). Scale bars: 10 mm. (D and E) Quantification of surface (D) and total (E) GluA1 from experiments as those shown in (C). n, number of cells. Statistical significance is calculated according to the Mann-Whitney test. ****p % 0.0001. (F) Representative images of internalized GluA1 (green) and EEA1 (red) immunostaining of control hippocampal neurons and neurons expressing DN-KIF5 in baseline, after 100 mM NMDA for 5 or 15 min after recovery (NMDA washout). Arrows point to EEA1-positive sites. Scale bar: 3 mm. (G) Quantification of internalized GluA1 colocalizing with EEA1 from experiments as those shown in (F), normalized to baseline levels. n, number of EEA1 ''particles'' detected after thresholding. Statistical significance is calculated according to the Mann-Whitney test. ****p % 0.0001. (H) Baseline values of internalized GluA1 colocalizing with EEA1, before normalization. Statistical significance is calculated according to the Mann-Whitney test. ****p % 0.0001. For all of the panels, error bars show means ± SEMs.

Figure 3 .

 3 Figure 3. KIF5-GluA2 interaction and membrane association during LTD (A and B) Coimmunoprecipitations between GluA2 and KIF5 with anti-GluA2 on hippocampal slices (A) or with anti-KIF5C on vesicle-enriched brain lysate (B). Non-immune immunoglobulin G (IgG) was used as a control. Representative examples from 3 experiments each. (C) Coimmunoprecipitations between GluA2, KIF5C, and N-cadherin on hippocampal slices during cLTD, as indicated. (D) Quantification of KIF5C:GluA2 ratios and N-cadherin:GluA2 ratios from experiments as those shown in (C). n = 3 experiments. Statistical significance is calculated according to the ANOVA test with Fisher's least significant difference (LSD) post hoc comparison. (E) Analysis of KIF5A, KIF5C, GluA1, and Rab11 levels in microsomal fractions from hippocampal slices during cLTD, as indicated. Top, representative western blots. Bottom, quantification. n, number of pairwise ratios. Statistical significance is calculated according to the Friedman test, followed by Dunn's post hoc test. *p % 0.05. Error bars show means ± SEMs.

  5 and 15 min recovery. n = 3 experiments. Statistical significance is calculated according to the ANOVA test with Fisher's LSD post hoc comparison. *p % 0.05 and **p % 0.01. (D) Analysis of protrudin levels in microsomal fraction from hippocampal slices treated as in (C). Left, representative western blot. n, number of pairwise ratios. Statistical significance is calculated according to the Friedman test, followed by Dunn's post hoc test. * p % 0.05. (E) Coimmunoprecipitations between GluA2 and KIF5C from control hippocampal neurons or from neurons expressing shRNA against protrudin in baseline, or 7.5 min of recovery (washout) after 5 min NMDA application. (F) Quantification of KIF5C:GluA2 ratios from the same experiments as those shown in (E). n = 3 experiments. Statistical significance is calculated according to the ANOVA test with Fisher's LSD post hoc comparison. * p % 0.05. (G) Mean AMPAR-or NMDAR-mediated synaptic responses from pairs of uninfected (control) neurons and from neurons expressing the shRNA against protrudin. Representative traces are shown above the histograms. Scale bars: 40 pA, 20 ms. (H) Time course of normalized AMPAR-mediated synaptic responses before and after LTD induction (time = 0 min), from control cells (white symbols), cells expressing the protrudin shRNA (pink symbols), or cells coexpressing the protrudin shRNA together with Rab11-DN (purple symbols). Right, quantification of mean synaptic depression from 30 to 40 min of the time course. Sample traces recorded before (thick line) and after (thin line) LTD induction are shown on top of the panel. Scale bars: 40 pA, 20 ms. n, number of cells. Statistical significance is calculated according to the Mann-Whitney test. **p % 0.01.***p % 0.001. All error bars show means ± SEMs. Cell Reports 36, 109499, August 3, 2021 9
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RESOURCE AVAILABILITY

Lead contact

Information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr. Jose ´A. Esteban, jaesteban@cbm.csic.es.

Materials availability

Plasmids generated in this study will be available upon request.

Data and code availability

Electrophysiology, imaging and western blot data will be shared by the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Organotypic hippocampal slice cultures Slice cultures were prepared as previously described [START_REF] Ga ¨hwiler | Organotypic slice cultures: a technique has come of age[END_REF]. In brief, hippocampal slices are prepared from young Wistar rats of both sexes (postnatal days 5-7), placed in culture on permeable membranes in a medium containing 20% horse serum, 1 mM L-glutamine, 1 mM CaCl 2 , 2 mM MgSO 4 , 1 mgl À1 insulin, 0.0012% ascorbic acid, 30 mM HEPES, 13 mM D-glucose, and 5.2 mM NaHCO 3 , and maintained at 35.5 C. Culture medium was replaced with a fresh one every 2-3 days. The slices were used between 4 and 10 days for most experiments.

Primary dissociated hippocampal neurons

Neuronal cultures were prepared as previously described [START_REF] Goslin | Experimental observations on the development of polarity by hippocampal neurons in culture[END_REF]. In brief, hippocampi are extracted from Wistar rat fetuses of both sexes at embryonic day 19, and dissociated neurons are plated on either glass coverslips or plastic plates previously coated with 1 or 0.1 mg/ml poly-L-Lysine, respectively. Cultures are maintained in medium containing Neurobasal (GIBCO #12348-017), B27 supplement (GIBCO #17504-044), and 0.2 mM L-glutamine, for 1 to 3 weeks, depending on the requirements of the experiments.

Ethics statement

All biosafety procedures and animal care protocols were approved by the bioethics committee from the Consejo Superior de Investigaciones Cientificas and were performed according to the guidelines set out in the European Community Council Directives (2010/ 63/EU, 86/609/EEC).

METHOD DETAILS

Recombinant plasmids and DNA sequences DNA construct for the expression of GluA2-EGFP and SEP-GluA2 were generated in the laboratory of Roberto Malinow (University of California San Diego, USA) [START_REF] Shi | Subunit-specific rules governing AMPA receptor trafficking to synapses in hippocampal pyramidal neurons[END_REF]. Rab11-DN construct was generated in the laboratory [START_REF] Gerges | Local control of AMPA receptor trafficking at the postsynaptic terminal by a small GTPase of the Rab family[END_REF]. Dominant negative forms of KIF5C tagged with mCherry in the N-terminal part (referred to in the article as DN-KIF5) was a gift from Kristen J. Verhey (University of Michigan, USA). DN-KIF5 was also used as a template for PCR amplification to generate a shorter version, the DN-KIF5-GBD (GBD stands for GRIP1 Binding Domain), only bearing the GBD of KIF5 fused to mCherry at its N-terminal part. DN-GRIP-KBD, a dominant negative construct bearing the Kinesin Binding Domain (KBD) from GRIP1 was generated by PCR 

Report Membrane fractionation

For each experiment 2 postnatal day 12-15 rats were sacrificed and their hippocampi were sliced (400 mm). Slices were allowed to recover for 1 hour in a chamber containing artificial cerebrospinal fluid (ACSF) gassed with 5% CO 2 /95% O 2 at 25 C. Slices were untreated or treated for 5 min with 20 mM NMDA. After the induction period, some slices were transferred to a chamber containing regular ASCF, for different recovery periods. After these treatments, hippocampal slices were rapidly homogenized using a dounce homogenizer in cold lysis buffer containing 320 mM sucrose, 1 mM MgCl 2 , 0.5 mM CaCl 2 , 10 mM HEPES, 1 mM EGTA, 1 mM DTT, and a cocktail of inhibitors of proteases (Roche #04693159001) and phosphatases (Roche #04906837001) and processed for fractionation. All following steps were done at 4 C. Homogenates were spun at 1400 x g for 10 minutes, to produce a supernatant (S1) and a pellet (P1). P1 was resuspended in lysis buffer and spun down at 700 x g for 10 minutes, to produce the cellular debris pellet (P1') and supernatant (S1'). S1 and S1' were combined and spun down at 13,800 x g for 10 minutes. The pellet produced (P2) is the crude synaptosomal fraction; it was resuspended in lysis buffer. The supernatant (S2) was ultracentrifuged at 100,000 x g for 1 hour. The pellet (P3) is the microsomal fraction, resuspended in lysis buffer. Membrane fractions were then analyzed by SDS-PAGE and western blotting with the indicated antibodies. Western blots were developed with chemiluminescence, and images were analyzed using ImageJ software.

Immunoprecipitation

Dynabeads Protein G (Life Technologies/Thermo Fisher; 40 ml per sample) were washed 3 times with immunoprecipitation (IP) buffer (50 mM NaCl, 50 mM Tris at pH 7.5, 5 mM MgCl 2 ) and incubated with 5 mg of the antibody against GluA2 or KIF5C in IP buffer overnight at 4 C. For immunoprecipitations from hippocampal cultures (slices or dissociated neurons), homogenization was carried out with G26 and G20 cannulae in 500 ml cold homogenization buffer (20 mM HEPES, 100 mM KCl, 5 mM EGTA, and 5 mM MgCl 2 at pH 7.2) containing 1% Triton X-100 and freshly added protease inhibitor mixture (Roche) and 1 mM PMSF. The homogenate was incubated for 30 min on ice followed by 5 min centrifugation at 1,000 x g. The supernatant from the homogenate was collected. For wholebrain vesicular fractions, rat brains of five P10 animals were dissected in ice-cold PBS and homogenized in 20 mM HEPES, 100 mM KCl, 5 mM EGTA, and 5 mM MgCl 2 at pH 7.2, with freshly added protease inhibitor mixture (Roche), 1 mM PMSF, 5 mM DTT, and 2 mM Mg-ATP. The homogenate was centrifuged at 1,000 x g for 10 min, and the resulting postnuclear supernatant further was clarified at 10,000 x g for 10 min. The resulting supernatants were processed by another 100,000 g centrifugation step for 1 h to collect a pellet (P3), typically enriched with small intracellular vesicles. Whole-brain vesicular fractions or hippocampal slice homogenates were added to the anti-GluA2-or anti-KIF5-precoupled beads and incubated on rotation-wheel overnight at 4 C. The following day, beads were washed five times with IP buffer containing 1% Triton X-100 for 5 min on rotation wheel. Immunoprecipitated proteins were then analyzed by SDS-PAGE and western blotting with the indicated antibodies. Western blots were developed with chemiluminescence, and images were analyzed using ImageJ software.

QUANTIFICATION AND STATISTICAL ANALYSIS

All graphs represent mean values ± SEM. Statistical differences were calculated according to nonparametric tests. For pairwise comparisons, p values were calculated according to two-tailed Mann-Whitney tests (for unpaired data) or Wilcoxon tests (for paired data). For multiple comparisons of fractionation and coimmunoprecipitation analyses, Friedman tests were performed with Dunn's (Figures 3E and4D) or Fisher's LSD (Figures 3D,4C, and 4F) post hoc tests. For multiple comparisons in live-imaging experiments with different constructs, two-way ANOVA was followed by post hoc Mann-Whitney test.
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