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Abstract 17 AMPA-type glutamate receptors (AMPARs) mediate fast excitatory 18 neurotransmission and are selectively recruited during activity-dependent 19 plasticity to increase synaptic strength. A prerequisite for faithful signal 20 transmission is the positioning and clustering of AMPARs at postsynaptic sites. 21 The mechanisms underlying this positioning have largely been ascribed to the 22 receptor cytoplasmic C-termini and to AMPAR-associated auxiliary subunits, 23 both interacting with the postsynaptic scaffold. Here, using mouse organotypic 24 hippocampal slices, we show that the extracellular AMPAR N-terminal domain 25 (NTD), which projects midway into the synaptic cleft, plays a fundamental role in 26 this process. This highly sequence-diverse domain mediates synaptic anchoring 27 in a subunit-selective manner. Receptors lacking the NTD exhibit increased 28 mobility in synapses, depress synaptic transmission and are unable to sustain 29 long-term potentiation (LTP). Thus, synaptic transmission and the expression of 30 LTP are dependent upon an AMPAR anchoring mechanism that is driven by the 31 NTD. 32 
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Introduction 33 AMPARs are embedded at postsynaptic sites, aligned with the presynaptic 34 glutamate release machinery for optimal signaling (Lisman et al., 2007). Their 35 activation drives propagation of presynaptic impulses through depolarization of 36 the postsynaptic membrane (Traynelis et al., 2010). As AMPARs have low 37 apparent glutamate affinity, and rapidly diffuse in the plane of the membrane, 38 they require trapping at synaptic sites in order to participate in functional 39 transmission (Choquet and Triller, 2013; Heine et al., 2008). Synapse 40 strengthening, as occurs during learning, results from the recruitment of 41 additional AMPARs and their enrichment at synapses (Chater and Goda, 2014; 42 Huganir and Nicoll, 2013; Kessels and Malinow, 2009). Hence, the mechanisms 43 underlying AMPAR positioning are fundamental to synaptic transmission and 44 plasticity. 45  46 Signaling properties and synaptic delivery depend on AMPAR composition. 47 AMPARs are tetramers, assembled from the core GluA1-GluA4 (pore-forming) 48 subunits, which associate with a varying set of auxiliary subunits, such as 49 transmembrane AMPAR regulatory proteins (TARPs) (Jackson and Nicoll, 2011). 50 Each core subunit consists of four domains – a short cytosolic C-terminus (CTD), 51 the transmembrane ion channel domain (TMD), and two extracellular domains: 52 the ligand-binding domain (LBD) and the distal N-terminal domain (NTD) 53 (Figure 1A).  54  55 The sequence-diverse C-termini mediate subtype-selective AMPAR trafficking, 56 and their role in recruitment of specific subunits during synaptic plasticity has 57 
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been extensively studied (Derkach et al., 2007; Kessels and Malinow, 2009; 58 Newpher and Ehlers, 2008; Shepherd and Huganir, 2007). The CTD interacts 59 with postsynaptic scaffolding proteins (Anggono and Huganir, 2012; Shepherd 60 and Huganir, 2007), but deletion of this region is not a prerequisite for receptor 61 clustering (Bats et al., 2007; MacGillavry et al., 2013), and how critical these 62 interactions are in plasticity is not fully understood (Boehm et al., 2006; Granger 63 et al., 2013; Kim et al., 2005). Currently, the best-described anchoring 64 mechanism is mediated by TARP γ-2, which interacts via its C-terminus with the 65 scaffolding protein PSD-95, and limits diffusion of synaptic AMPARs (Opazo et 66 al., 2012; Schnell et al., 2002).  67  68 Like the CTD, the NTD is highly sequence-diverse between the four AMPAR 69 subunits, offering great capacity for subunit-specific control. This domain 70 projects into the crowded environment of the synaptic cleft, providing a large, 71 structurally dynamic docking platform (Garcia-Nafria et al., 2016a). One example 72 is the neuronal pentraxins (NPs), which interact with the AMPAR NTD and 73 mediate clustering at interneuron synapses, but the underlying mechanism 74 remains to be clarified (Chang et al., 2010; O'Brien et al., 1999; Sia et al., 2007). 75 Here we show that synaptic delivery of GluA1 and GluA2, prominent AMPAR 76 subunits in CA1 pyramidal neurons (Lu et al., 2009), is dependent on their NTDs 77 in a subunit-specific manner. Although receptors lacking the NTD accumulate at 78 the extra-synaptic surface, they cannot effectively contribute to synaptic 79 transmission and are unable to sustain LTP.  80  81  82 
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Results 83 Although the NTD encompasses ~ 50% of an AMPAR subunit, its function 84 beyond receptor assembly (Herguedas et al., 2013) is unclear. To study the role 85 of this domain at synapses we expressed AMPAR subunits in organotypic 86 hippocampal slices using single-cell electroporation of plasmid DNA (Figure 1B). 87 Exogenously expressed AMPARs mostly form homomers (Shi et al., 2001), and 88 when unedited at the Q/R site give rise to a rectifying current/voltage (I/V) 89 relationship, resulting from intracellular polyamine block (Bowie and Mayer, 90 1995; Kamboj et al., 1995). Homomeric GluA1, and GluA2 unedited at the Q/R 91 RNA editing site (denoted GluA2Q), are selectively blocked at positive membrane 92 potentials, permitting electrophysiological detection of exogenous AMPARs 93 (Hayashi et al., 2000). Untransfected neurons exhibit a linear I/V response 94 resulting from (endogenous) heteromers containing the edited GluA2 subunit 95 (GluA2R), and therefore the ratio of currents at positive and negative membrane 96 potentials, the rectification index (RI), can be used to understand the synaptic 97 receptor content. We have characterized synaptic responses from untransfected 98 and transfected cells using two parameters: excitatory postsynaptic current 99 (EPSC) amplitude, which is directly proportional to the number of synaptic 100 receptors, and the RI, which provides a readout of the proportion of exogenous 101 to endogenous receptors contributing to the response. 102  103 
GluA2 lacking the NTD is delivered to synapses but depresses synaptic 104 
transmission 105 We initially focused on the NTD of GluA2, a subunit most commonly 106 incorporated into AMPARs (Isaac et al., 2007). To compare GluA2 wild-type 107 
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(WT) to a mutant lacking the NTD, we first tested the surface trafficking capacity 108 of GluA2 constructs bearing an NTD deletion, a modification that does not impair 109 AMPAR function (Pasternack et al., 2002). Deletion of amino acids 1-377 of the 110 mature polypeptide resulted in optimal surface expression in HEK293T cells 111 (Figure 1-figure supplement 1A-B2) and was used throughout this study 112 (designated GluA2 ΔNTD). When expressed in CA1 pyramidal neurons, this 113 GluA2Q ΔNTD construct produced inwardly rectifying responses in somatic 114 outside-out patches, matching the responses from neurons expressing full-length 115 GluA2Q (Figure 1C). As the functional properties of neuronal AMPARs and their 116 expression at synapses are modulated by auxiliary subunits, most prominently 117 by TARPs, we determined whether exogenous GluA2 was still TARP-associated. 118 A signature of TARP action is an increased efficacy of the partial agonist kainic 119 acid (KA) (Tomita et al., 2005; Turetsky et al., 2005), and the ratio of kainate and 120 glutamate response amplitudes (KA/Glu ratio) is a measure of AMPAR/TARP 121 stoichiometry (Shi et al., 2009). The KA/Glu ratio suggests full TARP occupancy 122 for both GluA2Q and GluA2Q ΔNTD (Figure 1D1), implying that TARPs are not 123 limiting in our system and NTD deletion does not affect TARP association. In 124 addition, the similarity in glutamate-evoked current amplitudes from GluA2Q 125 and GluA2Q ΔNTD somatic patches further confirms that expression levels are 126 comparable (Figure 1D2). Amplitudes of glutamate-evoked currents from 127 GluA2Q and GluA2Q ΔNTD-expressing somatic patches were similar, further 128 confirming that expression levels are comparable, and were approximately 129 double that of untransfected neurons, which can be explained by the greater 130 single channel conductance of (unedited) GluA2Q homomers than native 131 receptors (see below; Swanson et al., 1997). 132 
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 133 To assay synaptic responses, we stimulated Schaffer collateral fibers and 134 simultaneously recorded whole-cell AMPAR responses from pairs of transfected 135 and untransfected neurons. As observed for somatic receptors, both GluA2Q and 136 GluA2Q ΔNTD-expressing cells produced strongly rectifying responses relative 137 to untransfected neurons (Figure 2A), demonstrating that GluA2Q homomers 138 lacking the NTD reach synapses. However, while EPSC amplitudes were elevated 139 in neurons expressing GluA2Q relative to paired untransfected cells (166 ± 13 140 %), EPSCs were significantly reduced in GluA2Q ΔNTD neurons (58 ± 5 %; 141 
Figures 2B1-2 versus 2C1-2). This effect was specific to the synaptic AMPAR 142 component, as NMDAR EPSCs were unchanged in both conditions (Figures 2B3 143 and 2C3). Therefore, GluA2Q ΔNTD receptors reach synapses but interfere with 144 synaptic transmission. 145  146 
GluA2 ΔNTD reduces spontaneous transmission  147 As a change in AMPAR EPSC amplitude could occur for a variety of reasons, we 148 sought to identify the mechanism for this effect. Paired-pulse ratios were 149 unchanged in cells expressing either GluA2 construct and were comparable to 150 untransfected cells (Figure 2-figure supplement 1A), suggesting a postsynaptic 151 locus for the effect. As the GluA2 NTD has been implicated in spine formation 152 (Passafaro et al., 2003; Saglietti et al., 2007), we assayed spine density, which 153 was unchanged between the three conditions (GluA2Q, GluA2Q ΔNTD and 154 untransfected; Figure 2-figure supplement 1B). Since NMDAR EPSCs were also 155 unaffected in these neurons, a change in the number of synapses cannot explain 156 this effect. 157 
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 158 To characterize the postsynaptic response in greater detail we recorded AMPAR 159 miniature EPSCs (mEPSCs). In line with the changes in evoked transmission, 160 spontaneous transmission was dramatically impaired on NTD deletion. mEPSC 161 amplitudes of GluA2Q ΔNTD cells were significantly reduced relative to GluA2Q-162 expressing cells (Figure 3A), while decay kinetics was unaffected by NTD 163 deletion (Figure 3C). We also noted a highly significant decrease in mEPSC 164 frequency (Figure 3B) between GluA2Q and GluA2Q ΔNTD-expressing cells. 165 While an increase in mEPSC amplitude on GluA2Q expression (as per evoked 166 EPSCs) was not observable, an increase in mEPSC frequency was apparent, 167 which could be caused by an increase in mEPSC amplitude resulting in small 168 events emerging from below the detection limit (see Methods). 169  170 To determine whether the depression of EPSC amplitudes could be explained by 171 reduced single-channel conductance, resulting from deleting the NTD, we 172 conducted non-stationary fluctuation analysis (NSFA) from mEPSCs (Figure 3D). 173 The synaptic AMPAR single-channel conductance was significantly increased in 174 both groups of transfected cells, as expected from the expression of Q/R-175 unedited receptors (Swanson et al., 1997). However, there was no difference 176 between GluA2Q and GluA2Q ΔNTD that could explain the substantial drop in 177 synaptic AMPAR current amplitudes in GluA2Q ΔNTD-expressing neurons 178 (Figure 2C). Based on this accumulated evidence, a change in the number of 179 receptors at the synapse most feasibly explains the observed effect on EPSC 180 amplitude, whereby significantly less GluA2Q ΔNTD receptors are present at the 181 synapse than GluA2Q. Since AMPARs have a relatively low affinity for L-182 
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glutamate (Jonas, 2000), the NTD may stabilize and cluster the receptor in 183 proximity to presynaptic release sites to enable optimal receptor activation.  184  185 
Receptor mobility is regulated via the GluA2 NTD  186 To test whether the NTD stabilizes AMPARs at synapses, we assayed receptor 187 mobility using fluorescence recovery after photobleaching (FRAP) in cultures of 188 dissociated hippocampal neurons.  GluA2Q and GluA2Q ΔNTD were tagged at 189 their N-termini with Super Ecliptic pHluorin (SEP), a pH-sensitive GFP variant. 190 SEP is quenched at low-pH (as found in endosomal transport vesicles) facilitating 191 visualization of surface-expressed receptors, which are exposed to neutral pH 192 (Figure 4A) (Ashby et al., 2006; Makino and Malinow, 2009). 193  194 In dendritic spines, SEP-GluA2 recovered from bleaching with a time constant of 195 τrec=197 s, and recovery was incomplete after 10 min with an immobile fraction 196 of ~ 40% (at t=600 s; Figure 4B). These values are in line with previous studies 197 (Kerr and Blanpied, 2012; Makino and Malinow, 2009; Zhang et al., 2013). In 198 sharp contrast, recovery of SEP-GluA2 ΔNTD was rapid (τrec= 65 s) and the 199 immobile fraction at 600 s was reduced to just 7 %. Thus, NTD-deleted receptors 200 are poorly confined in spines when compared to full-length GluA2Q. 201 Interestingly, this difference was specific to spine fluorescence: in extra-synaptic 202 (dendritic) regions, SEP-GluA2 exhibited rapid (τrec = 98 s) and almost complete 203 recovery (immobile fraction = 18 %), which was not significantly different to 204 that of SEP-GluA2 ΔNTD (Figure 4B). Moreover, diffusion in dendrites 205 resembled the behavior of spine localized SEP-GluA2 ΔNTD. These data support 206 
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the hypothesis that the NTD plays a role in specifically stabilizing AMPARs at 207 postsynaptic sites. 208  209 
GluA1 requires the NTD for synaptic delivery 210 We next extended our experiments to GluA1, which differs from GluA2 in 211 primary sequence chiefly in the NTD and the CTD. Each subunit exhibits different 212 trafficking properties that have been exclusively ascribed to their CTD (Shepherd 213 and Huganir, 2007; Shi et al., 2001). 214  215 Similar to GluA2, NTD deletion (Figure 1-figure supplement 1B3) does not 216 affect GluA1 trafficking to the cell surface, and the RI of the NTD-deleted 217 receptors was comparable to GluA1 in somatic patches of CA1 pyramidal cells 218 (RI GluA1: 0.23 ± 0.03, GluA1 ΔNTD: 0.19 ± 0.02) (Figure 5A). Moreover, as was 219 the case for GluA2, the KA/Glu ratio of neurons expressing either GluA1 220 construct was similar to untransfected cells (Figure 5B1) and current 221 amplitudes were approximately doubled on expression of GluA1 or GluA1 ΔNTD 222 (Figure 5B2). Again, TARPs do not appear to be limiting and expression levels of 223 exogenous subunits were comparable. 224  225 Contrasting with previous studies (Hayashi et al., 2000; Shi et al., 2001), we find 226 that the RI of GluA1 expressing cells is consistently lower than untransfected 227 cells, (RI - Untrans.: 0.57 ± 0.04, GluA1: 0.33 ± 0.03), although not to the same 228 extent as GluA2 (Figure 5C1 versus 2A1). Strikingly, in contrast to GluA2 ΔNTD, 229 GluA1 ΔNTD expression was unable to change the rectification index, which 230 remained comparable to untransfected cells (Figure 5D1), suggesting that 231 
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synaptic anchoring of GluA1 was completely dependent upon its NTD. Unlike 232 GluA2Q, EPSC amplitudes were not elevated upon GluA1 expression but were 233 slightly decreased relative to untransfected neurons; an effect that was evident 234 for both GluA1 constructs (Figures 5C2 and 5D2). These data demonstrate an 235 essential role for the GluA1 NTD in synaptic incorporation. 236  237 
NTD dependent anchoring maintains synaptic AMPARs in a knockout 238 
background 239 To corroborate these observations, we also examined NTD-dependent anchoring 240 of GluA1 and GluA2 in an AMPAR null background, using organotypic slices from 241 conditional GluA1-3 knockout mice (Gria1lox/lox; Gria2lox/lox; Gria3lox/lox, denoted 242 
Gria1-3fl) (Lu et al., 2009). Both overexpression and knockout/rescue 243 approaches provide complementary information on receptor function. While 244 knockout/rescue permits unequivocal quantification and interpretation of 245 receptor contributions without interference from endogenous receptors, 246 overexpression prevents any compensatory effects of receptor removal. 247 Additionally, competition with endogenous subunits for synaptic slots facilitates 248 identification of subtle deficits caused by receptor mutation that would be of 249 lesser consequence using a knockout approach. 250 
 251 
Gria1-3 genes were excised by viral injection of Cre-recombinase into P0 mouse 252 pups (AAV-Cre-GFP) and AMPAR null neurons were rescued by single-cell 253 electroporation of AMPAR constructs into organotypic slices 12 days later 254 (Figure 6-figure supplement 1A). Successful GluA1-3 deletion was confirmed, 255 as CA1 neurons expressing Cre-GFP alone showed almost complete loss of 256 
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AMPAR responses, as assayed using the ratio of AMPAR and NMDAR EPSC 257 amplitudes (AMPAR/NMDAR) (Figure 6-figure supplement 1B). GluA2Q 258 transfection rescued the AMPAR EPSC to levels comparable with uninfected 259 (Cre-negative) neurons of each paired recording (Figure 6A1), whereas 260 transfection of GluA2Q ΔNTD did not (Figure 6A2). Normalization to the 261 untransfected cell of each pair revealed that GluA2Q ΔNTD rescue was less than 262 half that of GluA2Q (Relative AMPAR/NMDAR - GluA2Q: 0.99 ± 0.10, GluA2Q 263 ΔNTD: 0.44 ± 0.05; Figure 6A3). This difference between GluA2Q and GluA2Q 264 ΔNTD responses closely matches our previous observations (Figures 2B, C).  265  266 Contrasting with GluA2Q, a complete rescue could not be achieved with GluA1, 267 and rescue was further impaired when expressing the GluA1 ΔNTD mutant 268 (Figure 6B1-3), as seen with the overexpression data (Figures 5C2 and D2). 269 These results underscore the AMPAR’s dependence on its NTD for synaptic 270 anchoring. 271  272 
The GluA2 NTD enhances GluA1 delivery into synapses 273 To examine the subunit selectivity of the NTD further, we swapped this domain 274 between GluA1 and GluA2 and expressed the resulting swap mutants in WT 275 neurons. Both mutants readily trafficked to the cell surface and altered the RI in 276 somatic patches similar to the WT subunits (Figure 7-figure supplement 1A). 277 Transplanting the GluA2 NTD onto GluA1 (GluA1+A2NTD) enhanced synaptic 278 inward rectification (RI 0.22 ± 0.02, Figure 7A1) and increased response 279 amplitudes relative to GluA1 WT (Figure 7A2 and 7A3), further demonstrating 280 that the GluA2 NTD is able to promote AMPAR incorporation into synapses. In 281 
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line with this, in neurons expressing GluA2Q+A1NTD (i.e. the GluA2 NTD 282 swapped for that of GluA1) response amplitudes were reduced relative to WT 283 GluA2Q, approaching values obtained with GluA1 (Figure 7B2 and 7B3). 284 Therefore, the NTD of GluA2 appears to confer a unique ‘synapto-sticky’ 285 phenotype that efficiently drives the receptor into synapses.  286  287  We note that the rectification index of GluA2Q+A1NTD expressing cells was 288 comparable to GluA2Q WT (Figure 7B1). This is unsurprising, as GluA2 can 289 traffic to synapses without any NTD (see GluA2Q ΔNTD; Figure 2A2). NTD-290 independent GluA2 trafficking, causing the strong rectification and synaptic 291 depression of GluA2Q ΔNTD-expressing cells is likely to be caused in part by its 292 C-terminal tail. Indeed, replacing the CTD of GluA2Q ΔNTD with that of GluA1 293 (GluA2Q-ΔNTD+A1CTD) greatly reduced inward rectification and alleviated 294 synaptic depression of postsynaptic responses (Figure 7-figure supplement 295 
1B).  296  297  LTP expression requires the NTD 298 LTP expression requires recruitment of additional AMPARs to synapses (Huganir 299 and Nicoll, 2013; Kessels and Malinow, 2009). This has been long associated with 300 the GluA1 subunit (Hayashi et al., 2000; Zamanillo et al., 1999), and explained by 301 activity-dependent trafficking requiring the GluA1 CTD (Shi et al. 2001). 302 However, this model has recently been challenged (Granger et al., 2013, see also 303 Kim et al., 2005). 304  305 Our experiments show that the GluA1 NTD is essential for synaptic anchoring 306 under basal conditions (Figure 5). To assess whether the NTD also plays a role 307 
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in synaptic plasticity, we utilized two potentiation protocols to compare GluA1 308 and GluA1 ΔNTD: i) expression of constitutively active CaMKII (tCaMKII) 309 (Hayashi et al., 2000), a kinase essential for LTP (Hell, 2014), and ii) electrical 310 stimulation using a pairing protocol.  311  312 Neurons transfected with tCaMKII gave rise to significantly enhanced EPSCs 313 (Figure 8-figure supplement 1A1), in line with earlier work (Hayashi et al., 314 2000). Expression of tCaMKII together with GluA1 similarly potentiated 315 responses (Figure 8A1) and showed inward rectification (Figure 8A2 cf. Figure 316 
8-figure supplement 1A2). RI does not appear to differ from expression of 317 GluA1 alone (Figure 5C1), indicating that the potentiation is mediated by both 318 recombinant GluA1 homomers, and native AMPARs (such as GluA1/2 319 heteromers). However, synapses expressing tCaMKII with GluA1 ΔNTD failed to 320 potentiate (Figure 8B1). Given that the EPSCs showed rectification (Figure 321 
8B2), the potentiating stimulus appears to drive these receptors into the 322 synapse, as described previously (Hayashi et al., 2000), yet without their NTD 323 they are unable to maintain a potentiated state.  324  325 To investigate this observation further, we examined LTP in neurons expressing 326 GluA1 either with or without its NTD. Using a pairing protocol, LTP could be 327 reliably induced in both untransfected cells (Figure 8-figure supplement 1B1) 328 and cells expressing GluA1 (Figures 8C), with enhanced transmission 329 maintained for at least 45 minutes after induction. However, although neurons in 330 which the extrasynaptic pool of receptors contained GluA1 ΔNTD showed a 331 transient potentiation, EPSC amplitudes had returned to baseline levels 30-35 332 
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minutes after induction (Figure 8C). In a subset of recordings, a second 333 stimulation pathway was included, in which no potentiation was induced 334 (Figure 8-figure supplement 1B2). This pathway showed similar amplitudes 335 and no LTP induction in either condition, confirming the stability of recordings, 336 yet the effect on LTP seen in test pathways was clearly exhibited. Thus, taken 337 together with tCaMKII expression data, NTD-dependent interactions are 338 essential for AMPA receptor anchoring, which is a prerequisite for synaptic 339 potentiation. 340  341 
Discussion 342 AMPAR insertion into synapses has emerged as a central mechanism underlying 343 the expression of LTP (Durand et al., 1996; Isaac et al., 1995; Liao et al., 1995). 344 Regulation of AMPAR trafficking to (and from) synapses involves lateral 345 diffusion (Choquet and Triller, 2013) and vesicular trafficking (Newpher and 346 Ehlers, 2008). These events have been mostly ascribed to the receptor CTD: 50-347 80 residue long cytosolic extensions that vary in sequence, are selectively 348 phosphorylated, and interact with scaffolding and actin-binding proteins in a 349 subunit-selective manner (Anggono and Huganir, 2012; Shepherd and Huganir, 350 2007). Recent work suggests that the tails only play a modulatory role in LTP, 351 raising the possibility that other segments of the receptor are essential for 352 synaptic targeting (Granger et al., 2013). Here we demonstrate that the N-353 terminal domain is a central player in this process, and participates in AMPAR 354 anchoring at synapses in a subunit-selective manner. 355  356 
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AMPARs rapidly diffuse in the plane of the membrane and are trapped at 357 postsynaptic sites upon LTP (Choquet and Triller, 2013; Opazo et al., 2012). 358 Receptor trapping and clustering may occur selectively opposite presynaptic 359 release sites, to ensure optimal receptor activation on neurotransmitter release 360 (Lisman et al., 2007; Raghavachari and Lisman, 2004; Tang et al., 2016). The 361 NTD, which projects about mid-way into the synaptic cleft, is ideally suited to 362 engage interaction partners. Structural data (Durr et al., 2014; Herguedas et al., 363 2016; Meyerson et al., 2014; Nakagawa et al., 2005; Sukumaran et al., 2011) and 364 receptor simulations (Dutta et al., 2015; Krieger et al., 2015) have shown that 365 this domain layer is highly dynamic and could therefore ‘sample’ the local 366 environment for binding partners (Garcia-Nafria et al., 2016a). Some NTD-367 interactors have been identified: secreted pentraxins (O'Brien et al., 1999; Sia et 368 al., 2007), the adhesion molecule N-cadherin (Saglietti et al., 2007), and AMPAR 369 auxiliary subunits (Cais et al., 2014), but whether any of these molecules 370 participate in selective synaptic anchoring remains to be established. 371  372 The NTD is highly sequence diverse (Figure 8-figure supplement 2A) with only 373 56 % sequence identity between subunits in rodents. Our data are most 374 compatible with an NTD-anchoring mechanism that is subunit-selective, 375 mediated by this diversity, and supports some of the previous work on subunit-376 specific AMPAR trafficking (Malinow et al., 2000; Shi et al., 2001). In line with 377 these studies, we show that GluA2 integrates into synapses more efficiently than 378 GluA1, an observation that is supported by previous AMPAR knockout data. In a 379 conditional GluA2/3 knockout, GluA1 homomers are unable to maintain full 380 synaptic transmission, despite providing a complete extrasynaptic pool of 381 
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receptors (Lu et al., 2009), a deficit that is alleviated with GluA2 also present. As 382 we show that replacement of the GluA1 NTD with that of GluA2 facilitates more 383 robust incorporation into the synapse, N-terminal domain interactions appear to 384 effectuate this subunit-specific anchoring. We also demonstrate that the GluA2 385 CTD facilitates synapse targeting, but alone, it is unable to stably position the 386 receptor in the absence of the NTD. The depression in basal transmission seen in 387 GluA2Q ΔNTD expressing cells presumably occurs through sequestration of 388 critical, subunit-specific interactors from native receptors, as this can be 389 alleviated through CTD exchange with GluA1 (Figure 7-figure supplement 1B). 390 Interestingly, the GluA1 CTD is insufficient to deliver GluA1 to synapses and this 391 subunit strictly depends on its NTD for targeting and anchoring. 392  393 In potentiating the synapse the GluA1 CTD has been described as both essential 394 (Hayashi et al., 2000, Shi et al., 2001) and dispensable (Granger et al, 2013). 395 While we observe that tCaMKII expression can drive synaptic incorporation of 396 GluA1 ΔNTD, without the AMPAR NTD, potentiation does not occur. 397 Interestingly, potentiation cannot be achieved by native receptors in these cells, 398 indicating a possible sequestration of important CTD interactors by GluA1 ΔNTD 399 in a similar manner to GluA2 under basal conditions, which is reminiscent of the 400 conclusions of Shi et al. (2001). It is clear from somatic patch recordings that 401 exogenously expressed receptors comprise the vast majority of the extrasynaptic 402 pool. When LTP is induced in GluA1 ΔNTD-expressing cells, rapid short-term 403 potentiation is observed, yet this potentiation cannot be maintained. The 404 transient short-term potentiation most likely requires NTD-independent AMPAR 405 trafficking mechanisms, such as TARP phosphorylation (Opazo et al., 2010), 406 
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highlighting the fine interplay of interactions that dictates AMPAR delivery to 407 synapses. However, the synaptic rearrangements required for LTP appear 408 critically dependent on AMPAR stabilization via the NTD. We propose that a key 409 requirement for LTP expression is stable receptor anchorage via the NTD, when 410 the synapse is rearranged to a potentiated state. 411  412 Based on these data, we hypothesize that CTD interactions are important in 413 accruing receptors at postsynaptic sites, but NTD interactions are key for 414 positioning or stabilizing the AMPAR for effective transmission (Figure 8-figure 415 
supplement 2B). The GluA2 NTD’s affinity for the synaptic sites may allow 416 critical control of synaptic signaling. As GluA2 renders AMPARs calcium-417 impermeable, this interaction has the potential to bias for GluA2-containing 418 receptors, preventing excitotoxicity and controlling the potential signaling of 419 calcium-permeable AMPARs (Cull-Candy et al., 2006). 420  421 Our results shed light on some controversies in the literature. Whereas GFP-422 GluA1 is unable to traffic to the synapse without a potentiating stimulus 423 (Hayashi et al., 2000; Shi et al., 2001), constitutive synaptic trafficking of GluA1 424 has been described, with the discrepancy being attributed to the N-terminal GFP 425 tag (Granger et al., 2013, but see Nabavi et al., 2014). This can be explained by 426 the essential requirement for the GluA1 NTD that we describe (Figure 5C). 427 Similarly, we report an increase in AMPAR EPSC amplitude upon expression of 428 GluA2Q (Figure 2B), likely mediated by the increased channel conductance, 429 which was not seen using N-terminally GFP-tagged GluA2Q (Shi et al., 2001). The 430 authors reported changes in rectification (and hence synaptic delivery of GluA2-431 
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GFP) but their construct did not give rise to elevated AMPAR amplitudes. We 432 tested whether the presence of the tag could explain the discrepancy with our 433 data. Indeed, inserting GFP upstream of the GluA2 NTD reduced current 434 amplitudes to levels of untransfected control neurons (Figure 8-figure 435 
supplement 1C), supporting the hypothesis that the GFP tag interferes with 436 GluA2 synaptic anchoring. This effect has implications for interpretation of our 437 FRAP data, but given the clear functional difference between GFP-GluA2 and 438 GluA2 ΔNTD, it appears that the GFP tag impairs but does not abolish GluA2 439 anchorage. 440  441 Recent studies have highlighted a fundamental role for glutamate receptor NTDs 442 in synapse operation and architecture (Elegheert et al., 2016; Matsuda et al., 443 2016). In each case, presynaptic cell adhesion molecules have been identified as 444 critical interaction partners. Given the recently emerging role for synaptic 445 adhesion molecules in LTP (Aoto et al., 2013; Shipman and Nicoll, 2012; Soler-446 Llavina et al., 2013) and structured alignment of the postsynapse with 447 presynaptic release machinery (Tang et al., 2016), transsynaptic interactions are 448 likely to play a key role in controlling AMPAR signaling. The N-terminal domain 449 now emerges as a prime candidate to mediate these effects. 450  451 
Materials and Methods 452 
Constructs 453 Rat sequence AMPAR subunits GluA1 and GluA2 (flip and R/G edited) were 454 expressed from the pRK5 vector. All cloning procedures were performed using 455 IVA cloning (Garcia-Nafria et al., 2016b). GluA2 mutation R586Q was used for all 456 
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experiments (GluA2Q). GluA1 and GluA2 ΔNTD were created by simultaneous 457 deletion of the NTD coding region (GluA1 residues 1 – 373, GluA2 1 - 377) and 458 replacement with a c-myc epitope sequence immediately after the signal 459 sequence. The tCaMKII-EGFP construct was a gift from José Esteban, and has 460 been described previously (Shi et al., 2001). GluA1/2 NTD swap constructs were 461 created by exchange of NTD and NTD-LBD linker sequences (GluA1 residues 1 – 462 390, GluA2 1 - 394) GluA2 ΔNTD+A1CTD tail swap construct was created by 463 exchange of the entire C-terminal sequence of GluA2 (813 – 862) with that of 464 GluA1 (809 – 889). Super-ecliptic pHluorin (SEP) or GFP tagged GluA2 was 465 produced by insertion of fluorescent protein coding region between the third 466 and fourth residues of the mature GluA2 protein, preceded and followed by an 467 ‘Ala-Ser’ dipeptide linker. SEP sequence was a gift from Jonathan Hanley. 468  469 
Organotypic Slice Cultures 470 All procedures were carried out under PPL 70/8135 in accordance with UK 471 Home Office regulations. Experiments conducted in the UK are licensed under 472 the UK Animals (Scientific Procedures) Act of 1986 following local ethical 473 approval. 474  475 Organotypic slice cultures were prepared as described previously (Stoppini et al., 476 1991). Briefly, hippocampi from P6-8 C57/Bl6 mice were isolated in high-477 sucrose Gey’s balanced salt solution containing (in mM): 175 Sucrose, 50 NaCl, 478 2.5 KCl, 0.85 NaH2PO4, 0.66 KH2PO4, 2.7 NaHCO3, 0.28 MgSO4, 2 MgCl2, 0.5 CaCl2 479 and 25 glucose at pH 7.3. Hippocampi were cut into 300 μm thick slices using a 480 McIlwain tissue chopper and cultured on Millicell cell culture inserts (Millipore 481 
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Ltd) in equilibrated slice culture medium (37 °C/ 5 % CO2).  Culture medium 482 contained 78.5% Minimum Essential Medium (MEM), 15% heat-inactivated 483 horse serum, 2% B27 supplement, 2.5% 1M HEPES, 1.5% 0.2M GlutaMax 484 supplement, 0.5% 0.05M ascorbic acid, with additional 1mM CaCl2 and 1mM 485 MgSO4 (all from Life Technologies). Medium was refreshed every 3 – 4 days. 486 Cultures were transfected at 4-7 days in vitro (DIV) by single-cell electroporation 487 (SCE) and recordings were performed 4-6 days after transfection. 488  489 
Conditional AMPAR knockout using P0 viral injection 490 Mice with floxed loci at Gria1, 2 and 3 genes (Gria1lox/lox 491 (RRID:IMSR_JAX:019012), Gria2lox/lox (RRID:IMSR_EM:09212), Gria3lox/lox 492 (RRID:IMSR_EM:09215)) were a gift from Rolf Sprengel (MPI - Heidelberg) and 493 were interbred to produce mice homozygous for all floxed alleles (Gria1lox/lox; 494 
Gria2lox/lox; Gria3lox/lox, denoted Gria1-3fl). 0.5 μl of AAV9-hSyn-Cre-GFP (Penn 495 Vector Core, USA) (titre - 2 x 1012 GC/ml) was injected into each hippocampus of 496 
Gria1-3fl mice at postnatal day 0-1 (P0/1) using a borosilicate glass micropipette 497 and a 5 µL syringe (Model 75, Hamilton Company). Pups were anaesthetized 498 with 4% Isoflurane in an anesthetic induction chamber for 3-4 minutes and 499 subsequently transferred to a stereotactic rig where they were subjected to 500 intracerebral injection, with anesthetic maintained throughout the procedure. 501 Following recovery, pups were returned to their home cage and were used at P6-502 8 for the preparation of organotypic slices. 503  504 
Single-cell Electroporation 505 
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Organotypic slices were transfected using an adapted version of the single-cell 506 electroporation method described in (Rathenberg et al., 2003). DNA plasmids 507 were diluted to 33 ng/µL with potassium-based intracellular solution and the 508 mixture was back-filled into borosilicate microelectrode pipettes. Slices were 509 submerged in HEPES-based artificial cerebrospinal fluid (aCSF) containing (in 510 mM): 140 NaCl, 3.5 KCl, 1 MgCl2, 2.5 CaCl2, 10 HEPES, 10 Glucose, 1 sodium 511 pyruvate, 2 NaHCO3, at pH 7.3. Plasmids were introduced into individual cells by 512 the application of a short burst of current pulses (60 pulses at 200 Hz) while in 513 cell-attached mode. To visualize transfected cells, pN1-EGFP (Clontech) was 514 routinely mixed with AMPAR-expressing plasmids at a base pair ratio of 1:7. In 515 the CaMKII experiments, the ratio between tCaMKII-EGFP and AMPAR-516 expressing plasmids was 1:1. 517  518 
Dissociated Hippocampal Cultures 519 All procedures were carried out in accordance with UK Home Office regulations. 520 Briefly, E18 Sprague Dawley rats were sacrificed, embryonic hippocampi were 521 isolated in HEPES-buffered Hank’s balanced saline solution (Life Technologies) 522 and hippocampal cells were dissociated using trypsin (Life Technologies). Cells 523 were cultured on glass coverslips (Hecht Assistent) coated with poly-L-lysine 524 (Sigma) and maintained in equilibrated culture medium (37 °C / 5 % CO2) 525 containing Neurobasal Medium, B27 supplement (0080085SA) and GlutaMax (all 526 from Life Technologies). Cultures were transfected using Lipofectamine 2000 527 (Thermo Fisher Scientific) at 14 - 16 days in vitro and used 3 - 6 days after 528 transfection. 529  530 
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Electrophysiology 531 Transfected hippocampal slice cultures were submerged in aCSF containing (in 532 mM): 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 10 glucose, 1 sodium 533 pyruvate, 4 CaCl2, 4 MgCl2 and 0.001 SR-95531 at pH 7.3 and saturated with 95 534 % O2/ 5 % CO2. 100 μM D-APV was used to isolate AMPAR currents for mEPSC 535 and rectification index recordings. With the exception of mEPSC recordings, 2 μM 536 2-chloroadenosine was added to aCSF to dampen epileptiform activity. 1 μM 537 tetrodotoxin was included in aCSF for miniature EPSC (mEPSC) recordings. All 538 drugs were purchased from Tocris Bioscience. 3 – 6 MΩ borosilicate pipettes 539 were filled with intracellular solution containing (in mM): 135 CH3SO3H, 135 540 CsOH, 4 NaCl, 2 MgCl2, 10 HEPES, 4 Na2-ATP, 0.4 Na-GTP, 0.15 spermine, 0.6 541 EGTA, 0.1 CaCl2, at pH 7.25. Paired recordings involved simultaneous recording 542 from a neighboring pair of GFP positive and negative cells. EPSCs were evoked 543 by simulation of Schaffer collaterals in the stratum radiatum of CA1 using a 544 monopolar glass electrode, filled with aCSF. Recordings were collected using a 545 Multiclamp 700B amplifier (Axon Instruments). Recordings during which the 546 series resistance varied by more than 20 % or exceeded 20 MΩ were discarded. 547 mEPSC detection was conducted using a template-based search in Clampfit 548 (Molecular Devices). Cumulative frequency plot was produced using equal 549 numbers of events from all cells within each condition to prevent 550 misrepresentation. Regarding interpretation of mEPSC data, it is of note that 551 changes in mEPSC amplitude and frequency require careful interpretation due to 552 the event detection limit. A postsynaptic increase in event amplitude will cause 553 previously sub-threshold events to be detected, and therefore, while the average 554 
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event amplitude will not change, this would instead be represented as an 555 increase in mEPSC frequency. 556  557 Rectification index was calculated by recording AMPAR currents from cells held 558 at -60, 0 and +40 mV, using the following equation: 559 
ܫܴ =  − ାସ଴ܫ) − ଺଴ିܫ)(଴ܫ −  ଴) AMPAR/NMDAR EPSCs were compared by recording synaptic currents at -60 560 and +40 mV. AMPAR current amplitudes were quantified as the peak current at -561 60 mV. NMDAR amplitudes are measured at +40 mV, 100 ms after response 562 initiation. Paired-pulse ratio was calculated from two AMPAR currents, 563 stimulated at an interval of 50 ms. 564  565 For LTP recordings, aCSF contained (in mM): 119 NaCl, 2.5 KCl, 1 Na2HPO4, 26 566 NaHCO3, 4 CaCl2, 4 MgCl2, 11 glucose, 0.002 2-chloroadenosine and 0.01 SR-567 95531 and glass pipettes were filled with intracellular solution containing (in 568 mM): 115 CsCH3SO3, 20 CsCl, 10 HEPES, 2.5 MgCl2 4 Na2-ATP, 0.4 Na-GTP, 10 569 phosphocreatine, 0.1 spermine at pH 7.3. Slices were maintained at 25 oC 570 throughout the recordings. LTP was induced by depolarization of the cell to -10 571 mV while stimulating the test pathway at 2Hz for 100 s. The control pathway did 572 not receive input during this period. 573  574 Outside-out patches were pulled from GFP positive or negative CA1 cell bodies 575 and patches were subjected to fast-exchange perfusion in HEPES-based aCSF 576 (see SCE) containing 100 uM cyclothiazide, with or without 1 mM L-glutamate. In 577 voltage-clamp mode, a 500 ms holding potential ramp from -100 mV to +100 mV 578ܫ
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was applied to patches. Recordings in the absence of glutamate were subtracted 579 from those in the presence of glutamate and -60 mV, 0 mV and +40 mV current 580 amplitudes were used to calculate rectification index as described above. 581  582 
Peak-scaled Non-Stationary Fluctuation Analysis 583 Miniature EPSC recordings, digitized at 100 kHz, were subjected to noise 584 analysis using a custom program running in MATLAB (MathWorks) (supplied by 585 Andrew Penn, University of Sussex; available on MATLAB File Exchange, ID: 586 61567; https://uk.mathworks.com/matlabcentral/fileexchange/61567-peaker-587 analysis-toolbox) following (Hartveit and Veruki, 2007) and (Benke et al., 2001). 588 Briefly, events were detected using a template-based search, aligned by their 589 point of steepest rise and peak scaled to account for differences in synaptic 590 receptor number. Traces were filtered to those with a 10 - 90 % rise time of less 591 than 0.9 ms and subjected to visual inspection to eliminate obvious artifacts, 592 overlapping mEPSCs or insufficient peak alignment. Correlations between peak 593 amplitude, rise and decay times were analyzed to detect and eliminate cells with 594 excessive electrical filtering. Following elimination of suboptimal events, only 595 cells with at least 20 successful events were included for variance analysis. 596 Variance vs amplitude plots were produced for binned decay phase data of 597 mEPSCs (15 bins) and were fitted with a parabolic curve with the equation: 598 

(ܫ)ଶߪ = ܫ݅ − ଶܰܫ +  ௕ଶ from which single-channel current (i) could be calculated, being proportional to 599 the initial gradient of the parabolic curve. Single-channel conductance is related 600 to current by the equation; 601ߪ
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ߛ = ݅( ௠ܸ −  ௥௘௩) where membrane potential (Vm) and reversal potential (Erev) were -60 mV and 0 602 mV respectively. 603  604ܧ
Anatomical Imaging 605 To visualize dendritic spines, 1 mg/ml Lucifer Yellow was added to the 606 intracellular solution. Cells were maintained in a whole-cell configuration for 10 607 minutes before live imaging on an inverted Leica SP8 confocal microscope in SCE 608 extracellular solution. Z-stacks of 50 μm regions of secondary dendrite were 609 imaged using a 63X oil-immersion objective, deconvolved (Huygens 610 Professional), and segmented (Imaris), before manual counting of spines. 611  612 
Fluorescence recovery after photobleaching (FRAP) 613 Hippocampal cultures were cotransfected (1:1) with pN1-mCherry (Clontech) 614 and SEP-GluA2 or SEP-GluA2 ΔNTD and imaged in aCSF containing (in mM): 150 615 NaCl, 2.5 KCl, 2 MgCl2, 2 CaCl2, 20 HEPES, 10 Glucose at pH 7.3 in a heated 616 chamber at 37 oC. Images were acquired on a Leica SP8 confocal microscope 617 using a 63X objective lens at 30 s intervals. Photobleaching was achieved by 618 repetitive xy scanning of the region of interest at high laser intensity. 619 Fluorescence during bleaching was monitored to ensure steady state complete 620 bleaching was achieved and bleaching parameters were constant for all samples 621 and repetitions. Analysis was conducted using Image J (Schneider et al., 2012). 622 Photobleaching due to image acquisition was corrected by normalization to non-623 photobleached spines or dendrites, distant to a bleached spine. 624  625 
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Flow cytometry 626 HEK293T cells (ATCC Cat# CRL-11268, RRID:CVCL_1926, Lot 58483269: identity 627 authenticated by STR analysis, mycoplasma negative) were co-transfected with 628 pN1-EGFP and AMPAR constructs using Effectene (QIAGEN). Two days post-629 transfection cells were washed in phosphate buffered saline (PBS) and incubated 630 with AF647 conjugated primary antibody (anti-myc 9E10, Santa Cruz, 631 RRID:AB_627268) for 30 mins on ice in PBS containing 10 % fetal bovine serum 632 (FBS). Antibody was removed and cells were washed further in PBS before 633 resuspension in PBS containing 10 % FBS and 1:1000 DAPI. Flow cytometry was 634 performed using a LSR II flow cytometer (BD). AF647 fluorescence was 635 quantified and represents construct surface expression. Cells either positive for 636 DAPI fluorescence or negative for EGFP fluorescence were discarded from 637 analysis as dead or untransfected. AF647 fluorescence of untransfected cells was 638 measured and subtracted during quantifications of surface expression. 639  640 
Statistics and Data Analysis 641 All data are presented as Mean ± Standard Error of the Mean (SEM). With two-642 sample comparisons, paired or unpaired Student’s t-tests are applied as 643 appropriate. For multiple sample comparisons, One-way ANOVA with a Tukey’s 644 multiple comparisons test was used.  645  646 
Acknowledgement 647 The authors would like to thank Ole Paulsen, Tim Benke and Nick Barry for 648 advice and stimulating discussions. We are very greatly indebted to Andrew 649 Penn for providing NSFA scripts, Rolf Sprengel for providing conditional Gria 650 



 28

knockout mice, José Esteban for providing the tCaMKII plasmid, James Krieger 651 for the sequence conservation model and the biomedical staff at the Laboratory 652 of Molecular Biology and Ares facilities for their technical support and 653 assistance. Terunaga Nakagawa, A. Radu Aricescu, Ole Paulsen, Andrew Penn and 654 members of the Greger lab are gratefully acknowledged for critical reading of the 655 manuscript. This work was supported by grants from the Medical Research 656 Council (MC_U105174197).   657  658 
Competing Interests 659 The authors declare that no competing financial interests exist. 660  661 
References 662 Anggono, V., and Huganir, R.L. (2012). Regulation of AMPA receptor trafficking 663 and synaptic plasticity. Curr Opin Neurobiol 22, 461-469. 664  665 Aoto, J., Martinelli, D.C., Malenka, R.C., Tabuchi, K., and Sudhof, T.C. (2013). 666 Presynaptic neurexin-3 alternative splicing trans-synaptically controls 667 postsynaptic AMPA receptor trafficking. Cell 154, 75-88. 668  669 Ashby, M.C., Maier, S.R., Nishimune, A., and Henley, J.M. (2006). Lateral diffusion 670 drives constitutive exchange of AMPA receptors at dendritic spines and is 671 regulated by spine morphology. J Neurosci 26, 7046-7055. 672  673 Ashkenazy, H., Abadi, S., Martz, E., Chay, O., Mayrose, I., Pupko, T., and Ben-Tal, N. 674 (2016). ConSurf 2016: an improved methodology to estimate and visualize 675 evolutionary conservation in macromolecules. Nucleic Acids Res 44, W344-350. 676  677 Bats, C., Groc, L., and Choquet, D. (2007). The interaction between Stargazin and 678 PSD-95 regulates AMPA receptor surface trafficking. Neuron 53, 719-734. 679  680 Benke, T.A., Luthi, A., Palmer, M.J., Wikstrom, M.A., Anderson, W.W., Isaac, J.T., 681 and Collingridge, G.L. (2001). Mathematical modelling of non-stationary 682 fluctuation analysis for studying channel properties of synaptic AMPA receptors. 683 J Physiol 537, 407-420. 684  685 Boehm, J., Ehrlich, I., Hsieh, H., and Malinow, R. (2006). Two mutations 686 preventing PDZ-protein interactions of GluR1 have opposite effects on synaptic 687 plasticity. Learn Mem 13, 562-565. 688  689 



 29

Bowie, D., and Mayer, M.L. (1995). Inward rectification of both AMPA and kainate 690 subtype glutamate receptors generated by polyamine-mediated ion channel 691 block. Neuron 15, 453-462. 692  693 Cais, O., Herguedas, B., Krol, K., Cull-Candy, S.G., Farrant, M., and Greger, I.H. 694 (2014). Mapping the interaction sites between AMPA receptors and TARPs 695 reveals a role for the receptor N-terminal domain in channel gating. Cell Rep 9, 1-696 13. 697  698 Chang, M.C., Park, J.M., Pelkey, K.A., Grabenstatter, H.L., Xu, D., Linden, D.J., Sutula, 699 T.P., McBain, C.J., and Worley, P.F. (2010). Narp regulates homeostatic scaling of 700 excitatory synapses on parvalbumin-expressing interneurons. Nat Neurosci 13, 701 1090-1097. 702  703 Chater, T.E., and Goda, Y. (2014). The role of AMPA receptors in postsynaptic 704 mechanisms of synaptic plasticity. Front Cell Neurosci 8, 401. 705  706 Choquet, D., and Triller, A. (2013). The dynamic synapse. Neuron 80, 691-703. 707 Cull-Candy, S., Kelly, L., and Farrant, M. (2006). Regulation of Ca2+-permeable 708 AMPA receptors: synaptic plasticity and beyond. Curr Opin Neurobiol 16, 288-709 297. 710  711 Derkach, V.A., Oh, M.C., Guire, E.S., and Soderling, T.R. (2007). Regulatory 712 mechanisms of AMPA receptors in synaptic plasticity. Nat Rev Neurosci 8, 101-713 113. 714  715 Durand, G.M., Kovalchuk, Y., and Konnerth, A. (1996). Long-term potentiation 716 and functional synapse induction in developing hippocampus. Nature 381, 71-75. 717  718 Durr, K.L., Chen, L., Stein, R.A., De Zorzi, R., Folea, I.M., Walz, T., McHaourab, H.S., 719 and Gouaux, E. (2014). Structure and Dynamics of AMPA Receptor GluA2 in 720 Resting, Pre-Open, and Desensitized States. Cell 158, 778-792. 721  722 Dutta, A., Krieger, J., Garcia-Nafria, J., Lee, J., Greger, I.H., and Bahar, I. (2015). 723 Cooperative dynamics in intact AMPA and NMDA glutamate receptors – 724 similarities and subfamily-specific differences. Structure 23, 1692. 725  726 Elegheert, J., Kakegawa, W., Clay, J.E., Shanks, N.F., Behiels, E., Matsuda, K., Kohda, 727 K., Miura, E., Rossmann, M., Mitakidis, N., et al. (2016). Structural basis for 728 integration of GluD receptors within synaptic organizer complexes. Science 353, 729 295-299. 730  731 Garcia-Nafria, J., Herguedas, B., Watson, J.F., and Greger, I.H. (2016a). The 732 dynamic AMPA receptor extracellular region: a platform for synaptic protein 733 interactions. J Physiol 594, 5449-5458. 734  735 Garcia-Nafria, J., Watson, J.F., and Greger, I.H. (2016b). IVA cloning: A single-tube 736 universal cloning system exploiting bacterial In Vivo Assembly. Sci Rep 6, 27459. 737  738 



 30

Granger, A.J., Shi, Y., Lu, W., Cerpas, M., and Nicoll, R.A. (2013). LTP requires a 739 reserve pool of glutamate receptors independent of subunit type. Nature 493, 740 495-500. 741  742 Hartveit, E., and Veruki, M.L. (2007). Studying properties of neurotransmitter 743 receptors by non-stationary noise analysis of spontaneous postsynaptic currents 744 and agonist-evoked responses in outside-out patches. Nat Protoc 2, 434-448. 745  746 Hayashi, Y., Shi, S.H., Esteban, J.A., Piccini, A., Poncer, J.C., and Malinow, R. (2000). 747 Driving AMPA receptors into synapses by LTP and CaMKII: requirement for 748 GluR1 and PDZ domain interaction. Science 287, 2262-2267. 749  750 Heine, M., Groc, L., Frischknecht, R., Beique, J.C., Lounis, B., Rumbaugh, G., 751 Huganir, R.L., Cognet, L., and Choquet, D. (2008). Surface mobility of postsynaptic 752 AMPARs tunes synaptic transmission. Science 320, 201-205. 753  754 Hell, J.W. (2014). CaMKII: claiming center stage in postsynaptic function and 755 organization. Neuron 81, 249-265. 756  757 Herguedas, B., Garcia-Nafria, J., Cais, O., Fernandez-Leiro, R., Krieger, J., Ho, H., 758 and Greger, I.H. (2016). Structure and organization of heteromeric AMPA-type 759 glutamate receptors. Science 352, aad3873. 760  761 Herguedas, B., Krieger, J., and Greger, I.H. (2013). Receptor heteromeric 762 assembly-how it works and why it matters: the case of ionotropic glutamate 763 receptors. Prog Mol Biol Transl Sci 117, 361-386. 764  765 Huganir, R.L., and Nicoll, R.A. (2013). AMPARs and synaptic plasticity: the last 25 766 years. Neuron 80, 704-717. 767  768 Isaac, J.T., Ashby, M., and McBain, C.J. (2007). The role of the GluR2 subunit in 769 AMPA receptor function and synaptic plasticity. Neuron 54, 859-871. 770  771 Isaac, J.T., Nicoll, R.A., and Malenka, R.C. (1995). Evidence for silent synapses: 772 implications for the expression of LTP. Neuron 15, 427-434. 773  774 Jackson, A.C., and Nicoll, R.A. (2011). The expanding social network of ionotropic 775 glutamate receptors: TARPs and other transmembrane auxiliary subunits. 776 Neuron 70, 178-199. 777  778 Jonas, P. (2000). The Time Course of Signaling at Central Glutamatergic Synapses. 779 News Physiol Sci 15, 83-89. 780  781 Kamboj, S.K., Swanson, G.T., and Cull-Candy, S.G. (1995). Intracellular spermine 782 confers rectification on rat calcium-permeable AMPA and kainate receptors. J 783 Physiol 486 ( Pt 2), 297-303. 784  785 Kerr, J.M., and Blanpied, T.A. (2012). Subsynaptic AMPA receptor distribution is 786 acutely regulated by actin-driven reorganization of the postsynaptic density. J 787 Neurosci 32, 658-673. 788 



 31

 789 Kessels, H.W., and Malinow, R. (2009). Synaptic AMPA receptor plasticity and 790 behavior. Neuron 61, 340-350. 791  792 Kim, C.H., Takamiya, K., Petralia, R.S., Sattler, R., Yu, S., Zhou, W., Kalb, R., 793 Wenthold, R., and Huganir, R. (2005). Persistent hippocampal CA1 LTP in mice 794 lacking the C-terminal PDZ ligand of GluR1. Nat Neurosci 8, 985-987. 795  796 Krieger, J., Bahar, I., and Greger, I.H. (2015). Structure, Dynamics, and Allosteric 797 Potential of Ionotropic Glutamate Receptor N-Terminal Domains. Biophys J 109, 798 1136-1148. 799  800 Liao, D., Hessler, N.A., and Malinow, R. (1995). Activation of postsynaptically 801 silent synapses during pairing-induced LTP in CA1 region of hippocampal slice. 802 Nature 375, 400-404. 803  804 Lisman, J.E., Raghavachari, S., and Tsien, R.W. (2007). The sequence of events 805 that underlie quantal transmission at central glutamatergic synapses. Nat Rev 806 Neurosci 8, 597-609. 807  808 Lu, W., Shi, Y., Jackson, A.C., Bjorgan, K., During, M.J., Sprengel, R., Seeburg, P.H., 809 and Nicoll, R.A. (2009). Subunit composition of synaptic AMPA receptors 810 revealed by a single-cell genetic approach. Neuron 62, 254-268. 811  812 MacGillavry, H.D., Song, Y., Raghavachari, S., and Blanpied, T.A. (2013). Nanoscale 813 scaffolding domains within the postsynaptic density concentrate synaptic AMPA 814 receptors. Neuron 78, 615-622. 815  816 Makino, H., and Malinow, R. (2009). AMPA receptor incorporation into synapses 817 during LTP: the role of lateral movement and exocytosis. Neuron 64, 381-390. 818  819 Malinow, R., Mainen, Z.F., and Hayashi, Y. (2000). LTP mechanisms: from silence 820 to four-lane traffic. Curr Opin Neurobiol 10, 352-357. 821  822 Matsuda, K., Budisantoso, T., Mitakidis, N., Sugaya, Y., Miura, E., Kakegawa, W., 823 Yamasaki, M., Konno, K., Uchigashima, M., Abe, M., et al. (2016). Transsynaptic 824 Modulation of Kainate Receptor Functions by C1q-like Proteins. Neuron 90, 752-825 767. 826  827 Meyerson, J.R., Kumar, J., Chittori, S., Rao, P., Pierson, J., Bartesaghi, A., Mayer, 828 M.L., and Subramaniam, S. (2014). Structural mechanism of glutamate receptor 829 activation and desensitization. Nature 514, 328-334. 830  831 Nabavi, S., Fox, R., Alfonso, S., Aow, J., and Malinow, R. (2014). GluA1 trafficking 832 and metabotropic NMDA: addressing results from other laboratories 833 inconsistent with ours. Philos Trans R Soc Lond B Biol Sci 369, 20130145. 834  835 Nakagawa, T., Cheng, Y., Ramm, E., Sheng, M., and Walz, T. (2005). Structure and 836 different conformational states of native AMPA receptor complexes. Nature 433, 837 545-549. 838 



 32

 839 Newpher, T.M., and Ehlers, M.D. (2008). Glutamate receptor dynamics in 840 dendritic microdomains. Neuron 58, 472-497. 841  842 O'Brien, R.J., Xu, D., Petralia, R.S., Steward, O., Huganir, R.L., and Worley, P. 843 (1999). Synaptic clustering of AMPA receptors by the extracellular immediate-844 early gene product Narp. Neuron 23, 309-323. 845  846 Opazo, P., Labrecque, S., Tigaret, C.M., Frouin, A., Wiseman, P.W., De Koninck, P., 847 and Choquet, D. (2010). CaMKII triggers the diffusional trapping of surface 848 AMPARs through phosphorylation of stargazin. Neuron 67, 239-252. 849  850 Opazo, P., Sainlos, M., and Choquet, D. (2012). Regulation of AMPA receptor 851 surface diffusion by PSD-95 slots. Curr Opin Neurobiol 22, 453-460. 852  853 Passafaro, M., Nakagawa, T., Sala, C., and Sheng, M. (2003). Induction of dendritic 854 spines by an extracellular domain of AMPA receptor subunit GluR2. Nature 424, 855 677-681. 856  857 Pasternack, A., Coleman, S.K., Jouppila, A., Mottershead, D.G., Lindfors, M., 858 Pasternack, M., and Keinanen, K. (2002). Alpha-amino-3-hydroxy-5-methyl-4-859 isoxazolepropionic acid (AMPA) receptor channels lacking the N-terminal 860 domain. J Biol Chem 277, 49662-49667. 861  862 Raghavachari, S., and Lisman, J.E. (2004). Properties of quantal transmission at 863 CA1 synapses. J Neurophysiol 92, 2456-2467. 864  865 Rathenberg, J., Nevian, T., and Witzemann, V. (2003). High-efficiency transfection 866 of individual neurons using modified electrophysiology techniques. J Neurosci 867 Methods 126, 91-98. 868  869 Saglietti, L., Dequidt, C., Kamieniarz, K., Rousset, M.C., Valnegri, P., Thoumine, O., 870 Beretta, F., Fagni, L., Choquet, D., Sala, C., et al. (2007). Extracellular interactions 871 between GluR2 and N-cadherin in spine regulation. Neuron 54, 461-477. 872  873 Schneider, C.A., Rasband, W.S., and Eliceiri, K.W. (2012). NIH Image to ImageJ: 25 874 years of image analysis. Nat Methods 9, 671-675. 875  876 Schnell, E., Sizemore, M., Karimzadegan, S., Chen, L., Bredt, D.S., and Nicoll, R.A. 877 (2002). Direct interactions between PSD-95 and stargazin control synaptic 878 AMPA receptor number. Proc Natl Acad Sci U S A 99, 13902-13907. 879  880 Shepherd, J.D., and Huganir, R.L. (2007). The cell biology of synaptic plasticity: 881 AMPA receptor trafficking. Annu Rev Cell Dev Biol 23, 613-643. 882  883 Shi, S., Hayashi, Y., Esteban, J.A., and Malinow, R. (2001). Subunit-specific rules 884 governing AMPA receptor trafficking to synapses in hippocampal pyramidal 885 neurons. Cell 105, 331-343. 886  887 



 33

Shi, Y., Lu, W., Milstein, A.D., and Nicoll, R.A. (2009). The stoichiometry of AMPA 888 receptors and TARPs varies by neuronal cell type. Neuron 62, 633-640. 889  890 Shipman, S.L., and Nicoll, R.A. (2012). A subtype-specific function for the 891 extracellular domain of neuroligin 1 in hippocampal LTP. Neuron 76, 309-316. 892  893 Sia, G.M., Beique, J.C., Rumbaugh, G., Cho, R., Worley, P.F., and Huganir, R.L. 894 (2007). Interaction of the N-terminal domain of the AMPA receptor GluR4 895 subunit with the neuronal pentraxin NP1 mediates GluR4 synaptic recruitment. 896 Neuron 55, 87-102. 897  898 Soler-Llavina, G.J., Arstikaitis, P., Morishita, W., Ahmad, M., Sudhof, T.C., and 899 Malenka, R.C. (2013). Leucine-rich repeat transmembrane proteins are essential 900 for maintenance of long-term potentiation. Neuron 79, 439-446. 901  902 Stoppini, L., Buchs, P.A., and Muller, D. (1991). A simple method for organotypic 903 cultures of nervous tissue. J Neurosci Methods 37, 173-182. 904  905 Sukumaran, M., Rossmann, M., Shrivastava, I., Dutta, A., Bahar, I., and Greger, I.H. 906 (2011). Dynamics and allosteric potential of the AMPA receptor N-terminal 907 domain. EMBO Journal 30, 972-982. 908  909 Swanson, G.T., Kamboj, S.K., and Cull-Candy, S.G. (1997). Single-channel 910 properties of recombinant AMPA receptors depend on RNA editing, splice 911 variation, and subunit composition. J Neurosci 17, 58-69. 912  913 Tang, A.H., Chen, H., Li, T.P., Metzbower, S.R., MacGillavry, H.D., and Blanpied, T.A. 914 (2016). A trans-synaptic nanocolumn aligns neurotransmitter release to 915 receptors. Nature 536, 210-214. 916  917 Tomita, S., Adesnik, H., Sekiguchi, M., Zhang, W., Wada, K., Howe, J.R., Nicoll, R.A., 918 and Bredt, D.S. (2005). Stargazin modulates AMPA receptor gating and 919 trafficking by distinct domains. Nature 435, 1052-1058. 920  921 Traynelis, S.F., Wollmuth, L.P., McBain, C.J., Menniti, F.S., Vance, K.M., Ogden, K.K., 922 Hansen, K.B., Yuan, H., Myers, S.J., Dingledine, R., et al. (2010). Glutamate receptor 923 ion channels: structure, regulation, and function. Pharmacol Rev 62, 405-496. 924  925 Turetsky, D., Garringer, E., and Patneau, D.K. (2005). Stargazin modulates native 926 AMPA receptor functional properties by two distinct mechanisms. J Neurosci 25, 927 7438-7448. 928  929 Zamanillo, D., Sprengel, R., Hvalby, O., Jensen, V., Burnashev, N., Rozov, A., Kaiser, 930 K.M., Koster, H.J., Borchardt, T., Worley, P., et al. (1999). Importance of AMPA 931 receptors for hippocampal synaptic plasticity but not for spatial learning. Science 932 
284, 1805-1811. 933  934 Zhang, H., Etherington, L.A., Hafner, A.S., Belelli, D., Coussen, F., Delagrange, P., 935 Chaouloff, F., Spedding, M., Lambert, J.J., Choquet, D., et al. (2013). Regulation of 936 



 34

AMPA receptor surface trafficking and synaptic plasticity by a cognitive 937 enhancer and antidepressant molecule. Mol Psychiatry 18, 471-484. 938 
  939 
  940 



 35

Figure Legends 941 
 942 
Figure 1: NTD deleted GluA2 is robustly expressed on the cell surface.  943 
A AMPA receptor schematic detailing the four-domain structure. B Single-cell electroporated CA1 944 pyramidal neurons in an organotypic slice culture. Scale bar = 50 μm. C1 I/V curves of glutamate-evoked 945 AMPAR currents recorded from outside-out patches of untransfected, GluA2Q and GluA2Q ΔNTD-946 expressing cells. C2 AMPAR currents from transfected neurons show strong inward-rectification on 947 construct expression (Rectification index (RI): untrans.: 0.62 ± 0.03 (n=5); GluA2Q: 0.13 ± 0.02 (n=8); 948 GluA2Q ΔNTD: 0.15 ± 0.02 (n=13); One-way ANOVA, p<0.0001). D1 Ratio of response amplitude to kainic 949 acid and glutamate, indicative of auxiliary subunit association, from somatic patches is unchanged on 950 receptor overexpression (KA/Glu: untrans.: 0.48 ± 0.03 (n=5); GluA2Q: 0.41 ± 0.03 (n=8); GluA2Q ΔNTD: 951 0.42 ± 0.05 (n=9); One-way ANOVA, p=0.51). Example traces showing glutamate (Glu) and kainic acid 952 (KA) application are shown left. Scale bar = 50 ms and 100 pA. D2 Amplitudes of surface patch AMPAR 953 glutamate responses are apparently elevated on GluA2Q or GluA2Q ΔNTD overexpression (untrans.: 398 954 ± 50 pA; GluA2Q: 886 ± 153 pA; GluA2Q ΔNTD: 763 ± 145 pA). 955  956 
Figure 1-figure supplement 1: NTD deletion construct screening 957 
A GluA1 and GluA2 NTD-LBD linker sequences. B1 Fluorescence histogram of two GluA2 NTD-deletion 958 constructs as measured using flow cytometry. Amino acid number indicates first residue of deletion 959 constructs. Background fluorescence of untransfected (untrans.) cells is shown for reference. B2 Surface 960 expression of NTD deletion constructs of GluA2 normalized to best expressing construct. Data represents 961 an average of two repetitions. L378 construct was used henceforth. B3 Normalized surface expression of 962 GluA1 NTD deletion constructs (two preparations averaged). A374 construct was used henceforth.  963  964 
Figure 2: Expression of NTD deleted GluA2 causes large reduction in synaptic currents. 965 
A Synaptic RI measured from pairs of untransfected and transfected cells indicate both homomeric 966 GluA2Q and GluA2Q ΔNTD are inserted into synapses. A1 Untrans., 0.60 ± 0.19; GluA2Q, 0.17 ± 0.10; 967 n=13 pairs; paired t-test, p=0.001. A2 Untrans., 0.60 ± 0.25; GluA2Q ΔNTD, 0.22 ± 0.11; n=16 pairs; 968 paired t-test, p<0.0001. Sample traces and construct schematics are shown on the left. Scale bar = 10 ms, 969 50 pA (grey & GluA2Q) or 20 pA (GluA2Q ΔNTD). B-C Scatter plots and bar charts of EPSC amplitudes 970 from pairs of cells, showing single pairs (open circles) and mean values ± SEM (filled circles). Sample 971 traces inset. Scale bar = 10 ms, 30 pA. B1 GluA2Q-expressing cells have increased AMPAR EPSCs relative 972 to untransfected cells (untrans.: 26.8 ± 3.1 pA; GluA2Q: 38.8 ± 3.0 pA; n=22 pairs; paired t-test, 973 p<0.0001). B2 Bar chart of AMPAR EPSCs from B1. B3 NMDAR-mediated EPSCs remain unchanged 974 (untrans.: 27.2 ± 2.7 pA; GluA2Q: 24.0 ± 2.2 pA; n=20; paired t-test, p=0.107). C1 GluA2Q ΔNTD-975 expressing cells show AMPAR EPSC amplitude depression (untrans.: 44.3 ± 4.3 pA; GluA2Q ΔNTD: 23.0 ± 976 2.5 pA; n=22; paired t-test, p<0.0001). C2 Bar chart of AMPAR EPSCs from C1. C3 NMDAR EPSCs show no 977 amplitude change (untrans.: 41.8 ± 9.0 pA; GluA2Q ΔNTD: 35.8 ± 6.1 pA; n=14; paired t-test, p=0.243).  978 
 979 
Figure 2-figure supplement 2: Measurement of paired-pulse ratio and spine density. 980 
A Average paired-pulse ratio of neighboring untransfected and transfected cells (untrans.: 1.98 ± 0.11 981 (n=13); GluA2Q: 1.95 ± 0.10 (n=6); GluA2Q ΔNTD: 2.04 ± 0.06 (n=7); One-way ANOVA: p=0.876), with 982 example traces from pairs of cells shown on the left. Scale bars = 20 ms and 30 pA. B Bar chart of 983 dendritic spine density on untransfected and transfected cells (untrans.: 12.0 ± 0.7 (n=8 cells); GluA2Q: 984 11.8 ± 0.6 (n=8); GluA2Q ΔNTD: 12.2 ± 0.7 (n=8); One-way ANOVA: p=0.916). Sample images are shown 985 on the left. Scale bar = 2.5 μm. 986  987 
Figure 3: NTD deleted GluA2 is detrimental to spontaneous transmission  988 
A1 Example traces of mEPSCs recorded from untransfected, GluA2Q and GluA2Q ΔNTD-expressing cells. 989 Scale bar = 0.5 s, 5 pA. A2 Bar chart of mEPSC amplitude with event detection limit indicated (dotted 990 line) (untransfected: 17.5 ± 0.8 pA (n=25 cells); GluA2Q: 18.9 ± 0.8 pA (n=23); GluA2Q ΔNTD: 13.2 ± 0.5 991 pA (n=16); One-way ANOVA, p<0.0001). A3 Cumulative frequency distribution of mEPSC amplitude data 992 from A2. B Bar chart of mEPSC frequency (untransfected: 0.52 ± 0.06 Hz; GluA2Q: 0.70 ± 0.08 Hz; 993 GluA2Q ΔNTD: 0.32 ± 0.04 Hz; One-way ANOVA, p=0.002). C Example traces of scaled mEPSCs from 994 untransfected (grey) and GluA2 construct-expressing cells. Scale bar = 3 ms. Bar chart shows cell 995 averaged mEPSC decay times (untrans.: 11.14 ± 0.27 ms (n=25); GluA2Q: 8.86 ± 0.23 ms (n=23); GluA2Q 996 ΔNTD: 8.08 ± 0.26 ms (n=16); One-way ANOVA, p<0.0001). D1 Amplitude vs. variance plot for non-997 stationary fluctuation analysis (NSFA) of scaled mEPSCs with parabolic fits from representative cells. D2 998 Single-channel conductance of synaptic AMPARs show comparable conductance between GluA2Q and 999 
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GluA2Q ΔNTD-expressing cells (untransfected: 11.2 ± 0.82 pS (n=7); GluA2Q: 25.4  ± 1.92 pS (n=8); 1000 GluA2Q ΔNTD: 22.8 ± 2.70 pS (n=7); One-way ANOVA, p=0.0002). 1001  1002 
Figure 4: The GluA2 NTD controls synaptic immobilisation 1003 
A Example images of FRAP on dendritic spine from cells expressing SEP-tagged AMPAR constructs, 1004 where t=0 indicates time and square indicates location of photobleaching. Red channel: cytosolic 1005 mCherry; green: SEP fluorescence. Scale bar = 1 μm B1, SEP fluorescence over time in bleached regions 1006 of dendrite or spine, normalized to pre-bleaching fluorescence. Orange vertical line indicates onset of 1007 photobleaching (time constant of fit τ: spine GluA2 = 197.3, spine GluA2 ΔNTD  = 65.4, dendritic GluA2 = 1008 98.1, dendritic GluA2 ΔNTD = 83.1). B2, Fluorescence at 600s averaged by cell shows greater recovery 1009 for GluA2Q ΔNTD than full-length GluA2Q (spine GluA2Q: 0.63 ± 0.03 (n=22 cells); spine GluA2Q ΔNTD: 1010 0.93 ± 0.05 (n=19); dendrite GluA2Q: 0.8 ± 0.04 (n=6); dendritic GluA2Q ΔNTD:  0.92 ± 0.04 (n=5); One-1011 way ANOVA, p<0.0001). 1012  1013 
Figure 5: The NTD is essential for synaptic anchoring of GluA1. 1014 
A1 I/V relationships of glutamate-evoked AMPAR-mediated current from outside-out patches of 1015 untransfected, GluA1 and GluA1 ΔNTD expressing cells. A2 Average RI of surface currents from above 1016 neurons (untrans.: 0.61 ± 0.05 (n=5); GluA1: 0.23 ± 0.03 (n=5); GluA1 ΔNTD: 0.19 ± 0.02 (n=7); One-way 1017 ANOVA, p<0.0001). Significance (*) indicates difference to untransfected cells. B1 KA/Glu ratio from 1018 somatic patches is unchanged on GluA1 construct overexpression (KA/Glu: untrans.: 0.47 ± 0.02 (n=5); 1019 GluA1: 0.43 ± 0.03 (n=9); GluA1 ΔNTD: 0.39 ± 0.02 (n=9); One-way ANOVA, p=0.16). Example traces 1020 showing glutamate (Glu) and kainic acid (KA) application are shown left. Scale bar = 50 ms and 300 pA. 1021 
B2 AMPAR surface patch amplitudes are similarly elevated on GluA1 or GluA1 ΔNTD overexpression 1022 (untrans.: 421 ± 90 pA; GluA1: 849 ± 154 pA; GluA1 ΔNTD: 878 ± 173 pA). C1 Synaptic RI from pairs of 1023 untransfected and GluA1-expressing cells (untransfected: 0.57 ± 0.04; GluA1: 0.33 ± 0.03; n=20; paired t-1024 test, p=0.0001), with example traces and construct schematic shown on the left. Scale bars (Figs. C and D) 1025 = 10 ms and 15 pA C2 Scatter plot of AMPAR EPSC amplitudes from pairs of untransfected and GluA1-1026 expressing cells (untransfected: 36.4 ± 3.5 pA; GluA1: 29.4 ± 3.0 pA; n=34; paired t-test, p=0.013). 1027 
D1 Synaptic RI from pairs of untransfected and GluA1 ΔNTD-expressing cells (untransfected: 0.51 ± 0.04; 1028 GluA1 ΔNTD: 0.48 ± 0.03; n=18; paired t-test, p=0.072), with example traces shown on the left. D2 1029 Scatter plot of AMPAR EPSC amplitudes from pairs of untransfected and GluA1 ΔNTD-expressing cells 1030 (untransfected: 32.6 ± 2.1 pA; GluA1 ΔNTD: 26.9 ± 2.7 pA; n=21; paired t-test, p=0.0136). 1031  1032 
Figure 6: NTD dependent interactions enhance synaptic AMPAR anchoring in a knockout 1033 
background  1034 Paired recordings from Gria1-3fl neurons infected with AAV-Cre and rescued with AMPAR subunits or 1035 uninfected and untransfected (uninf.). Example traces show current responses at -60 mV (AMPAR) and 1036 +40 mV (NMDAR) holding potentials. Scale bars = 30 ms and 50 pA. A1 Rescue with GluA2Q restores the 1037 ratio of AMPAR to NMDAR currents to levels of uninfected neurons (AMPAR/NMDAR, (n=11 pairs): 1038 uninf.: 1.64 ± 0.16; GluA2Q: 1.55 ± 0.17; paired t-test, p=0.567). A2 Rescue with GluA2Q ΔNTD cannot 1039 fully restore AMPAR currents relative to NMDAR (AMPAR/NMDAR, (n=11 pairs): uninf.: 2.28 ± 0.26; 1040 GluA2Q ΔNTD 0.97 ± 0.15; paired t-test, p=0.0001). A3 Normalization of synaptic currents to uninfected 1041 cells reveals that GluA2Q NTD deletion reduces synaptic AMPAR rescue (Relative AMPAR/NMDAR ratio: 1042 GluA2Q: 0.99 ± 0.10; GluA2Q ΔNTD: 0.44 ± 0.05; unpaired t-test, p=0.0001). B1 Rescue of synaptic 1043 currents by GluA1 transfection (AMPAR/NMDAR, (n=13 pairs): uninf.: 1.72 ± 0.15; GluA1: 0.75 ± 0.06; 1044 paired t-test, p<0.0001). B2 Rescue of synaptic currents with GluA1 ΔNTD (AMPAR/NMDAR, (n=9 pairs): 1045 uninf.: 2.48 ± 0.23; GluA1 ΔNTD: 0.83 ± 0.19; paired t-test, p<0.0001). B3 GluA1 rescues synaptic 1046 currents to a greater extent than GluA1 ΔNTD (Relative AMPAR/NMDAR ratio: GluA1:  0.46 ± 0.04; GluA1 1047 ΔNTD: 0.28 ±0.03; unpaired t-test, p=0.007). 1048  1049 
Figure 6-figure supplement 1: Overview and characterization of conditional AMPAR knockout in 1050 
Gria1-3fl organotypic slices. 1051 
A Protocol schematic for AMPAR knockout and rescue in Gria1-3fl neurons, with timings shown as mouse 1052 postnatal age (P) and days in vitro (DIV). B Paired recordings from AAV-Cre and uninfected (uninf.) 1053 neurons from Gria1-3fl slices shows almost complete loss of AMPAR EPSCs (normalized to NMDAR 1054 current amplitude) (AMPAR/NMDAR, (n=7 pairs): uninf.: 2.68 ± 0.48; Cre: 0.16 ± 0.06; paired t-test, 1055 p=0.022) as seen by scatter (left) and bar charts (right). Example traces show currents at -60 mV and 1056 +40 mV holding potentials for each condition. Scale bar = 30 ms and 50 pA. 1057 
 1058 
Figure 7: NTD-dependent synaptic anchoring is subunit-specific. 1059 
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Synaptic EPSC properties of neurons expressing chimeric AMPAR constructs formed by exchanging NTD 1060 sequences (see construct schematics). 1061 
A1 Synaptic RI from pairs of untransfected cells and cells expressing GluA1+A2NTD (untransfected: 0.56 1062 ± 0.04; GluA1+A2NTD: 0.22 ± 0.02; n=23; paired t-test, p<0.0001), with example traces and construct 1063 schematic shown on the left. GluA1 and GluA2Q RI values are indicated for reference. Scale bars = 10 ms 1064 and 20 pA. A2 Scatter plot of AMPAR EPSCs from pairs of untransfected and transfected cells expressing 1065 GluA1+A2NTD (untrans.: 31.6 ± 2.7 pA; GluA1+A2NTD: 34.0 ± 3.3 pA; n=24; paired t-test, p=0.521). A3 1066 Bar chart of AMPAR EPSC amplitudes of transfected cells normalized to untransfected cells of paired 1067 recordings (GluA1: 0.88 ± 0.07 (n=34); GluA1+A2NTD: 1.25 ± 0.15 (n=24); unpaired t-test, p=0.017). 1068 Value for GluA2Q is indicated by red line for reference.  1069 
B1 Synaptic RI from pairs of untransfected and GluA2+A1NTD-expressing cells (untransfected: 0.55 ± 1070 0.03; GluA2+A1NTD: 0.17 ± 0.03; n=19; paired t-test, p<0.0001), with example traces shown on the left. 1071 
B2 Scatter plot of AMPAR EPSCs from pairs of untransfected and GluA2Q+A1NTD (untrans.: 32.7 ± 4.1 1072 pA; GluA2Q+A1NTD: 31.6 ± 2.6 pA; n=22; paired t-test, p=0.795). B3 Bar chart of AMPAR EPSCs 1073 amplitudes normalized to untransfected cell of paired recording (GluA2Q: 1.66 ± 0.13 (n=22); 1074 GluA2+A1NTD: 1.19 ± 0.13 (n=22); unpaired t-test, p=0.013). Value for GluA1 is indicated by blue line for 1075 reference. 1076  1077 
Figure 7-figure supplement 1: Investigation of GluA2Q ΔNTD +A1CTD. 1078 
A Average RI of surface currents for chimeric construct expression (untrans.: 0.60 ± 0.08 (n=5); 1079 GluA1+A2NTD: 0.23 ± 0.07 (n=6); GluA2Q+A1NTD: 0.16 ± 0.08 (n=5); GluA2Q ΔNTD+A1CTD; 0.24 ± 0.06 1080 (n=5); One-way ANOVA, p<0.0001). B Synaptic EPSC properties of cells expressing chimeric construct 1081 formed by exchange of GluA2Q ΔNTD’s C-terminal sequence with that of GluA1 (GluA2Q ΔNTD+A1CTD; 1082 see construct schematic). B1 RI of synaptic AMPAR-mediated EPSCs from pairs of untransfected and 1083 transfected cells. GluA1 ΔNTD and GluA2Q ΔNTD RIs are shown as lines for reference (untrans.: 0.57 ± 1084 0.03; GluA2Q ΔNTD +A1CTD: 0.42 ± 0.02; n=20; paired t-test, p=0.0002). B2 Scatter plot of AMPAR 1085 EPSCs from above cells showing no change in amplitude (untrans.: 47.2 ± 4.3 pA; GluA2Q ΔNTD +A1CTD: 1086 39.5 ± 3.9 pA; n=21; paired t-test, p=0.068). B3 AMPAR EPSCs normalized to untransfected cell of pair 1087 for GluA2Q ΔNTD and GluA2Q ΔNTD +A1CTD expressing cells showing loss of AMPAR EPSC depression 1088 by GluA2Q ΔNTD on CTD exchange (GluA2Q ΔNTD: 0.57 ± 0.05 (n=22); GluA2Q ΔNTD +A1CTD: 0.88 ± 1089 0.08 (n=21); unpaired t-test, p=0.002). GluA1 ΔNTD value is shown as a line for reference. 1090  1091 
Figure 8: LTP is impaired without the NTD of GluA1. 1092 
A1 Co-expression of GluA1 and tCaMKII increases AMPAR EPSC amplitude (untransfected: 32.1 ± 2.0 pA; 1093 GluA1+tCaMKII: 44.9 ± 4.4 pA; n=42; paired t-test, p=0.006). Scale bar = 10 ms and 20 pA. A2 RI from 1094 above cells (untransfected: 0.47 ± 0.02; GluA1 + tCaMKII: 0.34 ± 0.03; n=42; paired t-test, p=0.0003). B1 1095 Potentiation mediated by tCaMKII is impaired in GluA1 ΔNTD expressing cells (untransfected: 39.3 ± 3.3 1096 pA; GluA1 ΔNTD + tCaMKII: 31.6 ± 3.7 pA; n=32; paired t-test, p=0.117). Scale bar = 10 ms and 20 pA. B2 1097 RI from above cells (untransfected: 0.49 ± 0.04; GluA1 ΔNTD + tCaMKII: 0.38 ± 0.02; n=33; paired t-test, 1098 p=0.019). C1 AMPAR EPSC amplitudes from cells expressing GluA1 or GluA1 ΔNTD over time, averaged 1099 in one-minute bins. At time = 0 LTP was induced using a pairing protocol (2 Hz, 100 s at -10 mV holding 1100 potential). EPSC amplitudes are normalized to pre-induction amplitude. LTP is maintained past 35 1101 minutes in cells expressing GluA1, but not GluA1 ΔNTD. Normalized amplitude at 45 mins: GluA1: 2.35 ± 1102 0.49 (n=16); GluA1 ΔNTD: 1.20 ± 0.17 (n=14). C2 Representative AMPAR EPSC traces from cells 1103 expressing GluA1 or GluA1 ΔNTD. Traces show EPSCs before induction (baseline) and 15 and 40 minutes 1104 after induction. Scale bar = 10 ms and 20 pA. 1105  1106  1107 
Figure 8-figure supplement 1: Synaptic potentiation using tCaMKII and an electrical pairing 1108 
protocol. 1109 
A1 Scatter plot of AMPAR EPSCs from tCaMKII-EGFP and untransfected cells showing successful 1110 potentiation (untrans.: 33.9 ± 2.9 pA, tCaMKII: 46.4 ± 2.8 pA; n=28; paired t-test, p=0.0018). A2 RI is 1111 unchanged on tCaMKII expression (untrans.: 0.51 ± 0.03, tCaMKII: 0.48 ± 0.02; n=28; paired t-test, 1112 p=0.369). B1 Average AMPAR EPSC amplitudes over time normalized to pre-LTP amplitudes (with LTP 1113 induced at t=0) from untransfected cells shows potentiation at 45 mins post induction (1.87 ± 0.34, n=9). 1114 
B2 AMPAR EPSCs from a subset of GluA1 and GluA1 ΔNTD-expressing cells (see Figure 8C1). Control 1115 pathways from both conditions remained comparable and stable over recording duration. Only test 1116 pathway of GluA1 remained potentiated at 45 mins (GluA1: n=7; GluA1 ΔNTD: n=10). C1 Construct 1117 schematic and RI of GFP-GluA2Q expression (untrans.: 0.477; GFP-GluA2Q: 0.298; n=9; paired t-test, 1118 
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p=0.264). C2 Scatter plot of AMPAR EPSCs from GFP-GluA2Q-expressing and untransfected cells showing 1119 no change in amplitude (untrans.: 43.3 pA; GFP-GluA2Q: 46.4 pA; n=16; paired t-test, p=0.389). 1120  1121  1122 
Figure 8-figure supplement 2: The sequence diversity of the AMPAR NTD mediates subunit-1123 
selective synaptic anchoring. A AMPAR structural model colored by sequence conservation across 1124 AMPAR paralogs and orthologs highlighting the potential of the NTD and CTD for subunit specific 1125 interactions (Ashkenazy et al., 2016), while the channel core (LBD and TMD) is highly conserved. B A 1126 hypothetical model of synaptic AMPAR anchoring, whereby CTD interactors (brown) facilitate 1127 postsynaptic localization, however stabilization of the receptor to engage in functional transmission 1128 requires N-terminal interactions, with factors yet to be identified (grey) (Post = postsynapse, Pre = 1129 presynapse). 1130  1131 
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