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ABSTRACT 32 

The regulated transport of AMPA-type glutamate receptors (AMPARs) to 33 

the synaptic membrane is a key mechanism to determine the strength of 34 

excitatory synaptic transmission in the brain. In this work, we uncovered a new 35 

role for the microtubule-associated protein MAP1B, in modulating the access of 36 

AMPARs to the postsynaptic membrane. Using mice and rats of either sex, we 37 

show that MAP1B light chain (LC) accumulates in the somatodendritic 38 

compartment of hippocampal neurons, where it forms immobile complexes on 39 

microtubules that limit vesicular transport. These complexes restrict AMPAR 40 

dendritic mobility, leading to the intracellular trapping of receptors and impairing 41 

their access to the dendritic surface and spines. Accordingly, increasing 42 

MAP1B-LC expression depresses AMPAR-mediated synaptic transmission. 43 

This effect is specific for the GluA2 subunit of the AMPAR, and requires GRIP1 44 

interaction with MAP1B-LC. Therefore, MAP1B-LC represents an alternative 45 

link between GRIP1-AMPARs and microtubules that does not result in 46 

productive transport, but rather limits AMPAR availability for synaptic insertion, 47 

with a direct impact on synaptic transmission. 48 

  49 
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SIGNIFICANCE 50 

The ability of neurons to modify their synaptic connections, known as synaptic 51 

plasticity, is accepted as the cellular basis for learning and memory. One 52 

mechanism for synaptic plasticity is the regulated addition and removal of 53 

AMPA-type glutamate receptors at excitatory synapses. In this study we 54 

describe that a microtubule-associated protein, MAP1B light chain (MAP1B-LC) 55 

participates in this process. MAP1B-LC forms immobile complexes along 56 

dendrites. These complexes limit intracellular vesicular trafficking and trap 57 

AMPA receptors inside the dendritic shaft. In this manner, MAP1B restricts the 58 

access of AMPA receptors to dendritic spines and the postsynaptic membrane, 59 

contributing to down-regulate synaptic transmission. 60 

  61 
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INTRODUCTION 62 

Post-synaptic AMPA-type glutamate receptors (AMPARs) mediate most 63 

excitatory synaptic transmission in the mammalian central nervous system 64 

(Hollmann and Heinemann, 1994; Traynelis et al., 2010). Considerable attention 65 

has been paid to the molecular machinery controlling the number and synaptic 66 

localization of AMPARs, since these parameters are critical determinants for 67 

synaptic strength. Thus, the trafficking of AMPARs in and out of the synaptic 68 

membrane is essential for synaptic plasticity events, such as long-term 69 

potentiation (LTP) and long-term depression (LTD) (Derkach et al., 2007; 70 

Kessels and Malinow, 2009; Luscher and Malenka, 2012; Herring and Nicoll, 71 

2016), which are considered the cellular correlates for learning and memory 72 

(Bliss and Collingridge, 1993). 73 

The sorting and targeting of AMPARs throughout intracellular membrane 74 

compartments is tightly regulated, from early biosynthetic steps at the 75 

endoplasmic reticulum and Golgi complex, to local endosomal trafficking in the 76 

vicinity of the synapse (Kennedy and Ehlers, 2006; Greger and Esteban, 2007; 77 

Shepherd and Huganir, 2007). A common theme in this regulation is the 78 

association of AMPARs with different multi-domain scaffolding molecules that 79 

link AMPARs with key organizers of membrane trafficking and cytoskeletal 80 

dynamics (Elias and Nicoll, 2007). For example, GRIP1 (Glutamate Receptor 81 

Interacting Protein 1) couples AMPAR vesicles with motor protein transport 82 

(Setou et al., 2002; Shin et al., 2003; Hoogenraad et al., 2005; Heisler et al., 83 

2014), whereas PICK1 (Protein Interacting with C Kinase 1) associates 84 

AMPARs with regulators of the actin cytoskeleton (Rocca et al., 2008; 85 

Nakamura et al., 2011; Rocca et al., 2013). 86 
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In this context, an important mechanistic bridge may be provided by 87 

microtubule-associated proteins (MAPs). Besides the role of microtubules in 88 

long-range AMPAR transport along dendrites (Setou et al., 2002; Heisler et al., 89 

2014), there is also increasing evidence for local microtubule dynamics 90 

regulated by and impacting on synaptic function (Hu et al., 2008; Jaworski et al., 91 

2009; Hu et al., 2011; Merriam et al., 2011; Benoist et al., 2013). However, how 92 

the microtubule cytoskeleton is connected to AMPAR function at synapses is 93 

still far from clear. 94 

In neurons, microtubules are decorated by MAPs, which interact with a 95 

variety of other proteins, including F-actin, small G protein regulators and 96 

scaffolding molecules (Halpain and Dehmelt, 2006). Among them, MAP1B is 97 

required for proper axon growth (Gonzalez-Billault et al., 2001; Gonzalez-Billault 98 

et al., 2002; Tymanskyj et al., 2012) and dendritic spine morphogenesis 99 

(Tortosa et al., 2011) in developing neurons. Nevertheless, MAP1B is 100 

expressed in the adult brain. It is present in the somatodendritic compartment 101 

(Tortosa et al., 2011), where it is needed to provide Rac1 activation during the 102 

regulated removal of AMPARs from synapses after LTD induction (Benoist et 103 

al., 2013). MAP1B is also expressed in presynaptic terminals, where it has been 104 

proposed to participate in synaptic vesicle fusion and presynaptic structure 105 

(Bodaleo et al., 2016). MAP1B is encoded as a polyprotein precursor that is 106 

subsequently cleaved into a heavy chain (MAP1B-HC) and a light chain 107 

(MAP1B-LC) (Hammarback et al., 1991). Both chains associate to form a 2:1 108 

LC:HC multimeric protein complex on microtubules. Interestingly, it has been 109 

reported that MAP1B-LC exists well in excess over this stoichiometry, 110 

suggesting that it might have additional functions outside of the complex with 111 
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the heavy chain (Mei et al., 2000). In fact, MAP1B-LC binds and stabilizes 112 

microtubules independently from the heavy chain (Noiges et al., 2002). MAP1B-113 

LC also associates with AMPARs (Davidkova and Carroll, 2007), via its 114 

interaction with the AMPAR scaffolding molecule GRIP1 (Seog, 2004). 115 

Therefore, MAP1B-LC may provide a molecular link between AMPARs and 116 

stable microtubules, separately from motor protein-dependent trafficking. 117 

Here we have explored the potential role of microtubules as modulators of 118 

AMPAR synaptic function, based on the bridging potential of MAPs. We have 119 

found that MAP1B-LC immobilizes AMPARs in intracellular compartments of the 120 

dendritic shaft, therefore preventing receptors from reaching dendritic spines 121 

and the synaptic membrane. In this manner, microtubule-dependent interactions 122 

act as decoys to limit the availability of circulating neurotransmitter receptors to 123 

support synaptic function. 124 

 125 

MATERIALS AND METHODS 126 

DNA constructs, antibodies and cell lines 127 

The MAP1B-LC and MAP1B-HC recombinant proteins were made by in-frame 128 

ligation of the EGFP coding sequence with the light chain sequence (amino 129 

acids 2100-2464) and the heavy chain sequence (amino acids 1-2100) of 130 

MAP1B in pMT22Tet and pMT17Tet plasmids (Togel et al., 1998), respectively. 131 

Both plasmids were generously provided by Dr. Jesús Ávila (Centro de Biología 132 

Molecular “Severo Ochoa”, Madrid). MAP1B-HC-GFP sequence was cloned 133 

into FG12.CMV vector for biolistic transfection of hippocampal organotypic 134 

slices. FG12.CMV vector (Verhaegen et al. 2006) was generously provided by 135 

Dr. María S. Soengas (Centro Nacional de Investigaciones Oncológicas, 136 
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Madrid). MAP1B-LC tagged with EGFP, mCherry or Dendra2 was cloned either 137 

in pSinRep5 for expression using Sindbis virus (Malinow et al., 2010) or in a 138 

vector bearing the CMV promoter for expression using the biolistic method (Lo 139 

et al., 1994; Wellmann et al., 1999; Gerges et al., 2005). Dendra2-tubulin 140 

construct (Jolly et al. 2010) was a kind gift from Vladimir I. Gelfand 141 

(Northwestern University Feinberg School of Medicine, Chicago). All the GluA 142 

constructs were generously provided by Roberto Malinow (University of 143 

California San Diego, California). To generate the deletion mutants of MAP1B-144 

LC, the sequences corresponding to the GRIP1-binding domain of the wild type 145 

protein (amino acids 2336-2459) or the microtubule-binding domain (amino 146 

acids 2210-2336) were removed by restriction digestion. The coding sequences 147 

of MAP1B-LC- GBD-GFP and MAP1B-LC- MBD-GFP were finally transferred 148 

into pSinRep5 vector. pBA-TfR-GFP and pJPA5-TfR-mCherry (Wang et al., 149 

2008) were kindly provided by Dr Daniel Choquet. The shRNA against MAP1B 150 

and the corresponding scrambled sequence (Benoist et al., 2013) were 151 

expressed using a lentiviral system. 152 

Anti-MAP1B-LC and anti-MAP1B-HC antibodies were from Santa Cruz 153 

Biotechnology (sc-25729 and sc-8970, respectively, both used at 1/1000 154 

dilution from the stock); anti-Tau1 antibody was from Chemicon (clone PC1C6, 155 

used at 5 μg/mL) and anti-MAP2 antibody from Covance (PCK-554P, used at 156 

1/10000 dilution from the stock); anti-tyrosine tubulin and anti-acetylated tubulin 157 

were from Sigma-Aldrich (T9028 –clone TUB-1A2, and T7451 –clone 6-11B-1, 158 

respectively, used at 1/1000 dilution from the stock); anti-detyrosinated tubulin 159 

from Millipore (AB3201, used at 1/200 dilution from the stock). The antibodies 160 

against the N-terminus of GluA1 and GluA2 were from Millipore (MAB2263 –161 
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clone RH95, and MAB397 –clone 6C4, respectively, used at 1/500 dilution from 162 

the stock), whereas the antibodies against the C-terminus were from Abcam 163 

(AB31232, used at 1/1000 dilution from stock) and Neuromab (75-002, used at 164 

1/1000 dilution from stock), respectively. The anti-GRIP1 antibody was from 165 

Millipore (ABN27, used at 1/500 dilution from stock). BHK cell line for Sindbis 166 

virus infection and preparation of protein extracts was BHK21 (Hernandez and 167 

Brown, 2010). 168 

 169 

Recombinant protein expression and down-regulation of endogenous 170 

protein 171 

Sindbis virus infection was used to overexpress GFP, MAP1B-LC, MAP1B-LC 172 

mutants and Dendra2-tubulin (16 to 24 h) in either hippocampal organotypic 173 

slices or primary cultures. MAP1B-HC was expressed (4 to 7 days) by biolistic 174 

transfection. Co-expression of either MAP1B-LC or MAP1B-LC mutants with 175 

recombinant GluA1 and GluA2 was carried out through biolistic transfection as 176 

well (48 hours of expression). A lentiviral vector was used to transfect either 177 

CA1 neurons in hippocampal organotypic slices or primary hippocampal 178 

neurons with a construct encoding an shRNA against MAP1B, or a scrambled 179 

version as a control (10-14 days of expression). Lipofectamine 2000 was used 180 

to transfect hippocampal primary neurons with TfR-GFP and TfR-mCherry 181 

constructs 182 

 183 

Electrophysiology 184 

Organotypic hippocampal slices were prepared from Wistar rat pups or CD1 185 

mouse pups of either sex at postnatal days 5-7, and either infected with Sindbis 186 
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virus for the expression of recombinant proteins, or biolistically transfected, or 187 

infected with lentivirus for shRNA expression. Voltage-clamp simultaneous 188 

whole-cell recordings were obtained from nearby pairs of infected (or 189 

transfected) and uninfected (or untransfected), control CA1 pyramidal neurons, 190 

under visual guidance using fluorescence and transmitted light illumination. 191 

Recordings were carried out at 29 ºC unless otherwise specified. The recording 192 

chamber was perfused with artificial cerebrospinal fluid (ACSF), saturated with 193 

95% O2 / 5% CO2, and containing (in mM): 119 NaCl, 2.5 KCl, 1 NaH2PO4, 11 194 

D-glucose, 26 NaHCO3, 4 MgCl2, 4 CaCl2, 0.004 2-chloroadenosine and 0.1 195 

picrotoxin, pH 7.4. Patch recording pipettes (3–6 MΩ) were filled in with a 196 

solution containing (in mM): 115 CsMeSO3, 20 CsCl, 10 HEPES, 2.5 MgCl2, 4 197 

Na2-ATP, 0.4 Na-GTP, 10 Na-phosphocreatine and 0.6 EGTA, pH 7.25. 198 

Synaptic responses were evoked with bipolar electrodes using single-voltage 199 

pulses (200 s, up to 25 V). The stimulating electrodes were placed over 200 

Schaffer collateral fibers between 300 and 500 μm from the recorded cells. 201 

Because only CA1 cells (and not CA3 cells) were infected or transfected, this 202 

configuration ensured that recombinant protein expression or endogenous 203 

protein knock-down is always carried out exclusively in the postsynaptic cell. 204 

Synaptic AMPAR-mediated responses were measured at -60mV and NMDAR-205 

mediated responses at +40mV, at a latency when AMPAR-mediated responses 206 

had fully decayed (100 ms). In pep2m experiments, the peptide was included in 207 

the internal solution at 1 mM, together with the protease inhibitors bestatin (0.1 208 

mM) and leupeptin (10 μM). NMDAR-dependent LTD was induced by pairing 209 

low-frequency presynaptic stimulation (300 pulses at 1 Hz) with moderate 210 

postsynaptic depolarization (-40 mV). mGluR-dependent LTD was induced by 211 
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bath application of 50 μM (RS)-3,5-dihydroxyphenylglycine (DHPG) for 5 212 

minutes at 30ºC. Cells were held under current clamp without synaptic 213 

stimulation during DHPG application and 5 minutes afterwards (Huber et al., 214 

2001). These recordings were carried out in the presence of 100 μM (2R)-215 

amino-5-phosphonovaleric acid (APV) to prevent any contribution to synaptic 216 

plasticity from NMDARs. LTP was induced with a pairing protocol, by 217 

stimulating Schaffer collateral fibers (300 pulses at 3 Hz) while depolarizing the 218 

postsynaptic cell at 0 mV. For rectification studies, AMPAR-mediated responses 219 

were recorded at -60 mV and +40 mV in the presence of 100 μm APV in the 220 

perfusion solution and 100 μM spermine (a voltage-dependent channel blocker 221 

of GluA2-lacking AMPA receptors) in the internal solution. The rectification 222 

index was calculated as the ratio between the AMPAR synaptic responses at -223 

60 mV and at +40 mV. Electrophysiological recordings were carried out with 224 

Multiclamp 700A/B amplifiers (Molecular Devices). Data acquisition and 225 

analysis were performed with pClamp software. 226 

 227 

Hippocampal primary cultures 228 

Hippocampi were dissected from E19 Wistar rat embryos or E18 CD1 mouse 229 

embryos of either sex and cells dissociated with trypsin. Neurons were plated 230 

onto poly-L-lysine coated coverslips and cultured in Neurobasal medium 231 

supplemented with B27 and glutamine. Cells were maintained at 37ºC and 5% 232 

CO2 for either 1 week (distribution of endogenous MAP1B-HC and MAP1B-LC 233 

in axonal and somatodendritic compartments) or 2-3 weeks (analysis of 234 

MAP1B-LC co-localization with post-translationally modified tubulin, 235 
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GluA2/GluA1 surface and total expression, and GRIP1 somatodendritic 236 

distribution).  237 

 238 

Pharmacological treatments 239 

Treatment with taxol (10 nM) or vehicle (0.01% DMSO) was carried out by 240 

direct addition to the culture medium of the hippocampal slices. The incubation 241 

was maintained for 3 hours and during the recordings in the circulating ACSF. 242 

 243 

Quantification of post-translational tubulin modifications 244 

Total detyrosinated, acetylated and tyrosinated tubulin levels were analyzed by 245 

SDS-PAGE and western-blot. Protein extracts were prepared from CA1 subfield 246 

of organotypic hippocampal slices overexpressing either GFP or MAP1B-LC-247 

GFP in a lysis buffer containing 20 mM HEPES, 100 mM NaCl, 5 mM EDTA 248 

and 1% Triton X-100 in the presence of protease and phosphatase inhibitors 249 

from Roche (Complete Mini EDTA-free and phosSTOP). Protein amount was 250 

quantified by Bradford Assay. 251 

 252 

Co-sedimentation assays 253 

Actin co-sedimentation. This assay is described in (Pedrotti and Islam, 1995; 254 

Noiges et al., 2002). Briefly, purified actin from rabbit skeletal muscle 255 

(Cytoskeleton) was solubilized in 5 mM Tris pH 8, 0.2 mM CaCl2, 0.2 mM ATP 256 

and 0.5 mM DTT, and polymerized for 1 hour at room temperature by the 257 

addition of 50 mM KCl, 1 mM ATP and 2 mM MgCl2. Proteins of interest were 258 

expressed in BHK cells infected with Sindbis virus, and extracted in 10 mM Tris-259 

HCl, pH 7.5 and 1 mM DTT. Then, protein extracts and filamentous actin (mass 260 
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ratio 1:3) were incubated for 1 hour at room temperature, and ultracentrifuged at 261 

100000 g for 20 minutes at 22ºC. Equal volumes of supernatants and pellets 262 

were analyzed by SDS-PAGE and western blot. 263 

Microtubule co-sedimentation. The assay is described in (Campbell and Slep, 264 

2011). Briefly, tubulin (> 99% pure from bovine brain, from Cytoskeleton) is 265 

incubated in 80 mM K-Pipes, 1 mM MgCl2, 1 mM EGTA, pH to 6.8, 266 

supplemented with 1 mM GTP and 1 mM DTT at 4ºC for 5 minutes. Sample is 267 

then warmed at 37ºC while adding 20 μM taxol stepwise. Protein extracts are 268 

prepared as above. Taxol-stabilized microtubules protein extracts were mixed 269 

(mass ratio 3:1) and incubated at room temperature for 20 minutes. Samples 270 

were then layered onto a glycerol cushion, and centrifuged at 100000 g for 30 271 

minutes at 25ºC. To finish, supernatant and pellet fractions were collected, 272 

mixed with protein loading buffer and analyzed by SDS-PAGE and western blot. 273 

 274 

Biocytin filling 275 

CA1 neurons were filled with biocytin for 10-15 min after patching them in 276 

whole-cell configuration (0.5% biocytin in the internal solution). Slices were then 277 

fixed (4% paraformaldehyde, 4% sucrose in PBS) overnight at 4°C, and stained 278 

with Streptavidin-AlexaFluor 555. 279 

 280 

Immunofluorescence 281 

Hippocampal organotypic slices were fixed overnight at 4ºC in 4% 282 

paraformaldehyde, 4% sucrose in PBS. Blocking (1 hour at room temperature), 283 

incubation with primary antibodies (overnight at 4ºC) and secondary antibodies 284 

(1 hour at room temperature) were done in a solution containing 3% BSA, 2% 285 
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horse serum and 0.3% triton in PBS. Image acquisition was done with a 286 

confocal microscope LSM 510 (Zeiss) using a 63x oil immersion objective. For 287 

primary neurons, two fixation methods were required. For MAP1B-HC/LC and 288 

GluA2/GluA1 immunostaing, fixation with 4% paraformaldehyde was carried out 289 

for 20 minutes at room temperature. The blocking solution consisted of 0.22% 290 

fish gelatin in PBS, without Triton (for surface staining) or supplemented with 291 

0.1% Triton (for total staining). To analyze MAP1B-LC-GFP co-localization with 292 

post-translationally modified tubulin and GRIP1 distribution, fixation was with 293 

methanol plus 1 mM EGTA for 20 minutes at -20ºC, and blocking with 3% BSA, 294 

0.1% Triton and 0.1% sodium azide in TBS. An inverted microscope 295 

Axiovert200 coupled to a CCD camera (Zeiss) was used for image acquisition 296 

(63x oil immersion objective). 297 

 298 

Image analysis and quantification 299 

For quantification of MAP1B-LC co-localization with detyrosinated, acetylated 300 

and tyrosinated tubulin, a line across one to two dendrites from each neuron 301 

was drawn. Using Image J, a profile of fluorescence intensities along each line 302 

was obtained for both channels. Distributions of normalized fluorescence 303 

intensity values in each channel were then averaged for all dendrites per 304 

condition. 305 

For morphological analysis of dendritic spines, confocal images were acquired 306 

at a resolution of 1024 x 1024 pixels and a pinhole of 0.8 μm. Z-stacks were 307 

generated, each separated by 0.14 μm. Maximum intensity projections were 308 

used for quantification. Images were deconvoluted using Huygens software. 309 

Number, length and head diameter of dendritic spines were quantified with 310 
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NeuronStudio software as described (Benoist et al., 2013). To calculate 311 

spine/dendrite ratios of GluA1- and GluA2-GFP, total fluorescence intensity at 312 

each spine was measured and divided by the fluorescence intensity at the 313 

adjacent dendritic shaft. To quantify GluA1 and GluA2 surface versus total 314 

staining in primary neurons, regions of interest corresponding to individual 315 

dendrites from pyramidal neurons were manually delineated in the GFP 316 

channel. For each channel (surface or total staining), fluorescence intensities of 317 

three individual dendrites and the corresponding somas were then measured 318 

and averaged per neuron. To study GRIP1 distribution, Image J software was 319 

employed for analysis. In the most prominent dendrite emanating from the 320 

soma, a 50 μm segment was manually traced using signal from the GFP 321 

channel to determine morphology. The average fluorescence intensity for 322 

GRIP1 in this segment was measured, and compared with the average 323 

fluorescence intensity in the cell body. Number, size and fluorescence intensity 324 

of GRIP1 clusters were quantified with the Log3D plugin and image J (Sage et 325 

al., 2005). 326 

 327 

Live imaging 328 

- FRAP and photoconversion: Hippocampal organotypic slices previously 329 

infected or transfected to overexpress the proteins of interest were placed on a 330 

chamber perfused with ACSF gassed with 95% O2 / 5% CO2 and maintained at 331 

37ºC. Images were acquired with a multiphoton microscope (LSM 510, Zeiss). 332 

For FRAP experiments, image acquisition and photobleaching was carried out 333 

with 910 nm illumination. Maximum intensity projections were used for 334 

quantification. Total fluorescence intensity in the bleached area was normalized 335 
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by the fluorescence in a non-bleached, adjacent region to compensate for 336 

ongoing photobleaching during image acquisition. In photoconversion 337 

experiments, the 405 nm laser was used to generate red fluorescence from 338 

recombinant proteins initially emitting in the green channel. Assessment of 339 

mobility was based on monitoring red fluorescence over time after 340 

photoconversion.  341 

-TfR mobility: Primary neurons were either co-transfected with MAP1B-LC-GFP 342 

(GFP as a control) and TfR-mCherry with lipofectamine for 48h, or infected with 343 

a lentivirus carrying a shRNA against MAP1B or scrambled control 8 days 344 

before transfection of TfR-GFP with lipofectamine. Coverslips of cultured 345 

neurons were assembled in a chamber filled in with a specific buffer (146 mM 346 

NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 0.6 mM MgSO4, 1.6 mM NaHCO3, 0.15 mM 347 

NaH2PO4, 8 mM D-glucose, 20 mM HEPES, pH 7.4). Time-lapse images were 348 

acquired in an inverted microscope Axiovert200 coupled to a CCD camera 349 

(Zeiss) every 2 to 3 seconds for 1 minute. Images were analyzed with the 350 

“MultipleKymograph” plugin for Image J submitted by J. Rietdorf and A. Seitz 351 

(European Molecular Biology Laboratory, Heidelberg, Germany). Briefly, line 352 

type Regions Of Interest (ROIs) were drawn along dendrites of transfected 353 

neurons. For each frame of a time series, grey values along linear ROIs 354 

specified by hand drawing were read out using the “MultipleKymograph” plugin. 355 

From these lines of grey values, a new image (the kymograph or time-space-356 

plot) is assembled: the y axis of the kymograph becomes a time axis (in 357 

seconds) and the x axis is the distance (in μm) along the line ROI. If a structure 358 

characterized by a certain intensity and contrast is moving along the ROI, it will 359 

appear as a contrast edge in the kymograph. Velocity (displacement per time 360 
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interval) can then be measured by drawing a line type ROI along this edge. The 361 

angle of this line in the kymograph is proportional to the velocity. 362 

 363 

Statistical analyses 364 

All graphs represent average values ± s.e.m. Statistical differences were 365 

calculated according to non-parametric tests. When comparing two conditions, 366 

p-values were calculated according to two-tailed Mann–Whitney tests (for 367 

unpaired data) or Wilcoxon tests (for paired data). Comparisons between 368 

cumulative distributions were calculated with the Kolmogorov–Smirnov test. 369 

 370 

Ethics statement 371 

All biosafety procedures and animal care protocols were approved by the 372 

bioethics committee from the Consejo Superior de Investigaciones Científicas 373 

(CSIC), and were carried out according to the guidelines set out in the 374 

European Community Council Directives (86/609/EEC). 375 

 376 

RESULTS 377 

MAP1B-LC is enriched in the somatodendritic compartment, associated to 378 

stable microtubules 379 

 It has been previously shown that MAP1B-LC exists in excess over its 380 

HC counterpart, and may have separate functions from the HC/LC complex 381 

(Mei et al., 2000). To start exploring this possibility, we evaluated the 382 

enrichment of HC and LC in axonal and somatodendritic compartments in 383 

primary neuronal cultures. As shown in Figure 1A, MAP1B-HC was essentially 384 

equally represented in axonal (Tau1-positive; arrowheads) and somatodendritic 385 
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(MAP2-positive; arrows) compartments. In contrast, MAP1B-LC was almost 386 

75% more enriched in the somatodendritic compartment as compared to the 387 

axonal one (Figure 1A, quantification in right panel). These results support the 388 

notion that MAP1B-LC may have separate functions from MAP1B-HC, and 389 

those may pertain specifically to the somatodendritic compartment. 390 

To evaluate the subcellular localization of MAP1B-LC separately from the 391 

HC, we performed immunofluorescence experiments on primary hippocampal 392 

neurons expressing MAP1B-LC tagged with GFP. The immunostaining was 393 

performed against three post-translational modifications (PTMs) of tubulin: 394 

detyrosinated and acetylated tubulin, associated with stable microtubules 395 

(Kreis, 1987; Piperno et al., 1987; Schulze et al., 1987), and tyrosinated tubulin, 396 

which is considered to be a hallmark of dynamic microtubules (Webster et al., 397 

1987). First, we confirmed that overexpression of MAP1B-LC-GFP does not 398 

alter the extent of these tubulin modifications (Fig. 1B). Then, we found that 399 

MAP1B-LC-GFP co-localizes with detyrosinated and acetylated (stable) tubulin 400 

(Figure 1C; upper and middle panels), but not with tyrosinated (dynamic) tubulin 401 

(Figure 1C; lower panels). Fluorescence line plots from multiple dendrites 402 

illustrate the spatial coincidence of MAP1B-LC-GFP with detyrosinated and 403 

acetylated tubulin, and an exclusion pattern with tyrosinated tubulin (Figure 1D). 404 

 405 

MAP1B-LC forms immobile complexes and limits vesicular trafficking 406 

along dendrites 407 

To explore the dynamics of MAP1B-LC in dendritic compartments, we 408 

characterized the mobility of MAP1B-LC-GFP inside CA1 pyramidal neurons 409 

from organotypic hippocampal slices, using FRAP (Fluorescence Recovery 410 
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After Photobleaching) and photoconversion experiments. As shown in Figure 411 

2A, only a 20% fraction of the initial GFP fluorescence was recovered after 412 

more than 1 hour from the photobleaching event, indicating that MAP1B-LC-413 

GFP is mostly anchored inside the dendritic shaft. As a complementary 414 

approach, we carried out photoconversion experiments in CA1 neurons 415 

expressing MAP1B-LC fused to the green-to-red photoconvertible protein 416 

Dendra (Gurskaya et al., 2006). As shown in Figure 2B, 70%-80% MAP1B-LC-417 

Dendra remained immobile after photoconversion in the dendritic shaft, in 418 

agreement with the FRAP experiments. We then carried out similar experiments 419 

with Dendra-tubulin, to assess the stability of microtubules with this assay. As 420 

shown in Figure 2B, the photoconversion dynamics of Dendra-tubulin was very 421 

slow and similar to that of MAP1B-LC, with virtually overlapping curves of 422 

fluorescence decay over time. Thus, these live imaging experiments show that 423 

MAP1B-LC is strongly immobile and suggest that it behaves very similarly to 424 

stable microtubules, strengthening the notion that MAP1B-LC is forming a 425 

protein complex with microtubules in dendritic compartments. 426 

Since MAP1B-LC forms immobile complexes on microtubules, we tested 427 

whether MAP1B expression levels may modulate the efficiency of vesicular 428 

transport in dendrites. To this end, we analyzed the transport of GFP- or 429 

mCherry-tagged transferrin receptors (TfRs) along dendrites of hippocampal 430 

primary neurons upon decreasing (shRNA knock-down) or increasing 431 

(overexpression) MAP1B-LC levels. The effectiveness of the shRNA to down-432 

regulate MAP1B-LC was estimated as about 50% (Benoist et al., 2013), but it 433 

should be noted that this knock-down of MAP1B mRNA will necessarily affect 434 

both light and heavy chains. On the other hand, MAP1B-LC overexpression will 435 
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be specific for the light chain, and was estimated to be about 10-fold, as 436 

quantified by immunocytochemistry on primary neurons comparing anti-MAP1B-437 

LC signal in infected and non-infected cells (results not shown). The movement 438 

of TfR-GFP or TfR-mCherry clusters along dendrites was monitored by time-439 

lapse imaging (Figure 2C) and quantified using kymographs (Figure 2D). As 440 

shown in Figure 2E, the transport of TfR-GFP clusters was accelerated upon 441 

down-regulation of endogenous MAP1B in neurons (right-shift in the cumulative 442 

distribution of instantaneous speed). Conversely, TfR-mCherry clusters moved 443 

significantly slower in the presence of overexpressed MAP1B-LC-GFP (Figure 444 

2F; left-shift in the cumulative distribution of instantaneous speed). To note, 445 

these effects were similar on anterograde and retrograde transport events (not 446 

shown). 447 

Therefore, these results demonstrate a bidirectional modulation of 448 

microtubule-dependent vesicular transport by the expression levels of MAP1B. 449 

Importantly, these data also imply that, under basal conditions, vesicular 450 

transport along dendrites is limited by the endogenous levels of MAP1B. 451 

 452 

Increasing MAP1B-LC expression impairs AMPAR-mediated synaptic 453 

transmission 454 

To start exploring the functional consequences of MAP1B-LC’s regulation 455 

of vesicular trafficking, we first tested whether expression of MAP1B-LC alters 456 

basal synaptic transmission. To this end, we overexpressed MAP1B-LC-GFP, in 457 

CA1 pyramidal neurons, and measured AMPAR- and NMDAR-dependent 458 

synaptic currents. As shown in Figure 3A, MAP1B-LC overexpression was 459 



 

20 
 

accompanied by a significant decrease in AMPAR-mediated synaptic currents, 460 

while NMDAR-dependent transmission was unaltered. Accordingly, MAP1B-LC 461 

overexpression produced a significant decrease in the ratio of AMPA-to-NMDA 462 

responses (Figure 3A, right panel). To test the specificity of this effect, we 463 

carried out similar experiments overexpressing MAP1B-HC. In this case, we 464 

observed significant depression of both AMPAR- and NMDAR-mediated 465 

synaptic responses, with no net change in AMPA-to-NMDA ratio (Figure 3B). 466 

Given this general effect of MAP1B-HC on synaptic transmission, we did not 467 

explore it any further, and focused on the specific effects of MAP1B-LC on 468 

AMPARs. MAP1B-LC has been shown to enhance microtubule stability (Noiges 469 

et al., 2002). Nevertheless, the specific effect of MAP1B-LC on AMPAR 470 

synaptic transmission is not simply due to microtubule stabilization, because 471 

incubation of organotypic hippocampal slices with the microtubule stabilizing 472 

agent taxol (10 nM, 3-6 hours) did not alter the ratio between AMPAR and 473 

NMDAR responses, as compared with vehicle (DMSO)-treated slices (Figure 474 

3C). 475 

The maintenance of synaptic transmission under basal conditions is 476 

thought to depend on the continuous cycling of AMPARs in and out of synapses 477 

(Luscher et al., 1999). This constitutive turnover depends on the interaction 478 

between NSF (N-ethylmaleimide-sensitive fusion protein) and the C-terminus of 479 

the GluA2 subunit, and can be disengaged with a small peptide mimicking the 480 

NSF-binding site of GluA2 (“pep2m”) (Nishimune et al., 1998; Song et al., 1998; 481 

Luscher et al., 1999; Noel et al., 1999). To test whether MAP1B-LC participates 482 

in this process, we recorded AMPAR-dependent basal transmission in CA1 483 

neurons overexpressing MAP1B-LC-GFP and in uninfected, control neurons 484 
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while infusing pep2m with the internal solution contained in the patch pipette. As 485 

shown in Figure 3D, a rundown of AMPAR-mediated synaptic transmission was 486 

observed in uninfected neurons, reflecting the removal of AMPARs that fail to 487 

be reinserted at synapses. In contrast, synaptic transmission was stable over 488 

time in MAP1B-LC-GFP overexpressing CA1 neurons. This result indicates that 489 

the population of NSF-dependent cycling AMPARs is reduced (or absent) in 490 

MAP1B-LC-overexpressing neurons. Finally, we used shRNA-mediated knock-491 

down to test whether reducing MAP1B-LC levels might have an opposite effect 492 

to MAP1B-LC overexpression on AMPAR responses. To note, this approach 493 

will down-regulate both MAP1B-LC and -HC, as these proteins are generated 494 

by proteolytic cleavage from full-length MAP1B. As shown in Figure 3E, down-495 

regulation of MAP1B did not alter AMPAR or NMDAR-mediated synaptic 496 

responses. This result indicates that the modulation of AMPARs by MAP1B-LC 497 

is not bidirectional, because reducing MAP1B-LC (together with MAP1B-HC) is 498 

not sufficient to increase synaptic transmission. 499 

 500 

MAP1B-LC impairs spine targeting of a subunit-specific population of 501 

AMPARs 502 

MAP1B is required for proper dendritic spine development and 503 

maturation through the modulation of small GTPase activity (Tortosa et al., 504 

2011). MAP1B has also been shown to affect synaptic structure (Bodaleo et al., 505 

2016). Therefore, we first tested whether the decrease in AMPAR-dependent 506 

transmission by MAP1B-LC overexpression is the consequence of altered 507 

dendritic spine morphology. Using morphometric analysis of biocytin-filled 508 

neurons (Figure 4A), we did not detect any significant difference in spine head 509 
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diameter, length or density between neurons overexpressing MAP1B-LC and 510 

control neurons (Figure 4B). In addition, no difference in the activity of small 511 

GTPases Rac1 or RhoA (known regulators of the actin cytoskeleton) was found 512 

in organotypic slices overexpressing MAP1B-LC-GFP versus GFP-expressing, 513 

control slices (results not shown). Hence, the decreased basal transmission 514 

observed upon MAP1B-LC overexpression could not be explained by an 515 

alteration in number or size of dendritic spines. 516 

We next tested whether MAP1B-LC was altering the trafficking of 517 

AMPARs from dendritic compartments to spines. The GluA2-GluA3 population 518 

of AMPARs has been shown to cycle in and out of the synaptic membrane 519 

independently from neuronal activity, and in this manner may be responsible for 520 

the maintenance of basal synaptic transmission (Passafaro et al., 2001; Shi et 521 

al., 2001). Homomeric GluA2 receptors have been shown to constitutively traffic 522 

to synapses, and therefore, serve to monitor the cycling population of AMPARs 523 

(Shi et al., 2001). We then analyzed GluA2 accumulation in dendritic spines in 524 

the presence or absence of MAP1B-LC-GFP. We co-expressed RFP-GluA2 525 

together with MAP1B-LC-GFP, or GFP as control, in organotypic hippocampal 526 

slices via biolistic transfection. As shown in Figure 4C, left panels, the 527 

accumulation of GluA2-RFP in dendritic spines is strongly reduced when co-528 

expressed with MAP1B-LC-GFP, as compared to GFP-expressing neurons. 529 

This is reflected as a left-shift in the cumulative distribution of spine/dendrite 530 

ratios in neurons overexpressing MAP1B-LC-GFP versus the GFP condition 531 

(Figure 4D, grey and magenta curves; see also mean spine/dendrite values in 532 

Figure 4E). 533 



 

23 
 

A similar experiment was carried out with the GluA1 subunit of AMPARs 534 

together with a constitutively active form of CaMKII (tCaMKII) to drive GluA1 535 

homomers into dendritic spines (Hayashi et al., 2000) (Figure 4C, right panels). 536 

Cumulative distributions of spine/dendrite ratios for GluA1 in the presence of 537 

MAP1B-LC-mCherry or mCherry alone were basically overlapping (Figure 4D, 538 

blue and black curves), and there was no difference in the average 539 

spine/dendrite value (Figure 4E). These results indicate that MAP1B-LC 540 

specifically impairs the dendrite-to-spine constitutive trafficking of GluA2 541 

AMPARs, but not the regulated (CaMKII-dependent) transport of GluA1-542 

containing AMPARs. 543 

Taken together, these data demonstrate that MAP1B-LC modulates the 544 

trafficking of a specific population of AMPARs: those constitutively cycling in 545 

and out of the synaptic membrane of dendritic spines. In this manner, MAP1B-546 

LC expression directly impacts basal synaptic transmission. 547 

 548 

LTP is enhanced in MAP1B-LC-overexpressing neurons 549 

MAP1B has been implicated in the regulated endocytosis of AMPARs 550 

during NMDAR- and mGluR-dependent LTD (Davidkova and Carroll, 2007; 551 

Benoist et al., 2013). Therefore, we assessed whether overexpression of 552 

MAP1B-LC may have an effect on synaptic plasticity. NMDAR-dependent LTD 553 

was induced by pairing presynaptic stimulation (300 pulses at 1 Hz) with mild 554 

postsynaptic depolarization (-40 mV). As shown in Figure 5A, AMPAR-mediated 555 

synaptic responses were equally depressed in MAP1B-LC-overexpressing and 556 

control neurons. Similarly, there was no difference in mGluR-dependent LTD 557 
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induced by DHPG infusion in infected cells versus non-infected cells (Figure 558 

5B). 559 

We then tested whether MAP1B-LC may have an effect on LTP 560 

expression. We induced LTP in neurons overexpressing MAP1B-LC-GFP and 561 

control neurons by pairing presynaptic stimulation (3 Hz) with postsynaptic 562 

depolarization (0 mV). A 2-fold potentiation was observed in uninfected neurons 563 

(Figure 5C). In contrast, synaptic potentiation was significantly higher in 564 

MAP1B-LC-overexpressing neurons: approximately 4 fold. This is likely the 565 

consequence of the reduced AMPAR-dependent basal transmission in these 566 

neurons. Thus, a normal insertion of AMPARs during LTP would produce a 567 

larger relative potentiation if basal transmission is initially depressed. This effect 568 

has been previously observed when interfering with GluA2-depending trafficking 569 

(Shi et al., 2001) or in the GluA2 knock-out mouse (Jia et al., 1996). Therefore 570 

the enhanced LTP we observe in MAP1B-LC-overexpressing neurons is 571 

consistent with the interpretation that MAP1B-LC specifically interferes with 572 

constitutive GluA2-dependent trafficking. 573 

A specific impairment of GluA2 trafficking may potentially give rise to the 574 

appearance of GluA2-lacking receptors at synapses, which would also have 575 

consequences for LTP expression because of their calcium permeability (Jia et 576 

al., 1996). To evaluate whether this was the case, we measured the rectification 577 

index of AMPAR-mediated synaptic transmission in MAP1B-LC overexpressing 578 

neurons. As shown in Fig. 5D, MAP1B-LC overexpression did not affect 579 

rectification, indicating that synaptic transmission is still mediated by GluA2-580 

containing AMPARs. 581 

 582 
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MAP1B-LC reduces the mobile fraction of GluA2 AMPARs in dendrites 583 

To elucidate how MAP1B-LC impairs the insertion of AMPARs into 584 

dendritic spines and the synaptic membrane, we evaluated the effect of 585 

MAP1B-LC in AMPAR dynamics. We co-expressed GFP-GluA2 with either 586 

MAP1B-LC-mCherry, or mCherry as a control, in organotypic hippocampal 587 

slices. The mobility of GluA2 homomers at dendritic spines was then assessed 588 

using FRAP (Fluorescence Recovery After Photobleaching) experiments 589 

(Figure 6A, upper panel). We monitored fluorescence recovery of GFP-GluA2 at 590 

spines over a period of time of 30 min. To our surprise, the same recovery 591 

profile was obtained for cells expressing either MAP1B-LC-mCherry or mCherry 592 

alone (Figure 6A, lower panel). Therefore, despite the reduced accumulation of 593 

GluA2 in dendritic spines, the dynamics of this pool of receptors appeared to be 594 

normal in the presence of increased levels of the light chain of MAP1B. 595 

To further understand the effect of MAP1B-LC in the dynamics of 596 

AMPARs, we tested the mobility of GluA2 subunits in dendrites. Photobleaching 597 

of GFP-GluA2 was performed on the dendritic shafts of CA1 neurons co-598 

expressing either MAP1B-LC-mCherry or mCherry alone, and the recovery of 599 

green fluorescence was followed for 20 minutes. As shown in Figure 6B, a fast 600 

and almost complete fluorescence recovery could be measured in dendrites of 601 

mCherry-expressing cells, indicating that under these control conditions, 602 

receptors are fully mobile in the dendritic shaft. In contrast, the extent of 603 

fluorescence recovery was much smaller (about 50%) in dendrites of cells 604 

overexpressing MAP1B-LC. This result indicates that the MAP1B-LC 605 

overexpression reduces the fraction of mobile GluA2 AMPARs in dendrites. 606 
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We then carried out the FRAP experiments on dendrites co-expressing 607 

GFP-GluA1 with either MAP1B-LC-mCherry or mCherry alone. As shown in 608 

Figure 6C, the recovery profile was essentially complete (close to 100%) and 609 

with identical time course for both conditions. This result again supports our 610 

hypothesis that MAP1B-LC restricts the trafficking of a specific population of 611 

AMPARs, particularly those controlled by the GluA2 subunit. 612 

 613 

Endogenous GluA2 AMPARs are trapped intracellularly by MAP1B-LC 614 

To evaluate whether the impaired vesicular trafficking and dendritic 615 

retention of AMPARs by MAP1B-LC has any impact on receptor surface 616 

delivery, we aimed to characterize the surface expression of endogenous 617 

AMPAR subunits in the dendrite and cell body of the neuron. Primary neurons 618 

were infected with the viral vector to express either MAP1B-LC-GFP or GFP, as 619 

a control. Then, the surface or total population of GluA2-containing AMPARs 620 

was evaluated by consecutive immunostaining under non-permeabilizing and 621 

permeabilizing conditions (see Materials and Methods). Quantifications were 622 

carried out separately for the cell body and the dendritic compartment for each 623 

neuron. As shown in Figure 7A and C, surface expression of endogenous 624 

GluA2 was significantly reduced in the dendrites of neurons overexpressing 625 

MAP1B-LC-GFP, as compared to GFP-expressing neurons. Importantly, this 626 

reduction was not observed in the cell soma or in total protein expression 627 

(Figure 7C). Again, this effect was specific for the GluA2 subunit. Thus, the 628 

surface expression and total levels of the GluA1 subunit were unaffected in 629 

either dendrites or soma by the presence of overexpressed MAP1B-LC-GFP 630 

(Figure 7B, C). This result strengthens the interpretation that MAP1B-LC is able 631 



 

27 
 

to modulate the surface delivery of endogenous GluA2-containing AMPARs, 632 

probably by restricting their movement within dendrites, without affecting the 633 

GluA1 population. 634 

 635 

MAP1B-LC impairs GRIP1 dendritic targeting 636 

All the AMPAR trafficking effects we have shown above for MAP1B-LC 637 

affected specifically the GluA2 AMPAR subunit. MAP1B-LC has been shown to 638 

interact with GRIP1 (Seog, 2004; Davidkova and Carroll, 2007). On the other 639 

hand, GRIP1 has been proposed to act as the adaptor protein for GluA2-640 

containing AMPARs in kinesin-dependent transport along microtubules (Setou 641 

et al., 2002). We then tested whether MAP1B-LC regulates GRIP1 trafficking. 642 

To this end, we measured endogenous GRIP1 distribution in hippocampal 643 

primary neurons overexpressing MAP1B-LC-GFP or GFP as a control (Figure 644 

8A). Mean fluorescence intensity from GRIP1 immunostaining was measured at 645 

the cell soma and at dendritic regions of 50 μm-length adjacent to the cell soma. 646 

In neurons overexpressing MAP1B-LC-GFP, the fluorescence intensity 647 

corresponding to GRIP1 was increased in the cell body and decreased in 648 

dendrites, yielding a reduced dendrite/soma ratio compared to GFP-expressing 649 

neurons (Figure 8B). Additionally, we measured total number, size and 650 

fluorescence intensity of GRIP1 clusters in the 50-μm dendritic region. As 651 

shown in Figure 8C, the number of GRIP1 clusters was significantly reduced in 652 

neurons overexpressing MAP1B-LC-GFP comparing to those overexpressing 653 

GFP, without altering the size of these clusters or their GRIP1 content 654 

(evaluated from the fluorescence intensity of each cluster). Taken together, 655 

these data indicate that MAP1B-LC impairs the delivery of GRIP1 from the cell 656 
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body towards the dendrites. Since GRIP1 couples GluA2 AMPARs with motor 657 

proteins for their microtubule-dependent dendritic transport (Setou et al., 2002; 658 

Shin et al., 2003), these results supports the scenario of an increased immobile 659 

pool of AMPARs in the dendritic shaft by MAP1B-LC, and consequently a 660 

reduced availability of AMPARs for spine and synaptic insertion. 661 

 662 

GRIP1-binding domain of MAP1B-LC is required to decrease basal 663 

synaptic transmission 664 

The light chain of MAP1B is composed of a domain that binds GRIP1 665 

(which also binds actin filaments) and a domain that mediates binding to 666 

microtubules (Zauner et al., 1992; Togel et al., 1998; Seog, 2004; Davidkova 667 

and Carroll, 2007). To evaluate the role of MAP1B-LC protein-protein 668 

interactions in its effects on synaptic transmission, we generated two deletion 669 

mutants of MAP1B-LC: a mutant lacking the GRIP1/actin-binding domain 670 

(MAP1B-LC- GBD), and a mutant lacking the microtubule-binding domain 671 

(MAP1B-LC- MBD). As shown in Figure 9A, both constructs expressed well 672 

and distributed throughout cell body and dendrites in CA1 neurons. 673 

To test the protein integrity and functionality of both mutants, we 674 

designed in vitro co-sedimentation assays aimed at testing their interaction with 675 

microtubules or filamentous actin, respectively. As shown in Figure 9B (left 676 

panel), MAP1B-LC- GBD sedimentation did not increase with the addition of 677 

filamentous actin, consistent with the role of the GBD in actin binding. In 678 

contrast, the addition of microtubules triggered MAP1B-LC- GBD 679 

sedimentation, demonstrating its integrity and ability to interact with 680 

microtubules. The opposite situation was observed with the mutant lacking the 681 
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microtubule-binding domain (Figure 9B, right panel): MAP1B-LC- MBD-GFP 682 

sedimented in the presence of exogenously added filamentous actin, but was 683 

insensitive to the presence of taxol-stabilized microtubules. 684 

After verifying the structural integrity of these mutants, we tested their 685 

effect on AMPAR function. Using FRAP experiments, we first observed that a 686 

significant fraction of MAP1B-LC- GBD remains immobile in dendrites (Figure 687 

9C), probably because of its microtubule binding domain. Nevertheless, the 688 

immobile fraction of this mutant was clearly smaller than that of the wild-type 689 

protein (compare with FRAP experiment in Figure 2A), suggesting that the MBD 690 

is not sufficient for full MAP1B-LC anchoring. Importantly, this mutant was no 691 

longer able to interfere with GluA2 dendritic mobility, as assayed by FRAP 692 

experiments on RFP-GluA2 coexpressed with MAP1B-LC- GBD-GFP, or with 693 

GFP as control (Figure 9D). Accordingly, we did not observe any significant 694 

difference between AMPAR- or NMDAR-dependent transmission in neurons 695 

overexpressing MAP1B-LC- GBD, as compared to control neurons (Figure 9E). 696 

In contrast, overexpression of MAP1B-LC- MBD did produce a significant 697 

depression of AMPAR-mediated responses, as compared to control neurons 698 

(Figure 9F). This result suggests that the GRIP1-binding domain present in this 699 

mutant is sufficient to interfere with the synaptic function of GRIP1-AMPAR 700 

complexes, even in the absence of microtubule binding. 701 

 702 

DISCUSSION 703 

In this work, we show that MAP1B-LC concentrates at the 704 

somatodendritic compartment of the neuron, separately from its heavy-chain 705 

counterpart. Within this compartment, MAP1B-LC forms stable complexes with 706 
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dendritic microtubules. This MAP1B-LC lattice acts as an intracellular trap that 707 

restricts vesicular trafficking, and limits AMPAR availability for synaptic 708 

insertion. This trapping mechanism is mediated by GRIP1-GluA2 interactions. In 709 

this manner, it specifically targets AMPARs that continuously traffic into 710 

synapses, and therefore has a direct impact on basal synaptic transmission. In 711 

contrast, it does not interfere with the regulated trafficking and synaptic delivery 712 

of AMPARs during LTP, which is dominated by GluA1 interactions (Hayashi et 713 

al., 2000; Passafaro et al., 2001; Shi et al., 2001) (but see also (Granger et al., 714 

2013)). It has also been recently shown that constitutive and activity-dependent 715 

endocytosis engage different molecular machinery (Glebov et al., 2015). 716 

Nevertheless, it is also important to appreciate that multiple mechanisms for 717 

constitutive recycling of AMPARs may coexist, potentially involving different 718 

subunits. For example, GluA1 subunits have been shown to traffic in and out of 719 

synapses independently from synaptic plasticity in a recycling endosomal pool 720 

controlled by the small GTPases TC20 and Arf6 (Zheng et al., 2015). Since we 721 

did not observe any effect on GluA1 subunits upon overexpression of MAP1B-722 

LC, this appears to be a different recycling pool from the one we are describing 723 

here. 724 

The novel role we propose here for MAP1B-LC is based on its ability to 725 

interact with stable microtubules and GRIP1, which provides an immobile 726 

scaffold linking AMPARs to the microtubule cytoskeleton. Importantly, this 727 

molecular complex would be functionally very different from the one mediating 728 

microtubule-dependent transport of AMPARs via GRIP1-kinesin interactions 729 

(Setou et al., 2002; Shin et al., 2003). By associating with MAP1B-LC instead of 730 

with kinesin motors, GRIP1 would become immobilized onto microtubules, 731 
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therefore trapping the associated AMPARs with it, and restricting their access to 732 

the synaptic membrane. Still, AMPARs appear to have GRIP1-independent 733 

mechanisms to reach the dendritic compartment, since MAP1B-LC 734 

overexpression interfered with the export from soma to dendrites for GRIP1, but 735 

not for AMPARs. On the other hand, the reduced distribution of GRIP1 into 736 

dendrites is also expected to interfere with its function as a synaptic anchoring 737 

molecule, and this mechanism may also contribute to a reduced accumulation 738 

of AMPARs at synapses (see model in Figure 10). 739 

MAP1B-LC has been previously shown to interact with other membrane 740 

proteins, such as the voltage-gated calcium channel CaV2.2 (Gandini et al., 741 

2014b; Gandini et al., 2014a) and sodium channel Nav1.6 (O'Brien et al., 2012), 742 

as well as the serotonin receptor 5-HT3 (Sun et al., 2008). In all these cases, 743 

the interaction of MAP1B-LC with the membrane protein is direct, and the 744 

functional consequences range from internalization and proteasome-mediated 745 

degradation (CaV2.2), to increased surface expression (Nav1.6) and to 746 

modulation of channel gating (5-HT3). In the case that we describe here for 747 

AMPARs, the molecular link between MAP1B-LC and GRIP1 explains the 748 

specific receptor population that is affected. We have observed that MAP1B-LC 749 

does not affect the dendritic mobility, surface expression or spine entry of GluA1 750 

subunits. The transport of GluA1-containing AMPARs from the cell body 751 

towards spines is still poorly understood. The PDZ domain-containing protein 752 

SAP97 interacts with the C-terminus of GluA1 and has been proposed to play a 753 

role in this process (Leonard et al., 1998; Sans et al., 2001). In this scenario, 754 

AMPARs controlled by GluA1 or GluA2 interactions would be transported in 755 

different vesicles early on in the biosynthetic pathway. This is consistent with 756 



 

32 
 

the differential retention at the endoplasmic reticulum described for GluA1 and 757 

GluA2 subunits (Greger et al., 2002; Greger and Esteban, 2007), and with the 758 

different subcellular profiles obtained for these subunits in biochemical 759 

fractionations (Lee et al. 2001). This is also consistent with the different 760 

membrane dynamics observed for recombinant GluA1 and GluA2 receptors in 761 

hippocampal primary neurons (Perestenko and Henley, 2003). 762 

What is the physiological significance of this microtubule trapping 763 

mechanism for GRIP1-GluA2 mediated by MAP1B-LC? GRIP1 has been 764 

proposed to play different (and sometimes conflicting) roles in AMPAR 765 

trafficking, from the recycling of receptors towards the synaptic membrane, to 766 

their intracellular retention after endocytosis (Dong et al., 1997; Srivastava et 767 

al., 1998; Dong et al., 1999; Wyszynski et al., 1999; Daw et al., 2000; Osten et 768 

al., 2000; Wyszynski et al., 2002; Alberi et al., 2005; Lu and Ziff, 2005; Steiner 769 

et al., 2005; Mao et al., 2010). These opposite effects may fit well with the 770 

alternative complexes we are proposing here for GRIP1-GluA2: engagement 771 

with kinesin motors would lead to forward trafficking along microtubules, 772 

whereas coupling to MAP1B-LC would produce immobilization and trapping 773 

onto stable microtubules (Figure 10). A braking action of MAP1B-LC on 774 

microtubule-dependent transport is also supported by the observation that 775 

mitochondrial retrograde transport is accelerated in the axons of MAP1B knock-776 

out neurons (Jimenez-Mateos et al., 2006), similar to our results on dendritic 777 

transport of TfR with MAP1B knock-down neurons.  778 

It is also important to point out that the levels of MAP1B-LC expression 779 

are regulated under physiological conditions during synaptic plasticity 780 

(Davidkova and Carroll, 2007; Chen and Shen, 2013), and under some 781 
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pathological conditions, such as Giant Axonal Neuropathy (Johnson-Kerner et 782 

al., 2014). This pathology is caused by mutations in gigaxonin (Bomont et al., 783 

2000), an ubiquitin-scaffolding protein that interacts specifically with MAP1B-LC 784 

(versus MAP1B-HC) and directs its proteasomal degradation (Ding et al., 2002; 785 

Allen et al., 2005). Deficiencies in gigaxonin function lead to the accumulation of 786 

MAP1B-LC (Allen et al., 2005) and impairment of axonal transport (Ding et al., 787 

2006). 788 

Therefore, these studies strengthen the notion of independent functions 789 

of the light-chain of MAP1B, and point out a new mechanism for the control of 790 

synaptic function based on trapping AMPARs at immobile microtubular 791 

scaffolds. 792 

  793 
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FIGURE LEGENDS 1075 

 1076 

Figure 1. Subcellular distribution of MAP1B heavy chain and light chain in 1077 

hippocampal neurons. A. Left. Representative images from primary 1078 

hippocampal neurons after a triple immunostaining against MAP1B-HC (left top 1079 

panel) or MAP1B-LC (left bottom panel) together with MAP2 (somatodendritic 1080 

marker) and Tau-1 (axonal marker) (magenta and cyan, respectively, in the 1081 

merged right panels). Right. Quantification of the total immunostaining signal 1082 

for MAP1B-HC or MAP1B-LC in the somatodendritic versus the axonal 1083 

compartment from images as the one shown on the left. “N” number of cells. B. 1084 

Top, representative western blots of detyrosinated, acetylated and tyrosinated 1085 

tubulin from organotypic hippocampal slices expressing either GFP or MAP1B-1086 

LC-GP. Bottom, quantification of post-translationally modified tubulin levels 1087 

(normalized to actin) from 6 (detyrosinated tubulin), 6 (acetylated tubulin) and 7 1088 

(tyrosinated tubulin) independent experiments. C. Left, MAP1B-LC-GFP 1089 

expression in hippocampal primary neurons. Middle, immunostaining against 1090 

different post-translational modifications of tubulin (detyrosinated, acetylated 1091 

and tyrosinated tubulin, as indicated). Right, overlay and higher magnification 1092 

of insets, with MAP1B-LC-GFP in blue and the corresponding tubulin 1093 

immunostaining in magenta. Arrows indicate co-localization or exclusion of 1094 

MAP1B-LC-GFP with each tubulin modification. White dashed lines in right-1095 

most panels indicate regions used for line plot quantifications. D. Line plots 1096 

showing quantification of fluorescence intensity across several dendrites of 1097 

neurons expressing MAP1B-LC-GFP (blue) and stained against detyrosinated, 1098 

acetylated and tyrosinated tubulin (magenta). Data are presented as the 1099 
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average distribution of normalized fluorescence intensity across dendrites of 1100 

neurons stained for detyrosinated tubulin (6 dendrites, 4 neurons), acetylated 1101 

tubulin (9 dendrites, 7 neurons) and tyrosinated tubulin (7 dendrites, 5 neurons). 1102 

 1103 

Figure 2. MAP1B-LC-GFP dynamics and effect on transferrin receptor 1104 

transport in dendrites. A. Left, representative images of a FRAP experiment 1105 

performed on the dendrite of a hippocampal CA1 neuron expressing MAP1B-1106 

LC-GFP. The blue rectangle in the lower magnification image represents the 1107 

area magnified in the higher magnification panels. The dashed white rectangle 1108 

corresponds to the bleached area. Right, quantification of 3 independent 1109 

experiments, as the one shown on the left. B. Left, representative images of a 1110 

photoconversion (PC) experiment performed on the dendrite of a hippocampal 1111 

CA1 neuron expressing MAP1B-LC or tubulin, tagged with Dendra2, as 1112 

indicated. Blue and white rectangles are similar to A, but for photoconversion 1113 

instead of photobleaching. Right, quantification from experiments as the ones 1114 

shown on the left, with Dendra2-Tubulin (magenta line, n=4 independent 1115 

experiments) or with MAP1B-LC-Dendra2 (grey symbols, n=8 independent 1116 

experiments). C. Left, Representative sequential pictures of TfR clusters 1117 

imaged over time in dendrites of hippocampal primary neurons (DIV 9-10) co-1118 

transfected with TfR-mCherry and MAP1B-LC-GFP (or GFP as control). Right, 1119 

similar to C after transfection with TfR-GFP and MAP1B shRNA (or scrambled 1120 

shRNA as control). D. Representative examples of kymographs generated from 1121 

time-lapse images, as those shown in C. E. Cumulative distribution of the 1122 

instantaneous speed of events of transport for TfR in neurons expressing 1123 

MAP1B shRNA (N=2819 events of transport, 4 cells, 4 independent 1124 
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experiments) or a scrambled shRNA (N=2125 events, 4 cells, 4 independent 1125 

experiments). F. Cumulative distribution of the instantaneous speed of events of 1126 

transport for TfR in primary neurons (DIV 9-10) co-expressing GFP (black) 1127 

(N=2663 events of transport, 3 cells from 2 independent experiments) or 1128 

MAP1B-LC-GFP (cyan) (N=2943 events, 3 cells, 2 independent experiments). 1129 

 1130 

Figure 3. Effect of MAP1B-LC-GFP expression on basal synaptic 1131 

transmission. A. Synaptic responses were recorded from pairs of neighboring 1132 

CA1 neurons overexpressing MAP1B-LC-GFP (LC, blue columns) and control 1133 

neurons (UNINF, black columns), in the presence of picrotoxin at -60 mV for 1134 

AMPARs (n=42 pairs), and at +40 mV for NMDARs (n=29 pairs). AMPA and 1135 

NMDA responses from individual cells are also used to calculate AMPA/NMDA 1136 

ratios (lower panel). Representative traces are shown on the left (blue traces for 1137 

infected neurons). B. Similarly, synaptic responses were recorded from pairs of 1138 

neighboring CA1 neurons overexpressing MAP1B-HC-GFP (HC, blue columns) 1139 

and control neurons (UNTRNF, black columns), in the presence of picrotoxin at 1140 

-60 mV for AMPARs (n=23 pairs), and at +40 mV for NMDARs (n=14 pairs). 1141 

AMPA and NMDA responses from individual cells were used to calculate 1142 

AMPA/NMDA ratios (lower panel). Representative traces are shown on the left 1143 

(blue traces for transfected neurons). C. Average value of AMPA/NMDA ratio 1144 

for neurons from hippocampal slices treated with either 10 nM taxol (“+TX”, 1145 

n=18 cells) or 0.01% DMSO (“-TX”, n=23 cells) for a period of 3 to 6 hours. D. 1146 

Time course of AMPAR EPSCs recorded in patch clamp configuration at -60 1147 

mV in the presence of picrotoxin, during the infusion of pep2m (included in 1148 

patch pipette) in neurons overexpressing MAP1B-LC-GFP (blue symbols) and 1149 
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control neurons (black symbols). “p” value from the average response between 1150 

20 and 25 minutes of recording. “N” represents the number of cells. Sample 1151 

traces for uninfected and infected cells are shown above the plot. E. Synaptic 1152 

responses were recorded from pairs of neighboring CA1 neurons expressing an 1153 

shRNA against MAP1B (shRNA) and control neurons (uninfected, UNINF), in 1154 

the presence of picrotoxin at -60 mV for AMPARs (n=21 pairs) and at +40 mV 1155 

for NMDARs (n=13 pairs). Representative traces shown above (magenta traces 1156 

for shRNA expressing neurons). 1157 

 1158 

Figure 4. Effect of MAP1B-LC-GFP expression on spine morphology and 1159 

AMPAR spine localization. A. Left, representative image of CA1 neurons 1160 

overexpressing MAP1B-LC-GFP (blue, in the merged panel), with one of them 1161 

filled with biocytin (magenta in the merged panel). Right, representative 1162 

confocal deconvoluted images of dendritic spines in apical dendrites of 1163 

uninfected, control CA1 neurons and infected neurons overexpressing MAP1B-1164 

LC-GFP. B. Quantification of average head diameter, spine length and spine 1165 

density in uninfected (n=5) and infected (n=4) neurons. C. Left, representative 1166 

confocal images of dendritic spines from neurons co-expressing RFP-GluA2 1167 

and MAP1B-LC-GFP, or GFP as a control. Right, representative confocal 1168 

images of GFP-GluA1 in dendritic spines of neurons co-expressing MAP1B-LC-1169 

mCherry, or mCherry as a control. GluA1 is co-expressed with a constitutively 1170 

active form of CaMKII (tCaMKII), by means of an IRES. D. Quantification of 1171 

fluorescence intensity in spines versus adjacent dendrite from neurons like 1172 

those in (C). Data are presented as cumulative distributions of spine/dendrite 1173 

ratios. E. Average spine/dendrite ratio for recombinant GluA2 and GluA1 in the 1174 
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presence of overexpressed MAP1B-LC, or in control conditions. “p” value 1175 

according to the total number of quantified dendritic spines per condition. 1176 

 1177 

Figure 5. Effect of MAP1B-LC-GFP expression on synaptic plasticity. 1178 

AMPAR-mediated synaptic responses were recorded from CA1 neurons and 1179 

normalized to the average baseline value before the induction of plasticity. A. 1180 

Left, time course of NMDAR-dependent LTD (300 pulses at 1 Hz, 1181 

depolarization at -40 mV) in control neurons and neurons over-expressing 1182 

MAP1B-LC-GFP, with representative traces above. Right, average responses 1183 

collected from the last 5 minutes of the recording and normalized to the 1184 

baseline. Left columns (paired) correspond to the induced pathway. Right 1185 

columns (unpaired) correspond to the pathway that was not stimulated during 1186 

the induction. B. Left, mGluR-LTD was induced with 50 μM of (RS)-3,5-DHPG 1187 

for 5 minutes, as indicated with the black bar. Representative traces are shown 1188 

above. Right, average responses collected from the last 5 minutes of the 1189 

recording, and normalized to the baseline. C. Top, time course of LTP (300 1190 

pulses at 3 Hz, depolarization at 0 mV) for control neurons and neurons over-1191 

expressing MAP1B-LC-GFP. Bottom, average responses collected from the 1192 

last 5 minutes of the recording and normalized to the baseline. Left columns 1193 

(paired) correspond to the induced pathway. “p” value on top of the graph 1194 

corresponds to the statistical significance comparing the extent of potentiation in 1195 

uninfected versus infected neurons (Mann-Whitney test). Right columns 1196 

(unpaired) correspond to the pathway that was not stimulated during the 1197 

induction. Representative traces are shown on the right. For all panels, “p” 1198 

values shown above columns correspond to the statistical significance of 1199 
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synaptic depression (A, B) or potentiation (C), according to the Wilcoxon test. 1200 

“N” represents number of cells. D. Rectification index of CA1 control neurons 1201 

(uninfected, n=10 cells) and neurons overexpressing MAP1B-LC-GFP (infected, 1202 

n=10 cells), with representative traces shown above. AMPAR-mediated 1203 

responses were recorded at -60 mV and +40 mV in the presence of spermine. 1204 

The rectification index was calculated as the ratio of AMPAR-mediated synaptic 1205 

responses at both holding potentials. 1206 

 1207 

Figure 6. Differential effect of MAP1B-LC expression on GFP-GluA1 and -1208 

GluA2 dynamics at spines and dendritic shafts. A. Top, representative two-1209 

photon images of GFP-GluA2 at spines of neurons expressing either mCherry 1210 

or MAP1B-LC-mCherry during a FRAP experiment. Images were acquired 1211 

before photobleaching (“baseline”), immediately after photobleaching (“bleach”) 1212 

and at indicated times during fluorescence recovery. Bleached regions are 1213 

indicated with dashed circles. Bottom, quantification of GFP-GluA2 1214 

fluorescence at the spine normalized to the baseline value before 1215 

photobleaching. Fluorescence intensity at the spine is normalized to the 1216 

adjacent dendritic shaft (spine/dendrite ratio) to compensate for ongoing 1217 

photobleaching during image acquisition. Time courses obtained in both 1218 

conditions were fitted to single exponentials. “N” number of spines. B. Top, 1219 

representative two-photon images of GFP-GluA2 at dendritic branches of 1220 

neurons expressing either mCherry or MAP1B-LC-mCherry during a FRAP 1221 

experiment. Images were acquired before photobleaching (“baseline”), 1222 

immediately after photobleaching (“bleach”) and at indicated times during 1223 

fluorescence recovery. Bleached regions are indicated with dashed squares. 1224 
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Bottom, quantification of GFP-GluA2 fluorescence at the dendrite normalized to 1225 

the baseline value before photobleaching. Fluorescence intensity at the 1226 

bleached area is normalized to a reference, “non-bleached” region of the 1227 

dendrite to compensate for ongoing photobleaching during image acquisition. 1228 

Time courses in both conditions were fitted to single exponentials. “N” number 1229 

of dendrites. C. Same experiment as in B, but co-expressing GFP-GluA1 with 1230 

either mCherry or MAP1B-LC-mCherry, instead of GFP-GluA2. 1231 

 1232 

Figure 7. Differential effect of MAP1B-LC-GFP on GluA1 and GluA2 1233 

surface expression in hippocampal primary neurons. A. Representative 1234 

images of hippocampal primary neurons expressing GFP (left three panels) or 1235 

MAP1B-LC-GFP (right three panels) and stained against surface or total GluA2, 1236 

as indicated. White rectangles indicate insets of representative dendritic 1237 

branches shown in lower panels. B. Same experiment as in A, but staining 1238 

against surface and total GluA1. C. Quantification of fluorescence intensity 1239 

corresponding to surface and total GluA2 and GluA1 in dendritic branches and 1240 

soma of neurons expressing either GFP or MAP1B-LC-GFP, from experiments 1241 

as those shown in A and B. n=20 cells per condition. 1242 

 1243 

Figure 8. Expression of MAP1B-LC-GFP impairs GRIP1 dendritic targeting 1244 

in hippocampal primary neurons. A. Representative examples of 1245 

hippocampal primary neurons expressing GFP (left panels), or MAP1B-LC-GFP 1246 

(right panels), and stained against GRIP1. Dashed rectangles correspond to 1247 

dendrites shown on the right in higher magnification. The magnified dendritic 1248 



 

54 
 

segments were used as template for the Log3D-plugin (Image J) transformation 1249 

(“Log3D”), and the generation of masks for GRIP1 cluster analysis. B. 1250 

Quantification of fluorescence intensity (normalized to GFP control) for GRIP1 1251 

in dendrites (top left) and soma (top right) of cells expressing GFP (n=36 cells) 1252 

or MAP1B-LC-GFP (n=30 cells). The ratio dendrite/soma for both types of 1253 

neurons is shown below. C. Analysis of GRIP1 clusters along 50 μm of dendrite 1254 

(white dashed rectangles in panel A) from hippocampal primary neurons 1255 

expressing GFP (n=26 cells) or MAP1B-LC-GFP (n=23 cells). Average cluster 1256 

density, size and fluorescence intensity (relative to GFP control) are presented. 1257 

 1258 

Figure 9. Differential contributions of microtubule- and GRIP1-binding 1259 

domains of MAP1B-LC for AMPAR immobilization and synaptic 1260 

depression. A. Confocal pictures of CA1 neurons showing the distribution of 1261 

the MAP1B-LC mutant lacking the GRIP1/actin-binding domain (top, MAP1B-1262 

LC- GBD-GFP) or the microtubule-binding domain (bottom, MAP1B-LC- MBD-1263 

GFP). The rectangles in the left panels show the area amplified in the right 1264 

panels. Arrows in top panel point to filamentous appearance of MAP1B-LC-1265 

GBD-GFP in the soma and apical dendrite. B. Western-blots of actin and 1266 

microtubule co-sedimentation assays for MAP1B-LC- GBD-GFP (left panels) 1267 

and for MAP1B-LC- MBD-GFP (right panels). C. Left, quantification of FRAP 1268 

experiments (n=7 independent experiments) performed on the dendrites of 1269 

hippocampal CA1 neurons expressing MAP1B-LC-ΔGBD-GFP. Right, 1270 

representative images of a dendrite of a neuron expressing MAP1B-LC-ΔGBD-1271 

GFP during a FRAP experiment. Images were acquired before photobleaching 1272 
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(“baseline”), immediately after photobleaching (“bleaching”) and at indicated 1273 

times during fluorescence recovery. Bleached regions are indicated with dashed 1274 

squares. D. Left, representative images of RFP-GluA2 at dendritic branches of 1275 

neurons expressing either GFP or MAP1B-ΔGBD-LC-GFP during a FRAP 1276 

experiment. Images were acquired before photobleaching (“baseline”), 1277 

immediately after photobleaching (“bleaching”) and at indicated times during 1278 

fluorescence recovery. Bleached regions are indicated with dashed squares. 1279 

Right, quantification of RFP-GluA2 fluorescence at the dendrite normalized to 1280 

the baseline value before photobleaching. Fluorescence intensity at the 1281 

bleached area is normalized to a reference, “non-bleached” region of the 1282 

dendrite to compensate for ongoing photobleaching during image acquisition. 1283 

Time courses in both conditions were fitted to single exponentials. “N” number 1284 

of dendrites. E. Synaptic responses recorded from pairs of neighboring CA1 1285 

neurons expressing MAP1B-LC- GBD-GFP (infected, INF) and control neurons 1286 

(uninfected, UNINF), in the presence of picrotoxin at -60 mV for AMPARs (n=12 1287 

pairs), and at +40 mV for NMDARs (n=11 pairs). Representative traces are 1288 

shown above. F. Same experiment as in E, but expressing MAP1B-LC- MBD-1289 

GFP (AMPAR responses, n=28 pairs; NMDAR responses, n=27 pairs). 1290 

 1291 

Figure 10. Model for MAP1B-LC function in AMPAR trafficking. A. Under 1292 

physiological conditions, GluA2/3-GRIP1 complexes may interact with kinesin 1293 

motors that power their forward transport along dendrites, or with MAP1B-LC, 1294 

which mediates the anchoring of AMPAR onto stable microtubules. The balance 1295 

between these two complexes determines the population of GluA2/3 AMPARs 1296 

that enters dendritic spines and participates in the constitutive cycling at 1297 
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synapses, for the maintenance of basal transmission. B. Upon increase in 1298 

MAP1B-LC levels, the equilibrium between the mobile and anchored 1299 

populations of GluA2/3-GRIP1 complexes is shifted towards the latter. As a 1300 

consequence, AMPARs are trapped in dendrites and no longer available to be 1301 

delivered to synapses. AMPAR stabilization at synapses might be also impaired 1302 

as a result of GRIP1 depletion from the post-synaptic density. Both mechanisms 1303 

probably contribute to the observed reduction of basal transmission. 1304 






















