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October 16th, 2018 

Dr. Aaron Berard, Editor 

JoVE 

1 Alewife Center, Suite 200 

Cambridge, MA  02140, USA 

 

Dear Aaron,  

 

Accompanying this letter, please find a version of our revised manuscript entitled “A high-content assay 

for monitoring AMPA receptor trafficking” which was recently submitted to JoVE. Postsynaptic 

trafficking of receptors to and from the cell surface is an important method by which neurons modulate 

their responsiveness to different stimuli. The α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

(AMPA) receptors, which are largely responsible for fast excitatory synaptic transmission in neurons, are 

trafficked to and from the postsynaptic surface to dynamically alter neuronal excitability. Moreover, 

AMPA receptors are found to be disrupted in multiple neurological diseases such as Alzheimer’s disease. 

In this manuscript, we describe a high-content AMPA receptor trafficking protocol that takes advantage 

of monoclonal antibodies targeting AMPA receptor subunits and uses primary hippocampal neurons 

cultured in 96-well microplates. Using this method, we show altered AMPA receptor trafficking in 

primary neurons isolated from a transgenic knock-in mouse (ArcKR), which we previously published in 

the journal Neuron (Wall_et_al_2018). 

 

The protocol described here has its advantages, as it consumes much less time and materials than 

alternative methods and can be modified using 384-well microplates. Moreover, our assay can be 

expanded to measure the trafficking of other receptor types in a high-content manner. Given these 

advantages, our assay would be of high interest and benefit to researchers in academia and industry, thus 

broadening JoVE’s potential readership. 

 

reviewers felt that our method was suitable for publication in JoVE. We are grateful for the positive 

comments and enthusiasm of the reviewers and editor.  Reviewers requested clarification in the methods 

section and modification to an incorrect statement in the Introduction. We have addressed all of their 

points in our revised version, which significantly improved the quality of this publication. 

 

Sincerely,  

 

                             
Angela M. Mabb, Ph.D.      

Assistant Professor      

Neuroscience Institute     

Georgia State University   

Atlanta, GA  30303      

amabb@gsu.edu 
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mailto:amabb@gsu.edu
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SUMMARY:  21 
Neuronal excitability can be modulated through a dynamic process of endo- and exocytosis of 22 
excitatory ionotropic glutamate receptors. Described here is an accessible, high-content assay 23 
for quantifying surface and internal receptor population pools. 24 
 25 
ABSTRACT:  26 
Postsynaptic trafficking of receptors to and from the cell surface is an important mechanism by 27 
which neurons modulate their responsiveness to different stimuli. The α-amino-3-hydroxy-5-28 
methyl-4-isoxazolepropionic acid (AMPA) receptors, which are responsible for fast excitatory 29 
synaptic transmission in neurons, are trafficked to and from the postsynaptic surface to 30 
dynamically alter neuronal excitability. AMPA receptor trafficking is essential for synaptic 31 
plasticity and can be disrupted in neurological disease. However, prevalent approaches for 32 
quantifying receptor trafficking ignore entire receptor pools, are overly time- and labor-intensive, 33 
or potentially disrupt normal trafficking mechanisms and therefore complicate the interpretation 34 
of resulting data. We present a high-content assay for the quantification of both surface and 35 
internal AMPA receptor populations in cultured primary hippocampal neurons using dual 36 
fluorescent immunolabeling and a near-infrared fluorescent 96-well microplate scanner. This 37 
approach facilitates the rapid screening of bulk internalized and surface receptor densities while 38 
minimizing sample material. However, our method has limitations in obtaining single-cell 39 
resolution or conducting live cell imaging. Finally, this protocol may be amenable to other 40 
receptors and different cell types, provided proper adjustments and optimization. 41 
 42 
INTRODUCTION:  43 
The magnitude and temporal dynamics of neuronal excitability is largely dependent on the 44 
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availability and composition of surface receptor populations which transduce electrochemical 45 
signals. Whereas the synthesis of new receptors (or receptor subunits) is generally an 46 
energetically costly and relatively protracted process, a host of cellular machinery dedicated to 47 
the endo- and exocytosis of existing receptors provide a means for their fast insertion and 48 
removal to and from the membrane1. Therefore, in addition to the transcriptional and 49 
translational regulation of receptors, posttranslational receptor trafficking is an important 50 
modulator of neuronal excitability.  51 
 52 
Synaptic plasticity, or the changing strength of connections between neurons with experience, is 53 
thought to form the basis of learning and memory2,3. The strengthening and weakening of 54 
synapses over time, termed long-term potentiation (LTP) and long-term depression (LTD), 55 
respectively, can be modulated through the trafficking of α-amino-3-hydroxy-5-methyl-4-56 
isoxazolepropionic acid (AMPA) receptors4,5. AMPA receptors are heterotetramers composed of 57 
four subunits (GluA1-4), and mediate the majority of fast excitatory synaptic transmission in the 58 
brain6. Thus, neuron excitability is in large part a function of the quantity of AMPA receptors at 59 
the postsynaptic surface available to be activated by glutamate. LTD is commonly associated with 60 
an increase in AMPA receptor endocytosis, whereas LTP is predominantly associated with an 61 
increase in AMPA receptor exocytosis. Postsynaptic surface expression of AMPA receptors 62 
requires endosomal delivery to exocytotic proteins, where fusion with the plasma membrane 63 
then occurs in a calcium-dependent manner7-14. There also exist a host of mechanisms that 64 
regulate activity-dependent AMPA receptor endocytosis. One example of this is via the 65 
immediate early gene Arc/Arg3.1 (Arc). Among other functions15, Arc is known to mediate 66 
metabotropic glutamate receptor (mGluR)-dependent LTD by promoting AMPA receptor 67 
endocytosis through its binding partners, which include the endocytic proteins AP-2, endophilin-68 
3, and dynamin-216-19, at clathrin-coated pits20,21. Internalized AMPA receptors can either be 69 
recycled back to the plasma membrane or earmarked for degradation22,23.  70 
 71 
Importantly, the subunit composition of AMPA receptors contributes to their trafficking 72 
dynamics24. Of major relevance is the intracellular C-terminal domain of the subunits, where the 73 
majority of posttranslational modifications and trafficking-related protein interactions occur. 74 
GluA1 and GluA4 subunit-containing AMPA receptors are particularly apt to being trafficked to 75 
the cell surface during LTP, in part due to the presence of their PDZ ligands, ~90 amino acid 76 
sequences that promote membrane anchoring via interactions with various PDZ domain-77 
containing proteins25,26. On the other hand, AMPA receptors containing GluA2 and lacking GluA1 78 
or GluA4 tend to be trafficked constitutively but accumulate intracellularly with synaptic 79 
activity27. GluA2 subunits undergo RNA editing which, in addition to promoting retention in the 80 
endoplasmic reticulum28, renders the channel pore impermeable to calcium29, further implicating 81 
subunit-specific trafficking as a key mediator of neuronal homeostasis and plasticity. 82 
Interestingly, disruption of ubiquitin-dependent Arc degradation has been shown to increase 83 
GluA1 endocytosis and increase the surface expression of GluA2 subunit-containing AMPA 84 
receptors after induction of mGluR-LTD with the selective group I mGluR agonist (S)-3,5-85 
Dihydroxyphenylglycine (DHPG), indicating that much remains to be learned regarding the 86 
mechanisms and role of subunit-specific AMPA receptor trafficking30. 87 
 88 



   

 

Methods for observing changes in surface expression of receptors are often cumbersome, time 89 
consuming, or introduce unnecessary confounds. Biotin-based assays are a pervasive and 90 
commercially available approach. Affinity purification of biotinylated surface receptors 91 
represents one such example, however the necessity of performing electrophoresis requires a 92 
large amount of sample material and can render the screening of multiple treatments a 93 
prohibitively lengthy process31. Extensions of this assay, where multiple time points of labeling 94 
and immunoprecipitations are performed to quantify the gradual degradation of an initial signal, 95 
similarly neglect the addition of new – or recycled – receptors to the cell surface and only 96 
exacerbate the time and material requirements.  97 
 98 
Other approaches make use of chimeric constructs or the addition of fluorescent tags to observe 99 
receptor trafficking32, sometimes using live cell imaging33,34. While potentially powerful, these 100 
designs can affect the normal trafficking patterns of receptors due to the mutations or dramatic 101 
changes in molecular weight introduced in these proteins. The use of dyes that label subcellular 102 
compartments by targeting low pH34,35 are non-specific and make distinguishing between 103 
different intracellular compartments important for receptor trafficking (e.g. lysosomes and 104 
proteasomes) difficult. Finally, the use of confocal microscopy to visualize the colocalization of 105 
receptors with markers associated with trafficking and degradation, such as endosomal proteins 106 
or clathrin, while potentially providing useful insight into specific localization with subcellular 107 
resolution, are time, labor-intensive, and costly due to the necessity of individually analyzing each 108 
cell and the requirement of confocal or super-resolution microscopy. 109 
 110 
Here, we demonstrate a high-content receptor trafficking assay that is compatible with primary 111 
neuronal culture preparations30. This method separately labels the surface and intracellular 112 
receptor pools of fixed neurons, enabling the presentation of data as a ratio of normalized surface 113 
or internalized receptor density to the overall density for that receptor. The high-content nature 114 
of this method is ideal for screening multiple treatments and/or genotypes in a short time frame, 115 
and requires only standard cell culturing and antibody incubation expertise.  116 
 117 
Briefly, primary neurons are grown in standard 96-well microplates and then treated as dictated 118 
by experimental design, incubated with primary antibodies, washed, and fixed. Cells are then 119 
incubated with a secondary antibody to label surface receptors, followed by another fixation 120 
step. Permeabilization then occurs and a second secondary antibody is used to label internal 121 
receptor pools. Finally, cells are imaged using an infrared fluorescent microplate scanner to 122 
quantify the integrated density of each receptor population. Figure 1 summarizes our high-123 
content assay in comparison to a traditional biotinylation assay. 124 
 125 
While the protocol offered here is optimized and specific for AMPA receptor trafficking in primary 126 
hippocampal neuron cultures, this procedure could, in theory, be extended and adapted for 127 
different receptors in a variety of cell types.  128 
 129 
PROTOCOL: 130 
All methods described here have been approved by the Institutional Animal Care and Use 131 
Committee (IACUC) at Georgia State University. 132 



   

 

 133 
 134 
1. Preparation of Primary Hippocampal Neurons (in laminar flow hood) 135 
 136 
1.1. Isolate primary hippocampal neurons from mixed sex postnatal day (P) 0-1 mice as 137 
previously described36. 138 
 139 
1.2. Plate neurons in 96-well poly-D-lysine coated microplates at a density of 2 x 104 cells per 140 
well. 141 
 142 
1.3. Prepare media for feeding the neurons by adding 10 mL of 50x B-27, 5 mL of 100x Glutamine, 143 
242 µL of 10 mg/mL 5-Fluoro-2′-deoxyuridine (FUDR) and 10 µL of 10 mg/mL Gentamycin to 485 144 
mL of neuronal media (see Table of Materials).  145 
 146 
1.4. Feed neurons as previously described36 by removing half (100 µL) of the pre-existing media 147 
(referred to as conditioned media, which contains constituents that support neuron survival) 148 
from each well and replacing with 100 µL of 37 °C prewarmed media prepared in step 1.3 every 149 
3-4 days. Store the conditioned media from each feeding at 4˚C for step 2.3. 150 
 151 
2. Measuring AMPA Receptor Trafficking in Response to DHPG (in laminar flow hood) 152 
 153 
2.1. At Day In-Vitro (DIV) 14, prepare a 500 µL stock solution of Tetrodotoxin (TTX) at a 154 
concentration of 2 mM using cell culture grade water. 155 
 156 
CAUTION: TTX is a neurotoxin. Handle carefully and avoid contact with skin. 157 
 158 
2.2. Using a multi-channel pipette, remove 100 µL from each well of the 96-well microplate of 159 
neurons and pool the media. 160 
 161 
2.3. Add 2 µL of the TTX stock solution to 1 mL of the pooled conditioned media from step 2.2 to 162 
create a 2 µM solution of TTX. If there is not enough pooled conditioned media, then use some 163 
of the stored conditioned media from Step 1.4.  164 
 165 
2.4. Treat neurons with 100 µL/well of the 2 µM solution of TTX from step 2.3. Place the 166 
microplate in a 5% CO2 incubator at 37 °C for 4 h. 167 
 168 
2.5. Attach a sterile glass Pasteur pipette to a suction line and attach a sterile 200 µL pipette tip 169 
to the tip of the pipette. Remove the media in wells carefully. Avoid touching the bottom of the 170 
microplate where the neurons are located.  171 
 172 
2.6. Add 200 µL of room temperature neuronal media to each well. 173 
 174 
2.7. Incubate the microplate at room temperature for 15 minutes. Incubation in 5% CO2 is 175 
preferred but not necessary. 176 



   

 

 177 
3. Immunolabelling 178 
 179 
3.1. Prepare a 1:150 dilution of the anti-GluA1 or anti-GluA2 antibody in neuronal media.  180 
 181 
3.2. Remove the neuronal media added in Step 2.6. Add 50 µL of the anti-GluA1 or anti-GluA2 182 
antibody solutions to corresponding wells for 20 min at room temperature to allow antibody 183 
binding. Add 50 µL of neuronal media to the secondary antibody only control wells. 184 
 185 
3.3. Remove the antibody solutions added in step 3.2. Wash the microplate 3 times with 100 186 
µL/well room temperature neuronal media to remove any unbound antibodies. 187 
 188 
3.4. Make a 50 mM stock solution of DHPG in neuronal media or cell culture grade water. Vortex 189 
the solution briefly to fully dissolve the DHPG. Prepare this solution fresh on the same day of the 190 
experiment. Avoid using old or thawed solutions. 191 
 192 
3.5. Dilute the stock solution in neuronal media to 1:500 to make a 100 µM solution.  193 
 194 
3.6. Remove existing media in wells. Add 100 µL/well of the 100 µM DHPG stock solution from 195 
Step 3.5. Incubate the microplate in the incubator at 37 °C in 5% CO2 for 10 min.  196 
 197 
3.7. Remove the DHPG solution added in step 3.6 and add 100 µL/well neuronal media. Repeat 198 
this step one more time. Place the microplate in the incubator at 37 °C in 5% CO2 for 5 min. 199 
 200 
3.8. Add the sucrose to make the 4% paraformaldehyde/4% sucrose solution in PBS on the same 201 
day of the experiment. Avoid using old or thawed solutions. Remove media added in step 3.7. 202 
Add 100 µL/well of 4% paraformaldehyde/4% sucrose solution. Repeat steps 3.6 – 3.8 for each 203 
additional time-point. Once complete, incubate the microplate at 4 °C for 20 min.  204 
 205 
CAUTION: Handle paraformaldehyde stocks in a fume hood.  206 
 207 
3.9. Remove fixative from step 3.8 and add 100 µL/well 1x DPBS. 208 
 209 
3.10. Remove DPBS . Add 150 µL/well blocking buffer (a ready to use formulation in TBS, refer to 210 
Table of Materials) and incubate at room temperature for 90 min. Alternatively, incubate 211 
overnight at 4 °C. 212 
 213 
4. Labelling Surface Receptors 214 
 215 
4.1. Prepare a 1:1500 dilution of 680RD Goat anti-Mouse IgG secondary antibody in blocking 216 
buffer.  217 
 218 
4.2. Remove blocking buffer from step 3.10. Add 50 µL/well of the secondary antibody solution 219 
and incubate at room temperature for 60 min. Keep the microplate protected from light once 220 



   

 

the secondary antibodies are added. Make sure to continue to protect the microplate from light 221 
during subsequent incubations. 222 
 223 
4.3. Remove the solution from step 4.2. Add 100 µL/well TBS (50 mM Tris-HCl, 150 mM NaCl, pH 224 
7.6) and incubate at room temperature for 5 min. Repeat this step 4 additional times. 225 
 226 
4.4. Remove TBS from step 4.3. Add 100 µL/well of 4% paraformaldehyde/4% sucrose in PBS and 227 
incubate at room temperature for 15 min.  228 
 229 
4.5. Remove solution from step 4.4. Add 100 µL/well TBS and incubate at room temperature for 230 
5 min. Repeat this step 2 additional times. 231 
 232 
5. Labelling the Internalized Receptor Population 233 
 234 
5.1. Prepare TBS containing 0.2% saponin. Vortex the solution briefly to fully dissolve the saponin 235 
powder. Filter the solution using a 0.2 µm filter to remove any particles that could cause auto-236 
fluorescence.  237 
 238 
5.2. Add 150 µL TBS containing 0.2% saponin and incubate at room temperature for 15 min. 239 
 240 
5.3. Remove saponin solution from step 5.2 and add 150 µL/well blocking buffer. Incubate at 241 
room temperature for 90 min. 242 
 243 
5.4. Prepare a 1:1500 dilution of 800CW Donkey anti-Mouse IgG secondary antibody in blocking 244 
buffer.  245 
 246 
5.5. Remove blocking buffer from step 5.3 and add 50 µL/well of the secondary antibody solution. 247 
Incubate at room temperature for 60 min.  248 
 249 
5.6. Add 100 µL/well TBS and incubate at room temperature for 5 min. Repeat this step 4 250 
additional times. 251 
 252 
6. Imaging and Analysis 253 
 254 
6.1. Image the 96-well microplate using an infrared laser imaging system according to 255 
manufacturer’s instructions. Set the scan resolution to 84 µm, the scan quality to medium and 256 
the focus offset according to the base height of the 96-well microplate used. Click on the "Image 257 

Studio" menu button  Export  Image for Digital Media  Export images at a size of 1000 x 258 
679 pixels, resolution of 300 dpi, in TIFF format. 259 
 260 
6.2. Download Image J "Fiji" at https://imagej.net/Fiji/Downloads 261 
 262 
6.3. Open image in Image J "Fiji". Split color channels by clicking on the "Image" menu  263 

Color  Split Channels. 264 

https://imagej.net/Fiji/Downloads


   

 

 265 
6.4. In the red channel (the 680 nm surface receptor pool), select the Region of Interest (ROI) by 266 
selecting the circle tool and drawing a circle that accurately fits the first well.  267 
 268 
6.5. To open ROI manager, press Ctrl+T. Check the box "labels" in the ROI manager to label the 269 
circles with numbers. 270 
 271 
6.6. Drag the circle to the next well and press Ctrl+T. Repeat until all wells are circled.  272 
 273 
6.7. From the ROI manager, click "Measure". Select the values that appear and copy them to a 274 
spreadsheet.  275 
 276 
6.8. Click on the green channel (the 800 nm internal receptor pool) and then transpose the 277 
selected ROIs from step 6.6 to the image. From the ROI manager, click “Measure”. Select the 278 
values that appear and copy them to a spreadsheet.  279 
 280 
6.9. Calculate the average integrated density values from the secondary only control wells. 281 
Subtract the integrated density values for each experimental well from the average secondary 282 
only control integrated density values for the surface receptor pool. Repeat this step for the 283 
internal receptor pool.  284 
 285 
6.10. Calculate changes in surface receptor expression using Rs/Rt, where Rs represents the 286 
integrated density of surface receptors and Rt represents the integrated density of surface 287 
receptors + integrated density of internal receptors. 288 
 289 
REPRESENTATIVE RESULTS:  290 
Arc/Arg3.1 accelerates AMPA receptor endocytosis through interaction with AP-2, endophilin-3 291 
and dynamin-216,18 following mGluR activation37. In the Arc knock-in mouse (ArcKR), lysines 268 292 
and 269 in the Arc protein are mutated to arginine, which interferes with Arc ubiquitination. This 293 
impairs proteasome-dependent turnover of Arc and prolongs its half-life in neurons21,30. In this 294 
experiment, the persistence of Arc in regulating AMPA receptor trafficking was examined using 295 
the high-content AMPA receptor trafficking assay. Neurons were treated with the Na+ channel 296 
blocker TTX, which inhibits action potentials and reduces Arc levels38, followed by DHPG, which 297 
induces Arc translation and ubiquitination37,39. Both surface and internalized pools of GluA1- 298 
(Figure 2A) and GluA2-containing (Figure 3A) AMPA receptor subunits were measured at 5 and 299 
15 min after DHPG washout. This particular experiment used three technical replicates from 3 300 
independent experiments. ArcKR neurons showed increased GluA1 endocytosis when treated 301 
with DHPG compared to WT neurons, an effect that was not seen when neurons were treated 302 
with TTX only (Figure 2B). Surface expression of GluA2 subunits was significantly increased at 303 
short time points compared to WT neurons (Figure 3B), indicating a potential subunit 304 
replacement30. Some wells were treated with secondary antibodies only to control for 305 
background fluorescence caused by nonspecific binding.  306 
 307 
FIGURE AND TABLE LEGENDS: 308 



   

 

Figure 1: Comparison of the AMPA receptor high-content trafficking assay to the receptor 309 
biotinylation assay. The high-content trafficking assay consumes less time and resources 310 
compared to the standard biotinylation assay. 311 
 312 
Figure 2: Surface and internal populations of GluA1 AMPA receptor subunits in WT and ArcKR 313 
hippocampal neurons. A. Surface (sGluA1) and internalized (iGluA1) GluA1-containing AMPA 314 
receptor subunits in WT and ArcKR hippocampal neurons at 5 and 15 min after DHPG washout. 315 
Compared to WT, ArcKR neurons have a further decrease in the sGluA1-containing AMPA 316 
receptor pool 5 and 15 min after DHPG washout. B. Graph represents surface fluorescence 317 
normalized to the total fluorescence intensity. Statistical comparisons were carried out using a 318 
one-way ANOVA, paired and unpaired Student’s t tests. *p ≤ 0.05; n = 3 technical replicates from 319 
3 independent experiments. Values represent mean ± SEM. This figure has been modified from 320 
Wall, M. J. et al. 201830. 321 
 322 
Figure 3: Surface and internal populations of GluA2 AMPA receptor subunits in WT and ArcKR 323 
hippocampal neurons. A. The same experimental condition as Figure 2. Compared to WT, ArcKR 324 
neurons have an increase in the sGluA2-containing AMPA receptor pool 5 min after DHPG 325 
washout. B. Graph represents surface fluorescence normalized to the total fluorescence 326 
intensity. Statistical comparisons were carried out using one-way ANOVA, paired and unpaired 327 
Student’s t tests. *p ≤ 0.05; n = 3 technical replicates from 3 independent experiments. Values 328 
represent mean ± SEM. This figure has been modified from Wall, M. J. et al. 201830. 329 
 330 
DISCUSSION: 331 
AMPA receptors are an ionotropic glutamate receptor subtype that is integral for neuronal 332 
functions which include synapse formation, synapse stability, and synaptic plasticity. AMPA 333 
receptor disruption is linked to multiple neurological disorders24 and are considered attractive 334 
drug targets40. For example, studies have shown that one of the earliest signs of Alzheimer's 335 
disease (AD) is synapse loss and reduced synaptic AMPA receptor levels41,42. Intriguingly, addition 336 
of Amyloid-ß oligomers impairs surface GluA1-containing AMPA receptor expression at 337 
synapses43. Further, status epilepticus down-regulates GluA2 mRNA and protein in hippocampal 338 
neurons preceding their death44. In amyotrophic lateral sclerosis (ALS), TAR DNA-binding protein 339 
(TDP-43) pathology, an ALS-specific molecular abnormality, has been linked to inefficient GluA2 340 
Q/R site-RNA editing45.  341 
 342 
The high-content AMPA receptor trafficking assay provides an effective means for measuring 343 
bulk changes in receptor trafficking profiles within a neuronal network in response to various 344 
factors, consuming much less time and materials than alternative methods. A single 96-well 345 
microplate provides numerous wells to run multiple technical replicates and controls for different 346 
experimental conditions in the same plate. The low plating density of 2 x 104 cells/well relative 347 
to the 5 x 105 cells/well density significantly reduces the number of animals and materials 348 
required for each experiment (Figure 1). The infrared scanner can image up to six 96-well 349 
microplates at a time. The assay can also be modified to a 384-well microplate46, which becomes 350 
specifically valuable if the assay is run on precious samples that are difficult to obtain or are 351 
expensive to culture (e.g. human samples and induced pluripotent stem cells). The entire assay 352 



   

 

can be completed and analyzed on the same day, which saves valuable time (Figure 1). 353 
 354 
For successful and efficient completion of the assay, some points need to be considered. First, it 355 
is important to prepare the DHPG solution on the same day of neuron treatment. Do not reuse 356 
or freeze DHPG stocks. The 4% paraformaldehyde/4% sucrose in PBS solution should also be 357 
made fresh on the same day of the experiment. Second, control wells treated with TTX only or 358 
vehicle are required to ensure that the effects observed are specific to treatment. It is also critical 359 
to include wells treated with only the secondary antibodies to control for background 360 
fluorescence produced by non-specific binding. Note that the second fixation step (following 361 
washout of secondary antibodies) is key to reducing secondary antibody background effects and 362 
achieving effective labelling of receptor subunits.  363 
 364 
Compromises and limitations, as with any method, exist. This assay does not provide single-cell 365 
(or subcellular) resolution and does not allow for real-time tracking of receptor trafficking like 366 
other methods32,33,35. Additionally, proper care must be taken during the permeabilization step 367 
of neurons, as this method will be sensitive to the leaking of intracellular components in the case 368 
of over-permeabilization. 369 
 370 
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Name of Material/ Equipment Company Catalog Number

Mouse monoclonal (RH95) anti-GluA1 N-terminal EMD Millipore

Cat#MAB2263MI, RRID: AB_11212678, 

LOT#2869732

Mouse monoclonal (6C4) anti-GluA2 ThermoFisher Scientific

Cat#32-0300, RRID: AB_2533058, 

LOT#TE268315

IRDye 680RD Goat anti-Mouse IgG (H+L)  Li-COR Biosciences

Cat# 926-68070, RRID: AB_10956588, 

LOT#C60107-03

IRDye 800CW Donkey anti-Mouse IgG (H+L)  Li-COR Biosciences

Cat# 926-32212, RRID: AB_621847, 

LOT#C60524-15

(RS)-3,5-DHPG  Tocris Bio-Techne Cat#0342

Tetrodotoxin Citrate (TTX) Tocris Bio-Techne Cat#1069

Poly-D-Lysine Hydrobromide (PDL) Sigma-Aldrich Cat#P7280-5X5MG

Saponin  ACROS Organics Cat# 419231000

B-27 Supplement (50 X), Serum Free Gibco Cat#17504044

Glutamax Supplement Gibco Cat#35050061

5-Fluoro-2′-deoxyuridine (FUDR) Sigma-Aldrich Cat#F0503

Gentamycin (10 mg/ml) Gibco Cat#15710064

Paraformaldehyde, EM Grade, Purified Electron Microscopy Sciences Cat#19210

Sucrose (EP/BP/NF) FisherScientific Cat#S2500GM

Odyssey Blocking Buffer (TBS)  Li-COR Cat#927-50003

Cell Culture Grade Water HyClone Cat#SH30529.02

DPBS, no calcium, no magnesium Gibco Cat#14190250

Neurobasal Medium, minus phenol red Gibco Cat#12348017
28 mm Diameter Syringe Filters, 0.2 µm Pore SFCA 

Membrane, Sterile Corning Cat#431219
96-well Black/Clear and White/Clear Bottom 

Polystyrene Microplates Corning Cat#3603

ImageJ NIH https://imagej.nih.gov/ij/ ; RRID: SCR_003070

FIJI (Fiji is Just ImageJ)  NIH http://fiji.sc/ ; RRID: SCR_002285

Odyssey CLx imaging system Li-COR Biosciences
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Comments/Description

Refered to as "Blocking Buffer" in the protocol

Referred to as "neuronal Media" in the protocol
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4. Retention of Rights in Article. Notwithstanding 
the exclusive license granted to JoVE in Section 3 above, the 
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exclusive right to use all or part of the Article for the non-
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teaching classes, and to post a copy of the Article on the 
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rights he or she may have, relating to his or her appearance 
in the Video or otherwise relating to the Materials, under 
all applicable privacy, likeness, personality or similar laws. 
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published, that the copyright interest is owned by the 
Author (or, if more than one author is listed at the beginning 
of this Agreement, by such authors collectively) and has not 
been assigned, licensed, or otherwise transferred to any 
other party. The Author represents and warrants that the 
author(s) listed at the top of this Agreement are the only 
authors of the Materials. If more than one author is listed 
at the top of this Agreement and if any such author has not 
entered into a separate Article and Video License 
Agreement with JoVE relating to the Materials, the Author 
represents and warrants that the Author has been 
authorized by each of the other such authors to execute this 
Agreement on his or her behalf and to bind him or her with 
respect to the terms of this Agreement as if each of them 
had been a party hereto as an Author. The Author warrants 
that the use, reproduction, distribution, public or private 
performance or display, and/or modification of all or any 
portion of the Materials does not and will not violate, 
infringe and/or misappropriate the patent, trademark, 
intellectual property or other rights of any third party. The 
Author represents and warrants that it has and will 
continue to comply with all government, institutional and 
other regulations, including, without limitation all 
institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy, and all other rules, regulations, 
laws, procedures or guidelines, applicable to the Materials, 
and that all research involving human and animal subjects 
has been approved by the Author's relevant institutional 
review board. 
11. JoVE Discretion. If the Author requests the 
assistance of JoVE in producing the Video in the Author’s 
facility, the Author shall ensure that the presence of JoVE 
employees, agents or independent contractors is in 
accordance with the relevant regulations of the Author's 
institution. If more than one author is listed at the 
beginning of this Agreement, JoVE may, in its sole 
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discretion, elect not take any action with respect to the 
Article until such time as it has received complete, executed 
Article and Video License Agreements from each such 
author. JoVE reserves the right, in its absolute and sole 
discretion and without giving any reason therefore, to 
accept or decline any work submitted to JoVE. JoVE and its 
employees, agents and independent contractors shall have 
full, unfettered access to the facilities of the Author or of 
the Author’s institution as necessary to make the Video, 
whether actually published or not. JoVE has sole discretion 
as to the method of making and publishing the Materials, 
including, without limitation, to all decisions regarding 
editing, lighting, filming, timing of publication, if any, 
length, quality, content and the like.  
12. Indemnification. The Author agrees to indemnify 
JoVE and/or its successors and assigns from and against any 
and all claims, costs, and expenses, including attorney’s 
fees, arising out of any breach of any warranty or other 
representations contained herein. The Author further 
agrees to indemnify and hold harmless JoVE from and 
against any and all claims, costs, and expenses, including 
attorney’s fees, resulting from the breach by the Author of 
any representation or warranty contained herein or from 
allegations or instances of violation of intellectual property 
rights, damage to the Author’s or the Author’s institution’s 
facilities, fraud, libel, defamation, research, equipment, 
experiments, property damage, personal injury, violations 
of institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy or other rules, regulations, laws, 
procedures or guidelines, liabilities and other losses or 
damages related in any way to the submission of work to 
JoVE, making of videos by JoVE, or publication in JoVE or 
elsewhere by JoVE. The Author shall be responsible for, and 
shall hold JoVE harmless from, damages caused by lack of 
sterilization, lack of cleanliness or by contamination due to 

the making of a video by JoVE its employees, agents or 
independent contractors. All sterilization, cleanliness or 
decontamination procedures shall be solely the 
responsibility of the Author and shall be undertaken at the 
Author’s expense. All indemnifications provided herein 
shall include JoVE’s attorney’s fees and costs related to said 
losses or damages. Such indemnification and holding 
harmless shall include such losses or damages incurred by, 
or in connection with, acts or omissions of JoVE, its 
employees, agents or independent contractors. 
13. Fees. To cover the cost incurred for publication, 
JoVE must receive payment before production and 
publication the Materials. Payment is due in 21 days of 
invoice. Should the Materials not be published due to an 
editorial or production decision, these funds will be 
returned to the Author. Withdrawal by the Author of any 
submitted Materials after final peer review approval will 
result in a US$1,200 fee to cover pre-production expenses 
incurred by JoVE. If payment is not received by the 
completion of filming, production and publication of the 
Materials will be suspended until payment is received. 
14. Transfer, Governing Law. This Agreement may be 
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any conflict of law provision thereunder. This Agreement 
may be executed in counterparts, each of which shall be 
deemed an original, but all of which together shall be 
deemed to me one and the same agreement. A signed copy 
of this Agreement delivered by facsimile, e-mail or other 
means of electronic transmission shall be deemed to have 
the same legal effect as delivery of an original signed copy 
of this Agreement.
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Response to reviewers 
JOVE manuscript JoVE59048 
A high-content assay for monitoring AMPA receptor trafficking 
Corresponding author: Angela M. Mabb 
 
We thank the reviewers and editor for their helpful comments and suggestions to improve and 
strengthen this manuscript. To address concerns raised by the reviewers, we now include 
corrections and clarification in our revised version. These changes are summarized here and 
described in detail below (original reviewer comments in bold). 
 
Reviewers' comments: 
 
Reviewer #1: 
1. In the last part of the "2. Measuring AMPA Receptor Trafficking in Response to DHPG" 
section, (line 172) they described "2.7. Incubate the microplate at room temperature for 
15 minutes". People would like to know whether the incubation was done in the CO2 
incubator or not, since they used Neurobasal Medium whose pH is neutral at 5% CO2. 
We have clarified this in the text (see below). Alterations in Neurobasal media pH in the 
absence of 5% CO2 could change overall neuron health. However, given the duration and 
requirement of multiple media changes for this specific trafficking assay, we opted to use 
Neurobasal media for the antibody incubation step in order to avoid the excessive buffer/media 
changes to the mature primary neurons, which could compromise their health more dramatically 
than the single room temperature incubation. Throughout the duration of this assay, we visually 
inspected neurons at every stage to ensure that they remained healthy. Note that if one is using 
this assay to measure surface receptors only, then exchanging the Neurobasal medium with 
DPBS, which maintains physiological pH at room temperature would be the preferred method. 
 
Lines 175-176 edited: 2.7. Incubate the microplate at room temperature for 15 minutes. 
Incubation in 5% CO2 is preferred, but not necessary. 

 
2. In the "3. Immunolabelling" 3.6 section (line193) and 3.7 (line 196), the CO2 
concentration and temperature should be described. 
We have clarified this information in the text. 
 
Lines 196-197 edited: 3.6. Remove existing media in wells. Add 100 µl/well of the 100 µM 
DHPG stock solution from Step 3.5. Incubate the microplate in the incubator at 37°C in 5% CO2 
for 10 min. 
 
Lines 199-200 edited: 3.7. Remove the DHPG solution from step 3.6 and add 100 µl/well 
Neuronal medium. Repeat this step one more time. Place the microplate in the incubator at 
37°C in 5% CO2 for 5 min. 
 
3. In the 3.10 section, the composition of blocking buffer should be shown. 
The blocking buffer is proprietary, however most likely contains fish gelatin.  As per journal style, 
we have referred to this buffer in the Table of Materials section. 
 
Lines 212-214 edited: 3.10. Remove DPBS from step 3.9. Add 150 µl/well blocking buffer (a 
ready to use formulation in TBS, refer to Table of Materials) and incubate at room temperature 
for 90 min. Alternatively, incubate overnight at 4oC. 
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1. In the introduction, there seems to be some confusion between a PDZ ligand and a 
PDZ domain. AMPAR subunits have PDZ ligands, which bind to PDZ domains in a 
number of proteins involved in scaffolding/trafficking. However, the introduction states 
AMPAR subunits have PDZ domains, which is incorrect. It is also worth noting that there 
are splice variants of each AMPAR subunit that have PDZ ligands - GluA1 has a class I 
PDZ ligand, while GluA2, 3 and 4 have class II PDZ ligands. 
We have corrected this statement below... 
 
Lines 75-78 edited: GluA1 and GluA4 subunit-containing AMPA receptors are particularly apt to 
being trafficked to the cell surface during LTP, in part due to the presence of their PDZ ligands, 
~90 amino acid sequences that promote membrane anchoring via interactions with various PDZ 
domain-containing proteins. 
 
2. In section 1.4 of the protocol, it would be useful to state how much feeding media is 
added to the cells when they are initially fed - is removing 100ul of the conditioned media 
taking half off, for example, or all of it? 
Lines 147-150 edited: 1.4. Feed neurons as previously described36 by removing half (100 µl) of 
the pre-existing media (referred to as conditioned media, which contains constituents that 
support neuron survival) from each well and replacing with 100 µl of 37oC prewarmed media 
prepared in step 1.3 every 3-4 days. Store the conditioned media from each feeding at 4˚C for 
step 2.3. 
 
 
Editorial comments: 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that 
there are no spelling or grammar issues. 
We have thoroughly proofread the manuscript for spelling and grammatical errors. 
 
2. Please obtain explicit copyright permission to reuse any figures from a previous 
publication. Explicit permission can be expressed in the form of a letter from the editor 
or a link to the editorial policy that allows re-prints. Please upload this information as a 
.doc or .docx file to your Editorial Manager account. The Figure must be cited 
appropriately in the Figure Legend, i.e. “This figure has been modified from [citation].” 
We have re-used data in Figures 2 and 3 from our previous published manuscript. The link to 
the editorial policy that allows re-prints can be found on the following website 
(https://www.elsevier.com/about/policies/copyright/permissions).  Note that this article is 
published as Open Access and is not protected by copyright. We have also uploaded this 
information as a .doc file. 
 
4. JoVE cannot publish manuscripts containing commercial language. This includes 
trademark symbols (™), registered symbols (®), and company names before an 
instrument or reagent. Please remove all commercial language from your manuscript and 
use generic terms instead. All commercial products should be sufficiently referenced in 
the Table of Materials and Reagents. You may use the generic term followed by “(see 
table of materials)” to draw the readers’ attention to specific commercial names. 
Examples of commercial sounding language in your manuscript are: Neurobasal, IRDye, 
Odyssey, Excel, etc. 
The word “NeurobasalTM” was replaced by “Neuronal” and are referenced, when appropriate in 
the Table of Materials and Reagents.  The commercial language of IRDye®, Odyssey®, and 
Excel have been removed from manuscript. 
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5. 1.3: Please provide composition of Neurobasal Media. If they are purchased, please 
cite the Table of Materials. 
Lines 143-145 edited: 1.3. Prepare media for feeding the neurons by adding 10 ml of 50 X B-27, 
5 ml of 100X Glutamine, 242 µl of 10 mg/ml 5-Fluoro-2′-deoxyuridine (FUDR) and 10 µl of 10 
mg/ml Gentamycin to 485 ml of Neuronal Media (refer to Table of Materials).  
 
6. 1.4: What is conditioned media? 
We have clarified the term “conditioned media”… 
 
Lines 147-150 edited: 1.4. Feed neurons as previously described36 by removing half (100 µl) of 
the pre-existing media (referred to as conditioned media, which contains constituents that 
support neuron survival) from each well and replacing with 100 µl of 37oC prewarmed media 
prepared in step 1.3 every 3-4 days. Store the conditioned media from each feeding at 4˚C for 
step 2.3. 
 
7. 2.1: Please list an approximate volume to prepare TTX. 
Lines 154-155 edited: 2.1. At Day In-Vitro (DIV) 14, prepare a 500 µl stock solution of 
Tetrodotoxin (TTX) at a concentration of 2 mM using cell culture grade water. 
 
8. 2.4: Please specify the incubation temperature. 
Lines 166-167 edited: 2.4. Treat neurons with 100 µl/well of the 2 µM Solution of TTX from step 
2.3. Place the microplate in a 5% CO2 incubator at 37°C for 4 hr. 
 
12. Please number the figures in the sequence in which you refer to them in the 
manuscript text. 
We have referenced Figure 1 in the Protocol section (line 133). Figures 2 and 3 are discussed in 
the Representative Results section. 
 
13. Please discuss all figures in the Representative Results. However for figures showing 
the experimental set-up, please reference them in the Protocol. 
As stated above, we have referenced Figure 1 is referenced in the Protocol section (line 133). 
Figures 2 and 3 are discussed in the Representative Results section. 
 
14. Table of Equipment and Materials: Please provide lot numbers and RRIDs of 
antibodies, if available. 
Lot numbers of antibodies have been added to the Table of Materials. 
 
15. References: Please do not abbreviate journal titles. 
As requested, we have spelled out all journal titles in the reference section. 
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