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SUMMARY:  22 
Here, we described a high-content imaging method to quantify the transport of rhodopsin 23 
mutants associated with retinitis pigmentosa. A multiple-wavelength scoring analysis was used 24 
to quantify rhodopsin protein on the cell surface or in the whole cell.  25 
 26 
ABSTRACT:  27 
Rhodopsin misfolding mutations lead to rod photoreceptor death that is manifested as 28 
autosomal dominant retinitis pigmentosa (RP), a progressive blinding disease that lacks effective 29 
treatment. We hypothesize that the cytotoxicity of the misfolded rhodopsin mutant can be 30 
alleviated by pharmacologically stabilizing the mutant rhodopsin protein. The P23H mutation, 31 
among the other Class II rhodopsin mutations, encodes a structurally unstable rhodopsin mutant 32 
protein that is accumulated in the endoplasmic reticulum (ER), whereas the wild type rhodopsin 33 
is transported to the plasma membrane in mammalian cells. We previously performed a 34 
luminescence-based high-throughput screen (HTS) and identified a group of pharmacological 35 
chaperones that rescued the transport of the P23H rhodopsin from ER to the plasma membrane. 36 
Here, using an immunostaining method followed by a high-content imaging analysis, we 37 
quantified the mutant rhodopsin protein amount in the whole cell and on the plasma membrane. 38 
This method is informative and effective to identify true hits from false positives following HTS. 39 
Additionally, the high-content image analysis enabled us to quantify multiple parameters from a 40 
single experiment to evaluate the pharmacological properties of each compound. Using this 41 
assay, we analyzed the effect of 11 different compounds towards six RP associated rhodopsin 42 
mutants, obtaining a 2-D pharmacological profile for a quantitative and qualitative understanding 43 
about the structural stability of these rhodopsin mutants and efficacy of different compounds 44 
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towards these mutants. 45 
 46 
INTRODUCTION:  47 
Protein misfolding is involved in muscular dystrophy, neural degenerations, as well as blinding 48 
diseases, including retinitis pigmentosa (RP)1. RP is an inherited and progressive retinal 49 
degeneration associated with mutations in over 60 genes affecting the function and homeostasis 50 
of rod photoreceptors or the retinal pigmented epitheliums (RPEs)2,3. No effective treatment is 51 
currently available for RP. Rhodopsin mutations account for about 25-30% of autosomal 52 
dominant (ad) RP cases. Among the more than 150 Rhodopsin mutations4 (Human Gene 53 
Mutation Database, http:/www.hgmd.cf.ac.uk/), the Class II mutations cause the structural 54 
instability of the rhodopsin protein that contributes to the rod photoreceptor death and vision 55 
loss5-8. The P23H is the most frequent Rhodopsin mutation in North America, which is also a 56 
typical example of the Class II rhodopsin mutations9,10. Due to its inherent structural instability, 57 
the misfolded rhodopsin is accumulated in the endoplasmic reticulum (ER) in mammalian cells, 58 
whereas the wild type rhodopsin is located on the plasma membrane5. The misfolded rhodopsin 59 
P23H mutant exhibits dominant negative cytotoxicity that is not due to haploinsufficiency, but is 60 
related to the activation of ER associated protein degradation pathway and the interrupted rod 61 
outer segment organization. To alleviate rod photoreceptor cell stress, one strategy is to stabilize 62 
the native folding of the mutant rhodopsin using a pharmacological chaperone.  63 
 64 
To achieve this goal, we performed a cell-based high-throughput screen (HTSs)11-13 using a β-65 
galactosidase fragment complementation assay to quantify the P23H rhodopsin mutant 66 
transported on the plasma membrane. The robust and simple protocol of this HTS assay enabled 67 
us to explore the activities of about 79,000 small molecules for each screen. However, because 68 
this HTS assay reads luminescence signals, false positives including the β-gal inhibitors, colored 69 
or cytotoxic compounds are included in the hit list waiting to be identified by a secondary assay.  70 
 71 
The traditional immunostaining and fluorescence imaging methods have been used for years to 72 
study the rhodopsin transport in mammalian cells5,14-16. However, these conventional methods 73 
cannot be used to quantify pharmacological effects of more than 10 compounds towards 74 
rhodopsin transport because a reliable imaging analysis requires a large number of images taken 75 
under a highly consistent condition, which is not amendable by the conventional imaging 76 
methods. Here, we developed an immunostaining based high-content imaging protocol as a 77 
secondary assay to quantify the cell surface transport of misfolded rhodopsin mutants11,13,17. To 78 
label rhodopsin on the plasma membrane, we skipped the step of cell membrane 79 
permeabilization and immunostained the rhodopsin mutants by a monoclonal (B6-30) anti-80 
rhodopsin recognizing the N-terminal epitope of rhodopsin at the extracellular side of the cell 81 
membrane18. To visualize the mutant rhodopsin in the whole cell, we fused rhodopsin with the 82 
Venus fluorescence protein. By the quantification of the fluorescence intensities in different 83 
fluorescence channels, we are able to obtain multiple parameters from one single experiment 84 
including the total rhodopsin intensity in the whole cell, on the cell surface, and the ratio of 85 
rhodopsin fluorescence on the cell surface to that in the whole cell. Applying this method to 86 
stable cells expressing a total of six misfolded rhodopsin mutants, we can generate a 87 
pharmacological profile of multiple small molecule chaperones towards these mutants. In this 88 



   

protocol, all cells are immunostained in a 384-well plate and imaged using an automated imaging 89 
system under a highly consistent imaging condition. An image analysis is performed to each well, 90 
containing images of more than 600 cells to reduce variation due to the heterogeneity of the cells 91 
with varying cell shape and protein expression level. The workflow of this protocol is summarized 92 
in Figure 1. The advantage of this method is that we obtain high-resolution images as well as 93 
multi-parameter quantifications from the image-based analysis. In general, this protocol can be 94 
modified and applied to quantify the transport of any misfolded membrane protein of interest.  95 
 96 
PROTOCOLS:  97 
 98 
Note: The rhodopsin transport assay.  99 
 100 
1. Preparation and Culture of Cells 101 
 102 
1.1. Revive cryo-preserved U2OS stable cells expressing the wild type (WT) or mutant mouse 103 
rhodopsin-Venus fusion proteins. Thaw the cells at 37 °C until only small ice crystals are left in 104 
the vial.  105 
 106 
Note: The U2OS cells are used in this protocol because there is no photoreceptor cell line 107 
available for in vitro studies and the pre-ciliary biosynthesis of rhodopsin is regulated by similar 108 
molecular mechanisms in mammalian cells. Additionally, the U2OS cells attach tightly to the 109 
bottom of the plate and have large cell bodies, so they are ideal for the rhodopsin transport assay. 110 
Seven U2OS stable cells expressing the WT, T4R, P23H, P53R, C110Y, D190N and P267L rhodopsin 111 
mutants are used here as an example to show the quality and reliability of the assay. Stable cells 112 
expressing other rhodopsin mutants or other membrane proteins can be used, depending on the 113 
goal of the assay. Stable cells expressing human rhodopsin can be used in this assay if available. 114 
The mouse rhodopsin was used here because mouse and human rhodopsin proteins share 95% 115 
homology, and the compounds identified by this assay will be tested in vivo using a mouse adRP 116 
model carrying the rhodopsin P23H mutation8. The stable cells were generated as described 117 
previously19. The WT and mutant rhodopsin transcripts were quantified by q-PCR, and the clones 118 
of stable cells expressing similar levels of WT and mutant rhodopsin transcripts were selected for 119 
this assay. The expression of rhodopsin proteins was confirmed by immunoblot and 120 
immunostaining. The passage of cells used in this assay should be lower than 20. 121 
 122 
1.2. Transfer each line of cells into a 15 mL conical tube containing 10 mL of growth medium 123 
(high glucose Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum (FBS) 124 
and 5 µg/mL Plasmocin).  125 
 126 
1.3. Centrifuge the tube at 200 x g for 5 min. Discard the supernatant and resuspend the cell 127 
pellet with 5 mL of cell growth medium for each cell line. Transfer each line of cell suspension 128 
into a 60 mm tissue culture dish and incubate at 37 °C with 5% CO2. 129 
 130 
1.4. Subculture the cells when the tissue culture dish reaches 90% confluence as described in 131 
reference12. 132 



   

 133 
2. Seeding Cells at 5,000 cells per Well  134 
 135 
Note: Perform the following procedures in a tissue culture hood.  136 
 137 
2.1. Treat the plate with poly-lysine.  138 
 139 
2.1.1. One day before seeding the cells, treat a black-wall and clear bottom 384-well plate with 140 
20 µL/well of poly-lysine solution for 30 min.  141 
 142 
2.1.2. Aspirate the liquid and allow all wells to dry for 1 h. Put back the plate lid and store the 143 
plate at 4 °C overnight for cell seeding.  144 
 145 
2.2. Prepare the cell suspension.  146 
 147 
2.2.1. Culture each cell line in growth medium in a 100 mm tissue culture dish until 90% 148 
confluence.  149 
 150 
2.2.2. Wash each dish with phosphate buffered saline (PBS) and detach the cells with 1 mL of 151 
0.05% Trypsin at room temperature.  152 
 153 
2.2.3. Resuspend each line of cells in 10 mL of assay medium (high-glucose DMEM with 10% 154 
FBS,100 units/mL penicillin and 100 μg/mL streptomycin).  155 
 156 

2.2.4. Count the cells and dilute each line of cells to 1.25  104 cells/mL with the assay medium.  157 
 158 
2.3. Seed the cells.  159 
 160 
2.3.1. Use an electronic multichannel pipette or an automated reagent dispenser to dispense 161 
40 µL/well of the cell suspension to three columns per cell line and fill columns 1-21 of the 384-162 
well plate (Figure 2).  163 
 164 
2.3.2. Add 40 µL/well of U2OS (P23H-Rhodopsin-Venus) to columns 22-23 and 40 µL/well of 165 
U2OS (Rhodopsin-Venus) to column 24, as controls.  166 
 167 
2.3.3. Centrifuge the plate at 300 x g for 30 s to bring down all cells to the bottom of the 384-168 
well plate.  169 
 170 
Note: Avoid physical shock to the plate after cell seeding. Otherwise, cells will be crushed to one 171 
corner of each well, and the plate will not be suitable for high-content imaging. 172 
 173 
2.3.4. Incubate the 384-well plate at 37 °C with 5% CO2 for 3 h for the cells to attach to the 174 
bottom of the plate. 175 
 176 



   

3. Treating the Cells with Compounds 177 
 178 
3.1. Generate a plate map with treatment conditions as shown in Figure 2.  179 
 180 
3.2. Prepare 300 µL of 5x working solutions of up to 15 compounds in a 96-well plate. 181 
 182 
3.2.1. Dilute cps 1 to 15 with the assay medium to five times of their final concentrations in wells 183 
A1 to G2 of the 96-well plate (Figure 2A). Add 300 µL of assay medium in well H2.  184 
  185 
Note: The final concentration of each compound is used at the most effective concentration for 186 
rescuing the transport of the P23H rhodopsin by the HTS12,13.  187 
 188 
3.2.2. Add 100 µL per well of 2% dimethyl sulfoxide (DMSO) and 25 µM 9-cis-retinal that are 189 
diluted in the assay medium to columns 11 and 12, respectively. Add 9-cis-retinal in dim light.  190 
  191 
3.3. Adding 10 µL per well of 5x working solutions to the 384-well plate cultured with the cells 192 
(Figure 2B).  193 
 194 
3.3.1. Use an electronic multi-channel pipette to add compounds 1, 3, 5, 7, 9, 11, 13, and 15 to 195 
rows A, C, E, G, I, K, M, and O from columns 1 to 21 (Figure 2). Add compounds 2, 4, 6, 8, 10, 12, 196 
14 and M to rows B, D, F, H, J, L, N, and P from columns 1 to 21.  197 
 198 
3.3.2. Add 10 µL per well of 2% DMSO to columns 22 and 24. Add 10 µL per well of 25 µM 9-cis-199 
retinal to column 23.  200 
 201 
Note: DMSO is used as a vehicle control because all the compounds are initially dissolved in 202 
DMSO as stocks. Column 22 containing DMSO treated cells expressing the P23H rhodopsin is used 203 
as the 0% control. 9-Cis-retinal treated cells expressing the P23H rhodopsin is used as the 100% 204 
control.  205 
 206 
3.4. Cover the 384-well plate with aluminum foil and incubate the plate at 37 °C for 24 h.  207 
 208 
4. Immunostaining without Membrane Permeabilization to Stain Rhodopsin Protein on 209 
the Cell Surface.  210 
 211 
Note: Avoid any detergent in the entire immunostaining process to keep cell membrane intact. 212 
 213 
4.1. Prepare 4% paraformaldehyde (PFA) by diluting the 16% PFA with PBS in a 1:4 volume 214 
ratio in a chemical fume hood. Transfer the 4% PFA in a reagent reservoir. 215 
 216 
4.2. Take out the 384-well plate in a dark room with dim red light. Use an 8-channel aspirator 217 
connected to a vacuum collection bottle to gently aspirate the medium. Use an electronic 218 
multichannel pipette to add 20 µL per well of freshly prepared 4% PFA to the entire 384-well 219 
plate and incubate for 20 min at room temperature. To avoid cell detachment, always point the 220 



   

tips of the aspirator to the same side of each well during aspirations. Do not touch the middle 221 
bottom area of each well. When taking images, select fields to avoid the region touched by the 222 
aspirator. For incubations longer than 10 min, cover the 384-well plate with its lid to avoid 223 
evaporation. 224 
 225 
Note: Cells are fixed in a dark room to avoid photobleaching of the regenerated isorhodopsin 226 
that will affect the result of the 100% control. After fixation, the 384-well plate can be taken out 227 
under normal light. 228 
 229 
4.3. Use an 8-channel aspirator to aspirate the PFA in each well and use an electronic multi-230 
channel pipette to add 50 μL per well of PBS. Repeat two more times to perform three washes 231 
with PBS.  232 
 233 
Caution: The waste liquid containing PFA are collected in a capped bottle and is to be disposed 234 
of as a hazardous chemical waste after the experiment.  235 
 236 
4.4. Block the cells by adding 20 µL per well of 5% goat serum to the entire 384-well plate and 237 
incubate at room temperature for 30 min. 238 
 239 
4.5. Aspirate the 5% goat serum and add 15 µL per well of 20 µg mL-1 B6-30 anti-rhodopsin 240 
antibody in 1% goat serum to rows A to O. Add 15 µL per well of 1% goat serum to row P for the 241 
secondary antibody-only control group. 242 
 243 
4.6. Incubate the 384-well plate at room temperature for 90 min or at 4 °C overnight. Cover 244 
the 384-well plate with aluminum foil to avoid photobleaching of the fluorophores.  245 
 246 
4.7. Wash the plate 3 times with 50 µL per well of PBS.  247 
 248 
4.8. Aspirate PBS and add 15 µL per well of 5 µg mL-1 Cy3-conjugated goat anti-mouse IgG 249 
antibody. Cover the 384-well plate with aluminum foil and incubate at room temperature for 1 h 250 
or at 4 °C overnight.  251 
 252 
4.9. Wash the plate 3 times with 50 µL per well of PBS. Add 50 µL per well of PBS containing 1 253 
µg mL-1 Hoechst 33342 to stain nuclei at room temperature for 15 min. 254 
 255 
4.10. Seal the 384-well plate with a transparent film before imaging. Cover the 384-well plate 256 
with aluminum foil and store at 4 °C for up to a week if images are taken immediately. 257 
  258 
5. Imaging. 259 

 260 
Note: This high-content imaging procedure is adapted to the imaging system listed in the Table 261 
of Material. Procedures can be different if using other high-content imaging systems.  262 

 263 
5.1. Remove the lid and put the 384-well plate into the high-content imager with A1 264 



   

positioned on the top left corner of the plate. 265 
 266 
5.2. Open the image acquisition software to set up parameters for image acquisition.  267 
 268 
5.2.1. Open the Plate Acquisition Setup window and create new setting or load an existing setup 269 
file.  270 
 271 

5.2.2. Select the 20X objective and set up pixel binning as 2 so the calibrated pixel size is 0.80  272 

0.80 µm. Set the scan lines as 2000 and the image size (W X H) as 1000 X 1000 pixels (800.00  273 
800.00 µm) per site. 274 
 275 
5.2.3. Select the plate type to be imaged. Use the information provided by the manufacturer of 276 
the 384-well plate to fill in the plate dimensions. 277 
 278 
5.2.4. Select the wells to be imaged for the 384-well plate. 279 
 280 
5.2.5. Select four sites to be imaged per well. Avoid the side of the well touched by the aspiration 281 
tips. 282 
 283 
5.2.6. Select excitation lasers as 405, 488 and 561 nm. Select emission filters for DAPI, FITC and 284 
Texas Red channels. Optimize the laser power and gains of each channel to ensure the brightness 285 
of images taken from the positive control wells are less than the saturation threshold.  286 
  287 
5.2.7. Select well-to-well focus for autofocus. Select the first well acquired as the initial well for 288 
finding samples. Set site autofocus to all sites. 289 
 290 
5.2.8. Select four averages per line for each channel. Optimize the Z-offset value for each 291 
channel.  292 
 293 
5.2.9. Test 2-3 wells at the diagonal corners of the 384 well plate to make sure the images are 294 
on focus for all tested wells, images from all sites per well have cells with more than 40% 295 
confluence, and fluorescence intensities of all channels are about half saturated in the 100% 296 
control wells.  297 
 298 
5.2.10. Save the image acquisition method. 299 
 300 
5.3. Run the entire plate. Watch the imager until it finishes capturing images from the first 301 
column of the plate to double-check the image quality before leaving the imager. Take the 384-302 
well plate out and store at 4 °C for future use. 303 
 304 
Note: Depending on the number of sites selected per well and the channels taken, it takes 40 min 305 
to 3 h to finish imaging one 384-well plate. 306 
 307 
6. Image Analysis. 308 



   

 309 
6.1. Pull out the image data using a high-content image analysis software. Select one of the 310 
100% control wells (column 23) to set up parameters.  311 
 312 
6.2. Select the Multi-Wavelength Cell Scoring as the analysis method and start configuring 313 
settings. 314 
 315 
6.2.1. Define the nuclei using images from the DAPI channel. Preview to make sure the defined 316 
nuclei shapes in the selected well fits well with the nuclei images. 317 
  318 
6.2.2. Define the shape of cell in the FITC channel where rhodopsin-Venus is imaged. 319 
 320 
6.2.3. Define the rhodopsin cell surface stain areas in the Texas Red channel.  321 
 322 
6.2.4. Test the current algorithm in 5 wells to determine if the settings are optimized. Save the 323 
settings and close the Configuration window.  324 
 325 
6.3. Run all the wells with the optimized analysis method.  326 
 327 
6.4. Export Object Number as intact cell number. Export the Average Intensity of the FITC 328 
channel as Rhodopsin-Venus Intensity (Rhodopsin-Venus INT). Export the Average Intensity of 329 
the Texas Red channel as rhodopsin intensity on the cell surface (Rhodopsin INT on the cell 330 
surface).  331 
 332 
6.5. Open the exported data in a spreadsheet software. Divide the rhodopsin intensity on the 333 
cell surface by the rhodopsin-Venus INT as MEM-to-total ratio. Calculate the Z’-factors for each 334 
parameter to evaluate the assay quality. Z′=1−3X(STD100% control+STD0% control)/|Mean100% 335 

control−Mean0% control|.  336 
 337 
Note: A Z’-factor higher than 0 indicates a moderate assay sufficient for a high-content screen, 338 
and a Z’ factor between 0.5 and 1 suggests an outstanding assay required for a high-throughput 339 
screen20,21. 340 
 341 
6.6. Use the spreadsheet software to generate a two-color heat map for each parameter. 342 
Arrange the name of cell lines on the X-axis and the compounds on the Y-axis.  343 
 344 
REPRESENTATIVE RESULTS:  345 
We characterized the rhodopsin transport with three parameters: the rhodopsin-Venus intensity 346 
in the whole cell (Rhodopsin-Venus INT), the immunostaining intensity of rhodopsin on the 347 
plasma membrane (Rhodopsin INT on the cell surface), and the ratio of rhodopsin stain on the 348 
cell surface to rhodopsin-Venus intensity in the whole cell (MEM-Total Ratio). A representative 349 
result of the rhodopsin transport assay is shown in Figures 3 and 4. Using DMSO and 9-cis-retinal 350 
treated cells expressing the P23H-rhodopsin-Venus as the 0 and 100% controls, respectively, the 351 
Z’-factors for these three parameters are in the range between 0 to 0.5, suggesting that the assay 352 



   

has moderate quality, sufficient for high-content imaging21. Even though the optimized Z’-factors 353 
are lower than 0.5 due to its relatively complex procedures compared to a HTS assay, this assay 354 
is still robust and reliable for an image-based analysis. An active compound that rescues a 355 
misfolded rhodopsin should show higher values of Rhodopsin INT on the cell surface and MEM-356 
Total Ratio than DMSO, with a P value lower than 0.05. Three 2-D heat maps were generated 357 
from these three parameters to compare the average rhodopsin amount and localization per cell 358 
(Figure 4). Repeated in triplicates, WT and six rhodopsin mutants are listed horizontally, and the 359 
effects of compound treatments are compared vertically. In agreement with previous studies, 360 
the rhodopsin INT on the cell surface and the MEM-Total ratio of are lower for the six mutants 361 
compared to the WT rhodopsin treated with DMSO (Figure 4C)5,22,23. The rhodopsin INT on the 362 
cell surface and its MEM-to-Total ratio are increased by 9-cis-retinal treatment for the T4R, P23H, 363 
D190N and P267L, but not the P53R or C110Y mutants, suggesting that 9-cis-retinal rescues the 364 
transport of the T4R, P23H, D190N and P267L rhodopsin mutants. All the cps showed varying 365 
levels of increase in the Rhodopsin INT on the cell surface for the T4R, P23H and D190N. Cps 3, 366 
4, 5, 7, 8 and 11 increased the rhodopsin-Venus INT but not the MEM-to-Total ratio of these 367 
rhodopsin mutants, suggesting that these compounds only increased the rhodopsin amount. Cps 368 
1, 2 6 and 9 significantly increased the MEM-to-Total ratio of T4R, P23H, D190N and P267L 369 
rhodopsin mutants, suggesting that these compounds rescue the transport of these rhodopsin 370 
mutants to the plasma membrane. The 2-D profiles provide a comprehensive overview of 371 
rhodopsin transport affected by these adRP associated mutations that are mitigated by different 372 
pharmacological treatment. 373 
 374 
FIGURE AND TABLE LEGENDS  375 
Figure 1. The workflow of the rhodopsin transport assay. Procedures for cell surface staining of 376 
rhodopsin without membrane permeabilization for the rhodopsin transport assay.  377 
 378 
Figure 2. Illustrations for the preparation of 5x working solutions and the liquid transfer from 379 
the 96-well plate to the 384-well plate. (A) The 96-well plate layout of the 5x working solutions. 380 
Wells A1 to G2 have 300 μL per well of up to 15 5x working solutions and assay medium (M) as 381 
illustrated in columns 1 and 2. Compounds 14 and 15 are 2% DMSO and 25 μM 9-cis-retinal, 382 
respectively, for the treatment to the seven cell lines expressing WT and mutant rhodopsin. 383 
Additionally, columns 11 and 12 have 100 μL per well of 2% DMSO and 25 μM 9-cis-retinal 384 
controls, respectively, treated to the cells expressing the P23H rhodopsin for the calculation of 385 
Z’-factors. (B) The 384-well plate layout for cell type and treatment conditions. The U2OS cells 386 
expressing the WT, T4R, P23H, P53R, C110Y, D190N and P267L rhodopsin-Venus are seeded as 387 
illustrated. Treatment conditions are labeled in blue. Pink and blue tips demonstrate the well-to-388 
well liquid transfer from the 96-well plate to the 384 plate using a multichannel pipette. 389 
 390 
Figure 3. Representative images and quantifications for the controls of the rhodopsin transport 391 
assay. (A) Venus fluorescence (green) and cell surface immunostaining (red) of U2OS cells 392 
expressing WT or P23H rhodopsin-Venus treated with DMSO or 5 μM 9-cis-retinal. Scale bar = 393 
200 µm. (B) A column plot of mean Venus intensity per cell representing rhodopsin amount in 394 
the whole cell (Rhodopsin-Venus INT). ****p<0.0001. Z’-factor is shown under the black line. 395 
Column value and error bar are average and standard deviation (S.D.) of 16 replicates, 396 



   

respectively. (C) A column plot of mean Cy3 intensity per cell representing the rhodopsin stained 397 
on the cell surface (Rhodopsin INT on the cell surface). (D) A column plot of the ratio of mean cy3 398 
intensity per cell to mean Venus intensity per cell representing the ratio of rhodopsin level on 399 
the cell surface to its whole-cell level (MEM-to-total ratio). 400 
 401 
Figure 4. A representative high-content analysis of the rhodopsin transport assay shown as 2-402 
color heat maps. (A) The heat map of mean Venus intensity per cell representing the whole-cell 403 
rhodopsin level (Rhodopsin-Venus INT). Each block represents a data point and each condition 404 
was tested in triplicate. The color legend is shown on the left. Cp, compound. (B) The heat map 405 
of mean Cy3 intensity per cell representing the rhodopsin stained on the cell surface (Rhodopsin 406 
INT on the cell surface). (C) The heat map of the mean Cy3 intensity per cell to the mean Venus 407 
intensity per cell representing the ratio of rhodopsin level on the cell surface to its whole-cell 408 
level (MEM-to-total ratio). 409 
 410 
DISCUSSION:  411 
Here, we showed a high-content imaging assay used for characterizing hits identified from a HTS. 412 
The only automation involved in these protocols is the high-content imager. The immunostaining 413 
and fluorescence imaging of rhodopsin have been used commonly to characterize the localization 414 
of rhodopsin5,14-16. However, the quantification of images taken by the traditional imaging 415 
methods is limited by the lack of sufficient cell images per condition, low capacity of images per 416 
experiment, and lack of a quality control parameter. We adapted the traditional immunostaining 417 
protocol to the 384-well format and replaced the traditional imaging with high-content imaging. 418 
Using this high-content imaging protocol, we successfully selected and characterized the 419 
activities of hits identified by a HTS11,13,17. Compared to the traditional immunostaining and 420 
imaging methods, this protocol significantly increased the consistence of imaging conditions, 421 
imaging capacity, and image analysis power, which enabled us to quantitatively compare the 422 
pharmacological effects of 11 compounds towards the transport of six adRP associated rhodopsin 423 
mutants.  424 
 425 
The major changes of this protocol compared to the previously used protocols for rhodopsin 426 
immunostaining and imaging are: (1) growing and immunostaining cells in a clear-bottom 384-427 
well plate; (2) imaging cells using a high-content imager; and (3) analyzing data with a high-428 
content image analysis software. Due to these changes, an initial optimization is required to find 429 
the best cell seeding number, antibody concentrations, imaging conditions, and image analysis 430 
algorithms.  431 
 432 
The critical steps of the protocol include: (1) seeding cells that allow 50-70% confluence before 433 
fixation; (2) careful aspirations to avoid cell detachment; (2) imaging several wells across the 434 
whole plate to make sure images are on focus and fluoresce of all channels does not exceed half 435 
of the threshold of the imager for the positive control wells before imaging the whole plate; and 436 
(3) keeping the Z’-factor higher than 0 to ensure the reliability of the assay.  437 
 438 
The most common problems that could be encountered for this protocol are cell detachment and 439 
low Z’-factors. To avoid the first issue, pretreat the 384-well plate with poly-L-lysine to facilitate 440 



   

the cell attachment and avoid using cell lines that detach easily such as the Hek293 cells. 441 
Additionally, limit the aspiration tip to touch only one side of each well during aspiration and 442 
select the other side of each well for imaging. To improve the Z’-factor and the assay quality, 443 
optimize the cell seeding number and image analysis parameters to make sure the cell shape or 444 
nuclei shape defined by the software fits well with each object in each fluorescence channel.  445 
 446 
Compared to other methods to quantify rhodopsin transport, such as a cell surface ELISA, or a β-447 
galactosidase fragment complementation assay, which calculate the target protein level on the 448 
cell surface in all cells, this high-content imaging method quantifies average protein level per cell; 449 
and, this unique feature avoids a critical variation factor, cell number that affects the final 450 
readouts in other methods. Additionally, due to the large number of cells imaged and quantified 451 
by the high-content imaging method, the parameters averaged from all cells per well showed low 452 
variation between replicates, thus adding to the reliability of the assay.  453 
 454 
One limitation of this protocol is that they are not the best assays for HTS, due to its relatively 455 
complicated procedure and the 2 h per plate imaging time. Thus, we recommend alternative 456 
reporter assays for screening large small-molecule libraries with more than 5,000 compounds, 457 
and use this high-content imaging protocol for focused characterization assays limited to less 458 
than 100 compounds. The second limitation of this protocol is its lack of standards to show 459 
whether the Venus fluorescence or the immunostaining fluorescence intensities are in a linear 460 
correlation with the quantity of rhodopsin protein amount per cell. To avoid saturation by 461 
immunostaining, we recommend testing and plotting the immunostaining intensities of the cells 462 
incubated with different concentrations of primary and secondary antibodies. Select the 463 
antibody concentrations within the linear range of florescence change.  464 
 465 
Expanding from the current application, we will quantify rhodopsin transport from images of cells 466 
transiently transfected with 28 different rhodopsin mutants under treatment with up to 10 467 
compounds to generate a pharmacological database of these compounds’ activity for guidance 468 
of potential treatments to adRP patients carrying these rhodopsin mutations. This protocol can 469 
also be easily adapted to the translocation assays of any membrane protein of interest that will 470 
be useful for drug discoveries of other protein misfolding diseases. 471 
 472 
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Day 1: Cell seeding and attachment                                                                      2 h

Day 1: Compound treatment                                                                                24 h

Day 2: Immunostaining                                                                                       4-5 h 

Fix cells with 4 % PFA                                                      20 min

Wash 3 times with PBS                                                      20 min

Block cells with 5 % goat serum                                                        30 min

Incubate with 20 mg/mL B6-30 anti-rhodopsin  antibody                                         1 h

Wash 3 times with PBS                                                           20 min

Incubate with 2 mg/mL Cy3-conjugated goat anti-mouse IgG secondary antibody  1 h

Wash 3 times with PBS                                                         20 min

Incubate with PBS with 1 ug/mL Hoescht 33342                                                      15 min

Day 2: Imaging                                                                                                        2 h

Day 2: Data analysis                                                                                               6 h
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Name of Material/ Equipment Company Catalog Number

U2OS (rhodopsin-Venus) cells NA NA

U2OS (T4R-rhodopsin-Venus) cells NA NA

U2OS (P23H-rhodopsin-Venus) cells NA NA

U2OS (P53R-rhodopsin-Venus) cells NA NA

U2OS (C110Y-rhodopsin-Venus) cells NA NA

U2OS (D190N-rhodopsin-Venus) cells NA NA

U2OS (P267L-rhodopsin-Venus) cells NA NA

DMEM high glucose Genesee Scientific 25-500

Fetal bovine serum (FBS) Gibco 16140071

Plasmocin InvivoGen ant-mpt

Penicillin-Streptomycin (100X) Gibco 15140122

Trypsin-EDTA Genesee Scientific 25-510

Poly-L-lysine solution Sigma-Aldrich P4707-50ML

CellCarrier-384 Ultra Microplates PerkinElmer 6057300

Sterile 96-well plate Eppendorf 30730119

Phosphate Buffered Sailine (PBS) Invitrogen AM9625

DMSO Sigma-Aldrich D4540

9-cis -retinal Sigma-Aldrich R5754

Compounds tested 

Selleckchem/Life Chemicals/Custom 

synthesized NA

B6-30 anti-rhodopsin antibody Novus NBP2-25160

Cy3-conjugated goat anti-mouse secondary antibody Jackson ImmunoResearch Laboratories, Inc 115-165-146

16% paraformaldehyde Thermo Fisher Scientific 28908

10% Normal Goat Serum Thermo Fisher Scientific 50062Z

Hoechst 33342, Trihydroch Invitrogen H3570
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High-content imager Molecular Devices ImageXpress
MetaXpress high-content image acquisition and analysis 

software Molecular Devices MetaXpress
Multichannel pipette (0.5-10 µL) Rainin 17013802

Multichannel pipette (0.5-10c Rainin 17013805

Electronic multichannel pipette (10-200 μL) Thermo Scientific 14-3879-56BT

50ml Reagent Reservoir Genesee Scientific 28-125

8-Channel aspirator ABC Scientific EV503

Excel spreadsheet software Microsoft Excel2016
Origin2018 scientific data analysis and graphing software OriginLab Origin2018



Comments/Description

Stable cells generated from U2OS cells 

Stable cells generated from U2OS cells 

Stable cells generated from U2OS cells 

Stable cells generated from U2OS cells 

Stable cells generated from U2OS cells 

Stable cells generated from U2OS cells 

Stable cells generated from U2OS cells 

With L-Glutamine, sodium pyruvate

Heat inactivated

Mycoplasma elimination reagent
100X concentrated antibiotic solutions to prevent bacteria 

contamination of cell cultures

0.25%, 1mM EDTA in HBSS without calcium and magnesium
Mol wt 70,000-150,000, 0.01%, sterile-filtered, BioReagent, 

suitable for cell culture
384-well tissue culutre-treated microplates with black well walls 

and an optically -clear cyclic olefin bottom for imaging cells in 

high content analysis

Tissue culture treated with lid flat bottom, sterile, free of 

detectable pyrogens, Rnase, DNase and DNA. Non-cytotoxic

10 x PBS Buffer, pH 7.4

>99.5%, cell culture tested

Compounds were purchased from different vendors or custom 

synthesized

Gift from Dr. Krzysztof Palczewski

Methanol-free

Blocking buffer

Nuclear staining solution



ImageXpress® Micro Confocal  High-Content Imaging System

High-content image acquisition and analysis software
Manual 8-channel pipette, 0.5-10 µL

Manual 8-channel pipette, 20-200 µL

Electronic multichanenel pipette for 96- and 384-well microplate pipetting tasks

Reagent reservior for multichannel pippte dispensing

8-Channel stainless steel adaptor for aspirating liquids from 96- or 384-well plates

The spreadsheet software for data analysis and heatmap generation
The data analysis software for generating the dose response curves
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Dear Dr. Wu, 

Thank you for your comments of our manuscript. Here enclosed our revised manuscript. We 

have addressed all your comments with our responses marked in blue. We look forward to 

your final decision.  

Sincerely, 

Yuanyuan Chen, Ph.D. 

 

Editorial comments: 

 

The manuscript has been modified and the updated manuscript, 58703_R1.docx, is 

attached and located in your Editorial Manager account. Please use the updated version 

to make your revisions. 

 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there 

are no spelling or grammar issues. 

We have proofread the manuscript multiple times to eliminate the spelling and grammar 

issues. 

 

2. Please do not separate the Protocol section into two parts. Please number the protocol 

steps continuously. 

The protocol now has only one part and is numbers continuously. 

 

3. Please do not number the notes. 

Notes are not without numbers. 

 

4. Please reference the notes as superscripts in the manuscript. 

Notes are referred as superscripts in the manuscript. 
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Time units are used as h, min and s.  
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