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November 30, 2018 
 
Dr. Ronald Myers  
Science Editor, Journal of Visualized Experiments 
 
We are pleased to submit our manuscript, “High-resolution imaging of nuclear dynamics in live cells 
under uniaxial tensile strain” to be considered as an article in Journal of Visualized Experiments.  
 
We have previously designed a device1 to apply extracellular mechanical strain to adherent cells. The design 
of the elastomeric substratum in that work was sufficient for biochemical assays as well as low-resolution 
imaging of strained cells. In this work, we redesigned the substratum and introduced a novel imaging 
configuration that facilitates high resolution subcellular live cell imaging under applied strain. Here, we 
demonstrate the application of this new apparatus to probe the mechanism by which strain promotes 
differentiation of oligodendrocytes2,3. The high-resolution time lapse imaging of nuclei in strained and 
unstrained oligodendrocyte progenitor cells showed that mechanical tensile strain hastens the dampening of 
nuclear dynamics, consistent with accelerated cell differentiation. Our method has several advantages such as 
it can be fabricated simply, is small enough to fit inside tissue culture incubators as well as on top of 
microscope stages, and allows high-resolution optical imaging of any adherent cell type. 
 
We believe that the The Journal of Visualized Experiments is an appropriate venue in which to publish this method, 
and look forward to your and the reviewers’ response. 

 
Sincerely, 

 
Krystyn J. Van Vliet, Ph.D. 
 
We would like to suggest the following reviewers: 
1. Stephen Crocker, crocker@uchc.edu 
2. Laura Feltri, mlfeltri@buffalo.edu 
3. Patrizia Casaccia, Patrizia.Casaccia@asrc.cuny.edu 
4. Carmen V. Melendez-Vasquez, melendez@genectr.hunter.cuny.edu 
5. Jonah Chan, jonah.chan@ucsf.edu 
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SUMMARY: 21 
Using a previously designed device to apply mechanical strain to adherent cells, this paper 22 
describes a redesigned substratum geometry and a customized apparatus for high-resolution 23 
single-cell imaging of strained cells with a 100x oil immersion objective. 24 
 25 
ABSTRACT: 26 
Extracellular mechanical strain is known to elicit cell phenotypic responses and has physiological 27 
relevance in several tissue systems. To capture the effect of applied extracellular tensile strain 28 
on cell populations in vitro via biochemical assays, a device has previously been designed which 29 
can be fabricated simply and is small enough to fit inside tissue culture incubators, as well as on 30 
top of microscope stages. However, the previous design of the polydimethylsiloxane substratum 31 
did not allow high-resolution subcellular imaging via oil-immersion objectives. This work 32 
describes a redesigned geometry of the polydimethylsiloxane substratum and a customized 33 
imaging setup that together can facilitate high-resolution subcellular imaging of live cells while 34 
under applied strain. This substratum can be used with the same, earlier designed device and, 35 
hence, has the same advantages as listed above, in addition to allowing high-resolution optical 36 
imaging. The design of the polydimethylsiloxane substratum can be improved by incorporating a 37 
grid which will facilitate tracking the same cell before and after the application of strain. 38 
Representative results demonstrate high-resolution time-lapse imaging of fluorescently labeled 39 
nuclei within strained cells captured using the method described here. These nuclear dynamics 40 
data give insights into the mechanism by which applied tensile strain promotes differentiation of 41 
oligodendrocyte progenitor cells.  42 
 43 
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INTRODUCTION: 44 
Cells and tissues in the body are subjected to various mechanical cues, including tensile strains. 45 
However, the effects of these cues on the biology of neural cells have not yet been studied 46 
extensively and understood fully. In the central nervous system, sources of mechanical strain 47 
include developmental growth1–4, physiological processes such as spinal cord bending, blood and 48 
cerebrospinal fluid pulsation, and pathological conditions such as trauma, axon swelling, glial 49 
scarring, or tumor growth5–8. It is worth investigating how tensile strain affects the differentiation 50 
of oligodendrocytes and the subsequent myelination of axons, which is a critical process in the 51 
vertebrate central nervous system. Using a custom-designed strain device and elastomeric 52 
multiwell plates, previous works9,10 have shown that static uniaxial strain can increase 53 
oligodendrocyte differentiation via global changes in gene expression10. To gain further 54 
understanding of the mechanisms of strain mechanotransduction in these cells, the previous 55 
experimental apparatus must be redesigned as described here, to enable high-resolution 56 
fluorescence imaging of nuclear dynamics in living cells under strain. Specifically, a single-well 57 
polydimethylsiloxane plate is developed, and the imaging configuration is redesigned to allow for 58 
the time-lapse imaging of live cells under strain using a 100x oil immersion lens. To eliminate the 59 
negative optical effects of polydimethylsiloxane in the light pathway, cells are imaged not 60 
through the polydimethylsiloxane plate, but in the inverted position, through the cover glass 61 
covering the cell compartment. Using this new imaging design, hundreds of high-resolution time-62 
lapse movies are recorded, of individual cell nuclei within intact adherent cells, where chromatin 63 
is labeled by tagging histone H2B to green fluorescent protein. These movies demonstrate that 64 
tensile strain induces changes in chromatin structure and dynamics that are consistent with the 65 
progression of oligodendrocyte differentiation.  66 
 67 
Live cell imaging under applied strain is technically challenging and requires a device design that 68 
is compatible with the microscope system. The custom design described here presents an 69 
inexpensive alternative to commercial solutions. Its dimensions enable its installation on 70 
microscope stages and live cell imaging at high spatial resolution during applied strain. The 71 
imaging setup is designed to facilitate live cell imaging using a 100x oil immersion lens with the 72 
highest clarity, through the cover glass, not through the layer of polydimethylsiloxane plate which 73 
otherwise decreases the image quality and is common in most imaging setups under strain. The 74 
device, with a mounted plate containing cells, can also be stored easily in the incubator. This 75 
device is designed to apply uniaxial strain to substrata that facilitate adherent cell culture and 76 
maintain a stable and uniform strain over multiple days. The setup described here can be used 77 
for the high-resolution imaging of various adherent cell types under strain, making it applicable 78 
to mechanotransduction studies in many fields of cell mechanobiology. 79 
 80 
PROTOCOL: 81 
 82 
1. Design of the single-well polydimethylsiloxane mold for high-resolution imaging 83 
 84 
NOTE: The mold for manufacturing polydimethylsiloxane plates is designed with the following 85 
features to enable imaging with a 100x oil immersion lens and a correct fit in the custom-build 86 
strain device (Figure 1A,B). 87 



  

 88 
1.1. Keep the overall plate dimensions such that it fits in the clamps of the strain device.  89 
 90 
NOTE: Here, they are 60 mm x 73 mm.  91 
 92 
1.2. Make a cell compartment or well that is significantly smaller than the whole plate’s lateral 93 
dimensions, to avoid arcing (out-of-plane bending) effects that happen at the unclamped edges 94 
of the polydimethylsiloxane plate during applied strain.  95 
 96 
NOTE: Here, the compartment was designed as a 23 mm x 23 mm square. 97 
 98 
1.3. Keep the depth of the cell compartment as minimal as possible (not more than 80 µm), to 99 
enable focusing with the 100x oil immersion lens through the cover glass placed on top of the 100 
compartment, but make it sufficient enough to contain media and to avoid contacting or 101 
squeezing the cells.  102 
 103 
1.4. Raise the cell compartment on a square with a height of 3 mm, to bring the cells closer to 104 
the lens in the inverted microscope setup to enable easy focusing.  105 
 106 
NOTE: Molds with the above features can be manufactured by many techniques including, for 107 
example, milled aluminum. Alternatively, master molds can also be assembled by using acrylic 108 
sheets cut with a laser cutter, cover glass #0 for the cell compartment, and super glue. This master 109 
mold is used to make a polydimethylsiloxane imprint, which is then used to make working molds 110 
using a casting resin. 111 
 112 
2. Fabrication of single-well polydimethylsiloxane plates and square compartments 113 
 114 
2.1. Mix polydimethylsiloxane base and curing agent in a ratio of 20:1 (by weight) in a disposable 115 
cup. Weigh a total of 20 g of polydimethylsiloxane per mold (for making one polydimethylsiloxane 116 
plate) and 150 g of polydimethylsiloxane per 150 mm-in-diameter plastic dish (for making one 117 
batch of square compartments). 118 
 119 
2.2. Leave the polydimethylsiloxane mix in a vacuum degasser at -0.8 bar for 30 min (or until all 120 
bubbles are removed).  121 
 122 
2.3. Pour the polydimethylsiloxane mix into the molds (for plates) or into 150 mm plastic dishes 123 
(for square compartments).  124 
 125 
2.4. Remove any additional bubbles at this stage, either by blowing air (by mouth) or degassing 126 
the polydimethylsiloxane-filled molds/dishes again at -0.8 bar vacuum for 30 min.  127 
 128 
2.5. Leave the molds/dishes in an 80 °C oven on a leveling table for a minimum of 2 h and a 129 
maximum of 24 h.  130 
 131 



  

2.6. Carefully remove the molds/dishes from the oven and let them cool down to room 132 
temperature. Gently peel out the cured polydimethylsiloxane after carefully cutting the edges 133 
with a blade (Figure 1C). 134 
 135 
2.7. On the 150 mm-diameter polydimethylsiloxane, draw a 2 cm x 2 cm grid with a marker. 136 
Within each square, draw a 1 cm x 1 cm square, leaving a margin of 0.5 cm on all sides. Using a 137 
blade, carefully cut along the lines to obtain square compartments (Figure 2A).  138 
 139 
2.8. Clean the polydimethylsiloxane plates/square compartments by incubating them in 100% 140 
acetone for 4–24 h, followed by 100% ethanol for 4–24 h, followed by autoclaved water for 4–24 141 
h.  142 
 143 
2.9. Place the plates/square compartments on paraffin film backing paper (not the paraffin film 144 
but the paper) inside a 150 mm diameter plastic dish (Figure 2C).  145 
 146 
2.10. Leave the polydimethylsiloxane plate in the 80 °C oven to dry for 4–24 h. 147 
 148 
2.11. Seal the 150 mm-diameter dishes containing polydimethylsiloxane plates and container 149 
squares with paraffin film, and store them in a cold room until further use.  150 
 151 
3. Functionalization of polydimethylsiloxane plates 152 
 153 
3.1. Remove the paraffin film, remove the cover of the plastic dish, and place the 154 
polydimethylsiloxane plates and square compartments under ultraviolet light for 30 min. 155 
 156 
3.2. Plasma-treat (at 150 W for 5 min) the polydimethylsiloxane plates (with the cell 157 
compartment facing up) without the square compartments, to make the culture surface 158 
hydrophilic. 159 
 160 
3.3. Immediately place the square compartments onto the plasma-treated surface (Figure 2B) 161 
and press manually to temporarily stick the two together. 162 

 163 
NOTE: Do not plasma-treat the square compartments, or else they will stick strongly to the 164 
polydimethylsiloxane plate and will not come off easily when they must be peeled off during 165 
imaging.  166 
 167 
3.4. Add 200 µL of 100 mM (3-aminopropyl)triethoxysilane to the well for 2 h to introduce –NH2 168 
groups to the polydimethylsiloxane surface. To make a 100 mM solution, dissolve 234 µL of pure 169 
(3-aminopropyl)triethoxysilane in 10 mL of water. After a 2 h incubation, wash the wells 3x with 170 
deionized water. 171 
 172 
3.5. Weigh 2 mg of the molecular crosslinker bissulfosuccinimidyl suberate and dissolve it in 700 173 
µL of 1 M (4-(2-hydroxyethyl)-1-piperazineethane sulfonic acid buffer (pH 8.0) and 2.8 mL of 174 
water.  175 



  

 176 
NOTE: This will give a 1 mM bissulfosuccinimidyl suberate solution in 200 mM (4-(2-177 
hydroxyethyl)-1-piperazineethane sulfonic acid buffer. Note that a 50 mM concentration buffer 178 
also works well.  179 
 180 
3.5.1. Add 135 µL of this solution and 15 µL of 1 mg/mL fibronectin to the well in each 181 
polydimethylsiloxane plate for 4 h at room temperature. 182 
 183 
3.6. Wash 3x with phosphate-buffered saline solution. Add 500 µL of phosphate-buffered saline 184 
solution to the well. Cover the 150 mm-diameter dish containing the polydimethylsiloxane with 185 
paraffin film and store it in a cold room, until further use. 186 
 187 
4. Functionalization of plastic dishes and flasks 188 
 189 
4.1. Incubate plastic dishes and flasks with a 5 µg/mL solution of poly-D-lysine (PDL, in sterile 190 
water) for 1 h. Add 1.5 mL of this solution (ligand) per 35 mm-diameter dish, 3 mL of it per 60 191 
mm-diameter dish, and 10 mL per 75 cm2 culture flask.  192 
 193 
4.2. Wash the dishes and flasks 2x with sterile water. 194 
 195 
4.3. Leave them to dry in the biosafety cabinet for 1 h (or until dry) and store them in the cold 196 
room at 4 °C until further use. 197 
 198 
5. Proliferation and differentiation medium for murine oligodendrocyte progenitor cells 199 
 200 
5.1. Prepare 50 mL of 100x solutions of the proliferation and differentiation medium, make 201 
aliquots of 2.5 mL, and store them at -80 °C.  202 
 203 
NOTE: The composition of proliferation medium is 0.1 mg/mL bovine serum albumin, 62 ng/mL 204 
progesterone, 16 µg/mL putrescine, 5 µg/mL insulin, 50 µg/mL holo-transferrin, 5 ng/mL sodium 205 
selenite, 1x penicillin-streptomycin, 10 ng/mL platelet-derived growth factor, and 10 ng/mL 206 
fibroblast growth factor in Dulbecco’s modified Eagle’s medium (DMEM) with high glucose and 207 
pyruvate. While bovine serum albumin, progesterone, putrescine, and sodium selenite can be 208 
constituted and stored at 100x, insulin, holo-transferrin, and penicillin-streptomycin must be 209 
added fresh while preparing the 1x solution. The growth factors must be constituted at 10 µg/mL 210 
and must be added fresh to the cells every day (1 µL/mL of medium). The composition of the 211 
differentiation medium is 0.1 mg/mL bovine serum albumin, 62 ng/mL progesterone, 16 µg/mL 212 
putrescine, 5 µg/mL insulin, 50 µg/mL holo-transferrin, 5 ng/mL sodium selenite, 1x penicillin-213 
streptomycin, 400 ng/mL triiodothyronine, 400 ng/mL L-thyroxine, and 0.5% fetal bovine serum 214 
in DMEM with high glucose and pyruvate. Triiodothyronine and L-thyroxine can be constituted 215 
with other reagents and stored at 100x. Insulin, holo-transferrin, and penicillin-streptomycin 216 
must be added fresh while preparing the 1x solution. 217 
 218 
5.2. For preparing 50 mL of 100x proliferation medium, dissolve 510 mg of bovine serum albumin 219 



  

in 17 mL of Dulbecco’s medium, 310 µg of progesterone in 31 µL of ethanol, 80 mg of putrescine 220 
in 500 µL of Dulbecco’s medium, 25 µg of sodium selenite in 10 µL of Dulbecco’s medium, and 221 
full DMEM up to 50 mL 222 
 223 
5.3. For preparing 50 mL of 100x solution of differentiation medium, additionally dissolve 2 mg 224 
of triiodothyronine in 40 µL of sodium hydroxide and 2 mg of L-thyroxine in 40 µL of sodium 225 
hydroxide, then fill up the solution to 50 mL with Dulbecco’s medium. Filter the solution through 226 
a sterile disposable filter unit, aliquot, and store the aliquots at -80 °C. 227 
 228 
5.4. For preparing 250 mL of 1x proliferation/differentiation medium, mix 2.5 mL of 100x solution 229 
of proliferation/differentiation medium with 12.5 mg of holo-transferrin, 125 µL of 10 mg/mL 230 
insulin, and 2.5 mL of 100x penicillin-streptomycin. Fill up the solution to 250 mL with Dulbecco’s 231 
medium and filter it through a sterile disposable filter unit.  232 
 233 
NOTE: The growth factors must be added fresh and directly to the cell culture, not to the whole 234 
batch of reconstituted medium.  235 
 236 
6. Cell culture  237 
 238 
6.1. Start with oligodendrocyte progenitor cells suspended in proliferation medium. Seed these 239 
cells at a density of 35,000 cells/cm2 onto PDL-coated plastic surfaces (dishes or flasks, see section 240 
4). Adjust the volume of the proliferation medium to 3 mL per 10 cm2 of surface area of plastic 241 
substratum; a lower volume of medium may lead to cell clumping arising from surface tension 242 
forces, while a higher volume of medium in the dishes may cause spillage. 243 
 244 
6.2. Add growth factors (platelet-derived growth factor and fibronectin growth factor) every day, 245 
maintaining their concentration at 10 ng/mL and change half of the proliferation medium on 246 
alternate days. 247 
 248 
6.3. On the third day, detach the cells from the plastic surface using a gentle cell detachment 249 
solution (e.g., accutase): remove the medium, wash 1x with phosphate-buffered saline solution, 250 
add 1 mL of detachment solution per 20 cm2 area, leave the dish/flask in an incubator at 37 °C 251 
for 10 min, and gently tap it until all cells have detached (look under a microscope).  252 

 253 
6.4. Pipette using a 200 µL tip to break clumps into single cells, transfer them to a 50 mL tube, 254 
dilute them in proliferation medium, spin at 0.2 x g for 10 min, discard the supernatant, and 255 
resuspend the pellet in proliferation medium to make a total volume of 1 mL. Count the cells 256 
using a cytometer. 257 
 258 
6.5. Wash the fibronectin-functionalized polydimethylsiloxane plates 2x, 15 min per wash, with 259 
proliferation medium. 260 
 261 
6.6. Seed 35,000 cells per polydimethylsiloxane plate in 700 µL of proliferation medium. 262 
 263 



  

6.7. Add a plasmid construct of H2B-GFP for labeling histone H2B with green fluorescent protein.  264 
 265 

NOTE: Here, 1.4 µL of CellLight H2B-GFP BacMam2 transfection mix was added to each plate (2 266 
µL per 50,000 cells). 267 
 268 
6.8. After 24 h, mount the polydimethylsiloxane samples with cells to be stretched on the uniaxial 269 
strain device (as shown in Figure 2D). Change the medium in all samples to differentiation 270 
medium.  271 

 272 
6.9. To strain the samples, measure the unstrained cell compartment length (Figure 3A) and turn 273 
the stage micrometer screw to increase the cell compartment length by the desired amount (e.g., 274 
10%, see Figure 3B). Leave the stretched and unstretched polydimethylsiloxane samples in the 275 
incubator at 37 °C until imaging. 276 
 277 
7. Imaging 278 
 279 
7.1. Turn on the microscope. Set the microscope incubator temperature to 37 °C, the humidity 280 
to 95%, and the carbon dioxide to 5%.  281 
 282 
7.2. Bring the objective to be used (100x oil immersion) to the central position as the objective 283 
turret will not be accessible later. Unscrew the objective and screw it back together with an 284 
objective ring (Figure 4A) so that the objective can be brought closer to the cells. If an oil objective 285 
is being used here, add a drop of oil at this step.  286 
 287 
7.3. Synthesize beforehand (via 3D printing or machining) a plastic or metal holder that has two 288 
important features—an angled window and a step (Figure 4B).  289 

 290 
NOTE: The window supports a thickness #0 glass coverslip that will hold the medium while the 291 
strain device is in an inverted state. The angled cut at the window edges (Figure 4D) allows the 292 
objective to come closer to the glass coverslip. The step in the holder allows us to bring the 293 
stretched polydimethylsiloxane further down, closer to the objective.  294 
 295 
7.4. Place a glass coverslip (thickness #0, with dimensions of 25 mm x 25 mm or 35 mm in 296 
diameter) onto the top surface of the holder by spreading vacuum grease at the periphery of the 297 
window (Figure 4C), and tape the plastic window onto the microscope stage (Figure 4D and 298 
Figure 5A).  299 
 300 
7.5. Screw a z-translation stage onto the microscope stage and move it to the topmost z-position 301 
(Figure 5A). 302 
 303 
7.6. Remove 500 µL of the medium from the stretched polydimethylsiloxane plate to be imaged 304 
and add this medium onto the glass coverslip in the white plastic window.  305 
 306 
7.7. Carefully detach the square compartment from the polydimethylsiloxane plate with sterile 307 



  

tweezers.  308 
 309 
7.8. Hold the strain device in an upright position (cells facing up) above the white plastic window 310 
and carefully invert the strain device so as to let any extra medium drop directly in the middle of 311 
the glass coverslip (Figure 5B) (cells facing down). 312 
 313 
7.9. Place the bottom part of the strain device onto the z-translation stage with the double-sided 314 
tape (Figure 5C,D). 315 
 316 
7.10. While looking through the eyepiece under brightfield, slowly bring the strain device down 317 
(Figure 5E) (by lowering the z-translation stage) and move the objective up to focus on the cells.  318 

 319 
7.10.1. Perform this step extremely slowly, step by step. If the strain device presses too much 320 
onto the coverslip, the cells can get compressed (causing them to die) and if the objective presses 321 
too much onto the coverslip, the coverslip can break (causing medium to leak and spill onto the 322 
objective). 323 
 324 
7.11. Scan the polydimethylsiloxane plate in x- and y-directions to find a cell that has a 325 
fluorescent nucleus (under epifluorescence with 488 nm of wavelength excitation) and 326 
appropriate cell morphology (under brightfield).  327 
 328 
7.12. If the lateral displacement of the microscope stage does not affect the vertical focusing too 329 
much, select multiple regions of interests using a multipoint feature on the software. Sometimes, 330 
the focusing is very sensitive to any lateral displacement of the stage. In such cases, image one 331 
cell at a time. Mark the x-, y-, and z-positions for each cell of interest. 332 
 333 
7.13. Record wide-field (or open-pinhole) images of the nucleus with 488 nm of wavelength 334 
excitation and of the cell with brightfield excitation at intervals of 30 s per frame for a total 335 
duration of at least 30 min. 336 
 337 
8. Data analysis 338 
 339 
8.1. Nuclear fluctuations 340 
 341 
8.1.1. Open the sequence of nucleus images (Figure 6A) in an image analysis software and 342 
threshold the nucleus time-lapse images (for example, use the Threshold command in ImageJ or 343 
the Graythresh command in the software MATLAB). 344 
 345 
8.1.2. Get the nucleus area (in pixels) as a function of time, plot it in a data plotting software 346 
(Figure 6B), and fit a third order polynomial to the data (Figure 6C) (for example, use the Analysis 347 
| Fitting | Polynomial Fit command in Origin or the Polyfit command in the software MATLAB). 348 
 349 
8.1.3. Subtract the value of the fitted polynomial from the actual area (in pixels) for each time 350 
point. This corrected area is known as the residual area.  351 



  

 352 
NOTE: This process removes any increasing or decreasing trend in the data coming from 353 
instrumental errors and is called detrending.  354 
 355 
8.1.3.1. Calculate the percentage of residual area by dividing the residual area at each time point 356 
with the value of the fitted polynomial at that time point (Figure 6D). 357 
 358 
8.1.4. Calculate the standard deviation of the residual area time series. This standard deviation 359 
denotes the amplitude of nuclear fluctuations. 360 
 361 
8.2. Data plotting and statistical analysis 362 
 363 
8.2.1. Calculate the amplitude of nuclear fluctuations as a mean of at least 20 nuclei per 364 
condition. 365 
 366 
8.2.2. Conduct a one-way analysis-of-variance statistical test with Bonferroni correction to 367 
determine whether there is a significant difference in the amplitude of fluctuations as a function 368 
of conditions of interest (for example, with and without applied strain).  369 
 370 
REPRESENTATIVE RESULTS: 371 
Recent work aimed at investigating the effect of tensile strain on oligodendrocytes10 showed that 372 
a 10% uniaxial tensile strain promotes the differentiation of oligodendrocyte progenitor cells by 373 
global changes in gene expression. The mechanism behind these changes in gene expression can 374 
be probed via the imaging of subcellular parameters, such as the cytoskeleton structure, 375 
transcription factor localization, nuclear dynamics, and chromatin organization. However, the 376 
previous geometry of the polydimethylsiloxane substratum did not allow high-resolution single-377 
cell imaging. As described in this work, the redesigned geometry of the polydimethylsiloxane 378 
substratum and the imaging setup minimized the distance between the cells and the objective. 379 
This allows capturing time-lapse images of fluorescently labeled cell nuclei using a 100x oil 380 
immersion objective (Figure 6A).  381 
 382 
Fluctuations in the nuclear projected area depend on the differentiation state of the cells11,12. A 383 
comparison of the nuclear fluctuations of oligodendrocyte progenitor cells and that of terminally 384 
differentiated oligodendrocytes showed that the latter have significantly lower fluctuations 385 
(Figure 6E). Next, the nuclear fluctuations of oligodendrocyte progenitor cells at 1 h, 24 h, and 48 386 
h post-chemical induction of differentiation with and without a 10% tensile strain were 387 
compared. With chemical induction alone, the amplitude of nuclear fluctuations showed a 388 
significant decrease at 48 h but not at 24 h (Figure 6F). On the other hand, chemical induction 389 
together with a 10% tensile strain showed a significant decrease at 24 h, which remained 390 
constant, without further reduction at 48 h (Figure 6G).  391 
 392 
The substratum geometry and the imaging configuration described in this paper enabled the 393 
recording of high-resolution movies of strained cells. Subsequent analysis of these movies 394 
demonstrated that strain hastens the dampening of nuclear fluctuations, which is a marker of 395 



  

differentiation. These results give insight into the mechanism by which strain promotes 396 
oligodendrocyte differentiation. Further discussion on the interpretation of these results and 397 
future experiments are described in Makhija et al.13. 398 
 399 
FIGURE AND TABLE LEGENDS: 400 
 401 
Figure 1: Design and geometry of the polydimethylsiloxane mold. (A) Sketch of the mold 402 
showing all dimensions in millimeters (this sketch was generated by Whits Technologies, 403 
Singapore). (B) Three-dimensional view of the mold (adapted from Makhija et al.11). Inset shows 404 
a photo of the mold. (C) Three-dimensional view of the polydimethylsiloxane plate fabricated 405 
using the mold (adapted from Makhija et al.11). Inset shows a photo of the polydimethylsiloxane 406 
plate. 407 
 408 
Figure 2: Sample preparation. (A) Photo of a polydimethylsiloxane plate and a square 409 
compartment. (B) The square compartment is placed on the raised square on the 410 
polydimethylsiloxane plate. Its purpose is to contain medium for the cells. (C) 411 
Polydimethylsiloxane plates are stored in 150 mm-diameter plastic dishes using parafilm paper 412 
to prevent the polydimethylsiloxane from sticking onto the plastic. (D) While mounting the plate 413 
onto the strain device, support it from the bottom using two fingers to prevent any sagging of 414 
the plate. If the plate still sags a little bit after mounting, increase the distance between the strain 415 
device arms by turning the translation stage. At this step, the translation of the stage should not 416 
induce strain in the polydimethylsiloxane plate. 417 
 418 
Figure 3: Cell stretching. (A) Measure the initial length of the plate between the clamps, using a 419 
ruler. (B) Stretch the plate by turning the screw on the translation stage to increase the initial 420 
plate length by the desired percentage. X% increase in length corresponds to X% of strain. Note 421 
that, to generate the desired strain (X%) in the raised cell culture compartment, the main plate 422 
must be strained by a higher amount (approximately 2X%) because of the difference in their 423 
thickness in the described plate geometry.  424 
 425 
Figure 4: Preparation for imaging. (A) Bring the 100x objective to the central position in the 426 
turret, unscrew the objective, and screw it back together with the objective ring. (B) Sketch of 427 
the holder showing all dimensions in millimeters. (C) Spread vacuum grease at the periphery of 428 
the window in the holder, using a pipette tip, and place a glass coverslip on top. Use a cover glass 429 
with thickness #0 or #1, to enable focusing with the 100x oil immersion lens. (D) Place the holder 430 
(1) on the microscope stage (2). Bring the oil (6) objective (3) closer to the coverslip (5) that is 431 
stuck to the holder, using vacuum grease (4). 432 
 433 
Figure 5: Imaging setup on the microscope. (A) Assemble the z-translation stage (yellow arrow) 434 
and the holder (red arrow) onto the microscope stage. (B) Tilt the strain device onto the 435 
microscope stage so as to let any medium drop onto the glass coverslip of the holder. Stick a 436 
double-sided tape (blue arrow) on the strain device that will stick onto the z-translation stage. 437 
(C) Place the strain device in an inverted position, supporting it on the z-translation stage. The 438 
cells must be aligned with the glass coverslip of the plastic holder. (D) Inverted geometry of the 439 



  

strain device minimizes the distance between the cells and the objective, thereby facilitating 440 
high-resolution imaging (adapted from Makhija et al.11). (E) Side view before bringing the strain 441 
device down (1); side view after bringing the strain device down (2); top-view after bringing the 442 
strain device down (3).  443 
 444 
Figure 6: Representative images and area fluctuations data of the nucleus. This figure is adapted 445 
from Makhija et al.11. (A) Typical image of a nucleus labeled with histone H2B tagged to green 446 
fluorescent protein, and a differentiating oligodendrocyte progenitor cell. The nucleus is in focus, 447 
while the cell processes are out of focus. (B) Typical time series of a nuclear area (in pixels). (C) 448 
Third order polynomial fitted to the data. (D) Percentage of the residual area fluctuation time 449 
series. (E) Nuclear edge fluctuations of proliferating oligodendrocyte progenitor cells and 450 
terminally differentiated oligodendrocytes. (F) Nuclear edge fluctuations at 1 h, 24 h, and 48 h 451 
postinduction of chemical differentiation without strain. (G) Nuclear area fluctuations at 1 h, 24 452 
h, and 48 h postinduction of chemical differentiation with 10% tensile strain. 453 
 454 
DISCUSSION: 455 
A device has previously1 been designed for the application of extracellular tensile strain on 456 
adherent cells. The design of the polydimethylsiloxane substratum in that work was sufficient for 457 
biochemical assays, as well as the low-resolution imaging of stretched cells. In this work, the 458 
substratum was redesigned, and a novel imaging configuration that facilitates high-resolution 459 
subcellular live cell imaging was introduced. The advantages of this system are numerous: it can 460 
be built in-lab using simple components, it is inexpensive compared to commercial strain devices 461 
(500 USD per cell strain device), and it is small enough to fit inside tissue culture incubators, as 462 
well as onto microscopes. Moreover, although the imaging system has been described here with 463 
the inverted microscope setup, it can be readily adjusted for the upright microscope 464 
configuration. 465 
 466 
There are a few critical steps involved in the sample preparation and imaging. First, the 467 
polydimethylsiloxane plates and square compartments have to be thoroughly cleaned before cell 468 
seeding (protocol step 2.8) to ensure cell survival (as uncured polydimethylsiloxane is toxic to 469 
cells). Second, since the volume of fluid medium that can fit inside the square compartment is 470 
less than 1 mL, it may evaporate if the sample is in the incubator for a few days. Hence, the 471 
medium must be checked every day and replenished when required. Additionally, the raised area 472 
on the polydimethylsiloxane plate can be covered with an inverted 60 mm-diameter plastic dish 473 
to minimize evaporation. Third, extreme caution must be exercised while moving the strain 474 
device on the microscope down via the z-translation stage to bring the cells closer to the glass 475 
coverslip. Compressing the cells (even for a moment) between the polydimethylsiloxane 476 
substratum and the glass coverslip may cause cell death. Fourth, the dead cells and cell debris 477 
may remain stuck to the glass coverslip after the polydimethylsiloxane sample has been removed. 478 
Hence, after imaging, the glass coverslip must be pulled off from the vacuum grease and a fresh 479 
coverslip should be attached prior to mounting a new sample.  480 
 481 
The limitations of the strain device are that the application of stage lateral displacement cannot 482 
be programmed to perform cyclic or ramped strain and that it can only apply uniaxial strain. The 483 



  

limitation of the polydimethylsiloxane substratum in the described geometry is that a strain 484 
higher than 25% may cause a fracture of the polydimethylsiloxane.  485 
 486 
A future modification to improve the design of the polydimethylsiloxane substratum could be the 487 
incorporation of a grid on the cell culture surface. This would allow for tracking the same cell 488 
before and after the application of tensile strain.  489 
 490 
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&ƌŽŵ͗�&ƌŽŶƚŝĞƌƐ��ĚŝƚŽƌŝĂů�KĨĨŝĐĞ
^ĞŶƚ͗�&ƌŝĚĂǇ͕�:ĂŶƵĂƌǇ�ϭϴ͕�ϮϬϭϵ�ϭϬ͗Ϯϯ�WD
dŽ͗��ŬƚĂ�WĂƌƐŚŽƚĂŵ�DĂŬŚŝũĂ
^ƵďũĞĐƚ͗�ZĞ͗�WĞƌŵŝƐƐŝŽŶ�ĨŽƌ�ĂĚĂƉƚŝŶŐ�ĨŝŐƵƌĞƐ�ĨƌŽŵ�ŵǇ�&ƌŽŶƚŝĞƌƐ�ĂƌƚŝĐůĞ

�ĞĂƌ��ŬƚĂ͕

dŚĂŶŬ�ǇŽƵ�ĨŽƌ�ǇŽƵƌ�ĞŵĂŝů͘�

hŶĚĞƌ�ƚŚĞ�&ƌŽŶƚŝĞƌƐ�dĞƌŵƐ�ĂŶĚ��ŽŶĚŝƚŝŽŶƐ͕�ĂƵƚŚŽƌƐ�ƌĞƚĂŝŶ�ƚŚĞ�ĐŽƉǇƌŝŐŚƚ�ƚŽ�ƚŚĞŝƌ�ǁŽƌŬ͘�&ƵƌƚŚĞƌŵŽƌĞ͕�Ăůů�
&ƌŽŶƚŝĞƌƐ�ĂƌƚŝĐůĞƐ�ĂƌĞ�KƉĞŶ��ĐĐĞƐƐ�ĂŶĚ�ĚŝƐƚƌŝďƵƚĞĚ�ƵŶĚĞƌ�ƚŚĞ�ƚĞƌŵƐ�ŽĨ�ƚŚĞ��ƌĞĂƚŝǀĞ��ŽŵŵŽŶƐ��ƚƚƌŝďƵƚŝŽŶ�
>ŝĐĞŶƐĞ�;��Ͳ�z�ϯ͕ϬͿ͕�ǁŚŝĐŚ�ƉĞƌŵŝƚƐ�ƚŚĞ�ƵƐĞ͕�ĚŝƐƚƌŝďƵƚŝŽŶ�ĂŶĚ�ƌĞƉƌŽĚƵĐƚŝŽŶ�ŽĨ�ŵĂƚĞƌŝĂů�ĨƌŽŵ�ƉƵďůŝƐŚĞĚ�
ĂƌƚŝĐůĞƐ͕�ƉƌŽǀŝĚĞĚ�ƚŚĞ�ŽƌŝŐŝŶĂů�ĂƵƚŚŽƌƐ�ĂŶĚ�ƐŽƵƌĐĞ�ĂƌĞ�ĐƌĞĚŝƚĞĚ͕�ĂŶĚ�ƐƵďũĞĐƚ�ƚŽ�ĂŶǇ�ĐŽƉǇƌŝŐŚƚ�ŶŽƚŝĐĞƐ�
ĐŽŶĐĞƌŶŝŶŐ�ĂŶǇ�ƚŚŝƌĚͲƉĂƌƚǇ�ĐŽŶƚĞŶƚ͘

zŽƵ�ĐĂŶ�ƚŚĞƌĞĨŽƌĞ�ĨƌĞĞůǇ�ƌĞƵƐĞ�Ă�ĨŝŐƵƌĞ�ŽĨ�ĂŶ�ĂƌƚŝĐůĞ�ƉƵďůŝƐŚĞĚ�Ăƚ &ƌŽŶƚŝĞƌƐ�ǁŝƚŚŽƵƚ�ŚĂǀŝŶŐ�ƚŽ�ĂƐŬ�ĨŽƌ�
ƉĞƌŵŝƐƐŝŽŶ͘�DŽƌĞ�ŝŶĨŽƌŵĂƚŝŽŶ�ĂďŽƵƚ���Ͳ�z�ĐĂŶ�ďĞ�ĨŽƵŶĚ�ŚĞƌĞ͗�
ŚƚƚƉ͗ͬͬĐƌĞĂƚŝǀĞĐŽŵŵŽŶƐ͘ŽƌŐͬůŝĐĞŶƐĞƐͬďǇͬϰ͘Ϭͬ

,ŽǁĞǀĞƌ͕�ǇŽƵ�ƐŚŽƵůĚ�ĐŽŶƚĂĐƚ�ƚŚĞ�ĐŽƌƌĞƐƉŽŶĚŝŶŐ�ĂƵƚŚŽƌ�ŽĨ�ƚŚĞ�ŽƌŝŐŝŶĂů�ĂƌƚŝĐůĞ�ƚŽ�ŝŶĨŽƌŵ�ƚŚĞŵ�ĂďŽƵƚ�ǇŽƵƌ�
ŝŶƚĞŶƚŝŽŶ�ƚŽ�ƌĞƉƌŽĚƵĐĞ�ƚŚĞŝƌ�ĨŝŐƵƌĞ;ƐͿ�ĂŶĚ�ƚŽ�ĂƐŬ�ǁŚĞƚŚĞƌ�ĂŶǇ�ƚŚŝƌĚͲƉĂƌƚǇ�ĐŽƉǇƌŝŐŚƚ�ŵŝŐŚƚ�ĂƉƉůǇ͕�ƚŽ�
ǁŚŽŵ�ŝŶ�ƐƵĐŚ�Ă�ĐĂƐĞ�ǇŽƵ�ǁŽƵůĚ�ŚĂǀĞ�ƚŽ�ĂƐŬ�ƉĞƌŵŝƐƐŝŽŶ�ƚŽ�ƌĞƉƌŽĚƵĐĞ�ƚŚĞ�ǁŽƌŬ͘

WůĞĂƐĞ�ĂůƐŽ�ŵĂŬĞ�ƐƵƌĞ�ƚŽ�ƉƌŽƉĞƌůǇ�ĂĐŬŶŽǁůĞĚŐĞ͕�ŝŶ�ǇŽƵƌ�ŵĂŶƵƐĐƌŝƉƚ͕�ƚŚĞ�ŽƌŝŐŝŶĂů�ĂƵƚŚŽƌƐ�ĂŶĚ�ƐŽƵƌĐĞ�ŽĨ�
ƚŚĞ�ĨŝŐƵƌĞƐ�ƚŚĂƚ�ǇŽƵ�ŝŶƚĞŶĚ�ƚŽ�ƌĞƉƌŽĚƵĐĞ͘�tĞ�ƌĞĐŽŵŵĞŶĚ�ƚŽ�ƵƐĞ�ƚŚĞ�ĨŽƌŵĂƚ�ďĞůŽǁ͗
Η&ŝŐƵƌĞ�ĂƐ�ŽƌŝŐŝŶĂůůǇ�ƉƵďůŝƐŚĞĚ�ŝŶ�DĞƚƉĂůůǇ�ZWZ͕�EĂƐƐĞƌ�^͕�DĂůĞŶŝĐĂ�/͕��ŽƵƌƚƌŝŐŚƚ��͕��ĂƌůƐŽŶ��͕�'ŚĂĨĨĂƌŝ�>͕�
sŝůůĂ�^͕�dĞŵďĞ�t�ĂŶĚ�sĂŶ�<ĞƵƌĞŶͲ:ĞŶƐĞŶ�<�;ϮϬϭϯͿ�͘�&ƌŽŶƚ͘�'ĞŶĞƚ͘�ϰ͗ϮϬ͘�ĚŽŝ͗�ϭϬ͘ϯϯϴϵͬĨŐĞŶĞ͘ϮϬϭϯ͘ϬϬϬϮϬΗ͘

WůĞĂƐĞ�ůĞƚ�ŵĞ�ŬŶŽǁ�ŝĨ�ǇŽƵ�ŚĂǀĞ�ĂŶǇ�ŽƚŚĞƌ�ƋƵĞƐƚŝŽŶƐ�Žƌ�ĐŽŶĐĞƌŶƐ͘

<ĂƚŝĞ�^ŝŵƉƐŽŶ
ZĞƐĞĂƌĐŚ�/ŶƚĞŐƌŝƚǇ�^ƉĞĐŝĂůŝƐƚ
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KŶ�&ƌŝ͕�:ĂŶ�ϭϴ͕�ϮϬϭϵ�Ăƚ�Ϯ͗Ϯϳ��D��ŬƚĂ�WĂƌƐŚŽƚĂŵ�DĂŬŚŝũĂ�фĞŬƚĂΛƐŵĂƌƚ͘ŵŝƚ͘ĞĚƵх�ǁƌŽƚĞ͗

�ĞĂƌ��ĚŝƚŽƌŝĂů�KĨĨŝĐĞ�ŽĨ�&ƌŽŶƚŝĞƌƐ͕

/�ǁŽƵůĚ�ůŝŬĞ�ƚŽ�ĂĚĂƉƚ�;ǁŝƚŚ�ƐůŝŐŚƚ�ŵŽĚŝĨŝĐĂƚŝŽŶƐͿ�ϱ�ƐƵďͲĨŝŐƵƌĞƐ�;ϭ�͕�ϭ�͕�Ϯ�͕�Ϯ�͕�^ϯ�Ϳ�ĨƌŽŵ�ŵǇ�
ĨŽůůŽǁŝŶŐ�ĂƌƚŝĐůĞ�ĨŽƌ�Ă�ŵĞƚŚŽĚƐ�ƉĂƉĞƌ�ƚŚĂƚ�/�Ăŵ�ƐƵďŵŝƚƚŝŶŐ�ƚŽ�:ŽƵƌŶĂů�ŽĨ�sŝƐƵĂůŝǌĞĚ�
�ǆƉĞƌŝŵĞŶƚƐ͘��ŽƵůĚ ǇŽƵ�ƉůĞĂƐĞ�ŐƵŝĚĞ�ŵĞ�ŚŽǁ�ƚŽ�ƉƌŽĐĞĞĚ�ǁŝƚŚ�ƌĞŐĂƌĚƐ�ƚŽ�ĐŽƉǇƌŝŐŚƚ�
ƉĞƌŵŝƐƐŝŽŶƐ͍

&ƌŽŶƚŝĞƌƐ�ƉĂƉĞƌ͗�

DĞĐŚĂŶŝĐĂů�^ƚƌĂŝŶ��ůƚĞƌƐ��ĞůůƵůĂƌ�ĂŶĚ�EƵĐůĞĂƌ��ǇŶĂŵŝĐƐ�Ăƚ��ĂƌůǇ�^ƚĂŐĞƐ�ŽĨ�KůŝŐŽĚĞŶĚƌŽĐǇƚĞ�
�ŝĨĨĞƌĞŶƚŝĂƚŝŽŶ�

&ƌŽŶƚ͘��Ğůů͘�EĞƵƌŽƐĐŝ͕͘�Ϭϲ�DĂƌĐŚ�ϮϬϭϴ�ͮ�ŚƚƚƉƐ͗ͬͬĚŽŝ͘ŽƌŐͬϭϬ͘ϯϯϴϵͬĨŶĐĞů͘ϮϬϭϴ͘ϬϬϬϱϵ

:ŽƵƌŶĂů�ŽĨ�sŝƐƵĂůŝǌĞĚ��ǆƉĞƌŝŵĞŶƚƐ�ƉĂƉĞƌ�ƚŝƚůĞ͗

,ŝŐŚͲƌĞƐŽůƵƚŝŽŶ�ŝŵĂŐŝŶŐ�ŽĨ�ŶƵĐůĞĂƌ�ĚǇŶĂŵŝĐƐ�ŝŶ�ůŝǀĞ�ĐĞůůƐ�ƵŶĚĞƌ�ƵŶŝĂǆŝĂů�ƚĞŶƐŝůĞ�ƐƚƌĂŝŶ

dŚĂŶŬƐ�ĂŶĚ��ĞƐƚ�ZĞŐĂƌĚƐ͕

�ŬƚĂ

D�<,/:���ŬƚĂ�;�ƌͿ�͗͗�WŽƐƚĚŽĐƚŽƌĂů��ƐƐŽĐŝĂƚĞ�͗͗��ŝŽ^ǇƐƚĞŵƐ�ĂŶĚ�DŝĐƌŽŵĞĐŚĂŶŝĐƐ�;�ŝŽ^ǇDͿ�/ŶƚĞƌͲ
�ŝƐĐŝƉůŝŶĂƌǇ�ZĞƐĞĂƌĐŚ�'ƌŽƵƉ�;/Z'Ϳ
^ŝŶŐĂƉŽƌĞ�D/d��ůůŝĂŶĐĞ�ĨŽƌ�ZĞƐĞĂƌĐŚ�ĂŶĚ�dĞĐŚŶŽůŽŐǇ�;^D�ZdͿ�͗͗�ϭ��Z��d��t�z͕�ηϬϰͲϭϯͬϭϰ͕��ŶƚĞƌƉƌŝƐĞ�
tŝŶŐ͕�^ŝŶŐĂƉŽƌĞ�ϭϯϴϲϬϮ




