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We have previously designed a device' 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 oligodendrocytes™. 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 VVisualized Experiments is an appropriate venue in which to publish this method,
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21 SUMMARY:
22 Using a previously designed device to apply mechanical strain to adherent cells, this paper
23 describes a redesigned substratum geometry and a customized apparatus for high-resolution
24 single-cell imaging of strained cells with a 100x oil immersion objective.
25
26  ABSTRACT:
27  Extracellular mechanical strain is known to elicit cell phenotypic responses and has physiological
28 relevance in several tissue systems. To capture the effect of applied extracellular tensile strain
29  on cell populations in vitro via biochemical assays, a device has previously been designed which
30 can be fabricated simply and is small enough to fit inside tissue culture incubators, as well as on
31 top of microscope stages. However, the previous design of the polydimethylsiloxane substratum
32 did not allow high-resolution subcellular imaging via oil-immersion objectives. This work
33  describes a redesigned geometry of the polydimethylsiloxane substratum and a customized
34  imaging setup that together can facilitate high-resolution subcellular imaging of live cells while
35 under applied strain. This substratum can be used with the same, earlier designed device and,
36 hence, has the same advantages as listed above, in addition to allowing high-resolution optical
37 imaging. The design of the polydimethylsiloxane substratum can be improved by incorporating a
38 grid which will facilitate tracking the same cell before and after the application of strain.
39  Representative results demonstrate high-resolution time-lapse imaging of fluorescently labeled
40 nuclei within strained cells captured using the method described here. These nuclear dynamics
41  data give insights into the mechanism by which applied tensile strain promotes differentiation of
42  oligodendrocyte progenitor cells.
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INTRODUCTION:

Cells and tissues in the body are subjected to various mechanical cues, including tensile strains.
However, the effects of these cues on the biology of neural cells have not yet been studied
extensively and understood fully. In the central nervous system, sources of mechanical strain
include developmental growth™, physiological processes such as spinal cord bending, blood and
cerebrospinal fluid pulsation, and pathological conditions such as trauma, axon swelling, glial
scarring, or tumor growth>3. It is worth investigating how tensile strain affects the differentiation
of oligodendrocytes and the subsequent myelination of axons, which is a critical process in the
vertebrate central nervous system. Using a custom-designed strain device and elastomeric
multiwell plates, previous works>® have shown that static uniaxial strain can increase
oligodendrocyte differentiation via global changes in gene expression®®. To gain further
understanding of the mechanisms of strain mechanotransduction in these cells, the previous
experimental apparatus must be redesigned as described here, to enable high-resolution
fluorescence imaging of nuclear dynamics in living cells under strain. Specifically, a single-well
polydimethylsiloxane plate is developed, and the imaging configuration is redesigned to allow for
the time-lapse imaging of live cells under strain using a 100x oil immersion lens. To eliminate the
negative optical effects of polydimethylsiloxane in the light pathway, cells are imaged not
through the polydimethylsiloxane plate, but in the inverted position, through the cover glass
covering the cell compartment. Using this new imaging design, hundreds of high-resolution time-
lapse movies are recorded, of individual cell nuclei within intact adherent cells, where chromatin
is labeled by tagging histone H2B to green fluorescent protein. These movies demonstrate that
tensile strain induces changes in chromatin structure and dynamics that are consistent with the
progression of oligodendrocyte differentiation.

Live cell imaging under applied strain is technically challenging and requires a device design that
is compatible with the microscope system. The custom design described here presents an
inexpensive alternative to commercial solutions. Its dimensions enable its installation on
microscope stages and live cell imaging at high spatial resolution during applied strain. The
imaging setup is designed to facilitate live cell imaging using a 100x oil immersion lens with the
highest clarity, through the cover glass, not through the layer of polydimethylsiloxane plate which
otherwise decreases the image quality and is common in most imaging setups under strain. The
device, with a mounted plate containing cells, can also be stored easily in the incubator. This
device is designed to apply uniaxial strain to substrata that facilitate adherent cell culture and
maintain a stable and uniform strain over multiple days. The setup described here can be used
for the high-resolution imaging of various adherent cell types under strain, making it applicable
to mechanotransduction studies in many fields of cell mechanobiology.

PROTOCOL:
1. Design of the single-well polydimethylsiloxane mold for high-resolution imaging
NOTE: The mold for manufacturing polydimethylsiloxane plates is designed with the following

features to enable imaging with a 100x oil immersion lens and a correct fit in the custom-build
strain device (Figure 1A,B).
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1.1. Keep the overall plate dimensions such that it fits in the clamps of the strain device.
NOTE: Here, they are 60 mm x 73 mm.

1.2. Make a cell compartment or well that is significantly smaller than the whole plate’s lateral
dimensions, to avoid arcing (out-of-plane bending) effects that happen at the unclamped edges
of the polydimethylsiloxane plate during applied strain.

NOTE: Here, the compartment was designed as a 23 mm x 23 mm square.

1.3. Keep the depth of the cell compartment as minimal as possible (not more than 80 um), to
enable focusing with the 100x oil immersion lens through the cover glass placed on top of the
compartment, but make it sufficient enough to contain media and to avoid contacting or
squeezing the cells.

1.4. Raise the cell compartment on a square with a height of 3 mm, to bring the cells closer to
the lens in the inverted microscope setup to enable easy focusing.

NOTE: Molds with the above features can be manufactured by many techniques including, for
example, milled aluminum. Alternatively, master molds can also be assembled by using acrylic
sheets cut with a laser cutter, cover glass #0 for the cell compartment, and super glue. This master
mold is used to make a polydimethylsiloxane imprint, which is then used to make working molds
using a casting resin.

2. Fabrication of single-well polydimethylsiloxane plates and square compartments

2.1. Mix polydimethylsiloxane base and curing agent in a ratio of 20:1 (by weight) in a disposable
cup. Weigh a total of 20 g of polydimethylsiloxane per mold (for making one polydimethylsiloxane
plate) and 150 g of polydimethylsiloxane per 150 mm-in-diameter plastic dish (for making one
batch of square compartments).

2.2. Leave the polydimethylsiloxane mix in a vacuum degasser at -0.8 bar for 30 min (or until all
bubbles are removed).

2.3. Pour the polydimethylsiloxane mix into the molds (for plates) or into 150 mm plastic dishes
(for square compartments).

2.4. Remove any additional bubbles at this stage, either by blowing air (by mouth) or degassing
the polydimethylsiloxane-filled molds/dishes again at -0.8 bar vacuum for 30 min.

2.5. Leave the molds/dishes in an 80 °C oven on a leveling table for a minimum of 2 h and a
maximum of 24 h.
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2.6. Carefully remove the molds/dishes from the oven and let them cool down to room
temperature. Gently peel out the cured polydimethylsiloxane after carefully cutting the edges
with a blade (Figure 1C).

2.7. On the 150 mm-diameter polydimethylsiloxane, draw a 2 cm x 2 cm grid with a marker.
Within each square, draw a 1 cm x 1 cm square, leaving a margin of 0.5 cm on all sides. Using a
blade, carefully cut along the lines to obtain square compartments (Figure 2A).

2.8. Clean the polydimethylsiloxane plates/square compartments by incubating them in 100%
acetone for 4-24 h, followed by 100% ethanol for 4-24 h, followed by autoclaved water for 4-24
h.

2.9. Place the plates/square compartments on paraffin film backing paper (not the paraffin film
but the paper) inside a 150 mm diameter plastic dish (Figure 2C).

2.10. Leave the polydimethylsiloxane plate in the 80 °C oven to dry for 4-24 h.

2.11. Seal the 150 mm-diameter dishes containing polydimethylsiloxane plates and container
squares with paraffin film, and store them in a cold room until further use.

3. Functionalization of polydimethylsiloxane plates

3.1. Remove the paraffin film, remove the cover of the plastic dish, and place the
polydimethylsiloxane plates and square compartments under ultraviolet light for 30 min.

3.2. Plasma-treat (at 150 W for 5 min) the polydimethylsiloxane plates (with the cell
compartment facing up) without the square compartments, to make the culture surface
hydrophilic.

3.3. Immediately place the square compartments onto the plasma-treated surface (Figure 2B)
and press manually to temporarily stick the two together.

NOTE: Do not plasma-treat the square compartments, or else they will stick strongly to the
polydimethylsiloxane plate and will not come off easily when they must be peeled off during
imaging.

3.4. Add 200 pL of 100 mM (3-aminopropyl)triethoxysilane to the well for 2 h to introduce —NH>
groups to the polydimethylsiloxane surface. To make a 100 mM solution, dissolve 234 L of pure
(3-aminopropyl)triethoxysilane in 10 mL of water. After a 2 h incubation, wash the wells 3x with
deionized water.

3.5. Weigh 2 mg of the molecular crosslinker bissulfosuccinimidyl suberate and dissolve it in 700
uL of 1 M (4-(2-hydroxyethyl)-1-piperazineethane sulfonic acid buffer (pH 8.0) and 2.8 mL of
water.
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NOTE: This will give a 1 mM bissulfosuccinimidyl suberate solution in 200 mM (4-(2-
hydroxyethyl)-1-piperazineethane sulfonic acid buffer. Note that a 50 mM concentration buffer
also works well.

3.5.1. Add 135 pL of this solution and 15 pL of 1 mg/mL fibronectin to the well in each
polydimethylsiloxane plate for 4 h at room temperature.

3.6. Wash 3x with phosphate-buffered saline solution. Add 500 uL of phosphate-buffered saline
solution to the well. Cover the 150 mm-diameter dish containing the polydimethylsiloxane with
paraffin film and store it in a cold room, until further use.

4. Functionalization of plastic dishes and flasks

4.1. Incubate plastic dishes and flasks with a 5 pug/mL solution of poly-D-lysine (PDL, in sterile
water) for 1 h. Add 1.5 mL of this solution (ligand) per 35 mm-diameter dish, 3 mL of it per 60
mm-diameter dish, and 10 mL per 75 cm? culture flask.

4.2. Wash the dishes and flasks 2x with sterile water.

4.3. Leave them to dry in the biosafety cabinet for 1 h (or until dry) and store them in the cold
room at 4 °C until further use.

5. Proliferation and differentiation medium for murine oligodendrocyte progenitor cells

5.1. Prepare 50 mL of 100x solutions of the proliferation and differentiation medium, make
aliquots of 2.5 mL, and store them at -80 °C.

NOTE: The composition of proliferation medium is 0.1 mg/mL bovine serum albumin, 62 ng/mL
progesterone, 16 pg/mL putrescine, 5 ug/mL insulin, 50 pg/mL holo-transferrin, 5 ng/mL sodium
selenite, 1x penicillin-streptomycin, 10 ng/mL platelet-derived growth factor, and 10 ng/mL
fibroblast growth factor in Dulbecco’s modified Eagle’s medium (DMEM) with high glucose and
pyruvate. While bovine serum albumin, progesterone, putrescine, and sodium selenite can be
constituted and stored at 100x, insulin, holo-transferrin, and penicillin-streptomycin must be
added fresh while preparing the 1x solution. The growth factors must be constituted at 10 ug/mL
and must be added fresh to the cells every day (1 pL/mL of medium). The composition of the
differentiation medium is 0.1 mg/mL bovine serum albumin, 62 ng/mL progesterone, 16 pug/mL
putrescine, 5 pug/mL insulin, 50 pg/mL holo-transferrin, 5 ng/mL sodium selenite, 1x penicillin-
streptomycin, 400 ng/mL triiodothyronine, 400 ng/mL L-thyroxine, and 0.5% fetal bovine serum
in DMEM with high glucose and pyruvate. Triiodothyronine and L-thyroxine can be constituted
with other reagents and stored at 100x. Insulin, holo-transferrin, and penicillin-streptomycin
must be added fresh while preparing the 1x solution.

5.2. For preparing 50 mL of 100x proliferation medium, dissolve 510 mg of bovine serum albumin
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in 17 mL of Dulbecco’s medium, 310 ug of progesterone in 31 ulL of ethanol, 80 mg of putrescine
in 500 pL of Dulbecco’s medium, 25 pg of sodium selenite in 10 uL of Dulbecco’s medium, and
full DMEM up to 50 mL

5.3. For preparing 50 mL of 100x solution of differentiation medium, additionally dissolve 2 mg
of trilodothyronine in 40 pL of sodium hydroxide and 2 mg of L-thyroxine in 40 uL of sodium
hydroxide, then fill up the solution to 50 mL with Dulbecco’s medium. Filter the solution through
a sterile disposable filter unit, aliquot, and store the aliquots at -80 °C.

5.4. For preparing 250 mL of 1x proliferation/differentiation medium, mix 2.5 mL of 100x solution
of proliferation/differentiation medium with 12.5 mg of holo-transferrin, 125 pL of 10 mg/mL
insulin, and 2.5 mL of 100x penicillin-streptomycin. Fill up the solution to 250 mL with Dulbecco’s
medium and filter it through a sterile disposable filter unit.

NOTE: The growth factors must be added fresh and directly to the cell culture, not to the whole
batch of reconstituted medium.

6. Cell culture

6.1. Start with oligodendrocyte progenitor cells suspended in proliferation medium. Seed these
cells at a density of 35,000 cells/cm? onto PDL-coated plastic surfaces (dishes or flasks, see section
4). Adjust the volume of the proliferation medium to 3 mL per 10 cm? of surface area of plastic
substratum; a lower volume of medium may lead to cell clumping arising from surface tension
forces, while a higher volume of medium in the dishes may cause spillage.

6.2. Add growth factors (platelet-derived growth factor and fibronectin growth factor) every day,
maintaining their concentration at 10 ng/mL and change half of the proliferation medium on
alternate days.

6.3. On the third day, detach the cells from the plastic surface using a gentle cell detachment
solution (e.g., accutase): remove the medium, wash 1x with phosphate-buffered saline solution,
add 1 mL of detachment solution per 20 cm? area, leave the dish/flask in an incubator at 37 °C
for 10 min, and gently tap it until all cells have detached (look under a microscope).

6.4. Pipette using a 200 L tip to break clumps into single cells, transfer them to a 50 mL tube,
dilute them in proliferation medium, spin at 0.2 x g for 10 min, discard the supernatant, and
resuspend the pellet in proliferation medium to make a total volume of 1 mL. Count the cells
using a cytometer.

6.5. Wash the fibronectin-functionalized polydimethylsiloxane plates 2x, 15 min per wash, with
proliferation medium.

6.6. Seed 35,000 cells per polydimethylsiloxane plate in 700 uL of proliferation medium.
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6.7. Add a plasmid construct of H2B-GFP for labeling histone H2B with green fluorescent protein.

NOTE: Here, 1.4 uL of CellLight H2B-GFP BacMam?2 transfection mix was added to each plate (2
uL per 50,000 cells).

6.8. After 24 h, mount the polydimethylsiloxane samples with cells to be stretched on the uniaxial
strain device (as shown in Figure 2D). Change the medium in all samples to differentiation
medium.

6.9. To strain the samples, measure the unstrained cell compartment length (Figure 3A) and turn
the stage micrometer screw to increase the cell compartment length by the desired amount (e.g.,
10%, see Figure 3B). Leave the stretched and unstretched polydimethylsiloxane samples in the
incubator at 37 °C until imaging.

7. Imaging

7.1. Turn on the microscope. Set the microscope incubator temperature to 37 °C, the humidity
to 95%, and the carbon dioxide to 5%.

7.2. Bring the objective to be used (100x oil immersion) to the central position as the objective
turret will not be accessible later. Unscrew the objective and screw it back together with an
objective ring (Figure 4A) so that the objective can be brought closer to the cells. If an oil objective
is being used here, add a drop of oil at this step.

7.3. Synthesize beforehand (via 3D printing or machining) a plastic or metal holder that has two
important features—an angled window and a step (Figure 4B).

NOTE: The window supports a thickness #0 glass coverslip that will hold the medium while the
strain device is in an inverted state. The angled cut at the window edges (Figure 4D) allows the
objective to come closer to the glass coverslip. The step in the holder allows us to bring the
stretched polydimethylsiloxane further down, closer to the objective.

7.4. Place a glass coverslip (thickness #0, with dimensions of 25 mm x 25 mm or 35 mm in
diameter) onto the top surface of the holder by spreading vacuum grease at the periphery of the
window (Figure 4C), and tape the plastic window onto the microscope stage (Figure 4D and
Figure 5A).

7.5. Screw a z-translation stage onto the microscope stage and move it to the topmost z-position
(Figure 5A).

7.6. Remove 500 pL of the medium from the stretched polydimethylsiloxane plate to be imaged
and add this medium onto the glass coverslip in the white plastic window.

7.7. Carefully detach the square compartment from the polydimethylsiloxane plate with sterile
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tweezers.

7.8. Hold the strain device in an upright position (cells facing up) above the white plastic window
and carefully invert the strain device so as to let any extra medium drop directly in the middle of
the glass coverslip (Figure 5B) (cells facing down).

7.9. Place the bottom part of the strain device onto the z-translation stage with the double-sided
tape (Figure 5C,D).

7.10. While looking through the eyepiece under brightfield, slowly bring the strain device down
(Figure 5E) (by lowering the z-translation stage) and move the objective up to focus on the cells.

7.10.1. Perform this step extremely slowly, step by step. If the strain device presses too much
onto the coverslip, the cells can get compressed (causing them to die) and if the objective presses
too much onto the coverslip, the coverslip can break (causing medium to leak and spill onto the
objective).

7.11. Scan the polydimethylsiloxane plate in x- and y-directions to find a cell that has a
fluorescent nucleus (under epifluorescence with 488 nm of wavelength excitation) and
appropriate cell morphology (under brightfield).

7.12. If the lateral displacement of the microscope stage does not affect the vertical focusing too
much, select multiple regions of interests using a multipoint feature on the software. Sometimes,
the focusing is very sensitive to any lateral displacement of the stage. In such cases, image one
cell at a time. Mark the x-, y-, and z-positions for each cell of interest.

7.13. Record wide-field (or open-pinhole) images of the nucleus with 488 nm of wavelength
excitation and of the cell with brightfield excitation at intervals of 30 s per frame for a total
duration of at least 30 min.

8. Data analysis

8.1. Nuclear fluctuations

8.1.1. Open the sequence of nucleus images (Figure 6A) in an image analysis software and
threshold the nucleus time-lapse images (for example, use the Threshold command in ImagelJ or
the Graythresh command in the software MATLAB).

8.1.2. Get the nucleus area (in pixels) as a function of time, plot it in a data plotting software
(Figure 6B), and fit a third order polynomial to the data (Figure 6C) (for example, use the Analysis

| Fitting | Polynomial Fit command in Origin or the Polyfit command in the software MATLAB).

8.1.3. Subtract the value of the fitted polynomial from the actual area (in pixels) for each time
point. This corrected area is known as the residual area.
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NOTE: This process removes any increasing or decreasing trend in the data coming from
instrumental errors and is called detrending.

8.1.3.1. Calculate the percentage of residual area by dividing the residual area at each time point
with the value of the fitted polynomial at that time point (Figure 6D).

8.1.4. Calculate the standard deviation of the residual area time series. This standard deviation
denotes the amplitude of nuclear fluctuations.

8.2. Data plotting and statistical analysis

8.2.1. Calculate the amplitude of nuclear fluctuations as a mean of at least 20 nuclei per
condition.

8.2.2. Conduct a one-way analysis-of-variance statistical test with Bonferroni correction to
determine whether there is a significant difference in the amplitude of fluctuations as a function
of conditions of interest (for example, with and without applied strain).

REPRESENTATIVE RESULTS:

Recent work aimed at investigating the effect of tensile strain on oligodendrocytes® showed that
a 10% uniaxial tensile strain promotes the differentiation of oligodendrocyte progenitor cells by
global changes in gene expression. The mechanism behind these changes in gene expression can
be probed via the imaging of subcellular parameters, such as the cytoskeleton structure,
transcription factor localization, nuclear dynamics, and chromatin organization. However, the
previous geometry of the polydimethylsiloxane substratum did not allow high-resolution single-
cell imaging. As described in this work, the redesigned geometry of the polydimethylsiloxane
substratum and the imaging setup minimized the distance between the cells and the objective.
This allows capturing time-lapse images of fluorescently labeled cell nuclei using a 100x oil
immersion objective (Figure 6A).

Fluctuations in the nuclear projected area depend on the differentiation state of the cells!2, A
comparison of the nuclear fluctuations of oligodendrocyte progenitor cells and that of terminally
differentiated oligodendrocytes showed that the latter have significantly lower fluctuations
(Figure 6E). Next, the nuclear fluctuations of oligodendrocyte progenitor cells at 1 h, 24 h, and 48
h post-chemical induction of differentiation with and without a 10% tensile strain were
compared. With chemical induction alone, the amplitude of nuclear fluctuations showed a
significant decrease at 48 h but not at 24 h (Figure 6F). On the other hand, chemical induction
together with a 10% tensile strain showed a significant decrease at 24 h, which remained
constant, without further reduction at 48 h (Figure 6G).

The substratum geometry and the imaging configuration described in this paper enabled the
recording of high-resolution movies of strained cells. Subsequent analysis of these movies
demonstrated that strain hastens the dampening of nuclear fluctuations, which is a marker of
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differentiation. These results give insight into the mechanism by which strain promotes
oligodendrocyte differentiation. Further discussion on the interpretation of these results and
future experiments are described in Makhija et al.*3.

FIGURE AND TABLE LEGENDS:

Figure 1: Design and geometry of the polydimethylsiloxane mold. (A) Sketch of the mold
showing all dimensions in millimeters (this sketch was generated by Whits Technologies,
Singapore). (B) Three-dimensional view of the mold (adapted from Makhija et al.'!). Inset shows
a photo of the mold. (C) Three-dimensional view of the polydimethylsiloxane plate fabricated
using the mold (adapted from Makhija et al.'!). Inset shows a photo of the polydimethylsiloxane
plate.

Figure 2: Sample preparation. (A) Photo of a polydimethylsiloxane plate and a square
compartment. (B) The square compartment is placed on the raised square on the
polydimethylsiloxane plate. Its purpose is to contain medium for the cells. (C)
Polydimethylsiloxane plates are stored in 150 mm-diameter plastic dishes using parafilm paper
to prevent the polydimethylsiloxane from sticking onto the plastic. (D) While mounting the plate
onto the strain device, support it from the bottom using two fingers to prevent any sagging of
the plate. If the plate still sags a little bit after mounting, increase the distance between the strain
device arms by turning the translation stage. At this step, the translation of the stage should not
induce strain in the polydimethylsiloxane plate.

Figure 3: Cell stretching. (A) Measure the initial length of the plate between the clamps, using a
ruler. (B) Stretch the plate by turning the screw on the translation stage to increase the initial
plate length by the desired percentage. X% increase in length corresponds to X% of strain. Note
that, to generate the desired strain (X%) in the raised cell culture compartment, the main plate
must be strained by a higher amount (approximately 2X%) because of the difference in their
thickness in the described plate geometry.

Figure 4: Preparation for imaging. (A) Bring the 100x objective to the central position in the
turret, unscrew the objective, and screw it back together with the objective ring. (B) Sketch of
the holder showing all dimensions in millimeters. (C) Spread vacuum grease at the periphery of
the window in the holder, using a pipette tip, and place a glass coverslip on top. Use a cover glass
with thickness #0 or #1, to enable focusing with the 100x oil immersion lens. (D) Place the holder
(1) on the microscope stage (2). Bring the oil (6) objective (3) closer to the coverslip (5) that is
stuck to the holder, using vacuum grease (4).

Figure 5: Imaging setup on the microscope. (A) Assemble the z-translation stage (yellow arrow)
and the holder (red arrow) onto the microscope stage. (B) Tilt the strain device onto the
microscope stage so as to let any medium drop onto the glass coverslip of the holder. Stick a
double-sided tape (blue arrow) on the strain device that will stick onto the z-translation stage.
(C) Place the strain device in an inverted position, supporting it on the z-translation stage. The
cells must be aligned with the glass coverslip of the plastic holder. (D) Inverted geometry of the
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strain device minimizes the distance between the cells and the objective, thereby facilitating
high-resolution imaging (adapted from Makhija et al.'!). (E) Side view before bringing the strain
device down (1); side view after bringing the strain device down (2); top-view after bringing the
strain device down (3).

Figure 6: Representative images and area fluctuations data of the nucleus. This figure is adapted
from Makhija et al.'!. (A) Typical image of a nucleus labeled with histone H2B tagged to green
fluorescent protein, and a differentiating oligodendrocyte progenitor cell. The nucleus is in focus,
while the cell processes are out of focus. (B) Typical time series of a nuclear area (in pixels). (C)
Third order polynomial fitted to the data. (D) Percentage of the residual area fluctuation time
series. (E) Nuclear edge fluctuations of proliferating oligodendrocyte progenitor cells and
terminally differentiated oligodendrocytes. (F) Nuclear edge fluctuations at 1 h, 24 h, and 48 h
postinduction of chemical differentiation without strain. (G) Nuclear area fluctuations at 1 h, 24
h, and 48 h postinduction of chemical differentiation with 10% tensile strain.

DISCUSSION:

A device has previously® been designed for the application of extracellular tensile strain on
adherent cells. The design of the polydimethylsiloxane substratum in that work was sufficient for
biochemical assays, as well as the low-resolution imaging of stretched cells. In this work, the
substratum was redesigned, and a novel imaging configuration that facilitates high-resolution
subcellular live cell imaging was introduced. The advantages of this system are numerous: it can
be built in-lab using simple components, it is inexpensive compared to commercial strain devices
(500 USD per cell strain device), and it is small enough to fit inside tissue culture incubators, as
well as onto microscopes. Moreover, although the imaging system has been described here with
the inverted microscope setup, it can be readily adjusted for the upright microscope
configuration.

There are a few critical steps involved in the sample preparation and imaging. First, the
polydimethylsiloxane plates and square compartments have to be thoroughly cleaned before cell
seeding (protocol step 2.8) to ensure cell survival (as uncured polydimethylsiloxane is toxic to
cells). Second, since the volume of fluid medium that can fit inside the square compartment is
less than 1 mL, it may evaporate if the sample is in the incubator for a few days. Hence, the
medium must be checked every day and replenished when required. Additionally, the raised area
on the polydimethylsiloxane plate can be covered with an inverted 60 mm-diameter plastic dish
to minimize evaporation. Third, extreme caution must be exercised while moving the strain
device on the microscope down via the z-translation stage to bring the cells closer to the glass
coverslip. Compressing the cells (even for a moment) between the polydimethylsiloxane
substratum and the glass coverslip may cause cell death. Fourth, the dead cells and cell debris
may remain stuck to the glass coverslip after the polydimethylsiloxane sample has been removed.
Hence, after imaging, the glass coverslip must be pulled off from the vacuum grease and a fresh
coverslip should be attached prior to mounting a new sample.

The limitations of the strain device are that the application of stage lateral displacement cannot
be programmed to perform cyclic or ramped strain and that it can only apply uniaxial strain. The
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limitation of the polydimethylsiloxane substratum in the described geometry is that a strain
higher than 25% may cause a fracture of the polydimethylsiloxane.

A future modification to improve the design of the polydimethylsiloxane substratum could be the
incorporation of a grid on the cell culture surface. This would allow for tracking the same cell
before and after the application of tensile strain.
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Title of Article:

High-resolution imaging of nuclear dynamics in live cells under uniaxial tensile strain

Author(s):

Ekta Makhija, Anna Jagielska, and Krystyn Van Vliet

\

Item 1: The Author elects to have the Materials be made available (as described at

http://www.jove.com/publish) via:

\@]Standard Access

Item 2: Please select one of the following items:

DOpen Access

The Author is NOT a United States government employee.

DThe Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

DThe Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

. Defined Terms. As used in this Article and Video
License Agreement, the following terms shall have the
following meanings: “Agreement” means this Article and
Video License Agreement; “Article” means the article
specified on the last page of this Agreement, including any
associated materials such as texts, figures, tables, artwork,
abstracts, or summaries contained therein; “Author”
means the author who is a signatory to this Agreement;
“Collective Work” means a work, such as a periodical issue,
anthology or encyclopedia, in which the Materials in their
entirety in unmodified form, along with a number of other
contributions, constituting separate and independent
works in themselves, are assembled into a collective whole;
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the
terms and conditions of which can be found at:
http://creativecommons.org/licenses/by-nc-

nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version,
sound recording, art reproduction, abridgment,
condensation, or any other form in which the Materials may
be recast, transformed, or adapted; “Institution” means
the institution, listed on the last page of this Agreement, by
which the Author was employed at the time of the creation
of the Materials; “JOVE” means MylJove Corporation, a
Massachusetts corporation and the publisher of The Journal
of Visualized Experiments; “Materials” means the Article
and / or the Video; “Parties” means the Author and JoVE;
“Video” means any video(s) made by the Author, alone or
in conjunction with any other parties, or by JoVE or its
affiliates or agents, individually or in collaboration with the
Author or any other parties, incorporating all or any portion

of the Article, and in which the Author may or may not
appear.

2. Background. The Author, who is the author of the
Article, in order to ensure the dissemination and protection
of the Article, desires to have the JOVE publish the Article
and create and transmit videos based on the Article. In
furtherance of such goals, the Parties desire to memorialize
in this Agreement the respective rights of each Party in and
to the Article and the Video.

3. Grant of Rights in Article. In consideration of JoVE
agreeing to publish the Article, the Author hereby grants to
JOVE, subject to Sections 4 and 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b) to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to do any
or all of the above. The foregoing rights may be exercised in
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in Item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.
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4. Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.

5: Grant of Rights in Video — Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JOVE.

6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JOVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JOVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed ¥including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7 Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum
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rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JOVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JOVE to take steps in the Author(s) name and on their behalf
if JOVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
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.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
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 cogtamination due to
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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
assigned by JOVE and shall inure to the benefits of any of
JOVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
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.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.
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Email Comments:

1. Please track the changes within the manuscript to identify all of the edits.
Yes, we have used red font to mark all edits in the revised manuscript.

2. Please also upload a separate rebuttal document that addresses each of the editorial and peer
review comments individually.
This is the rebuttal document, where we address each comment individually.

3. Please submit each figure as a vector image file to ensure high resolution throughout production:
(.svg, .eps, .qi). If submitting as a .tif or .psd, please ensure that the image is 1920 x 1080 pixels or
300 dpi.

Yes, we are submitting .tif file with required resolution for each figure.

Editorial Comments:

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no
spelling or grammar issues. The JoVE editor will not copy-edit your manuscript and any errors in
the submitted revision may be present in the published version.

We have proof-read the manuscript. We have made some edits based on the following comments.
For these edits, we have tracked the changes.

2. Please do not abbreviate journal titles.
We thank the editorial for their comment. We have now removed abbreviations for all journal
titles under references.

3. What are the units in Figure 1A and 4B?
The figure legends for both Fig.1A and Fig.4B already stated that the dimensions are in
millimeters. In the revised version, we have also added a line in the figure, saying “All
measurements are in millimeters”.

4. Please rephrase the Short Abstract to avoid bulleted lists.
We thank the editorial for this comment. We have now rephrased the short abstract.

5. Please remove the references from the Short Abstract. After doing so, you may need to renumber
the references so they appear in order of appearance.

We removed the reference from the Short Abstract. However, we didn’t need to renumber the
references, since they were still in order of appearance.

6. Please revise the text to avoid the use of any personal pronouns (e.g., "we", "you", "our" etc.).
We found 27 occurrences of personal pronouns in the manuscript. We have revised the text to
remove pronouns from the following 27 lines:

Line numbers: 29, 32, 38, 50, 53, 55, 57, 61, 67, 73, 75, 88, 92, 97, 251, 253, 256, 260, 262, 267,
338, 340, 342, 345, 369, 373, and 375.
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7.

10.

11.

12.

Please add more details to your protocol steps. Please ensure you answer the “how” question, i.e.,
how is the step performed? Alternatively, add references to published material specifying how to
perform the protocol action.

We have added more details to protocol steps 2.8, 2.11, 3.4, 4.1, 5.2 and 5.3. We have also added
steps 5.1, 5.4, and 5.5.

3.4: How much is added?

We thank the editorial for pointing this missing volume. We have now edited protocol step 3.4 in
the revised manuscript to read, “Add 200 microliters of 100 millimolar (3-
Aminopropyl)triethoxysilane...”

3.5: How much is added?

We thank the editorial for pointing this missing volume. We have now edited protocol step 3.5 in
the revised manuscript to read, “Incubate the plates with 150 microliters solution of molecular
crosslinker...”.

Please specify all volumes and concentrations used throughout.

We thank the editorial for pointing out that the volumes are missing in a few places. We have now
edited the text in the revised manuscript to add more details, including volumes and
concentrations of all reagents used.

Please do not use contractions in the manuscript.
We have removed all contractions in the revised manuscript.

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].”

Figures 1B, 1C, 5D, and 6 have been adapted from Makhija et al. Frontiers in Cellular Neuroscience
(2018), as already stated in the figure legends. We checked the re-print policy on the Frontiers
website. Their website (link below) states that as long as the original publication is cited, and no
third-party licenses apply within the article, we are free to reprint parts from our article. Frontiers
does not provide any formal permissions for reuse. We have now uploaded a .pdf file of their
webpage stating their re-print policy in our JOVE Editorial Manager Account. Here is the link:
https://zendesk.frontiersin.org/hc/en-us/articles/201904562--Do-I-need-permission-to-reprint-
my-article-or-parts-of-my-article-published-with-Frontiers-

We also checked with Frontiers editorial office their re-print policy via email. They said we can
reuse the figure as long as we acknowledge the original source. Pdf file of the email
communication is also uploaded.
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From: Frontiers Editorial Office

Sent: Friday, January 18, 2019 10:23 PM

To: Ekta Parshotam Makhija

Subject: Re: Permission for adapting figures from my Frontiers article

Dear Ekta,
Thank you for your email.

Under the Frontiers Terms and Conditions, authors retain the copyright to their work. Furthermore, all
Frontiers articles are Open Access and distributed under the terms of the Creative Commons Attribution
License (CC-BY 3,0), which permits the use, distribution and reproduction of material from published
articles, provided the original authors and source are credited, and subject to any copyright notices
concerning any third-party content.

You can therefore freely reuse a figure of an article published at Frontiers without having to ask for
permission. More information about CC-BY can be found here:
http://creativecommons.org/licenses/by/4.0/

However, you should contact the corresponding author of the original article to inform them about your
intention to reproduce their figure(s) and to ask whether any third-party copyright might apply, to
whom in such a case you would have to ask permission to reproduce the work.

Please also make sure to properly acknowledge, in your manuscript, the original authors and source of
the figures that you intend to reproduce. We recommend to use the format below:

"Figure as originally published in Metpally RPR, Nasser S, Malenica I, Courtright A, Carlson E, Ghaffari L,
Villa S, Tembe W and Van Keuren-Jensen K (2013) . Front. Genet. 4:20. doi: 10.3389/fgene.2013.00020".

Please let me know if you have any other questions or concerns.

Katie Simpson
Research Integrity Specialist

Research Integrity Manager: , PhD

Frontiers

Avenue du Tribunal-Fédéral 34
1005 Lausanne, Switzerland
Office T +44 203 514 26 98

For technical issues, please visit our Frontiers Help Center frontiers.zendesk.com

Click here to access/download;Supplemental File (Figures,
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On Fri, Jan 18, 2019 at 2:27 AM Ekta Parshotam Makhija <ekta@smart.mit.edu> wrote:

Dear Editorial Office of Frontiers,

| would like to adapt (with slight modifications) 5 sub-figures (1A, 1C, 2D, 2E, S3C) from my
following article for a methods paper that | am submitting to Journal of Visualized
Experiments. Could you please guide me how to proceed with regards to copyright
permissions?

Frontiers paper:

Mechanical Strain Alters Cellular and Nuclear Dynamics at Early Stages of Oligodendrocyte
Differentiation

Front. Cell. Neurosci., 06 March 2018 | https://doi.org/10.3389/fncel.2018.00059

Journal of Visualized Experiments paper title:

High-resolution imaging of nuclear dynamics in live cells under uniaxial tensile strain

Thanks and Best Regards,

Ekta

MAKHIJA Ekta (Dr) :: Postdoctoral Associate :: BioSystems and Micromechanics (BioSyM) Inter-
Disciplinary Research Group (IRG)

Singapore MIT Alliance for Research and Technology (SMART) :: 1 CREATE WAY, #04-13/14, Enterprise
Wing, Singapore 138602






