








F-Actin is a main component of cardiac sarcomeres and appear perpendicular to the long axis of aligned
myocytes. This orientation is indicative of healthy myocytes.

The following images detail random myocytes stained with FITC Phalloidin:

Figure 137. Random myocytes stained with FITC Phalloidin
F-Actin is a main component of cardiac sarcomeres and appear perpendicular to the long axis of aligned
myocytes. As compared to the images in Figure 111, these sarcomere orientations are not aligned and are
oriented in random directions indicative of a maladaptive phenotype

6.1V. Stress Trends

The following graph depicts the trends of the average maximum stresses

measured for aligned and unaligned cells on 75 kPa, 30 kPa and 7 kPa gels.
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Graph 2. Trends in Stress. Gel Stiffness vs Maximum Contractile Stress
Maximum stress for 7 kPa: 141.63 kPa aligned & 186.68 kPa random. Maximum stress for 30 kPa: 249.19
kPa aligned & 734.81 random. Maximum stress for 75 kPa: 420.73 kPa aligned & 1293.55 kPa random
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Chapter 7: Discussion

7.1. Gel Stiffness Confirmation

Gel stiffness was confirmed through AFM indentation testing reflected in Graph 1
of Section 6.1. For all three gel stiffnesses, the respective curves showed very little
hysteresis, which is defined as a discrepancy between the indentation and releasing
curves. As the tip is pressed further into the gel, the substrate will generate a reaction
force and press back against the tip. The stiffer gels will prevent larger indentation depths
while producing larger forces. If the substrate is of good physical properties, then the
forces produced during indentation and releasing should be identical and overlap. If they
are not, two distinct curves will be present. The current data suggests that these
acrylamide gels have acceptable properties to allow even contraction and relaxations

while under stress.

7.1l. Dynamic Simulation
Assumption

During the calculation of stress images using our dynamic simulation technique,
we made the assumption to reduce our discretized element substrate into nodes with mass
m. Doing so significantly reduced the complexity of the calculation as it allowed the
analysis of six dimensions of displacement in stead of the continuous element
displacement. By doing so, we also eliminated a significant amount of data that lent to

the final magnitudes of contractile stresses. Thus, the current system is only capable of
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producing relative stress profiles and not capable of predicting the strength of cell
contraction. However, this assumption does not hinder the goal of this project. By
comparing the relative trends of contraction stress, we still were able to determine the
average differences in contractile stress between aligned and unaligned cells on surfaces

with controlled physical properties, the details of which will be discussed in Section 7.VI.

7.1ll. Surface Layer Noise

The stress images generated through MATLAB on / near the surface layer
consistently showed noise that was large enough to be comparable to some of the smaller
contractile stresses. Clear evidence of such noise can be seen in Figure 22b, Figure 57b
and Figure 58b. We know that this noise was only present on surface layers (layer-8) as
the corresponding images taken for the same data set on a lower layer (layer-4) did not
have these artifacts in all cases. To ensure that this noise was not being generated through
our programs, we input the same data into similar programs written by colleagues that
generate stress maps and the same noise was also observed, indicating that the artifacts
were present in the data and not a result of our programs. This noise was small enough to
not affect the overall trends of contractions and did not affect the results. Similarly, since
we were looking for contraction stress trends (Section 7.II) the effect of the noise is
further reduced because it constitutes only a small proportion of the stresses present.
Thus, we can look at stress trends without the noise affecting our results.

It is our current belief that this noise was generated from cell-ECM junctions. As
discussed in Section 2.I.A.3., myocytes use focal adhesions to physically attach

themselves to the ECM. These attachments must, by their nature, exert some forces onto
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the surface. If we consider the number of focal adhesions present between all of the
myocytes and the substrate, then this background noise can be easily explained. Also, it
follows to reason that these forces are still relatively small to those generated during

contraction.

7.1V. Cell Orientation and Stress
Concentrations

The normal myocyte phenotype is set up to generate stress along the longitudinal
axis of the cell. The sarcomeres are all aligned so that when they contract all of the
contractile stress is generated in the same direction. It is suggested that having these
sarcomeres all aligned is more efficient for the cell as their total stress is a sum of their
individual stresses. Thus, the average stress generated per sarcomeres can be kept to a
minimum to produce the desired level of stress.

If a cell begins to undergo a phenotype change, like in a de-differentiated
hypertrophy state, the sarcomeres begin to loose their aligned orientation. When this
occurs, the combined strength of contraction is lost and sarcomeres begin to contract in
various random orientations. Also, since hypertrophy is a response to pressure or volume
overload, the individual myocyte typically begins to exert more force during contraction.
Thus, with the loss of contractile orientation and the increased strength of contraction,
myocytes that have lost their normal phenotype begin to contract with a stronger, less
directed force.

Evidence of this occurrence can be seen in Figures 65, 66, 71 and 72. These

figures show cells that have been randomly oriented and as a result, their stresses were
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located around the periphery of the cell regions instead of being located at the ends as
seen in Figures 17 & 18. Our system provided clear evidence that cells that have lost their
normal phenotype produce stress distributions that have lost their concentrated end-to-

end locations and have instead become randomly direction around the cell periphery.

7.V. Confirmation of De-
Differentiated,
Hypertrophic Phenotype

As previously discussed in Section 2.II.A.1 and Section 2.I.A.2, an increase in
the amount and a change in the location of gap and adherens junctions has been shown to
be coupled to a change in cell phenotype from normal to de-differentiated. This de-
differentiated phenotype was shown to be an attempt by the cell to compensate for an
increased load. A similar trend is also observed with the rearrangement of sarcomeres as
discussed in the previous section.

In this study, we took confocal images of cells that had been stained for
Connexin-42 and F-Actin to deduce the location and concentration of these two proteins
in order to demonstrate that randomly oriented cells actually do exhibit this de-
differentiated state. Evidence of this phenotype change can be seen in Section 6.IIL.A.
Cells that were aligned on collagen exhibited the normal phenotype of having gap
junctions at the ends of their longitudinal axis and having their sarcomeres oriented
perpendicular to their longitudinal axis (Figures 109 & 111). Contrastingly, cells that

have been randomly oriented showed a loss redistribution of Connexin-43 to the cell
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periphery as well as a reorientation of sarcomeres units. This conclusively demonstrates

that randomly oriented cells begin to exhibit a de-differentiated, hypertrophic phenotype.

7.V1. Contractile Stress Trends

The results of the trends in contractile stress are seen in Graph 2 in Section 6.IV.
By looking at this graph, two trends become apparent: randomly oriented myocytes exert
stronger contractile forces and stiffer gels produce stronger contractions.

As discussed in the previous two sections, the stress distribution as well as the cell
phenotype changes in a random cell culture. The stresses become exerted in random
orientations and sarcomeres become unaligned as a result of a de-differentiation to a
juvenile phenotype. Cells that are oriented tend to concentrate their stresses at the end of
the cell and are then able to reduce the strength of contraction of individual sarcomeres.
When this orientation is lost, each sarcomere attempts to compensate by generating more
force. Considering this and that some of these contraction orientations may overlap, the
overall strength of contraction increases. This also makes sense as this de-differentiated
phenotype is an attempt to generate more force.

Our data shows that cells on the 7 kPa gel had a 24.23% increase in contraction
strength, a 66.09% contraction increase on the 30 kPa gel and a 67.47% contraction
increase on the 75 kPa gel. Each of these relative increases confirms our prediction that
randomly oriented myocytes will generate stronger contractile stresses than aligned
myocytes.

The other trend seen in Graph 2 is that cells seeded on stiffer gels will produce

stronger contraction stresses. To explain this, consider that the cell will contract with a
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strength that is relative the reaction force produced through the acrylamide substrate. On
weaker gels, there gel exhibits more elastic properties and begins to deform at lower
applied stresses. Thus, the gel is not able to produce a strong enough reaction force to
overcome the strength of the cell’s force. The cell then is not able to exert any more force
on its substrate. If the gel is stiffer, then it can generate stronger reaction forces before
deforming, allowing the cell to produce stronger and stronger forces. Thus, we can
explain the trends seen in the data: average maximum stress 420.73 kPa on 75 kPa gel,
249.19 kPa on 30 kPa gel and 141.63 kPa on 7 kPa gel. This trend is also observed
regardless of cell orientation. The average maximum stress on random cell cultures:
1293.55 kPa on 75 kPa gel, 734.81 kPa on 30 kPa gel and 186.68 on 7 kPa gel. Despite
the actual stress values being larger on random than aligned, they still increase as gel

stiffness increases.
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Chapter 8: Conclusions

The goal of this project was to create a system capable of characterizing the
mechanical environment of specially designed myocyte cultures for the purpose of
understanding the stress distribution of a normal and dysfunctional contractile myocyte.
To do so, we fabricated substrates with defined physical properties, seeded aligned and
random cardiac myocytes, imaged their contraction and processed those images to
recreate representative stress maps. It is our belief that this system is fully capable of
observing the trends of contraction between individual myocytes. There is room for
improvement by increasing the complexity of our calculations; however, we have
conclusively demonstrated an appropriate system for comparing the mechanical
environments of myocytes with differing phenotypes. Likewise, we have provided
evidence for our other objectives: that cells seeded onto stiffer gels will produce stronger
contraction forces, and that aligned myocytes generate and are under less stress than
unaligned myocytes. It is for these reasons that we consider our study a success in
meeting our goal.

Currently, we are researching how to adjust our dynamic simulation technique to
accommodate for elemental deformations such that our system will be able to predict
exact magnitudes for contractile stresses as well as providing a more accurate stress
distribution map.

In future applications of this system, we plan on using Laser Micropatterning to
introduce fibroblasts into myocyte cell cultures. Laser Micropatterning is a technique that
utilizes a weakly focused laser to trap a cell or particle within the beam. By adjusting the

substrate beneath the cell within the laser, we can deposit specific cells at a desired
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location on the substrate [ 106-108]. With this tool in conjunction with our current system,
we would be capable of generating a multi cellular environment where we can analyze
the mechanical stresses applied to the substrate. Because fibroblasts have been shown to
affect the mechanical environment, these cells would be ideal candidates to test the
mechanical reaction of myocytes to physiologic stimuli. By analyzing this more complex
cell culture model, we can begin investigating some of the same cellular interactions
observed in vivo and are one step closer to creating a cell culture model that can
accurately describe the mechanical environment of adaptive and maladaptive

hypertrophic cardiac cells.

139



Appendix A: Traction Force
Microscopy Details

1. Preparation of Poly(Acrylamide) Gel Substrates

Coverslips prepared in similar fasion to Dembo et a/ [87] were first treated to
allow for a covalent linkage between the glass surface and the polyacrylamide gel
providing a flat, stable surface. The following steps illustrate the steps taken to prepare
the glass coverslips for the polyacrylamide.

1) Coverslips (No. 1, 45 mm x 50 mm) were passed briefly through the inner flame of a
Bunsen burner.

2) A drop of 0.1 N NaOH was smeared over the surface of each coverslip with a Pasteur
pipette and allowed to dry in air.

3) The treated side of the coverslips was marked using a diamond-tipped pen and a small
drop of 3-aminopropyltrimethoxysilane was smeared evenly on this surface.

4) After 4-5 min the coverslips were washed extensively with distilled H,O.

5) The coverslips were then transferred, marked-side up, into petri dishes and covered
with 0.5% glutaraldehyde in PBS (prepared by diluting 1 part of 70% stock
solution with 140 parts of PBS).

6) After incubation at room temperature for 30 min the coverslips were washed
extensively with multiple changes of distilled H,O on a shaker and allowed to dry

In air.

140



7) The treated coverslips were stored for up to 48 h after preparation [87]. At this step,
the glass coverslips contain gluteraldehyde linkages and are able to covalently
bind to most polymers containing amide groups.

The preparation of the acrylamide solutions was performed in the following
fashion.

1) acrylamide (30% w/v) was mixed with N, N-methylene-bis-acrylamide (2.5% w/v) and
distilled H,O to obtain a final concentration of 10% acrylamide and 0.03% BIS.
For more rigid or more flexible substrata the percentage of BIS was increased or
decreased.

2) Fluorescent latex beads (0.2 mm FluoSpheres, carboxylate-modified) were sonicated
briefly in a bath sonicator and added to the acrylamide mixture in volume ratio of
1:125. 3) The acrylamide/BIS solution was degassed and polymerization was
initiated by addition of ammonium persulfate (10% w/v solution, 1:200 volume)
and N,N,N,N-tetramethyl ethylenediamine (TEMED, 1:2000 volume).

4) Twenty-five ml of the acrylamide solution was immediately placed onto the surface of
an activated coverslip and the droplet was flattened using a large circular
coverslip (No. 1, 22 mm diam.).

5) The resulting sandwich assembly was turned upside down.

6) After polymerization (10-30 min), the circular cover glass was removed and the gel
was washed on a shaker with HEPES (50 mM, pH 8.5) [87].

At this step the glass coverslip is bonded to a polyacrylamide gel with defined physical

properties, however the gel is not yet capable of supporting cell adhesion. As stated

earlier, cell adhesion is mediated through ECM proteins, specifically collagen I. As such,
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the gels must then be treated such that a layer of the desired ECM protein is conjugated to

the surface.

To accomplish this, a chemical named sulfo-SANPAH (sulfosuccinimidyl 6 (4-
azido-2-nitrophenyl- amino) hexanoate) was used. Sulfo-SANPAH is a photoactivatable
heterobifunctional reagent that acts as an intermediary between the acrylamide surface of
the gel and the desired ECM protein. Specifically, sulfo-SANPAH contains a
succinimidyl ester group that will react with the lysine e-NH; sub regions of proteins and
also a phenylazide group that, upon photoactivation, reacts nonspecifically with many
chemically inert molecules including polyacrylamide and water. The protocol that was
used is as follows:

1) fluid was drained off the surface of the polyacrylamide gels and 200 ml of Sulfo-
SANPAH (1 mM in 50 mM HEPES, pH 8.5,) was applied.

2) The surface of each gel was then exposed to UV light from a 30 W germicidal lamp at
a distance of 6 inches for 5 min. The darkened Sulfo-SANPAH solution was
removed and the photoactivation procedure was repeated a second time.

3) The glass-supported polyacrylamide sheets were twice subjected to 15 min shaker
washes with 50 mM HEPES (pH 8.5).

4) The polyacrylamide sheets were then covered with a solution of soluble type I collagen
(0.2 mg/ml) and allowed to react overnight at 4°C on a shaker.

5) The gels were then washed extensively with PBS, mounted onto culture chambers, and
sterilized with UV irradiation [87].

The gel thickness was determined by using a microscope to focus on the plane of

the surface of the glass and then focusing on the surface of the gel and using microscope
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software to interpret the gel thickness, on average the gels were ~70um. The physical
properties of these gels were tested by using compression testing. A coverslip was placed
on the surface of a polyacrylamide gel and weights were then placed on the slip,
compressing the gel. The degree of compression was determined using the microscope
method. The Young’s Modulus was then approximated using the following equation:

E=(F/A)AL/L) Eq.10
where A is the surface area of the gel, F is the weight applied, AL is the compression
distance and L is the unstressed distance. In this study, the average Young’s Modulus was
found to be ~ 62 + 1 kdyn/cm® (~6200 pN/um?). During these tests, there was no
detection of any changes in the total volume of the gels and as such Poisson’s ratio for
these substrata was assumed to be approximately 0.5.

At this point, the gels were capable of supporting viable cells. The cells used by
Dembo et al[87] were Swiss 3T3 fibroblasts and were cultured in DMEM supplemented
with 10% donor calf serum, 2 mM L-glutamine, 50 pg/ml streptomycin, 50 U/ml
penicillin, and 250 pg/ml amphotercin B. These 3T3 cells were allowed to adhere, spread
and begin migration. During migration, the cells would transmit their tractional forces to
the substrata and in doing so would displace the fluorescent beads within the substrate.
Images were taken at 40x magnification with a 0.65 NA Achromat Zeiss objective. In
order to generate one stress map, two images must be taken so that the positions of the
beads embedded in the gels can be compared. This was accomplished using images taken
just prior to cells being trypsinized and images taken just after the trypsinization. Doing
so will produce images where the substrate is stressed (prior to trypsinization) and images

where the substrate is relaxed (after trypsinization). After these images are captured, they
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are processed to create distribution maps that are representative of the displacements of

the fluorescent particles within the substrates.

2. Correlation-Based Optical Flow

Optical flow is used for interpretations between sets of images and exists in a
variety of forms. Differential optical flow compares the derivatives of image profiles by
using high-pass, low-pass, velocity-tuned and band-pass filters. Region based optical
flow use the actual image or motion profiles and define the velocities as a displacement
vector. The benefit of region based optical flow over differential is that the later is subject
to noise because a small number of frames exist or because of aliasing in the image
acquisition process. These displacement vectors are generated using normalized cross-
correlation or minimizing a distance measure. A typically used function for this

procedure is the Sum-of-Squared Difference (SSD) equation:

SSD,,(xid) = > S WG P+ o)) = L (x + G ) Eql1.

j==ni==n
where W denotes a discrete 2-D window function, and d = (d. d,) take on integer values.
Using this equation, minimizing the SSD distance measure will ensure that the pixels at
(ij) in I; and I, are most likely the same positions and as such the displacement is
calculated with high accuracy [109, 110].
Correlation-based optical flow uses a similar normalizing function to compare

regions of intensity. For two images with intensity profiles defined as follows:

B (LD) P (2.) B (n, —LD) B (n.D)

_| B2 F(2,2) B (n,—12) B (n,,2)
ko P(Ln,=-1) PQ2n,-1) P ~-Ln -1) B(n,n, 1)

P.(Ln,) P.(2,n)) P.(n,~Ln,) P.(n.n,)

Eql2.
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where k=0 or 1 and Pi(x, y) is the intensity at pixel (x, y), we want to test if a pixel at (x,
y) on I has moved to (u, v) on I;. To do so, we define two correlation windows with a
distance of C pixels from (x, y) and (u, v). These windows are labeled By and B, and are
said to have “similar intensity” patterns if the pixel at (x + 0, y + 6y) on By has an
intensity value that has a high correlation to the corresponding pixel (# + 8, v + dy) on
B;. As previously mentioned, this technique utilizes the following equation which is

similar to Eq11:
2.2 B(x+0,y+8)Ru+0,,v+0,)

o, O,
R(x, y,u,v,C) = -
RN 3) WITPE SRR S 3) WA PR R S
s

Eql3.

where R is the correlation coefficient, which determines how close By is to B;. Since R is
a normalization constant, the closer it comes to 1 the more “correlated” By is to B; and if
R is 0 then By and B; are said to be “uncorrelated”. Eq3 indicates that all values of 6 and
dy within By and By, i.e. with +C to —C. Figure 1 gives a visual example of the correlation
process. Of particular importance when assigning values to the parameters of Eq3 is the
value of C. Choosing a value that is too small will reduce the number of markers in which
to compare correlation windows leading to an unambiguous pattern and causing the
calculation to fail. Choosing a value that is too large will result in a loss of resolution
since smaller movements would be lost within the correlation windows. The maximum

testing distance in which to select pixels is defined as a term S from (x, y) [90].
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Figure 138. Correlation-Based Optical Flow.
A correlation window is selected in /j of size C at (x, y) and mapped onto /; beginning at (¢, v) and testing
at points (u + J,, v + d,). The summation of these assessments results in the correlation value R. R ranges
from +1 to -1 and the closer R is to 1, the more correlated the two windows are [90].

Procedurally, each pixel (u + J,, v + J,) to be tested with (x, y) will be mapped
onto a set of R values for each (u + J,, v + J,) within the desired area. A graphical

representation of R can be seen in Figure 2:

Figure 139. 3-D graph of the correlation coefficient R.
The value of R(x, y, u, v, C) is plotted for various values of u and v. As seen a clear maximum for R exists
at ~0.93 for the images selected [90].

Once a maximum value of R is determined, additional iterations are performed to fine
tune the final displacement from (x, y) to (u, v). This is accomplished by taking the values
of (u, v) from the previous iteration and imputing those as the new (x, y) in the next
iteration and shortening S and reducing C. Doing so will begin the correlation process at
the pixel with the highest previous R and increase the resolution by decreasing S and C.
This iteration process continues until the new value of R does not change with the
previous iteration’s R value. At this point, the pixel that corresponds to the highest R
value is taken to be the final position (u”, v') and the displacement between it and (x, y) is
calculated and stored. Additional resolution is also obtained through sub-pixel resolution

by using the following equations:
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U, —u, * * * * * *
S 2R(x ;5 yisth sV s O) = R(x s vty =Lv , C) = R(x .,y u gy +1,v5,C)
Eql4a.
V** _ % O'S[R(x_/aykau;kav;k +15C)_R(x_/aykau;kav;k _I,C)]
Jk

-V, * * * * * *
g 2R ;5 Yyt sV s O) T R(x 5 stV =1LC) = R(x sty v +1,C)
Eql4b.

with ujz and vj,t as the new final pixel positions. Equation 14 averages the adjacent

pixels in order to generate a new set of end position coordinates with sub-pixel
resolution. This sub-pixel resolution reflects the smooth and continuous nature of the
correlation coefficient as well as its own necessity as the particles used to approximate
the substrate deformations have approximate diameters of 0.3-0.6um whereas pixels are
generally 0.1-0.3pum. Thus, in order to generate accurate displacements, sub-pixel

resolution is a needed [90].

After the set of (ujz ,v;,t) has been found for all initial (x, y) test pixels, there is

still the need to check for correspondence errors in the data. That is, because of S/N
ratios, low density of marker beads or a small correlation window, discontinuous and
random displacements can occur. In order to detect and correct these errors, the in-plane

strain components are estimated with the following equations:

sese sese 2 sese e 2
Ui ~ Ui Ui “UG-nk
£l =05 L~ +0.5- 20— Eql5a.
X T X Xj T
sese s |2 sese ok 2
Vi, =V, voo—v
Dk k k -k
gix =05 G+ J +0.5 J (-D quSb
X —X; X; T X
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The value of Hé‘jku is then compared with a limiting value of strain €max which will change
depending on the physical properties of the substrate used. If H‘gﬂfH is larger than gy Or

drastically different then those points (u,v, ) should be considered suspect and

recalculated with any changes in C that may prevent the points from becoming subject to
reinvestigation again [90].

Additional errors may occur during this process through microscope drift or any
other background vibration that may cause the entire sample to shift during observation,
which is called a registration artifact. To remove this artifact, it must first be realized that
because the desired displacements occur within a relatively small area of the entire field
of observation, the artifacts will occur at all points and with maximum frequency. Thus in
order to remove it from the final displacement set a frequency histogram of all

displacements (as seen in Figure 3) is set up.
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Figure 140. Frequency Histogram of displacements.
A distribution of all the displacements on the x-axis and the number of pixels with that displacement on the
y-axis (left). The trimmed histogram with the most frequent distributions removed leaving behind the
meaningful data (right) [90].

These histograms consist of the uncorrected displacements in the x and y
directions. The displacement values are placed into bins and the most frequent value is
measured and stored. This value is then set to 0 and the displacements are placed into
more exacting bins creating a new most frequent value. This process is repeated until the
most frequent value does not change after being zeroed. At this point all of the shifts
made to zero the most frequent values are added together and the artifact is quantified.
This value is then subtracted from each displacement leaving behind the meaningful

values (Figure 4) [90].

Figure 141. Displacement map of a locomoting 3T3 fibroblast.
The displacement map generated through correlation-based optical flow of a fibroblast applying traction
during locomotion on a deformable substrate [90].
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By processing sequences of images using correlation-based optical flow, multiple
displacement maps can be generated in a relatively short period of time. Thus, by taking
images of fluorescent particles embedded in polyacrylamide gels during cell traction,
displacement maps can be generated and refined and then are ready to be used by the next

stage of Traction Force Microscopy.

3. Continuum Mechanics

In order to generate test displacement data, the calculations begin with a standard

force balance:
h(@,0, +0,0,,)+T,=0 Eql7
with 0, as the stress tensor, T, as the applied traction stress and 4 as the gel thickness. In

addition to Equation 17, the plane deformation must also be considered as a point x = (x;,
xz) will be displaced to a new equilibrium position x' = x + d. In order to take this
deformation into account, the strain tensor is defined as such:

Ep =05(0,d, +0,d,) Eql8
Finally, by combining Hooke’s Law with the strain tensor requirements the following
equation can be generated:

E +EV(£11 +£22)5

g,=—¢ +09, Eql9
aB (1+V) aB (I—VZ) aB aB q

with E as the Young modulus, v as the Poisson ratio and o as the prestressed drumhead
tension. For the substrates used in this experiment, polyacrylamide was found to be

incompressible and thus Poisson’s ratio is very close to 0.5 [71, 105, 111]. The

significance of o is one of the main differences between the current method of measuring
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beads and the older methods of measuring wrinkles [83]. With a higho, the surface
remains flat and resists creating wrinkles when under stress ensuring that the
deformations are planar. If this value were to be lower, then it would become impossible
to generate any quantitative data as the measurements from the bead images would
include a vertical displacement that would not be compensated for resulting in the system
failing.

Through substitution of Equation 19 into Equation 17, a second order partial

differential equation for deformation equilibrium in the midplane is generated:

E E E
—00d +——0,0,d, +——-0,0,d, =T, Eq20a
1-v 2(1+v) 2(1-v)
E E E
*—0,0,d, +————0,0,d, + ————0,0,d, =T, Eq20b
1-v 2(1+v) 2(1-v)

with E; = Eh as the Young’s modulus on the surface of the substrate, which compensates
for the membrane thickness as mentioned previously. From here in order to rearrange

Equations 20a and 20b to solve for d, some assumptions need to be made. Specifically,
the membrane is assumed to be infinite and that 0, — E'O;,B as|x| — oo . In other words,

the tractional stress component drops to zero and the total stress becomes the drumhead
tension with more distance between the point of interest and the cell. With this
consideration, an integral equation can be generated that solves for d given the continuous

stress function:
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d,(x) = Ei [[Lga (DT, (F) +g,, (x0T, ()] Eq21

where

_ (V) g ~ S )X = fp) | s (3_'/)11{ : ﬂ Eq22

* " am x 1]’ T @+v) | x—f]

The following Equation 12 is the so-called Green’s function and can be thought of as the
displacement in the o direction at the point (x; x,) resulting from an impulse delta
function stress in the B direction at the point (f, f>). In order to ensure that all stress fields
input to Equation 21 generate displacement data, one last generalization needs to be
made. There needs to be a bounded support for Equation 21 and satisfy a global force
balance:

| j T, (f)df =[ j T,(f)df =0. Eq23
In other words, the contribution of the stresses generated from cell traction does not
change the overall traction of the surface along the entire lengths of the gel, which when
considering the size and area of cell traction forces is found to be true [71, 112].

In the next step, it is important to remember that cells use focal adhesions to not
only mechanically attach to the polyacrylamide substrate but also apply traction stresses
to their environment. Thus, cells will not directly apply stresses outside of the area (Q)
they occupy on the substrate. This consideration will be taken into account when
generating test stress fields.

Finally, the equation to generate the test stress distributions is as follows:

N k
T(f) = Zwk(sk(f) —j—j,f 0Q Eq24
k=1

T
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where

A, = [[df Eq25
Q

is the total mesh area within Q;

At =] j S*(f)df Eq26
Q

is the area of the kth node in the mesh under Q;

NGB o, 0,=12,..N Eq27
is the shape function for the defined quadrilateral mesh under Q. N is the number of
nodes within the mesh, f is the position of the jth node, d; is the Kronecker delta function
and w" are the mesh associated degrees of freedom at the kth node. Equation 24 generates
a continuous stress field through quadrilateral shape functions for all points f in Q. With
these definitions, it is convenient to define the latent background drift as the degrees of
freedom at the zeroth node w’. In coordination with this, the zeroth shape function and
area of the null set are S’(f) = 0 and 4”= 0 respectively [71].

By generating test stress fields using Equation 24, checking those stress fields in
Equation 16 and by inputting those fields into Equation 21 continuous test displacement
fields are generated that are within the physical boundaries and restrictions of the system.
At this point, finite displacement fields have been calculated from fluorescent images of
the substrate as well as continuous displacement fields that have been calculated from test
continuous stress fields, which have themselves been created based on the physical

restrictions of the system. The last remaining step required is to use statistical analysis,
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specifically Bayesian hypothesis testing, to match the best continuous stress field to the

calculated finite displacement field.

4. Bayesian Hypothesis Testing

Let {X} be the set of all possible outcomes of one experiment and let X be the
particular result obtained during the actual experiment. Then, let H be a test hypothesis as
to the information necessary to completely predict the outcome of the experiment. The
probability that H actually does completely predict the correct information is represented
as P(H) and the same probability given the outcome X is correct is represented as P(H|X).
Thus, of all the possible H in the set {H}, the hypothesis that maximizes P(H | X) will be
the best explanation of the experiment. In terms pertinent to the current study, {X} is the
set of finite displacement maps generated through correlation-based optical flow and X is
the particular map for the desired frames that are being analyzed. {H} is the set of
continuous displacement maps generated through finite element analysis and H is the
particular test map that is being compared to X for the highest likelihood that they are
identical, maximizing P(H | X) [71, 87].

In order to compute P(H | X) for the values of H and X the rule of inductive logic

is used that describes the postexperimental probability of the hypothesis H is given as:
P(H|X)=P(X|H)P(H)S_". Eq28
In Equation 28, the term on the left P(X | H) is the probability of producing the

result X given that the hypothesis H is true, i.e. the probability of producing the finite

displacement map given that the continuous displacement map is true. The last term

S~'is a normalization constant to ensure that the probability distribution of P(H | X) for
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all H D{H} will be exactly 1. In order to quantitatively determine P(X | H), first each
term on the right side of Equation 28 needs to be represented mathematically [71].

The first term P(X | H) is identical to probability of obtaining discrete values of
the errors by random sampling from an appropriate distribution. In the case of the current
experiments, the errors in the particle displacement measurements are assumed to be
Gaussian with means equal to 0 and standard deviations equal to the pixel radius. Thus,

the probability of the observed experiment is:
P(X | H)Oexp(-X?) Eq29

where

d’ -w’-d’ Eq30

which is the chi-square statistic with w° as the drift error determined from Equation 24,

d” is the experimental position of the pth particle (position in X) and d” is the theoretical
position of the pth particle (position in H) [71].

The second term P(H) is more complicated to determine as it is subject to
personal and subjective biases. As such, we must assume that this probability follows
Occam’s rule that the actual result will occur with as few assumptions as possible. Thus,
it would follow that the probability would also be approximate to the inverse of the

complexity of the system:
P(H)Oexp(-{?) Eqg31

where

(LY (DL dhdf,
Z‘i( y j{ ) jA Fa32
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with 4 as a complexity scale factor with the same dimensions as the traction density and

2
jdf} . Eq33

A
A,

defined as:

Es| L& NI m
{ ; } =22522ngaﬁ(x”,f>(s (1) -
By using Equations 32 and 33, the complexity C* can be calculated and the probability
P(H) can be estimated. Of particular note is that the complexity depends on mesh
geometry and not on bead displacements ensuring P(H) does not depend on any value
from the set {X} [71].

Using Equations 29 and 31, a quantitative value for the probability that the
continuous displacement map is identical to the finite displacement map is obtained. By
systematically comparing all values in {H} against the desired value from {X}, the most
probable stress map can be decisively said to be the most accurate representation of the

traction exerted by the locomoting fibroblast across the deformable substrate [71].

5. Further Details

Finding the continuous stress map with the highest likelihood of being identical to
the measured displacement map is based on a Bayesian Hypothesis Test represented by
maximizing Equation 28. Continuous stress maps are generated by using the physical
restrictions of the system using Equation 24 and then used to generate continuous
displacement maps using Equation 21. Examples of these maps can be seen in the

following Figures:
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Figure 142. Finite Displacement Map.
Image of a displacement map generated through Correlation-Based Optical Flow [71].
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Figure 143. Continuous Stress Map.
Image of a stress map generated through Equation 14 to be tested [71].
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Figure 144. Continuous Displacement Map.
Image of displacement map generated from Image 2 through Equation 11 and then compared to Image 1
with Equation 18 and found to be the most likely to be the continuous field for the traction [71].

By visually comparing Figures 1 and 3, the similarity can be seen and through
Equation 18, Figure 3 is found to be the most likely continuous map of the displacements

and thus Figure 2 is the most likely continuous map of the tractions. Despite the
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appearance that Figure 2 is finite, however the vectors shown in the Figure are
representatives of finite elements of the continuous map. The rms error determined
through Bayesian hypothesis testing was found to be +0.094pum, authenticating Figure 2
being the actual traction map [71].

Also of interest is the effect of noise on the generation of displacement maps
when using Equation 14. Figures 4-7 illustrate that effect. Figure 4 shows a hypothetical
test stress map for a given cell boundary Q. Figure 5 shows a typical displacement map
calculated with Equation 14. Figure 6 shows a stress map calculated in the same manner
as the image in Figure 5, however a drift error and a random error has been added to each
displacement vector giving a signal to noise ratio of 5:1. It is apparent when comparing
Figures 5 and 6 that error drastically effects the test displacements and reinforces the
need for the precautions set up in the previous equations. Figure 7 furthers the example

by increasing the signal to noise ratio to 1:1 [71].
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Figure 145. Test Stress Map
. Hypothetical stress map generated using Equation 14 [71].
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Figure 146. Test displacement map.
Displacement map generated from Figure 4 using Equation 11 [71].
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Figure 147. Test displacement map with error.
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Displacement map generated with error added to result with a signal to noise ratio of 5:1. Comparing to
Figure 4, the vectors are more scattered [71].

7.5@0E-1 microns 1.54E+1 microns
—

Figure 148. Test displacement map with large error.
Displacement map generated with a larger error than Figure 6 with a signal to noise ratio of 1:1 [71].
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Appendix B: Cell Culture
Protocols

3 Day Neonatal Rat Heart Dissection

Protocol for Percoll Gel Columns

1. Prepare Percoll Stock Solution (9:1 of Percoll : 1.5M NaCl)

2. Add 3.7g/100mL of Hepes to 10x MEM and dilute to 1x with distilled water

3. Prepare Percoll solutions

Percoll A: (60% Percoll Stock Solution : 40% MEM) = 1.08 g/mL (for 3mL use 1.8mL of
Percoll Stock and 1.2mL of MEM)

Percoll B: (40% Percoll Stock Solution : 60% MEMa) = 1.06 g/mL (for 3mL use 1.2mL of
Percoll Stock and 1.8mL of MEMa)

Percoll C: (75% Percoll Stock Solution : 25% MEMao) =1.10 g/mL (for 3mL use 2.25mL of
Percoll Stock and 0.75mL of MEMa.)

4. Column preparation. In a 15mL conical tube add 3mL of Percoll C. Then CAREFULLY add
3mL of Percoll A on top of the bottom layer. DO NOT MIX LAYERS. Then CAREFULLY
add 3mL of Percoll B on top of the middle layer. DO NOT MIX LAYERS.

5. Leave columns until cell suspension is ready

Procedure

1. Add ImL of Pen/Strep per 100mL of KRB. pH to 7.4 and filter. Then add 0.4% Horse Serum
(1mL per 250mL of KRB)

2. Put 50mL of KRB into a conical tube and add 6000 units of type 1 collagenase (for total of 120
units/mL)

3. Place KRB w/ HS, Myocyte media, Fibroblast media and collagenase in waterbath at 37degrees

4. Fill 2 50mL tubes with Moscona's Saline and place in ice bucket with 2 empty 15mL tubes.

5. AT ANIMAL CARE FACILITY. Fill the 2 empty 15mL tubes with Moscona's Saline and put
on ice. Use remaining Saline to fill the bottom of 2 100mm culture dishes.

6. UNDER THE HOOD, decapitate the pups and cut down the sternum to open the chest cavity.
Then pinch the shoulder blades together to have the heart pop out of the chest cavity. Remove the
heart with sterile forceps and place into a 100mm dish with Saline (15 maximum).

7. Gently rinse the hearts in Saline while trying to remove any blood present than may have
congealed. Place the hearts into the 15mL tubes on ice.

8. Clean up by placing the bodies and heads in ziploc bags unless other people requested the parts.
Place the cover mats and the used dishes and tubes into the ziploc bags as well. Leave bags in
hood. Clean the surface of the hood with EtOH and clean the instruments in the sink with soap and
place on rack to dry.

9. AT LAB, clean off as much blood as possible using cold Moscona's Saline. Remove as much

Saline as possible and place hearts into a 30mm dish and mince using sterile scissors.
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10.
11.
12.

13.

14.
15.
16.

17.

18.

19.
20.
21.

22.

Once the hearts are minced, place the tissue into a S0mL tube and label it H and add 8mL of
collagenase. Place tube H in the water bath @ 5Smin, 37 degrees, at 85 rpm.

Allow suspension to settle and pour off the supernatant into the waste. Add 8mL of collagenase
and place tube H in the water bath (@ 10min, 37 degrees, at 85 rpm.

Take tube H out of the water bath and add ImL of DNAse. Use either a pipette or a syringe needle
to break up the heart pieces. For the larger pieces use a 10mL pipette and then go to a SmL pipette,
18G syringe needle and then a 20G syringe needle for each progressive cycle.

Allow the heart pieces to settle and pour supernatant into a SOmL tube labeled R. Add KRB w/ HS
to R to reach 30mL mark. Place tube R in centrifuge @ 8min, 25 degrees (room temp), at 1000
rpm.

Once R is done spinning, remove supernatant into waste and resuspend pellet in SmL KRB w/ HS.
All subsequent R tubes will be resuspended into this first tube.

Add 8mL of collagenase to tube H and place in water bath @ 10min, 37 degrees, at 85 rpm.
Repeat from step 12 by adding ImL DNAse until heart pieces are totally digested.

Take total resuspended heart cells from tube R and filter through 40um cell strainers into a 50mL
tube. Replace strainer if it gets full/clogged.

Add fibroblast media to reach the 7.5mL mark. Add 7.5mL fibroblast media into a T75 Flask and
add the cell suspension into the flask. Label the flask Fibroblasts, p0 and the date. Keep flask in
incubator @ 37 degrees and 5% CO2 for 30 min. After 30min remove media and place in a
50mL tube labeled S. Add 15mL fibroblast media to the flask and place back into incubator.
Count cells in tube S. Then add Fibroblast media to reach 30mL mark and spin in centrifuge @
8min, 25 degrees (room temp), at 1000 rpm. After done spinning, remove supernatant and
resuspend in fibroblast media to reach a concentration of maximum 5E6 cells/mL

Take this cell suspension and add to Percoll columns. DO NOT EXCEED SE6 CELLS PER
COLUMN. DO NOT MIX LAYERS. Spin the columns @ 20min, 25 degrees, at 2000 rpm.
After the spin carefully remove the layer in between Percoll A and Percoll B (top pink and clear
layer) and add to a 50mL tube. These are myocytes. Place 4 myocyte layers in 1 50mL tube.

Fill each 50mL tube with myocyte media to reach the S0mL mark and spin in centrifuge @ 8min,
25 degrees (room temp), at 1000 rpm.

Remove supernatant from tubes and resuspend in one tube. Count cells.

Polyacrylamide Gel Protocol

Materials

No.!1 coverslip, 45x50 mm rectangular and 22 mm circular.
NaOH, 0.1 N, 100 ml.

3-aminopropyltrimethoxy silane.

PBS, 500 ml

Glutaraldehyde, 0.5%. Mix 357 ul of 70% glutaraldehyde with 50 ml of PBS. Keep the 70 % stock
tightly sealed in zip bags in a closed container at 4°C.

HEPES, 1 M, pH 8.5, 1 ml and 50 mM, pH 8.5, 500 ml. Use at room temperature.

Fluorescent latex beads, 0.2 um diameter.
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*  Acrylamide (40%, Bio-Rad) and Bis (2%, Bio-Rad).

*  Ammonium persulfate (Bio-Rad) solution, 10 mg in 100ul distilled water. Prepare immediately
before use in step 10.

«  TEMED (Bio-Rad).

e Sulfo-SANPAH (Pierce), 0.5 mg/ml in 50 mM HEPES pH 8.5, need 400 ul per dish. PREPARE
IMMEDIATELY BEFORE USE IN STEP 15. Handle sulfo-SANPAH in the dark. Weigh the
appropriate amount, add 1 ul DMSO per mg of sulfo-SANPAH. While vortexing, add 50 mM
HEPES at room temperature to obtain the final concentration.

*  Protein solution for coating the substrate. Use type I collagen (10 mg/ml stock), at 0.2 mg/ml (40
ul + 2 ml PBS), or fibronectin at 10 ug/ml in a volume of 2 ml.

Procedure

1. Mark one side of a #1 cover slip with a diamond tip pen. Pass the marked side over the inner flame of a
Bunsen burner.

2. Place the cover slip, flamed side up, on a test tube rack. Smear the surface with 0.1 N NaOH in the hood
and allow the surface to air dry.

3. Smear the dried surface with 3-aminopropyltrimethoxy silane, wear gloves and do this in the hood.
Incubate at room temperature for 5 minutes.

4. Collect the cover slips in a pan. Wash with distilled water on a shaker until the cover slip surfaces are
clear.

5. Put the cover slips back on test tube rack. Pipette 0.5 % gluteraldehyde to cover the treated surface of the
cover slips. Incubate for 30 minutes at room temperature in the hood. Ware gloves.

6. Collect the used glutaraldehyde in liquid waste. Wash as in step 4 and let air-dry. Activated cover slip
may be stored in a dessicator for two weeks. Cover slips may be mounted onto chamber dishes before
proceeding with the following steps.

7. Mix 5 ml of acrylamide solution in a small beaker according to the dilution scheme below.

[Final Acryl/Bis  |[40%Acrylamide  [2%Bis [IM HEPES |H,0  |Young's Modulus
18%/0.1% 1000 ul 250ul |50 ul 3700 ul  |?? kN/m2

18/0.08 11000 200 |50 3750 |75

18/0.06 1000 1150 |50 3800 |30

18/0.05 11000 125 |50 3825 |23

18/0.04 11000 100 |50 3850 |17

18/0.03 1000 |75 150 3875 |14

18/0.02 1000 150 150 3900 |10

15/0.12 625 300 |50 4025 |33

15/0.10 625 250 |50 4075 28
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15/0.08 625 200  [50 4125 |24

15/0.06 625 1150 |50 4175 |15

15/0.025 1625 63 150 4262 |7

8. Degas the solution for 20 minutes to remove oxygen, which inhibits acrylamide polymerization.
9. Sonicate the fluorescent beads for 1-2 minutes in a bath sonicator.

10. Add beads, 30 ul ammonium persulfate, 20 ul TEMED. Seal the beaker with parafilm and mix gently
by swirling.

11. Pipette the acrylamide mixture onto the activated cover slip. Use 15 ul for a 75 um-thick gel. Quickly
place a 22 mm circular cover slip onto the acrylamide droplet and invert the chamber dish.

12. Let acrylamide polymerize for 30 minutes.

13. Flood the surface with ~2 ml of 50 mM HEPES. Remove the circular cover slip with two pairs of fine
tipped tweezers.

14. Rinse the substrate well with 50 mM HEPES. The substrate may be stored at 4°C for 2 weeks.

15. Remove as much liquid form the substrate as possible without drying, then layer 200 ul of the sulfo-
SANPAH solution on top.

16. Place under 302 nm UV, at a distance of 2-3 inches from two 15W tubes, for 5-8 minutes. The solution
will darken when activated.

17. Repeat steps 15 and 16
18. Wash with 50 mM HEPES to remove excess reagent. Do this quickly.

19. Add the protein to be coupled and incubate either 4 hours at room temperature or overnight in the cold
room on a shaker.

20. Rinse with PBS and store coated substrates in the cold room for up to a week.
21. Before plating cells, expose the gel to UV for 15 minutes.

22. Replace PBS with complete culture medium. Place in incubator for 1 hour to allow equilibrium.

Myocyte Media
Chemicals

*  6.685g Dulbecco’s Modified Eagle Medium (13.37 g/L) (DMEM)
*  600mg Sodium Bicarbonate NaHCO; (1.2 g/L)

* 1.787 g HEPES (15mM)

e  40mL (8%) Horse Serum (HS)

e 25mL (5%) Newborn Calf Serum (NCS)
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*  5mL (1%) Penicillin/Streptomycin (Pen/Strep or Anti/Anti)
* 2 mL Cytosin B-D-arabinofuranoside (ara-C) (100mg/100mL Moscona’s Saline)
* 1 mL Amphotericin B (50mg/100mL dH,0)

Procedure

Measure and put 430mL of distilled water into an autoclaved 500mL beaker
Weigh and add the DMEM, NaHCO;, and HEPES to the beaker

pHto 7.4

Filter with a 0.22m filter unit

Add the HS, NCS, Pen/Strep, and ara-C to the media

Date & Label and place in the refrigerator

Fibroblast Media

AN e e

Chemicals

*  6.685g Dulbecco’s Modified Eagle Medium (13.37 g/L) (DMEM)
*  600mg Sodium Bicarbonate NaHCO; (1.2 g/L)

* 1.787 g HEPES (15mM)

e 50mL (10%) Newborn Calf Serum (NCS)

e 25mL (5%) Fetal Bovine Serum (FBS)

*  5mL (1%) Penicillin/Streptomycin (Pen/Strep or Anti/Anti)

* 500 mL Gentamicin

Procedure

Measure and put 420 mL of distilled water into an autoclaved 500 mL beaker
Weigh and add the DMEM, NaHCO;, and HEPES to the beaker

pHto 7.4

Filter with a 0.22m filter unit

Add the NCS, FBS, Pen/Strep, and Gentamicin to the media

Date & Label and place in the refrigerator

AP

Moscona’s Saline
Chemicals

*  8g Sodium Chloride (NaCl)

*  200mg Potassium Chloride (KCl)

* lg of Sodium Bicarbonate (NaHCO;)

* 1.7g Glucose

*  5mg Sodium Phosphate Monohydrate (NaH,PO, ® H,0O)

Procedure

1. Combine NaCl, KCl, NaHCOs, Glucose and NaH,PO, in 1L of distilled water in an autoclaved 1L
beaker
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2. pHto7.4

3.

Filter with a 0.22m filter unit

4. Date & Label and place in the refrigerator

Kreb’s Ringers Bicarbonate buffer (KRB)

Chemicals

3.46g Sodium Chloride (NaCl)

0.146g Magnesium Sulphate (MgSQOy)

0.177g Potassium Chloride (KCl)

1.05g Sodium Bicarbonate (NaCO;)

0.081g Potassium Phosphate Monobasic (KH,POy)
ImL of Phenol Red (Img/mL)

Procedure

bk =

Measure and put 500 mL of distilled water into an autoclaved 500 mL beaker
Add NaCl, MgS0,, KC1, NaCO;, KH,PO, and Phenol Red to the beaker
pHto 7.4

Filter with a 0.22m filter unit

Date & Label and place in the refrigerator
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