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Abstract: Cell migration is a complex, tightly regulated multistep process in which cytoskeletal
reorganization and focal adhesion redistribution play a central role. Core to both individual and
collective migration is the persistent random walk, which is characterized by random force generation
and resistance to directional change. We first discuss a model that describes the stochastic movement
of ECs and characterizes EC persistence in wound healing. To that end, we pharmacologically
disrupted cytoskeletal dynamics, cytochalasin D for actin and nocodazole for tubulin, to understand
its contributions to cell morphology, stiffness, and motility. As such, the use of Atomic Force
Microscopy (AFM) enabled us to probe the topography and stiffness of ECs, while time lapse
microscopy provided observations in wound healing models. Our results suggest that actin and
tubulin dynamics contribute to EC shape, compressive moduli, and directional organization in
collective migration. Insights from the model and time lapse experiment suggest that EC speed and
persistence are directionally organized in wound healing. Pharmacological disruptions suggest that
actin and tubulin dynamics play a role in collective migration. Current insights from both the model
and experiment represent an important step in understanding the biomechanics of EC migration as a
therapeutic target.

Keywords: atomic force microscopy; cell migration modeling; biased persistent random walk; turning
angle distribution; biomechanics; sheet migration; cell elasticity; time-lapse imaging

1. Introduction

Blood vessel formation is carried out by endothelial cell (EC) migration, and changes
in cell morphology. Most ECs form the inner structure of the vascular system and are
quiescent with a regular cobblestone appearance and little migratory and proliferative
activity. ECs change into an activated phenotype and start to migrate and proliferate to
form new vessels in response to nutritional and oxygen demands within a tissue, in a
process termed angiogenesis. Angiogenesis and vascular remodeling are driven by EC
capacity for collective motility and coordination with surrounding ECs [1]. A key building
block to collective motility is individual EC movement, which manifests itself in two forms:
(1) Random motility—EC directional preference is uniform in time and space (isotropic);
and (2) directed motility—EC directional isotropy is broken in favor of a particular direction
(anisotropic), driven by external stimuli such as physical and chemical cues [2—4]. In any
case, the migrating cell has an asymmetric morphology with a leading edge that forms
membrane protrusions, and a trailing edge where its adhesions are locally removed. The
regulation of EC adhesion and motility is critical for vascular remodeling, much of which
is carried out by filopodia and lamellipodia [2,5-7]. Over the entire process, actin and
tubulin crosstalk play a vital role in coordinating the network reorganization needed to
facilitate migration.
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Along with coordinating cell motility, the cytoskeleton is responsible for several vital
cell processes including adhesion, morphology, and structural integrity. Previous studies
on 3T3 and NRK fibroblasts found that the actin cytoskeleton plays a role in maintaining the
cell’s Young’s modulus while the tubulin cytoskeleton does not affect the elasticity of the
cell [8]. More recent studies have investigated the role of tubulin dynamics in HeLa, L929,
and fixed human umbilical vein endothelial cells (HUVECs) [9-11]. We propose that EC
elasticity also contributes to EC migration. To elucidate the role of cytoskeletal dynamics
on stiffness and migration, we utilized Atomic Force Microscopy (AFM), cytoskeletal
disruptions—cytochalasin D (CD) for actin and nocodazole (Noc) for tubulin—on confluent
EC monolayers and wound healing models. Our observations suggest that disrupted actin
and tubulin dynamics lowers the compressive modulus of ECs over time. Time-lapse
data show a significant reduction in gap closing speed for actin and tubulin-disrupted
ECs, suggesting a link between cytoskeletal dynamics, stiffness, and EC migration. Earlier
studies proposed predictive mathematical models [12-14] aim to describe and predict EC
motility. Previous models of cell migration involve a random process for force generation, a
persistence term to represent resistance to vector changes in velocity, and a directional bias
term to account for an external stimulus [14]. We utilize a framework based on persistent
random walks as a tool to describe the distribution of the turning angle of cell movement
depending on its current direction. The model and measurements from time-lapsed EC
wound healing assays demonstrated that EC persistence is not uniform over all directions,
and that EC speed is regulated directionally in an in vitro wound (for the remainder of
this work, an in vitro scratch assay will be referred to as a “wound”). We found that ECs
persistence and speed are greatest in the direction toward the wound gap, smaller in the
lateral direction to the gap, and slightest in the direction away from the gap, suggesting
that cell-cell crosstalk may play a role in regulating cell speed and persistence during
sheet migration. When looking at the cytoskeletal disruptions, the measured persistence
was lower compared to the controls, indicating that cytoskeletal dynamics contributes to
EC persistence.

2. Biased Persistent Random Walk Model of Cell Migration

We model the EC movement by a biased persistent random walk, also known as a
biased correlated random walk [15]. In this model, it is the change in the magnitude and
direction, or vector subtraction, of the velocity vector (from one timepoint to the next) that
is considered a discrete random process. Such processes have been used extensively in
biology, and are known as velocity jump processes [16]. There is no universally adopted
definition of persistence, but it is generally understood that it represents the tendency of a
cell to maintain its current velocity or, in particular, its current direction of movement. One
way to measure this tendency is to look at the correlation between the successive directions
of movement [17]. In any model based on extensions or adaptations of the Uhlenbeck—

Ornstein process [18], that is, any model in which the velocity change dv involves a

- . . . .
component of the form § vdt proportional to the current velocity, the persistence is under-
stood as the time needed for the influence of the current velocity to completely dissipate,
and this time is given by 1/ . Note that the Uhlenbeck—Ornstein process is an extension of
the Wiener process (modeling Brownian motion) obtained by introducing the persistence
component ‘Bgdt.

A straightforward way of measuring the persistence of a cell movement is to consider
its mean square displacement function MSD(t) (average, taken for all cells, of the square
of the total displacement of the cell between time 0 and time ). When the cell movement
is unbiased it is completely random, without any persistence. That is, when there is no
relation between the consecutive velocity vectors, the movement is diffusive and the MSD
function is linear with time. Conversely, if all cells move along straight lines, exhibiting
maximal possible persistence, the displacement function is quadratic. In practice, neither
of these extremes occurs for cell movement and the MSD function is modeled by a power
law MSD(t) ~ t#, where 1 < u < 2. The coefficient y can easily be estimated by linear
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regression applied to the log-log transformed data for MSD and time. The larger values of
u correspond to higher persistence.

In our case, the cell movement is anisotropic, meaning that there is a preferred direction
of movement. In a wound, the preferred direction of movement is toward the wound; hence,
our random walk is not only persistent but also biased. The presence of a bias is easily
established, the mean displacement in the direction parallel to the wound edge is, in some
of our experiments, less than half of the mean displacement in the direction orthogonal to
the wound. We go into a deeper analysis of the anisotropy by considering the distribution
of the turn angle for various groups of cells, based on their current direction of movement.
As seen in Figure 1, the angle measured in the positive direction (counterclockwise) from
the x-axis at step 7 is a,, its turning angle 0, is defined as

0y = Kpt1 — &n (1)

where the representative angle satisfies —7r < 6, < 7. The turning angle distribution
is related to the persistence through the concentration around 6 = 0. More persistent
migration will approach a high concentration of turning angles around 0. Three circular
distributions are used in the literature to model turn angles: von Mises, wrapped normal,
and wrapped Cauchy [15]. However, the first two have much thinner tails than the
empirical distributions obtained from the experimental data and we model the turn-angles
by using the wrapped Cauchy (also known as the wrapped Lorentzian) distribution with
mean 0 and scale parameter p, whose probability density function is

_ 1 1-¢?
f<9)_271<1+p2—2pcos(9))' @

The scale parameter p varies from 0 to 1, and 0 corresponds to uniform distribution
(thus the choice of a turn angle that is uniformly random, that is, no persistence at all) and 1,
in the limit, to Dirac distribution centered at 8 = 0 (thus, no change in the turn angle, that is,
maximal possible persistence). We take the parameter p as the measure of cell persistence
since higher values of p correspond to a higher concentration of turn angles around 0 and,
thus, to a higher tendency of maintaining the current direction. Better yet, the wrapped
Cauchy distribution fit the peak and tails of all empirical histograms well.

A quick estimate of the parameter p can be obtained by the magnitude of the average
turn-angle vector e (the average taken over all cells and all steps), but this estimate is
biased. Instead, we use the maximum likelihood estimate (MLE) of Kent and Tayler [19].

Note that the distribution of the turn angles depends on the choice of the time interval
used to measure the turn angles and, as such, the estimate of the parameter p is not very
useful in an absolute sense. However, in all our experiments the time interval is the same,
180 s, and we are only using the estimates of p to make comparisons of cell persistence in
various directions and between cells subject to different treatments, but within the same
biological replicate. Along with the prescribed persistence analysis, collective wound
healing can be meaningfully summarized with the mean coordinate displacement and
total displacement. Given the position vector x at time fp < t < t; for the Kt cell,
xi(t), t € [to, tf], the displacement vector between positions xy (f) and xy (t¢) is defined,

u = xi(tg) — xk(to) 3)
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Figure 1. (a) Simple schematic detailing endothelial cell migration at the cellular level; (b) Visual
representation of the migration zone convention is denoted by: Transverse (across the gap), lateral
(generally parallel to the leading edge), and reverse (opposite to the gap) directions in the context of
the leading edge of a wound. In healing, cell transverse velocities are ideal (moving across the gap),
the reverse region is antithetical to wound healing, and velocities in the lateral region are neither as
bad as the reverse region nor as good as the transverse region; (c) Migration zones in the context of a
wound healing assay; (d) A simplified model of a wound healing assay. In this view, one may more
clearly see the transverse, lateral, and reverse zones in relation to the leading edge. A representative
single EC motion is identified, and we denote the equation for the turning angle 6. Note that the
sign of the angle is important (counterclockwise form the horizontal is positive). Lastly, we show the
representation of a two-dimensional vector as a polar complex number, which was used for brevity
throughout the computations.

The mean coordinate displacement looks to compare transverse (optimal), absolute
lateral, and reverse (worst) displacements for all cells. That is, we can split the displacement
components along two axes, #*: Lateral axis; #¥: Transverse-reverse axis (Figure 1). We
then separate the coordinate displacements for the i*" cell:

T

Transverse : u; = ‘uly , when uly >0

1

Lateral : u}F = |uf]|

Reverse : uf = ‘uly

7|, when uly < 0.

We only compared u! and u} for transverse-displaced cells because the sample
size of reverse-displaced cells was too small for accurate comparisons. Note that the
x and y displacement are coupled for each cell which requires a paired test for compar-
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ison. For the N transverse displaced cells, we obtain our mean transverse and lateral
coordinate displacements:

Nt

(uT) = NLT ul (4a)
k=1
Nt

(ul) = §- ¥ uf (4b)

To obtain the mean total displacement, we first need the displacement magnitude.
The total (scalar) displacement is defined from the displacement vector magnitude for the
k™ cell,

we =l e =/ () + (uf)’ ©

The mean total displacement over N cells is,

N
) = 1 e ©
=1

Equations (5) and (6) will be used to compare the migratory behavior wound healing
ECs in the conducted experiments.

3. Results
3.1. Cytoskeletal Dynamics Contributes to Wound Healing and Gap Closing Speed

Time lapses of wound healing assays under various conditions are used throughout
this work to describe the effects of inhibited dynamics on cell migration. To probe these
effects on a large scale, live stains of actin, tubulin, and nuclei of HUVEC wound healing
models were prepared according to pharmacological disruptions (Figure 2). Actin and
tubulin-disrupted monolayers appeared to close the wound slower than the control condi-
tion (Figure 2). To investigate this further, the gap closing speeds of wound healing time
lapse assays were measured (Figure 3a,b). Actin-disrupted ECs closed the wound as little
as half as fast compared to the control, with a minimum reduction of 28% in gap closing
speed compared to the control (Figure 3b). Likewise, tubulin disruptions lower gap closing
speeds by 62% to 66% compared to the control (Figure 3b).

Tying in the large-scale behavior of gap closing speed and individual cell migration,
the box and violin plots present the displacement distribution of ECs (Figure 3). Control and
actin-disrupted wound healing models displayed a higher maximum displacement, while
tubulin-disrupted monolayers had a bias toward no displacement. From the distribution,
the mean total displacement was calculated. Actin-disrupted cells produced significantly
lower mean total displacement compared to the control, whereas tubulin-disrupted mono-
layers displayed a decrease in mean displacement compared to the control monolayers
(Figure 3d).

From both the full field of view and 4X zoom-in, qualitative differences in cell mor-
phology can be identified (Figure 2). Control HUVECs appear oblate with clear definition
in their stress fibers. Notably, the control monolayers appear simply connected, meaning
that no holes are found in the gap-separated monolayers (Figure 2). After disrupting actin
polymerization, irregular morphology can be identified, and the existing actin appears
concentrated at the cell periphery (Figure 2). At the 10-h mark, the actin-disrupted mono-
layer is no longer simply connected—numerous instances of cell-cell connectivity loss are
identified (Figure 2). Tubulin-disrupted cells appear with more subtle changes. Firstly,
the individual ECs appear less oblate, and instances of cell connectivity loss are identified
(Figure 2).
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disruptions (Ctrl—control; CD—50 ng/mL cytochalasin D; Noc—50 ng/mL nocodazole). The slope
of the linear regression is the gap closing speed; (b) Gap closing speeds comparing cytoskeletal
disruptions, with the bars representing the respective 95% confidence interval; (c) Violin plot of EC
10-h displacements under different cytoskeletal disruptions in a wound healing assay; (d) Mean
displacement in 10 h. The error bars correspond to the 95% confidence interval.

3.2. ECs Organize Speed and Persistence in a Directionally Dependent Manner

To probe the behavior of ECs in wound healing, we split all possible directions of EC
migration into four equally spaced regions: One transverse, two lateral, and one reverse
region as shown in (Figure 1). We are interested in the ability of the cell to behave differently
depending on the instantaneous direction in which it migrates. If the cells have such ability,
we say that they are directionally organized in speed, persistence, etc.

The turning angles of cell tracks calculated from Equation (1) form a distribution for
each experiment. Combined with the migratory region definition, the turning angles may
be further sorted into directional groups. Due to the nature of the turning angle distribution,
persistence was defined as the MLE of the scale parameter in Equation (2), denoted as
p (Figure 4a). As a note, p is dependent on the imaging interval, so it is not an absolute
measure of persistence; however, this MLE is good for comparing between regions and
experimental groups. When looking at the MLEs, the control ECs in a wound were most
persistent in the transverse region, less persistent in the lateral regions, and least persistent
in the reverse region (Figure 4a). This result suggests that ECs in wound healing are most
resistant to directional change when moving in the optimal direction, and more readily
turn when off course. Actin-disrupted monolayers were less persistent in all directions
compared to the control yet managed to directionally organize their persistence (Figure 4a).
After nocodazole treatments, all three regions were less persistent than the control, but the
directional organization of persistence was preserved (Figure 4a).

The next step was to see if EC speed was sensitive to direction in wound healing,
and as such the mean speed was computed for each directional grouping. In the controls
EC speed was highest in the transverse direction, lower in the lateral zone, and lowest in
the reverse region, suggesting that EC speed is sensitive to direction in wound healing
models (Figure 4b). In the actin-disrupted group, ECs maintained higher mean speeds
in the transverse region than in both the lateral and reverse region; however, there was
no discernible difference in measured speeds between the lateral and reverse regions
(Figure 4b). There was no noticeable speed sensitivity to a direction in the tubulin-disrupted
monolayers (Figure 4b). Therefore, EC migration speed and directionality are primarily
affected by tubulin dynamics as well as actin dynamics to a lesser extent.

Following up with the results from the mean speed, the mean coordinate displacement
in 10 h was calculated for each experiment by directional grouping. For the purposes
of displacement calculations and comparisons, the cells in each assay were divided into
two types—those that got closer to the gap (transverse cells) and those that got further
(reverse cells). As discussed in Section 2, the sample size of the reverse-displaced cells
was too small for adequate comparison and thus was excluded from this analysis. For
the transverse cells, the mean displacement in the transverse direction was calculated
and compared to the mean displacement of the same cells in the Lateral direction. In all
cases, displacement across the gap was the highest (Figure 4c). Compared to the control,
actin-disrupted wounds appeared to maintain slightly lower transverse mean coordinate
displacements compared to the control. Tubulin-disrupted monolayers experienced much
smaller mean transversal displacement, and the difference between transverse and lat-
eral, mean coordinate displacement was not as striking when compared with the control
monolayers (Figure 4c).
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Figure 4. (a) Persistence parameter for each direction group; (b) Mean speed calculated for motion in
each direction group; (c) Mean coordinate displacement in 10 h by direction grouping. The reverse
direction was excluded from the visualization due to few samples (see Supplementary Materials);
(d) Mean total displacement in 10 h by initial proximity to the wound gap; (e) Mean transversal
(orthogonal to the leading edge) displacement in 10 h by initial proximity to the wound gap. As
described in Figure 1, the ideal motion for wound healing is positive coordinate displacement
along the transverse axis; (f) Mean coordinate displacement of the lateral component (parallel to
the leading edge) in 10 h by initial proximity to the wound gap. The error bars represent the 95%
confidence interval. Definitions for the displacement and total displacement can be found in the
framework section.

Continuing with cell displacement, the cells were split into “front” (consists of cells
whose initial distance to the leading edge is smaller than the median of all distances to
the leading edge) and “back” groups (consists of cells whose initial distance to the leading
edge is larger than the median of all distances to the leading edge). This was performed to
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uncover if there was a general organization of migratory behavior to leading edge proximity.
A simple summary of displacement was carried out with the mean total displacement. The
control total displacement was generally the highest, followed by actin disruptions and
tubulin disruptions. All front grouped cells experienced a larger total displacement in 10 h
compared to the back group (Figure 4d). Combining cell proximity with directional organi-
zation, the mean transversal displacement (Figure 4e) and the mean lateral displacement
(Figure 4f) are plotted with respect to the “front” and “back” definitions. The first is the
mean coordinate displacement and its calculation can be found in Section 2. The control
monolayers accumulated twice as much displacement orthogonal to the gap as they did
lateral to the gap (Figure 4e,f). Actin-disrupted ECs maintained predominantly transverse
displacement, although its mean coordinate displacement was not generally as high as
that of the controls (Figure 4e,f). Predominant transverse displacement was not as strong
in the tubulin-disrupted ECs, and its mean coordinate displacements were lower on all
accounts (Figure 4e,f). When looking at the front and back groups, no significant difference
was found between the front and back lateral displacement (Figure 4e,f). Throughout the
entire observation set, the transversal displacement across the gap was significantly higher
in the front ECs compared to those in the back (Figure 4e,f). Returning to persistence,
another good summary is the power of u estimated in MSD ~ ¥ for the total mean
squared displacements for a sample of ECs in each experiment, as shown in (Figure 5a). To
compliment the estimations p, p, the velocity vector turning angle plots are provided (Fig-
ure 5b,c). For all observations, the distribution of turning angles is symmetric for all three
zones (Figure 5b,c). Furthermore, the normalized histogram of turning angles approaches
a wrapped Cauchy distribution of angles from —180° < © < 180° (Figure 5b,c).

For overall MSD, control ECs generally displayed the highest estimated exponent
for the wound healing assay (>1.64), actin-disrupted wounds generally displayed a lower
estimated exponent (<1.69) tubulin-disrupted wounds were measured to have a lower
estimated exponent compared to the control (Figure 5d). These basic persistence estimates
already suggest that in most cases, control ECs are the most persistent, hence the most
resistant to directional change. Actin and tubulin-disrupted ECs displayed lower overall
persistence when compared to the control.

Calculating the occurrence of EC directional group selection provides an intuitive
summary of the previously discussed parameters. If EC migration in wound healing was
random (i.e., isotropic), one would expect 25% of the velocities to appear in the transverse
region, 50% in the combined lateral region, and the remaining 25% in the reverse region.
Control monolayers consistently displayed anisotropy with a bias in the transverse direction
over the reverse direction (Figure 5e). Interestingly, actin-disrupted conditions did not
appear to affect the directional anisotropy, while nocodazole-treated monolayers appeared
to have a more isotropic distribution of directional grouping (Figure 5e).

These results suggest that actin and tubulin dynamics contribute little to the directional
organization of persistence; however, overall persistence is affected by each perturbation,
so both actin and tubulin dynamics contribute greatly to the overall persistence of EC
migration. Additionally, these results indicate that actin and tubulin dynamics affects
EC migration in different directions, as can be observed in (Figures 4 and 5b—e). Interest-
ingly, actin disruptions did little to impact mean speed and displacement in all directions.
Tubulin disruptions, however, greatly affected EC speed and displacement; the directional
organization of speed and displacement were also lost. These observations imply that
other molecular mechanisms may contribute to regulating turning angle and persistence
sensitivity to the direction.
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Figure 5. (a) Plot of the mean squared displacement (MSD) over time for an ensemble of tracked
ECs (n = 269). The same plot is transformed into log-log coordinates to estimate the exponent y in
MSD = at # with a linear regression. Note that the log(x) function in these calculations refers to the
natural logarithm (base e). Note that the standard linear regression problem utilizes the line slope and
y-intercept to minimize the error in the dataset; (b) Normalized histogram of empirically measured
turning angles and the wrapped Cauchy probability density. This was performed on the previously
denoted directional regions for cytoskeletal disruptions (Ctrl—control; CD—50 ng/mL cytochalasin
D; Noc—50 ng/mL nocodazole). The number on the top left-hand corner represents the maximal
likelihood estimate of the concentration around 0° parameter p to produce the observed turning angle
distributions; (c) Histograms from (b) represented radially. Positive angles correspond to counter-
clockwise rotations from the 0 axis, consistent with the convention used in (b); (d) Estimated exponent
# in MSD ~ t# comparison by biological replicate (error bars correspond to the 95% confidence
interval). (e) Relative sizes direction groups for each wound healing assay and cytoskeletal condition.
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3.3. Cytoskeletal Dynamics and Cell Morphology

To understand how actin and tubulin dynamics affected EC morphology, a high reso-
lution non-optical imaging technique called AFM was used to interrogate cell topography
and stiffness. From (Figure 6a), one can observe the topography of the control, actin, and
tubulin-disrupted groups. Following from (Figure 6a), the height is defined as the point on
the cell surface farthest away from its adherent surface. On the adherent surface, one can
roughly approximate the EC basal contour with an oval. The largest diameter in this oval
is the “length”, and the smallest diameter corresponds to the “width” of the EC.
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Figure 6. (a) Topographical images of cells taken with the Atomic Force Microscope. Cytochalasin D
and nocodazole treatments were administered to cells four hours before imaging. (b) Measurements
of length, width, and height from topographical images. (c) Aspect Ratio (width/length) calculations
from width and length measurements of HUVECs. Within each box in the box and whisker plots,
the horizontal lines denote median values; boxes extend from the 25th to the 75th percentile of each
group’s distribution of values. Comparisons were carried out with a one-way ANOVA test. p-values
were then calculated with a multi-comparison test (** p < 0.01).

The average height of the control ECs was 3.33 um, compared to 2.82 um and 3.05
pum for actin and tubulin-disrupted cells, respectively (Figure 6b). These averages were
compared by one-way ANOVA with Tukey adjustment of p-values for multiple compar-
isons, which showed a significant difference between the control and the actin-disrupted
cells (p < 0.01), while the tubulin-disrupted cells showed no difference with the control (p =
0.20). This suggests that the actin network is involved in regulating cell height.

The average widths of the control (25.00 um), the actin-disrupted (28.88 pm), and
tubulin-disrupted EC’s (27.07 um) were not found to be significantly different (one-way
ANOVA, p = 0.15). Similarly, the average lengths the control (45.31 um), the actin-disrupted
(38.31 um), and tubulin-disrupted EC’s (44.00 pm) were not found to be significantly
different (one-way ANOVA, p = 0.093).
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Interestingly, even though there is no difference in mean widths and lengths between
the three treatments, there is a difference in the median aspect ratio, defined as width/length
(Figure 6¢). The median aspect ratios for the control (0.54), the actin-disrupted (0.73), and
tubulin-disrupted EC’s (0.58) were compared first by the Kruskal-Willis rank sum test and
the overall p < 0.01 indicated a difference in the medians. The Dunn test with Bonferroni
adjustment for multiple comparisons then showed that the median aspect ratios for actin-
disrupted HUVECSs and control are significantly different (p < 0.01). The median aspect ratio
of tubulin-disrupted ECs showed no difference with either the control or actin-disrupted
ECs (p = 0.16 and 0.22, respectively). These observations suggest that actin dynamics
regulates EC height and aspect ratio.

3.4. Cytoskeletal Dynamics and Cell Stiffness

To understand the effect of actin and tubulin dynamics on EC stiffness, either actin
or tubulin dynamics were disrupted in EC monolayers four hours before stiffness mea-
surements via AFM. As seen in (Figure 7c), the compressive modulus was significantly
lower after cells were exposed to 50 ng/mL cytochalasin D 253 Pa & 12 Pa than the control
group 306 Pa + 10 Pa (p < 0.05). Likewise, the compressive modulus of cells treated with
50 ng/mL nocodazole for four hours was significantly 188 Pa & 7 Pa lower than the controls
(p < 0.05), showing that actin and tubulin dynamics affect EC elasticity.

To see if there was an organization of EC stiffness and distance to the wound boundary,
we prepared wound healing assays for AFM stiffness measurements (Figure 7e,f). Likewise,
actin and tubulin disruptions were used to understand the effect of actin and tubulin
dynamics on EC stiffness in wound healing models. Measurements after the first hour of
the initial wound showed that ECs within 300 um of the leading edge (the trailing region)
were significantly stiffer than ECs beyond 300 um of the leading edge (Figure 7e, p < 0.05).
After the first hour of the initial wound, actin-disrupted monolayers did not display a
difference in compressive modulus between the leading edge and trailing monolayer.
Tubulin-disrupted monolayers, however, did display a significantly higher compressive
modulus of cells closest to the leading edge compared to cells in the trailing region (p < 0.05).
As observed previously, the control ECs at the leading edge were significantly stiffer than
both actin and tubulin-disrupted ECs at the leading edge (p < 0.05). Likewise, after the first
hour, control ECs in the trailing region had a significantly higher compressive modulus
than the trailing region in actin and tubulin-disrupted ECs.

In addition to measuring ECs after the first hour of initial wounding, we also measured
ECs 16 h after initial wounding, allowing us to see what happens to this organization of EC
stiffness over time. After 16 h, the control maintained a significantly higher compressive
modulus at the leading edge compared to the trailing region (Figure 7f, p < 0.05). This time,
actin-disrupted ECs displayed a significantly higher stiffness at the leading edge than at the
trailing region (Figure 7f, p < 0.05), but the tubulin-disrupted monolayer lost its difference in
stiffness between the leading edge and trailing region (Figure 7e). Similar to measurements
made one hour after the scratch, the control monolayer maintained a significantly higher
stiffness at the leading edge compared to both actin and tubulin-disrupted monolayer
stiffnesses at the leading edge (p < 0.05). At the trailing region, control EC stiffness was
significantly higher than both actin and tubulin-disrupted monolayers (p < 0.05).
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Figure 7. (a) Schematic of live cell indentation via AFM. (b) Force curve obtained over the duration
of indentation. (c—f) The middle bar represents the median value of the distribution, and the notch
represents the 95% confidence interval. (c) Compressive Modulus of ECs under varying cytoskeletal
disruptions. (d) Measured compressive moduli of HUVECs 1 h after wound. (e) Compressive moduli
of cytoskeletal disruptions normalized to the compressive modulus of the control. (f) Measured
Compressive moduli 16 h after wound (* p < 0.05).

4. Discussion

Endothelial cells are intricately connected to their external environment through the
cytoskeleton. Internal and external physical forces are transmitted through the cytoskeleton
and affects cell mechanics and behavior [10,20-23]. Our studies show that in a wound
healing environment, ECs regulate their speed and persistence in relation to the leading
edge to efficiently migrate. Higher speed and persistence in the transverse direction
allow ECs to capably migrate across the wound, and lower speed and persistence in the
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reverse direction enables ECs to quickly redirect their trajectory to the transverse zone
with or without transitioning through the lateral zone. It is well known in the literature
that individual cell turning corresponds to slower speeds [14], and the mathematical
coupling between speed and persistence has been reported in this work and others [24,25].
Furthermore, these findings point to other mechanisms in filling the role. For instance, it is
well established that Rho, Cdc42, Racl, and phosphatidylinositol lipid (PtdIns) signaling
systems regulate the randomness in cell migration and cytoskeletal dynamics [24-26].

At the specific concentration of cytochalasin D used in this study, we did not observe
any effect on either mean speed or displacement nor was there an effect on the directional
organization of mean speed and persistence. However, we did observe a decline in persis-
tence for all directions, an effect on mean displacement organization and decline in gap
closing speed compared to the control, suggesting that slightly disrupted actin dynamics
already impair important migratory characteristics. The observed topographical images
via AFM agree with cell spreading and migratory behavior on soft substrates [27-29]. The
morphology observed in cytochalasin D-treated cells was consistent with the reported
morphologies of cells with decreased stress fibers [28-30]. Disrupted collective behavior in
actin-disrupted ECs may also be due to impaired mechanical coupling between actin stress
fibers, cadherins, integrins, and highly dynamic actin behavior at both receptors [31].

Tubulin dynamics have been shown to regulate key structural and migratory charac-
teristics in ECs [10,32]. Mean speed, mean displacement, and gap closing speed were all
lowered after nocodazole treatment as per Figures 3 and 4. Notably, overall persistence in
all directions was lower in tubulin-disrupted groups, suggesting that tubulin dynamics
contribute to a base level of persistence and directionality, consistent with the notion of
tubulin’s role in determining cell polarity [29].

Interestingly, our results suggest a link between cytoskeletal dynamics, network in-
tegrity, and migration. AFM measurements suggest an alteration of EC elasticity as a
result of actin and tubulin disruptions, with both cases showing lower moduli than the
controls after four hours of disruption, consistent with studies on the disruption of the
actin cytoskeleton [9]. A body of literature reports cell stiffening after nocodazole treat-
ment [9-11,33]; however, these were measurements taken within one hour of nocodazole
treatment. Subsequent works focusing on longer post-tubulin disruption periods reported
a transient increase in cell stiffness, followed by a decrease in stiffness three hours after the
initial 2 mM colchicine treatment [10]. Since the AFM measurements in this study focused
on EC mechanics after 4 h of treatment, the reported findings are consistent with what is
found in the literature [10]. The compressive moduli obtained with spherical tips reflect the
global response of cell mechanics which may be lower than stiffnesses measured by sharp
tips as reported in the literature [34,35]. In sum, results from the literature and this current
work suggest that EC stiffening occurs shortly after microtubule disruption followed by
cellular softening at four hours of sustained disruption. These observations may help
characterize requirements for more robust predictive models, as shall be discussed.

Successful models of EC migration must account for the directional regulation of EC
speed and persistence during collective migration. For example, the Ornstein—Uhlenbeck
process, and modifications of it, is the simplest stochastic process that is used to describe
persistent random walks [14], especially since the process assumes a base level of cellular
persistence. Likewise, directional terms such as chemotaxis [14] may help explain the orga-
nization of speed and persistence in response to wound creation, but further investigation
with these tools will be needed to better understand the efficacy of directional bias terms in
modeling EC migration.

5. Materials and Methods
5.1. Cell Culture

Primary human umbilical vein endothelial cells (HUVECsS) (passage 4-8) were main-
tained at 37 °C in 5% CO; and 5% O, on tissue culture flasks containing one of three types
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of media: Endothelial Medium (EM), Reduced Serum Medium (RSM), and Serum-Free
Medium (SEM).

RSM consists of 95% Human Endothelial SFM (Gibco, Carlsbad, CA, USA), 2% fetal
bovine serum (BioTC, Wayne, NJ, USA), 15 mM HEPES (Corning Inc, Corning, NY, USA),
50 pg/mL heparin (Sigma Aldrich, St. Louis, MO, USA), 1X Antibiotic/ Antimycotic
(Corning), 2 mM L-Glutamine (Corning), 250 ng/mL endothelial cell growth factor (Alfa-
Aesar, Tewksbury, MA, USA), and 250 ng/mL fibroblast growth factor. For experiments,
RSM was left as is or treated with 50 ng/mL cytochalasin D (MilliporeSigma, Burlington,
MA, USA) or nocodazole (MilliporeSigma).

EM consists of 80% M199 basal medium (Corning), 20% fetal bovine serum (BioTC),
15 mM HEPES (Corning), 50 ug/mL heparin (Sigma Aldrich), 1X Penicillin/Streptomycin
(Corning), 2 mM L-Glutamine (Corning), and 250 ng/mL endothelial cell growth factor
(Alfa-Aesar).

Serum-Free Medium (SFM) consists of X-VIVO (Lonza, Lexington, MA, USA) supple-
mented with 1X antibiotic/antimycotic (Corning). All tests utilized ECs between passage 4
and 8.

5.2. Media Selection

While Fetal Bovine Serum (FBS) is commonly used in cell culture, it is commonly
argued that more physiological vascular models should use little to no FBS [36]. To that
end, we investigated the effect of culture media on the 2D wound healing model used in
this study. The selected EC culture media formulations of varying FBS concentration are:
EM—20%; RSM—2%; SEM—0%.

Endothelial Cells immersed either in EM or RSM were measured to have significantly
higher gap closing speeds compared to SEFM immersed monolayers with both conditions at
least doubling gap closing speeds of monolayers immersed in SFM (see Supplementary
Materials). The mean displacement speeds of RSM immersed cells are close in value to EM
immersed cells (Supplementary Materials). For the case of EM and RSM monolayers, the
respective mean displacement speeds were significantly higher than the calculated mean
displacement speed of the SFM condition (p < 0.05). To facilitate a more physiological testing
environment, and to minimize any interference between pharmacological disruptions and
FBS, RSM was selected as the media to use in the subsequent tests. For more discussion on
media selection, please see the Supplementary Materials.

5.3. Pharmacological Disruptions

About three to four hours prior to experimental observation, experimental groups
were given either RSM treated with a final concentration of 50 ng/mL cytochalasin D
to disrupt microfilament polymerization or with RSM treated with a final concentration
of 50 ng/mL nocodazole to disrupt microtubule polymerization. Experimental groups
were compared with control groups fortified with untreated RSM. As a note, we did not
attempt a simultaneous disruption of cytoskeletal elements over concerns for EC viability
in our assays.

5.4. Wound Healing Assay

The amount 2 X 10* cells/cm? were seeded onto a gelatin-coated polystyrene six-well
plate containing RSM. Cells were incubated for at least 24 h at standard culture conditions
before the experiment. The monolayers were then scratched with a 200 uL. micropipette tip.
The samples were mounted onto the incubating stage of the Zeiss AxioObserver and let sit
in the incubating unit for three hours prior to time-lapse imaging.

5.5. Time-Lapse Microscopy

Samples were incubated on the stage of a Zeiss AxioObserver with a motorized and
incubated stage under normal culture conditions for three hours before imaging to attenuate
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thermal drift. Individual regions were selected under the Tiles function, and images were
taken at three-minute time intervals.

5.6. Track Quantification

Motile HUVECs were tracked and quantified by the FIJI plugin TrackMate [37]. Before
tracking, relevant data on image dimensions and frame to frame time steps are loaded into
the properties section of FIJI (Image—Properties), and the desired video is cropped around
the edges and the background is filtered to reduce non-specific spot identification. After
inputting the relevant parameters, the program is set to run and positional data is obtained.
The resulting tracks represent cell trajectories sampled uniformly over the entire field of
view (1750 um X 1300 pm).

5.7. Atomic Force Microscopy

An AFM MFP-3D-Bio Atomic Force Microscope (Asylum Research, Santa Barbara,
CA, USA) was used to probe the intrinsic cellular mechanical properties of HUVECs. Cells
were plated at a density of 100,000 cells/mL on gelatin-coated BD Falcon Petri dishes (BD
Biosciences, San Jose, CA, USA) 24 h before AFM experiments. During all measurements,
live samples were maintained at 37 °C using an AFM Petri dish heater (Asylum Research,
Santa Barbara, CA, USA).

5.8. Topography Measurement

AFM topography images (see Figure 6a) were obtained in contact mode using triangu-
lar silicon nitride probes (TR400PB Asylum Research Probes, Santa Barbara) with a nominal
spring constant k = 0.09 N/m, and a scanning frequency and cantilever deflection set point
of 1 Hz and 1V, respectively, over an 80 um X 80 um square. Aspect ratios were calculated
with the cell width w (the shorter EC bulge in the adhesion plane) and the cell length I (the
longer bulge in the adhesion plane) with the formula Aspect Ratio = w/l.

5.9. Elasticity Measurement

Compressive moduli of live HUVEC monolayers were obtained using a silicon nitride
cantilever (Novascan, Ames, IA, USA) with a spherical borosilicate glass probe 5 um in
diameter. The probe was then calibrated to ensure its spring constant (k = 0.05 N/m) was
consistent with the nominal stiffness provided by the manufacturer (k = 0.06 N/m). Cell
monolayers were positioned under the AFM tip and force versus displacement curves were
captured on a 32 X 32 grid spanning 60 X 60 um (an area typically including 6-7 cells).
Each force curve was recorded at a rate of 4 um/s and indented a maximum distance of
200 nm. Curves with an undefined contact point or non-monotonic slope were rejected,
consisting of less than 1% of the total force curves collected in the experiment. The Hertz-
Sneddon (HS) model was used to fit the indentation using the AFM software [38]. To
obtain the stiffness, we fit the curves to the force versus indentation relation F =4/3[E/(1 —
v2)|R1/2 §3/2  for the force (F), indentation (5), given indentation curvature radius (R), and
estimated Poisson’s ratio (v = 0.45). We restricted the stiffness analysis to the cell body, thus
excluding the substrate contributions in the cell periphery, in accordance with previous
studies [34].

6. Conclusions

Endothelial Cells organize both speed and persistence at and beyond the leading
edge which allows for straighter trajectories and boosted speeds across the wound. When
moving in the reverse region, ECs reduce speed and enable more turning to attenuate
erroneous displacements and bolster course correction. Coordinated sheet migration is
regulated by actin and tubulin dynamics, hence affecting wound closing performance. The
framework provided robust tools for analyzing single cell migration. Furthermore, these
tools connect individual behavior to collective characteristics. Specifically, disruption of
cytoskeletal elements was shown to affect overall persistence, the directional organization
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of speed, along with cell shape, and compressive moduli. Interestingly, insights from
tubulin-disrupted ECs suggest that the directional organization of persistence and speed
are not necessarily controlled by the same mechanism. Moreover, the reduction in cell
compressive elasticity, combined with cell-shape deformation, indicate that actin and
tubulin cytoskeleton act as a load-bearing network. Hence, cytoskeletal self-assembly and
reorganization is vital in maintaining cell shape and stiffness. Together, the model and
experimental measurements pave the way to decipher the role of biomechanics in cell
migration and proliferation in angiogenesis.

Supplementary Materials: The following are available online at https:/ /wwwmdpi.com/article/10.3390/
§jms23010568/s1.
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