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Abstract

Several methods have been developed to quantify population level changes in cell attachment strength
given its large heterogeneity. One such method is the rotating disk chamber or ‘spinning disk” in which
arange of shear forces are applied to attached cells to quantify detachment force, i.e. attachment
strength, which can be heterogeneous within cell populations. However, computing the exact force
vectors that act upon cells is complicated by complex flow fields and variable cell morphologies.
Recent observations suggest that cells may remodel their morphology and align during acute shear
exposure, but contrary to intuition, shear is not orthogonal to the radial direction. Here we theoreti-
cally derive the magnitude and direction of applied shear and demonstrate that cells, under certain
physiological conditions, align in this direction within minutes. Shear force magnitude is also experi-
mentally verified which validates that for spread cells shear forces and not torque or drag dominate in
this assay, and demonstrates that the applied force per cell area is largely independent of initial mor-
phology. These findings suggest that direct quantified comparison of the effects of shear on a wide
array of cell types and conditions can be made with confidence using this assay without the need for

computational or numerical modeling.

Introduction

Integrin-mediated adhesion to extracellular matrix
(ECM) plays a central role in transducing mechanical
signals to and from the cell’s immediate environment
in a process called mechanotransduction [1]. Integrins
respond to a variety of physical stimuli including
hydrostatic pressure, stretching, osmotic forces, and
fluid shear stress by converting these mechanical
signals into biochemical signals [2]; it is these
biochemical signals that then guide a variety of cell
functions such as proliferation or differentiation
[2, 3]. A complimentary role for integrins is to connect
the cell’s actin cytoskeleton via large supramolecular
complexes called focal adhesions (FAs) to ECM to
facilitate ‘inside-out’ and ‘outside-in’ force transmis-
sion [1]. Active cell contractions and FAs are essential
for mechanosensing as cells ‘feel’ their substrate by
dynamically pulling at it and using FAs as another
source of mechanotransductive signaling. Adhesions

also must be dynamic; during migration for example
cells need to form and mature at the leading edge while
disassembling them at the trailing edge [4]. While the
size and number of integrins often correlate with the
overall adhesion strength, the complex interplay
within cells and variability between cells makes predic-
tions of attachment strength unreliable [5]. Since
adhesion is ubiquitous to all adherent cells and is
involved in many critical processes, e.g. cancer cell
migration [6], quantitative information of cell adhe-
sion strength is fundamental for understanding cell-
ECM interactions.

To quantify differences in adhesion between cells,
several techniques have been developed including cell
force spectroscopy, micropipette aspiration, cen-
trifugation, and shear stress assays [7, 8]. These assays
all apply forces during short periods of time often over
a limited area to quantify attachment strength, which
minimizes cellular responses like bond strengthening
due to these forces [9]. Under acute, high shear stress,

©2015IOP Publishing Ltd
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cell detachment is often assumed to occur as a unit in
which all adhesions (including integrins) are stressed
somewhat equally [10]. Recent data however indicates
that cells can remodel their morphology and detach by
a gradual peeling mechanism even during acute shear
exposure [5]. Under certain physiologically-relevant
cation concentrations cells subjected to acute shear
can remodel their morphology by more than doubling
their aspect ratio and aligning within minutes upon
application of acute shear [5] as they do with longer-
term exposure to shear [11]. While (dynamic)
mechanisms guiding cellular remodeling are unclear,
it does affect the cells’ ability to withstand shear and
thus the measured attachment strength, warranting a
closerlook at cell detachment under shear.

One device that quantifies the detachment forces
of a cell population via acute shear exposure is the
radial shear assay, i.e. spinning disk, which uses a
rotating rod submerged in spinning buffer [10]. Cells
adhering to coverslips mounted on the rod are then
subjected to shear, which is correlated with radial dis-
tance. This enables high reproducibility and through-
put over a wide range of shear within a single sample.
However, as flow patterns have yet to be verified from
their analytical solutions, both the magnitude and
direction of the stresses acting on cells are difficult to
quantify [8, 10]. Furthermore, the actual force on the
cells depends on their morphology, which can vary
between cells, thus complicating inter-cell compar-
isons. Here we experimentally verify the predicted
shear profile applied on the cells with this assay in two
steps: first upon systematic variation of the variables,
we verify that the viscosity, radial position and rota-
tional speed are correctly described in the shear force
equation associated with the radial shear assay. Sec-
ond, we verify the direction of flow by subjecting cells
to shear conditions promoting cellular alignment as
previously described [5]. Here we improve the align-
ment efficiency significantly, enabling us to precisely
determine the alignment direction, which is not tan-
gential to the disk rotation as one might expect. As
alignment direction agrees well with the theoretically
predicted flow direction this completes verification of
the shear flow in spinning disk devices and also fur-
ther demonstrates that cells can remodel their mor-
phology to align with the direction of applied shear.
Lastly, this allows us to estimate the forces that act on
cells; for spread cells, typical variations in cell mor-
phology result only in small, negligible variations in
normalized force (force per cell spread area). Toge-
ther, these data strengthen the suitability of such
quantifiable shear force assays in measuring cell
attachment strength but also highlight the importance
of dynamic cellular responses during application of
acute shear.

A Fuhrmann and A ] Engler

Materials and methods

Cell culture

Mouse NIH 3T3 fibroblast cells and human HT1080
fibrosarcoma cells were obtained from ATCC and
cultured in DMEM with 10% bovine calf serum (3T3)
or 10% fetal bovine serum (HT1080). All cells were
cultured at 37 °C in a humidified incubator containing
5% carbon dioxide.

Spinning disk shear assay

25 mm glass coverslips (Fisher Scientific, St. Louis,
MO) were sonicated with ethanol and deionized water
before incubation of 10 ugml™' human fibronectin
for 60 min at room temperature. 50 000 cells per
coverslip were allowed to attach for several hours (as
indicated) in media with or without serum (i.e.
DMEM only) resulting in cell densities around
10 000 cells/cm?. Coverslips were then mounted on a
custom built spinning disk device and dipped into
temperature controlled spinning buffer (37 °C).
HEPES with 0.5mM MgCl, and with or without
0.9 mM CacCl, (Cellgro, Manassas, VA) supplemented
KCl and NaCl was used for the spinning buffer.
Glycerol was used to increase the viscosity of the
spinning buffer seven-fold by mixing 512 ml Glycerol
to 488 ml HEPES to a 51% v/v solution [12]. Salts and
ions were adjusted to keep their concentration con-
stant based on previous measurements. However at
the glycerol concentrations required to significantly
increase the viscosity, 3T3 cells showed significant
changes in morphology (pores) and detached under
lower shear. Human fibrosarcoma cells were not
glycerol sensitive, and thus they were used in spinning
assays with glycerol and appropriate controls. All
spinning buffers contained 4.5mgml™" dextrose.
Once immersed into the spinning buffer, coverslips
were spun for 5 min (with exception of figure 6 where
shear was applied for 10 min) at defined angular
velocities and fixed with 3.7% formaldehyde immedi-
ately after spinning.

Flow above spinning disk
The flow above a rotating disk has been discussed
multiple times previously, several analytical and
numerical solutions of laminar flow near a rotating
disk exists from Karman [13], Schlichting [14],
Cochran [15], and Sohrab [16], respectively. There-
fore we only discuss this problem here briefly and refer
to the above mentioned literature for further details.
To obtain the fluid flow components, local axial,
azimuthal (tangential), and radial velocities (v,, v,
and v, respectively) along the corresponding coordi-
nates z, 8, and r are made dimensionless in the form

Vo
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Figure 1. Shear stress direction and magnitude. (A) Schematic of spinning disk assay. (B) Dimensionless velocity functions and (C)
radial velocity profile as a function of height above the coverslip. Note that the solid data points indicate the velocity observed by a
5 um tall cell. (D) Illustration of the flow profile and magnitudes at select z-positions. Note that all arrow lengths are made equal to

with

é’=z\/§,

where w is the angular velocity of the disk, v is the
kinematic viscosity and H results from mass conserva-
tion. These dimensionless variables, when applied to
the Navier—Stokes equations and integrated, provide
values for F, G and H assuming no-slip conditions.

The wall shear stress, i.e. shear force, for Newtonian
fluids is defined as

oy
A 0z z=0 ’
where p is the dynamic viscosity, v the fluid velocity,
and z is the height above the wall. Shears stress is
reported in dyne/cm?, which is the commonly used
unit in these assays. Note that 1 dyne/cm” is equal
to 0.1 Pa.

Immunofluorescence

Fixed cells were incubated for 10 min with 0.25%
Triton X-100 followed by 1% albumin over night at
4°C for blocking. Rhodamine phalloidin (1:2000
Invitrogen) and Hoechst 33342 (3.2 uM, Invitrogen)
were applied for 30 min at room temperature. Cells
were subsequently mounted with Fluoromount-G
(Southern Biotech, Birmingham, AL). All buffers used

contained 1 mM MgCI2. Samples were imaged by a
CARV II confocal (BD Biosciences) Nikon Eclipse Ti—
S microscope equipped with a motorized, program-
mable stage using a Cool-Snap HQ camera (Photo-
metrics) and controlled by Metamorph 7.6 (Molecular
Devices). To obtain quantitative information of
attachment strength and alignment, whole 25 mm
coverslips were imaged at 10x magnification on a
Nikon Ti-S microscope (~1000 individual images
stitched together with Metamorph 7.6 software and
custom macros) and analyzed using a custom written
MATLAB program. Briefly, the user defines the outer
circle of the coverslip from a stitched overview image
and the software then finds the position of each
nucleus relative to the center of the coverslip. Cell
densities in dependence of radial position and subse-
quently shear, are stored and can be combined with
other measurements at e.g. different rotations per
minute (RPMs). A sigmoidal fit is used to quantify
values of attachment strength and determine the
statistical error of the fit. To obtain information of cell
alignment, the actin cytoskeleton (Rhodamine phal-
loidin), is analyzed also using a custom written
MATLAB program. Morphological parameters, i.e.
length and orientation of major and minor axis from
an ellipsoid fit, are determined and correlated to the
position of the nucleus obtained previously. As the
detection algorithm is fully automated, random

3
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Figure 2. Cell density versus shear plots. Shear applied in

presence of CaCl, (A) at multiple rotational speeds and (B)
with and without a seven-fold change in viscosity via glycerol.

outliers will shift the measured cell alignment for
symmetry reasons towards smaller values.

Statistics

All error bars represent the standard deviation from
three or more biological replicates (i.e. separate
measurements for which 4-6 coverslips where used
each) except for the cell aspect ratio in figure 2(B)
where error bars represent the error of the mean and
data in figure 6(B) which were individual measure-
ments. Averages of circular variables and further
statistics were obtained with CircStat, a MATLAB
toolbox for circular statistics [17].

Results and discussion

To determine if cell alignment is coordinated with
shear direction and cell detachment is coordinated
with shear force magnitude in a spinning disk device
(figure 1(A)), we derived the fluid flow and resulting
forces theoretically and compared them to experimen-
tal data. First, we verify that our values for the variables
F, G and H which are the local axial, azimuthal
(tangential), and radial velocity components are in

+ 4:1

12

10 1

Cell Density (1/cm?x103)
(o]
onjey adsy (|20

T T T T T 14
0 200 400 600 800 1000
Shear Stress (dynes/cmZ2)

Figure 3. Plot of cell density (black) and aspect ratio (red)
plotted against shear stress. Seeding cells without serum (24 h
incubation) and spinning in MgCl, only containing buffer
prevents complete cell detachment as ~40% of cells remain
attached at higher shear (black). Also, average cell aspect ratio
isincreased in the remaining cells (red).

good agreement with literature values Schlichting [14]
and Sohrab [16] (figure 1(B)). Given its cell detach-
ment force application, we then calculated the flow
field above the spinning disk with the following
constraints: a  5400rpm  rotation  speed,
0.7x10°m*s ™" viscosity, and a 25mm coverslip
diameter. Due to the no-slip condition, all fluid velocity
components at the coverslip were zero as expected.
Close to the surface where cells are (<10 ym), vertical
velocity, v, was negligible (<1 mms ') compared to
radial, v,, and azimuthal, vy, velocities (figure 1(C)).
For these conditions, the components of the shear
stress on the disk surface were 834 (azimuthal, 75) and
661 dyne/ cm? (radial, 7,); thus the total shear stress was
1064 dyne/cm” applied at 38.4° from the azimuthal/
tangential direction, independent of radial distance or
angular velocity. The total shear stress was in excellent
agreement compared to the previously published shear
stress equation for spinning disk assays [18, 19]:

4
7= grx/pﬂaf, (1)

where r denotes radial distance, p the fluid density, u the
dynamic viscosity, @ the rotational velocity and which
yields a theoretical shear stress of 1079 dyne/cm”.
Rounding the pre-factor to 4/5 which is commonly
done causes the negligible increase in shear force.

To verify that the shear forces were correctly esti-
mated by equation (1) and that detachment is a func-
tion of applied shear, we modulated the kinematic
density n (n=p X p) and the angular velocity @ to
determine assay sensitivity. This was done in high
cation concentrations containing CaCl, where cells
exhibit classical sigmoidal detachment characteristics
[5, 10]. Using equation (1) to transform radial posi-
tions into shear stress, cell density as a function of
shear stress was plotted for a range of angular velocities
(figure 2(A)). Data from all velocities overlapped and
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Center 100 um

800 dyne/cm?

Figure 4. Cell alignment with acute shear. Fluorescent images of cells at different positions on the coverslip after application of shear as
indicated (blue = dapi, red = actin). The direction of shear is indicated by the green arrows and the azimuthal direction by the white
arrows. Rotational speed 5400 rpm (7= 800 dyne/cm?; r=8 mm). Same scale for all for images.

800 dyne/cm?

could be well fitted by a single sigmoidal curve. Attach-
ment strength also appeared independent of viscosity
() modification (a seven-fold increase) when com-
paring equivalent shear (figure 2(B)). Note that fibro-
sarcoma cells were used with viscosity modification
due to their insensitivity to glycerol treatment (see
Materials and Methods). While these data validate that
rotational speed, radial position, and viscosity are cor-
rectly considered in equation (1), the pre-factor of 4/5
remains to be verified.

Unlike with conventional buffers containing
CaCl,, we recently observed that fibroblast detach-
ment can be dominated by cytoskeletal remodeling in
CaCl,-free but MgCl,-containing buffer conditions
[5]. Here we find that seeding cells without serum
increased remodeling efficiency. ~60% of cells seeded
without serum for 24 h detached at a shear stress in
excess of 600 dyne/cm” while the remaining 40%
withstood shear stress up to 1000 dyne/cm? and were
markedly elongated in shape (figure 3). At 800 dyne/
cm?® and at the indicated radial and azimuthal posi-
tions, the alignment of cells visually coincided with
shear direction (figure 4, green arrow). Subsequent
quantification of cell alignment shows that cells indeed
undergo morphological change and are tightly aligned
at higher shear (figure 5(A)). With sufficient shear,
local cell alignment throughout the coverslip
(figure 5(B), red arrows) was close to the predicted
direction (inset, black arrows). Note that cell

alignment with shear stress direction, i.e. the angle d,
was independent of azimuthal position but dependent
on radial position as shown in figures 4 and 5.

To establish that alignment was due only to the
shear force magnitude (figure 1) and direction
(figure 5), coverslips were spun at multiple angular
velocities. Cells gradually align with increasing shear
and reach full alignment at shear above 600 dyne/cm?
(figure 6(A)) and fibroblast alignment occurred inde-
pendent of angular velocity (figure 6(A)). Alignment
was also independent of acute shear exposure time
(figure 6(B)) with alignment occurring close to the
predicted direction of shear in all cases and when data
is combined (dashed line in figure 6(B)). Small varia-
tions in these data likely represent systematic error
such as coverslip placement.

The forces on the cells are morphology-dependent,
e.g. for semi-spherical cells drag and torque dominate
[20]. However, given sufficient time, most cells fully
spread on a substrate with only the nucleus experien-
cing significant force from drag and torque. Further-
more, in standard cation conditions (i.e. with CaCl,)
cells do not align [5]. Cells under shear can then be ade-
quately modeled as a section of a sphere with its max-
imum height (figure S1), a geometry which has been
previously solved numerically [21]. We estimate the
forces that act on the cells in the appendix which can be
found in the supplementary information stacks.iop.
org/PB/12/016011/mmedia. While we do this with the
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Figure 5. Quantification of alignment with acute shear. (A)
Probability density (frequency) of the cell orientation angle d
at radial distances corresponding to the indicated shear forces.
(B) Shear orientation (black) compared to average cellular
orientation (red). All data are shown for z=0.

parameters of the cell type used here, this can also be
used as a guideline for different parameters, such as cell
type. In brief, we find that for the 3T3 fibroblasts used
here differences in drag and torque forces resulting
from variations in morphology are negligible compared
to force due to the wall shear stress. Attachment
strength as function of shear force per cell area can
therefore be directly assessed without further modeling.
However, as the limits of this assumption depend on
specific parameters, they need to be verified when
studying different conditions, e.g. cell types, ligands or
adhesion times.

Conclusions

These data (1) demonstrate that cells align in the
direction of applied shear within minutes under
calcium free conditions and (2) verify the shear flow
direction and magnitude (equation (1)). We pre-
viously found that cell alignment under acute shear
involves asf; integrin and that aligned cells remain
viable [5]. It is important to note that this a morpho-
logical adaptation rather than a selection of cells with
that specific morphology. However, the detailed
mechanisms by which this alignment takes place and
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Figure 6. Verification of shear flow direction. (A) Cell angle
from azimuthal versus shear stress. For better visibility only
every 5th data point is plotted. (B) Cell angle from azimuthal
plotted for indicated angular velocities and exposure times.
Dashed line represents theoretical value.

the mechanism by which alignment efficiency is
improved when cells are serum-starved remain unde-
termined. The effects and mechanisms of the acute
shear seen here, which is intended to load existing cell-
matrix adhesions and not induce long-term remodel-
ing, are also likely different from cell behavior due to
chronic shear. We speculate that alignment allows the
cell to reduce the sum effective force it experiences
under flow, allowing them withstand detachment
despite increasing shear (figure 4; note the plateau of
cell density between 600 and 1000 dyne/cm?). Never-
theless, it is evident that this drastic morphological
adaptation affects apparent attachment strength and
therefore needs to be carefully monitored when
assessing adhesion by shear assays. In calcium contain-
ing media without cell alignment, we completed
verification of the shear flow equation (equation (1)).
In turn this also demonstrated that cell detachment is
indeed a function of the applied force. This allowed us
to show that attachment strengths of different spread
cell types or different cellular treatments can be directly
compared. Forces would only need to be normalized to
cell spread area in case total applied force as opposed to
force applied per area is of interest. Together our data
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strengthen the applicability and reliability of the spinning
disk method but also other shear flow devices for the
quantitative investigation of cell-matrix interactions.
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