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Abstract—Endothelial cells sense mechanical forces of blood
flow through mechanisms that involve focal adhesions (FAs).
The mechanosensitive pathways that originate from
FA-associated integrin activation may involve membrane
rafts, small cholesterol- and sphigolipid-rich domains that
are either immobilized, by virtue of their attachment to the
cytoskeleton, or highly mobile in the plane of the plasma
membrane. In this study, we fluorescently labeled non-mobile
and mobile populations of GM1, a ganglioside associated
with lipid rafts, and transfected cells with the red fluorescent
protein-(RFP-) talin, an indicator of integrin activation at
FAs, in order to determine the kinetics and sequential order
of raft and talin mechanosensitivity. Cells were imaged under
confocal microscopy during mechanical manipulation of a
FA induced by a fibronectin (FN)-functionalized nanoelec-
trode with feedback control of position. First, FA deforma-
tion led to long range deformation of immobile rafts
followed by active recoil of a subpopulation of displaced
rafts. Second, initial adhesion between the FN-probe and the
cell induced rapid accumulation of GM1 at the probe site
with a time constant of 1.7 s. Talin accumulated approxi-
mately 20 s later with a time constant of 0.6 s. Third, a 1 um
deformation of the FA lead to immediate (0.3 s) increase in
GM1 fluorescence and a later (6 s) increase in talin. Fourth,
long term deformation of FAs led to continual GMI
accumulation at the probe site that was reversed upon
removal of the deformation. These results demonstrate that
rafts are directly mechanosensitive and that raft mobility
may enable the earliest events related to FA mechanosensing
and reinforcement upon force application.

Keywords—Mechanotransduction, Endothelial cells, Mem-
brane rafts, Focal adhesion, Scanning ion conductance
microscopy, Talin.

INTRODUCTION

The cellular plasma membrane is a heterogeneous
mixture of lipids that dynamically coalesces into
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domains according to lipid preferences for liquid-ordered
and liquid-disordered phases. Membrane rafts are an
important type of liquid-ordered domain that are
highly transient, tens of nanometers in size, and
enriched in cholesterol and sphingolipids.”® Rafts
dynamically combine and disperse to facilitate protein
sequestration and protein—protein and protein—lipid
interactions.>?*3¢7 These domains, besides being rich
in cholesterol, are associated with the ganglioside GM1,
a glycosphingolipid that, when tagged with fluores-
cence, can be used as a marker of lipid rafts.’®>"->
Membrane rafts may also play a role in cell mechan-
ics**>* as they can modulate the clustering of integrins’
which regulate cytoskeletal organization, membrane
trafficking®>® and connections to the extracellular
matrix*®>? vig focal adhesions (FAs). The association
of cholesterol-rich domains and integrins and
involvement of Rac and Rho'*'%%! with membrane
rafts suggests that rafts play a role in FA assembly and
reinforcement, although this hypothesis has not yet
been tested directly. Raft lipids may regulate protein
localization and function through enhanced affinity
between lipids and specific amino acid sequences in a
protein’s extracellular,”’ transmembrane,*® or intra-
cellular domains."® Such spatially and temporally
regulated lipid—protein interaction that facilitates
protein—raft association may permit the cell to regulate
polarized sorting and signal transduction processes.
Rafts associate with integrins and may facilitate
mechanosensation through integrin ligation and clus-
tering, which are physiologically and clinically relevant
to vascular tone regulation and shear-induced gene
expression leading to atherogenesis. For example,
Jalali er al’’ showed that shear stress caused an
increase in new ligand binding of f; integrins in and
around FAs of endothelial cells (ECs) plated on
fibronectin (FN) and an increase in ligand binding of
f3 integrins in ECs plated on vitronectin. In ex vivo
arteriolar preparations, activation of the vitronectin
receptor, o, f3-integrin, and FN receptor, asf3;-integrin,
induced coronary arteriolar dilation by stimulating
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endothelial production of cyclooxygenase-derived
prostaglandins®' which dilate blood vessels.®?! Thus
integrin—matrix interactions at FAs are required to
initiate the signaling pathway leading to shear stress-
induced vasodilation and blood pressure regulation.
Integrins are associated with rafts and nucleate actin
polymerization (reviewed in Levitan and Gooch*’) by
concentrating phophatidylinositol 4,5 biphosphate
(PIP,).*! FAs are also cholesterol rich microdomains,
and B, integrins are required for raft formation'®®!
and signaling through Rac-1."° Wang and colleagues
found that Src-activation colocalized with Lyn, a raft
marker*® supporting an emerging picture of rafts as
dynamic nanodomains that cluster the necessary criti-
cal mass of receptors®® for downstream signaling
through important mechanotransduction pathways,
such as mitogen activated protein kinases (MAPK),>
with time scales of formation of 20 ms and length
scales of tens of nanometers.'® Finally, EC membrane
microdomains are themselves known to be differen-
tially sensitive to fluid shear stress®> making rafts a
central focus of mechanosensation leading to vasore-
gulation and atherogenesis.

Despite the convergence of research on FA
mechanosensing and lipid raft function, to date no studies
have provided direct evidence for mechanical coupling
between membrane rafts and FAs nor has the dynamic
kinetic response of rafts to mechanical perturbation of
FAs been elucidated. This study was undertaken to
directly measure mechanical coupling between induced
FAs and stable lipid rafts and to measure the kinetics
of mobile raft coalescence at FAs upon FA formation
and mechanical perturbation (Fig. 1). The study was
enabled by a newly developed technique based on
scanning ion conductance microscopy in which a
FN-functionalized nanoelectrode was used to induce a
FA and the precise timing of adhesion was determined
through analysis of current through the electrode.?
Subsequently, adhesion formation was followed by
nanomechanical manipulation of the induced FA.
Fluorescently labeled GM1 was used to assay raft
dynamics and red fluorescent protein (RFP)-talin was
used to assay FA formation and integrity, since talin
binds to activated integrins through enhanced affinity
between talin and integrin—integrin dimers.'**7":8

MATERIALS AND METHODS

Cell Culture and Fluorescence Labeling
of Rafts and Talin

All in vitro experiments were performed on bovine
aortic endothelial cells (BAECs) (VEC technologies,
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FIGURE 1. The membrane raft and FA connection: mem-
brane rafts, rich in sphingolipids and cholesterol are identi-
fied by ganglioside marker GM1. Transmembrane proteins in
some membrane rafts render a raft anchored via linkage to the
cystoskeleton. In contrast, mobile rafts have no direct or
indirect connection to the cytoskeleton. Focal adhesion sites,
areas of clustered activated integrins linked to the cysto-
skeleton via talin, are known mechanotransducers. The con-
nection between membrane rafts and FAs may involve both
the cytoskeleton and the membrane.

Rensselaer, NY) sub-cultured between passages 3—10
with MCDB-131 complete medium (VEC technolo-
gies, Rensselaer, NY) at 37 °C in a gas mixture of 95%
air and 5% CO, with 90% humidity. Red fluorescent
protein (RFP)-talin fusion plasmids (Invitrogen) were
transfected into cells using BacMam technology
(Invitrogen). The cells were then seeded onto cham-
bered coverglasses or temperature-controlled chambers
(Bioptechs, Butler, PA, USA) and placed in the incu-
bator for 2 h, after which new MCDB-131 media was
added. BAECs were incubated overnight prior to
experiments. Membrane rafts were labeled by conju-
gating GM1 with Alexa Fluor 488-tagged recombinant
cholera toxin-subunit B (CT-B) (Invitrogen) with the
cells at 4 °C for 15 min, rinsed three times with DPBS,
and followed by CT-B crosslinking with anti-cholera
toxin subunit B antibody (anti—-CT-B) (Invitrogen) at
4 °C for 10 min. Cells were slowly brought back to
room temperature prior to experiments.

Experimental Setup

A schematic representation of the experimental
setup is shown in Fig. 2 and has been previously
described.'” Briefly, chambers containing cultured
BAECs were placed on a piezoelectric stage (Nano-
View & NanoDrive, Mad City Labs, Madison, WI,
USA). An inverted Olympus IX71 microscope with a
100 W halogen light provided brightfield illumination
for phase contrast. Fluorescence imaging was done
with an oil-immersion objective (PlanAPO 60X/1.45
NA). Cellular fluorescence was assayed using a laser
scanning confocal scanner system (VT-Infinity3, Visitech



Mechanosensitivity of Membrane Rafts 145

(a)
1=V
Converter
Controller &7 Nano-Electrode Probe
Micro-Manipulator
Endothelial Cell
PC
LabView

 Temperature
/. Controlled Chamber

\ oy X-Y Stage
EM-CCD

Piezo-Electric Stage

Confocal Microscope

(b) .
\ 0.1 1
- T ‘-‘
Approach £ |
0700 b Ll
Distance from probe (nm) Contact
|
(c) -
~aa - o 3 \\:". e e !-‘,'-bf-’"' <

Bound cell via focal adhesion Lateral Deformation

FIGURE 2. Experimental setup and procedure. (a) Experi-
mental instrumentation enables precise timing of probe-cell
contact via a nanoelectrode probe positioning system con-
sisting of a nanoelectrode, piezoelectric stage, and a confocal
microscope. (b) Probe-cell contact timing is obtained by not-
ing the current drop of the nanoelectrode as it approaches the
cell. (c) Experimental procedure: left: functionalized probe-
cell contact and binding; right: subsequent manipulation of
the FA by the probes on the apical surface of the cell.

International, Sunderland, UK) coupled to an
EMCCD digital imaging camera (Sensicam-EM;
Cooke Corporation, Romulus, MI, USA).

The nanoelectrode probe was functionalized with
FN as previously described” and was mounted on a
computer-controlled  micromanipulator (MP-285;
Sutter Instruments, Novato, CA, USA). A patch
clamp amplifier (Model 2400, A-M Systems, Inc.,
Carlsborg, WA, USA) connected to a 20 MQ probe
detected current changes through the nanoelectrode.
Together with a multifunction data acquisition board
(NI PCI 6229, National Instruments, Austin, TX,
USA) and LabVIEW software, the system coordinated
nanoelectrode positional feedback control of the

micro-manipulator and piezoelectric stage position
using electrode current as the feedback process variable.

Induction and Manipulation of Focal Adhesions Using
Functionalized Electrodes

Functionalized nanoelectrode probes were brought
near the cell using the piezoelectric stage, while moni-
toring the current between the tip and the cell
(Fig. 2b). After contact, the FN-coated probe was
allowed to bind to the cell for 15 min at a location
approximately halfway between the nucleus and the
outer edge in order to later capture the membrane raft
response of the majority of the apical plane. FA
deformation (Fig. 2¢) was accomplished by displacing
the adhered probe parallel to the apical cell membrane
by 1 um. The probe was displaced in the positive x
direction which corresponded to a FA translocation
away from the nucleus approximately perpendicular to
either the major or minor axis of the cell. In order to
measure the time course of molecular scale activation
in newly formed FAs, the FN-functionalized probe
was allowed to come into contact with BAECs trans-
fected with RFP-talin. Where indicated, compiled data
is represented as mean =+ standard deviation with
n 2 3 (different cells from different cultures). Statistical
significance was evaluated using a Student’s ¢ test at
the p < 0.05 level.

Tracking of Membrane Rafts and Kinetic Assays
of GM 1 and Talin Accumulation

Real time locations of membrane rafts were indi-
vidually mapped using ImageJ tracking functions. In
the case of passive displacement and active recoil,
individual raft locations were manually tracked one at
a time and frame-by-frame using the “Manual Track-
ing” plugin. For control cells the “Spot Tracker 2D”
plugin was used with a 3 pixel square size for centering.
For GM1 and talin kinetics, regions of interest from
time-lapsed images were quantified and the fluores-
cence reduction values were added back to values
assessed near the electrode adhesion point. The
resulting values were then normalized by initial inten-
sity and plotted with respect to time.

RESULTS

Rafts Passively Displace in Response
to FA Deformation

Individual apical raft trajectories were tracked during
FA deformation and while deformation was maintained
(Fig. 3a). Displacements from multiple cells were
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FIGURE 3. Passive membrane raft response. (a) Rafts from
multiple cells were tracked and overlaid to create a composite
image of raft trajectories (n = 4 cells), in response to a 1 um
displacement of a FA. The probe (circle) was displaced in the
positive x direction which corresponds to a FA translocation
away from the nucleus approximately perpendicular to the
main axis of the cell. The probe was initially located approx-
imately halfway between the nucleus and the outer edge of the
cell. Individual trajectories initiated at the point furthest from
the probe location (circle) and terminate closer to the probe.
(b) Distance to probe vs. displacement magnitude of individ-
ual rafts. Green group (hexagons) corresponds to rafts that
are located on the same side as the probe (relative to the
nucleus); the red group (pentagons) corresponds to rafts
located behind the nucleus (relative to the probe); control
rafts are in blue (diamonds).

normalized by assigning the origin to the probe site and
plotting raft locations relative to the probe site. Raft
locations and displacements were then plotted on a
common figure (Fig. 3a) and analyzed together
(Fig. 3b). First, rafts simultaneously displaced in
response to FA displacement. This simultaneous
response occurred not only in rafts located near the
probe-cell contact point but also in remote rafts.
Figure 3b depicts responses of individual rafts as a
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function of their distance from the probe vs. their passive
displacement magnitude. This passive response could be
divided into two subpopulations, rafts that were located
between the probe and nucleus and rafts located on the
opposite side of the nucleus. Rafts that were on the same
side of the nucleus as the probe displaced with magni-
tudes which decreased as the distance between the
membrane raft and the location of the probe increased
[green group (hexagons)]. Displacements of rafts that
were located on the opposite side of the nucleus [red
group (pentagons)] were nearly identical to displace-
ments of rafts from control cells in which no FA dis-
placement was induced [blue group (diamonds)].

Rafts Recoil After FA Deformation and Passive
Raft Displacement

Subsequent to FA displacement the probe was
maintained in its position and cells were imaged over
time using confocal microscopy in order to capture the
response of apical membrane rafts. Within the first
minute after deformation a small subpopulation of
rafts exhibited displacement in the opposite direction
of the displacement applied by the probe, indicating
raft recoil (Fig. 4a). The trajectories are plotted from
the raft location closer to the probe location and ter-
minate where the raft finished its motion. The sub-
sequent remodeling is indicated by the overlapped
tracked displacements resulting in a clustered trajec-
tory endpoint. The magnitude of the recoil was greater
for rafts that were closer to the probe, and smaller for
more remote locations (Fig. 4b). 21% of all rafts
exhibited recoil. However, considering that the loca-
tion of all active rafts that recoiled coincided spatially
with the probe side of the cell (relative to the nucleus)
out of the population of rafts located on the probe
side, 38% exhibited active recoil.

Directions of Passive Response and Active Recoil
Coincided with FA Deformation Direction

We defined the displacement of the probe as the
positive x-direction, for which 0 degrees was assigned
as a reference direction, meaning that any deformation
that is aligned with the direction of probe displacement
would be aligned to the 0 degree mark. The raft dis-
placement angles relative to the horizontal (0°) were
calculated and used to determine directionality as
functions of magnitude of displacement and distance
from the probe. Figure 5 contains these directionality
plots and illustrates the angle of individual raft dis-
placements with respect to the horizontal in degrees,
the magnitude of displacement (as indicated by con-
centric circles), and distance from the probe (as map-
ped out by color gradients in each area). Local passive
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FIGURE 4. Active response: Recoil. (a) After deformation the
probe was stationary and membrane rafts moved in the
direction opposite to deformation, indicative of active recoil.
Individual trajectories initiated closer to the probe location
and terminate with subsequent continued remodeling as
indicated by the overlapped tracked displacements resulting
in a clustered trajectory endpoint. (b) Distance to probe vs.
displacement of individual active rafts is plotted with the
green group (pentagons) corresponding to rafts that are lo-
cated on the same side as the probe (relative to the nucleus),
and control rafts in blue (diamonds).

response of rafts was closely aligned with the direction
of the applied FA displacement as demonstrated by the
small angles ranging from 0 up to 30°, include the
entire range of displacements from 0 to 1 um, and are
populated by local rafts up to 12.5 um away (Fig. 5a).
In addition, the local passive raft response aligned
predominantly with the direction of FA displacement.
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FIGURE 5. Directional dependence of passive and active
membrane raft response. (a) Passive response aligned with
the direction of FA displacement (aligned with 0°). (b) Active
response was in the opposite direction of displacement
ranging from angles between 90° and 270°, and covering a
range of displacements up to 0.8 um. (c) Control rafts do not
exhibit a particular directionality as their displacements cover
the full 360° range, and their magnitudes of displacement are
less than 0.2 ym.
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In contrast, rafts recoiled in the opposite direction
of the FA displacement, as can be seen by the majority
of responses exhibiting angles greater than 90° and less
than 270° (Fig. 5b). The magnitudes of recoil range
from 0.1 to 0.8 um and occurred over a distance of 1.6
to 12.7 um from the probe with an average ratio of
passive displacement to active recoil of 1.06 &+ 0.05.
Both the active and the passive responses were differ-
ent than rafts in control cells (Fig. 5c) where the
magnitudes of displacements were less than 200 nm.
Rafts in control cells (probe-cell contact without
deformation) did not exhibit directionality of move-
ment, and their angles relative to the horizontal were
spread throughout the full 360° range. Thus, mem-
brane rafts sensed FA translocation by passively dis-
placing toward the probe, and actively recoiled in a
direction away from the probe. In addition, the mag-
nitude of passive and active responses was greater the
closer the rafts were to the site of FA deformation.

Rafts and Talin Rapidly and Sequentially Accumulate
at New Focal Adhesions

The FN-functionalized electrode probe contacted
the apical cell surface with the 1 = 0 time point defined
by a 2% drop of current through the electrode'” (final
portion of current drop is shown in Fig. 2b). After
contact, a rapid increase in GMI1 accumulation
occurred around the probe site followed by accumu-
lation of talin (Fig. 6a). Within the first 5 s after con-
tact, GM1 fluorescence rapidly increased and reached
a plateau at 10s (Fig. 6a, green group) that was
14 £ 4.6% greater than control (Fig. 6b, left). The
control group assayed the GMI1 intensities on the
apical membrane in absence of probe cell contact. All
intensities were normalized relative to their initial
intensity. The characteristic time constant of GMI1
increase was 1.7 s, as calculated using an exponential
recovery fitting model (not shown). In addition, rapid
accumulation of GM1 coincided with the probe loca-
tion and the surrounding area as illustrated in Fig. 6c¢.
Kinetics of transfected RFP-talin accumulation after
probe-cell contact was also assayed. Initially, talin did
not increase near the probe (Fig. 6a). After 20 s,
however, talin accumulated rapidly with a character-
istic time constant of 0.57 £ 0.13 s and reached a
plateau at 30 s with an increase of 2.26 4+ 1.14 fold
(Fig. 6b).

Rafts and Talin Rapidly and Sequentially Accumulate
After Focal Adhesion Deformation

Upon 1 um apical FAs deformation, GM1 accu-
mulated by 15 £+ 3.8% within 5 s around the probe site
followed by accumulation of talin (Fig. 7b). Increase in
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FIGURE 6. Kinetic response of membrane rafts and talin
upon contact. (a) GM1 fluorescence accumulated with a time
constant of 1.68 s, reached a plateau at 10 s. This increase
was followed by accumulation of talin at 20 s that reached a
plateau at 30 s. (b) On average, GM1 accumulation increased
14 + 4.6% whereas talin increased by 2.26 = 1.14% (n = 3). (¢)
(Top) GM1 accumulation around the probe (circle) is repre-
sented by 3-D intensity maps (Bottom).

accumulation was measured relative to the control
samples which assayed accumulation prior to defor-
mation. The characteristic time constant of GMI1
response upon deformation was 0.3 s, as calculated by
fitting an exponential recovery model to data in Fig. 7a
(not shown). After the displacement neither the probe
nor the cell were moved, and fluorescence was mea-
sured continually during the first minute. After 6 s,
talin begins rapid accumulation reaching a 11 £ 3.1%
increase with a characteristic time constant of
0.16 & 0.04 s. Thus, GM1 accumulation occurred



Mechanosensitivity of Membrane Rafts 149

(a)
2
a 1.2
]
]
£ M
@ RAJET S X - a v Y
g A PO TR L .
o 1.1 - W L
(%] L]
w
b
=]
=
L . ]
o 1.0 _.,'a,“ « Talin
Z i . GMA1
0 10 20 30 40 50
Time (s)
(b)
8127 =GM1 * g 1.2 mTalin
5 ! = .
a2 b
2 14 e 11
S S
[ i
g 1.0 g 10
£ g
g @
Z 09 Z 09

CONTROL DEFORMATION CONTROL DEFORMATION
(4 sec) {4 sec) (7 sec) (7 sec)

FIGURE 7. Kinetic response of membrane rafts and talin
upon deformation. (a) Upon FA-deformation, GM1 accumu-
lated with a characteristic time constant of 0.3 s and reached a
plateau at 3 s followed by accumulation of talin at 7 s reach-
ing a plateau at 10 s. (b) GM1 accumulation increased 15 =
3.8% whereas talin increased by 11 = 3.1% (n = 3).

within milliseconds after FA deformation followed
later by talin accumulation.

Deformation Induces Long Term Accumulation
of Membrane Rafts that is Reversible

Over tens of minutes after deformation, GMI1
accumulation occurred first around the probe site
(t = 163, 357, and 1419 s) and continued to increase
radially away from the probe (1 = 2288 s; Fig. 8a).
The region of interest (indicated in the ¢+ = 2288 time
point in Fig. 8a) was analyzed for fluorescence inten-
sity from 7 = 0 to ¢t = 2288 s. GMI continuously and
monotonically increased after deformation in and
around the probe site (Fig. 8b and insets). On average,
GM1 increased by 7.9 &+ 1.6% from the 10 to 15 min
time points (Fig. 8c) relative to control raft intensities
prior to deformation. After maintaining FA deforma-
tion for about 30 min, the nanoelectrode probe was
brought back to its initial position. Removal of
deformation was accompanied by a decrease of GM1
fluorescence (Fig. 9a) that was radially dependent
(insets), and leveled off after 10 min. Average decrease in
accumulation upon reversal was 41.4 £+ 7.4% (Fig. 9b)
relative to control GM1 intensity prior to reversal.
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FIGURE 8. Deformation induces long term accumulation of
membrane rafts. (a) Selected frames of time-lapsed images of
GM1 display six time points starting at = 0 with initial and
final locations of the probe (circles). GM1 accumulation con-
tinued to increase first around the probe site (f = 163, 357, and
1419 s) and continued to grow radially outward (away from the
probe) and inward (inside the probe). (b) Long term kinetic
response of GM1 accumulation exhibited a continuous
increase; insets represent 3-D displaying of intensity and
radial geometry of accumulation. (c) An average increase of
7.9 £ 1.6% (n=3) in intensity from the initial value was
observed at time points ranging from 10 to 15 min after
deformation.
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FIGURE 9. GM1 fluorescence decreases upon reversal of
deformation. (a) Reversal of GM1 accumulation was continu-
ous and leveled off after 10 min. The radial decrease is
depicted by the insets showing 3-D representation of GM1
fluorescence intensity around the probe site. (b) Average
decrease in accumulation upon reversal was 41.4 + 7.4%
(n = 3).

DISCUSSION

The main findings of this study are that non-mobile
rafts displace passively in response to FA deformation
with magnitudes that decrease with increasing distance
from the FA. Displaced rafts actively recoil back to
their original positions, particularly for those rafts that
exhibited initial larger displacements. For the region of
the cell located behind the nucleus (relative to the
probe location), the nucleus appears to prevent raft
displacements. The mobile subset of rafts (also labeled
by cholera toxin) rapidly accumulates after FN has
made contact with the cell, increases in accumulation
upon FA deformation, continues to increase over
30 min of sustained deformation, and disperses when
deformation is released. With respect to short time
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kinetics, rafts respond immediately to adhesion and
deformation, while talin accumulates on the order of
tens of seconds later. Thus mobile rafts participate in
FA formation and reinforcement at very early times
and prior to talin accumulation.

Mechanical Coupling from Focal Adhesions to Local
and Remote Rafts

The observation that FA mechanical manipulation
induces directional passive deformation of lipid rafts
suggests that there is mechanical coupling between
FAs and rafts. Potential sources of this mechanical
coupling include the plasma membrane spectrin
(fodrin) submembranous cytoskeleton, and the internal
cytoskeleton composed of actin, microtubules, and
intermediate filaments. It has been previously reported
that lipid modifications such as glycosylpho-
sphatidylinositol (GPI) anchors, palmitoylation, or
myristoylation can target proteins to lipid rafts.**%* In
turn, GPI-anchored proteins, as well as integrins, are
associated with the cytoskeleton.?”**% In addition,
cytoskeletal components are linked to membrane
rafts?20:27:29-47:49.57.63.64 a4 membrane rafts may be
necessary for the coupling of the membrane to the
cytoskeleton®* as manipulation of membrane choles-
terol content alters cytoskeleton-raft association. It is
also known that when association of ezrin (which
interacts with actin filaments via actin binding sites)
with lipid rafts was decreased, the ability of lipid rafts
to coalescence into larger signaling platforms was
enhanced””* suggesting that rafts were freed from
their cytoskeletal constraints. These indications that
rafts are anchored are consistent with a hypothesis that
rafts can mechanosense locally and remotely through
their connection to the cytoskeleton. The fact that raft
displacement decreased with increasing distance from
the displaced FA suggests that this displacement was
passive, much like the passive deformation of remote
points to a point displacement in a large elastic sheet
(results from finite element simulation, not shown).
Additionally, the lack of displacement of rafts on the
side of the nucleus opposite the displaced FA is con-
sistent with passive deformation that would be
expected if the nucleus was considerably stiffer than
the rest of the cytoplasm.'® In summary, a subpopu-
lation of anchored rafts responds locally and remotely
with directional and spatial dependence to deforma-
tion of a FA. This mechanosensation is similar to other
modes of cytoskeleton-linked mechanosensation which
occurs at long distances from the point of applied
force, 33-35:39.69.70

A subset of membrane rafts recoiled within minutes
after initial passive deformation. This recoil was in the
direction away from the probe and was greatest for
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those rafts that experienced the greatest initial defor-
mation. Furthermore, Fig. 4a illustrates raft recoil in a
representative cell with a general orientation along the
major axis of the cell and in a direction opposite to
probe displacement. This behavior was evident
regardless of whether the probe was pulled in a direc-
tion along the major or minor axis of the cell. Recoil of
rafts was also observed to be parallel to the direction of
displacement but in the opposite direction. One pos-
sible explanation for this phenomenon is that initial
deformation worked against the action of a molecular
motor clutch, such as an isoform of myosin, that was
bound to the raft and cytoskeleton, and altered the
directionality of the complex, resulting in motor
activity being oriented in the direction opposite to the
passive deformation.'®!*!17-23:324352 previous studies
have shown that resistance of the cell to pulling of the
apical membrane using an optical trap may be due to
the involvement of Src family kinases (SFK) in that
SFK activation is vital for the FN rigidity sensing
process.*®% However, we cannot discount the possi-
bility that the recoil was passive and resulted from the
detachment of a spring-like mechanism. Interestingly,
however, active cellular recoil has also been previously
reported to occur within seconds in response to applied
stress'' by a myosin-dependent mechanism, suggesting
that mechanisms of active recoil in response to
mechanical stress exist in cells.

Dynamic Kinetic Response: Mobility
of Membrane Rafts

Adhesion led to immediate recruitment of mobile
membrane rafts. This coalescence occurred in the
absence of force application and preceded the recruit-
ment of talin, suggesting that recruitment of rafts
occurs prior to the activation of integrins. Upon
adhesion, membrane rafts are known to be involved in
the aggregation of integrins,>*?**133% and upon
integrin-mediated detachment, rafts internalize or dis-
solve.'*152867 Upon detachment, the cell also triggers
the release of phosphorylated caveolin from FAs,
which in turn permits its association with caveolae in
order to induce the endocytosis of lipid rafts.” Other
studies have also observed that when cells detach,
integrin-mediated processes lead to the internalization
and dissociation of lipid rafts.>® We propose, therefore,
that rafts participate in the reinforcement of FAs after
initial integrin ligation by coalescing additional inte-
grins leading to increased integrin avidity. This coa-
lescence of integrins allows the additional integrins to
undergo activation and the cells to firmly adhere. In a
previous study, we found that contact time needed to
be sustained for at least 5 min’® suggesting that
firm adhesion depended on the kinetics of integrin

accumulation, which may be a diffusion-limited process.*

The observation that rafts accumulate before talin
supports this hypothesis. However, it remains to be
determined whether integrin activation leads to raft
coalescence or whether raft coalescence occurs first.
However, raft coalescence increased with applied force
suggesting that the membrane, with the integrated
participation of lipid and integrin components, is an
early mechanosensor.

Indications for the coalescence of rafts also come
both from studies in model membranes as well as live
cell studies.***> As the diffusion of membrane rafts are
inhibited by initial integrin ligation by FN, the mem-
brane becomes more inhomogeneous leading to diffu-
sion of lipids and GPI-anchored proteins down
concentration gradients, which in turn focuses mem-
brane constituents leading to enhanced bioactivity.*
Essentially, the dissociation and association of rafts in
response to contact, deformation, and reversal of
deformation, indicate that rafts are responsive to force
within seconds and over tens of minutes. This kinetic
spatial and temporal dependence of membrane raft
mechanosensation demonstrates that the plasma
membrane is involved in the formation and reinforce-
ment of FAs in response to force.

We further report that rafts increased in concen-
tration in and around the FA upon deformation. This
increase occurred with a time constant of 0.3 s and
continued over tens of minutes as deformation was
held constant. In addition, rafts dispersed after the
deformation was released but adhesion was main-
tained. These results suggest that rafts participate in
FA reinforcement upon force application. While raft
association with FAs has been documented, there do
not appear to be any reports that rafts participate in
FA reinforcement upon force application. Currently
the mechanism of this reinforcement remains unclear.
While it is possible that the commonly implicated
players in FA reinforcement, Rho, Rac, and actin, may
play a role, these intracellular proteins generally are
not thought to appear until minutes after force appli-
cation.”® The time constant of 0.3 s for initial raft
recruitment after force suggests that this phenomenon
is one of the earliest reported and is comparable to the
time constants for force-dependent ion channel acti-
vation.*® We propose that raft mobility and coales-
cence is a necessary component of FA reinforcement
upon force application and provides an additional
mechanism of force sensing by cells.

SUMMARY

In summary, we provide evidence that mem-
brane rafts participate in FA development at sites of

% BIOMEDICAL ENGINEERING SOCIETY™

www.bmes.org



152 D. E. FuenTEs AND P. J. BUTLER

extracellular matrix—integrin attachment and that rafts
respond to mechanical deformation of FAs. Relatively
non-mobile raft response was both passive and active
and occurred in a spatially and directionally dependent
manner. Highly mobile subpopulations of membrane
rafts reversibly accumulated at the probe site in
response to adhesion and deformation. Furthermore,
GMI1 accumulated significantly earlier than talin both
upon contact and upon deformation. In conclusion, we
have demonstrated direct mechanosensation of mem-
brane rafts to mechanical perturbation of FAs thus
opening up a new avenue of investigation of mecha-
notransduction that focuses on force induced raft
mobility and raft-dependent signaling.
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