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Abstract

Blood flow-associated shear stress causes physiological and pathophysiological biochemical
processes in endothelial cells that may be initiated by alterations in plasma membrane lipid
domains characterized as liquid-ordered (l,), such as rafts or caveolae, or liquid-disordered (lg). To
test for domain—dependent shear sensitivity, we used time-correlated single photon counting
instrumentation to assess the photophysics and dynamics of the domain-selective lipid analogues
Dil-Cq5 and Dil-Cqg in endothelial cells subjected to physiological fluid shear stress. Under static
conditions, Dil-Cq, fluorescence lifetime was less than Dil-Cyg lifetime and the diffusion
coefficient of Dil-Cq, was greater than the Dil-Cqg diffusion coefficient, confirming that Dil-C1,
probes g, a more fluid membrane environment, and Dil-C4g probes the I, phase. Domains probed
by Dil-Cy, exhibited an early (10 s) and transient decrease of fluorescence lifetime after the onset
of shear while domains probed by Dil-C4g exhibited a delayed decrease of fluorescence lifetime
that was sustained for the 2 min the cells were subjected to flow. The diffusion coefficient of Dil-
C,g increased after shear imposition, while that of Dil-Cq, remained constant. Determination of
the number of molecules (N) in the control volume suggested that Dil-C4,-labeled domains
increased in N immediately after step-shear, while N for Dil-C4g-stained membrane transiently
decreased. These results demonstrate that membrane microdomains are differentially sensitive to
fluid shear stress.
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INTRODUCTION

Mechanotransduction is a cellular process by which the sensation of mechanical stimuli is
converted to biochemical signaling pathways. Although it is a phenomenon recurrent in
animal biology,>* vascular endothelial cell (EC) mechanotransduction of fluid shear stress
has received special attention because of the strong correlation between hemodynamics and
the physiology and pathophysiology of blood vessels (reviewed in Davies!’). Multiple lines
of investigation have established that ECs are sensitive to spatial'944 and temporal

© 2010 Biomedical Engineering Society

Address correspondence to Peter J. Butler, Department of Bioengineering, The Pennsylvania State University, 230 Hallowell
Building, University Park, PA 16802, USA. pbutler@psu.edu.
Tristan Tabouillot and Hari S. Muddana contributed equally to this work.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tabouillot et al.

Page 2

gradients*11.26 in shear stress and that these changes are mediated by proteins in focal
adhesions,*® the actin cytoskeleton,28:29 cell—cell junctions*27:"1 and the glycocalyx.2%:°1.56
In addition, endothelial plasma membrane sensitivity to shear stress has been demonstrated
by studies measuring lipid mobility,19 activation of potassium37:52:53 and stretch-activated
calcium®4 channels, phosphorylation of G proteins,12 conformational changes of G protein
coupled receptors (GPCRs), changes in number of caveolae®’:59 and diffusion of the raft-
associated protein Lyn.62

Many recent studies have now established that the plasma membrane is highly
heterogeneous and dynamic. For example, membrane compartments originally designated as
detergent-resistant membranes (DRM),8° commonly known as lipid rafts and caveolae,
exist in highly transient states,? and assist in sorting membrane proteins in order to regulate
membrane-based signaling.83 In addition, interaction of the membrane with the
cytoskeleton*? and glycocalyx®® play a role in membrane organization by virtue of chemical
and steric interaction with lipids and membrane-bound proteins. However, the force
distribution between the glycocalyx, membrane, and cytoskeleton, and the role of force in
modulating membrane organization is currently unknown.

Since fluid flow near the cell surface may be impeded by the glycocalyx,14:61 it has been
postulated that stress from flow is carried directly from the glycocalyx to the actin
cytoskeleton.”%:76 However, the unique force distribution in ECs arising from shear
imposition,>23 the temporal and spatial variability of consistency of the glycocalyx, and the
complex interaction of the glycocalyx with the lipid bilayer lead to the need to test for lipid
perturbation by shear stress in intact cell membranes in their natural in situ state, with high
spatial and temporal sensitivity. A potential fluorescence method available to probe intact
membranes includes fluorescence labeling of GM1-bound cholera toxin B to track lipid raft
diffusion in cells. But the ganglioside connection to the cortical cytoskeleton leads to low
mobility of fluorescent reporter molecules and subsequent photobleaching of the dye.3
Lipoid dyes such as dialkylindocarbocyanines (Dil), on the other hand, are more
representative of native lipid mobility33 and present low cytotoxicity. In model membranes,
Dil-Cq, preferentially partitions into liquid phases and Dil-C1g into gel phases.*%:66 In cells,
Dil-Cy, predominantly probes fluid (liquid-disordered, I4) phases while Dil-C,g segregates
into liquid-ordered (l,) domains.34 The photophysics (e.g. fluorescence lifetime, quantum
yield) have been well characterized,>® and because these dyes share identical chromophores
and differ only by their chain lengths, they are useful in definitively assigning their unique
photophysical properties to different membrane domains. For most other “raft” associated
dyes there is no structurally equivalent counter stain to probe non-raft regions.

It is hypothesized in this study that shear stress leads to differential perturbation of
membrane microdomains. To obtain data on the transient character of the endothelial plasma
membrane domain responses to a step shear,18 we used time-correlated single photon
counting (TCSPC) technology applied to single molecule fluorescence of membrane
domain-specific fluorescent dyes. TCSPC can record the arrival times of each fluorescence
photon with respect to the laser pulse time with resolution down to 10 s of picoseconds and
at repetition rates in the MHz range. Post-processing of accumulated fluorescence photon
arrival times provides determination of fluorescence lifetimes and diffusion coefficients,
using fluorescence correlation spectroscopy (FCS),2242 and number of fluorescent
molecules and molecular brightness from moment analysis. TCSPC has been used in cell
membrane studies involving FCS, Forster resonance energy transfer (FRET) and
fluorescence lifetime imaging (FLIM),16:21 but only a few studies combining fluorescence
lifetime and FCS from the same data have been reported for cells,® and there are no
published reports on multiparameter TCSPC to elucidate mechanotransduction mechanisms.
Here we show that domains defined by Dil-Cy, and Dil-C,g react to shear stress with
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differences in diffusion coefficients, fluorescence lifetimes, and number of molecules in the
probe volume, results that can be explained by transient, domain-specific shear-induced
changes in lipid viscosity, domain organization, and surface topography.

MATERIALS AND METHODS

Flow Setup

The flow loop setup has been thoroughly described previously.1® Briefly, a step shear stress
of 0-10 dyn/cm? (with 0.36 s halftime rise) was induced from a pressure gradient delivered
through a computer-controlled, six-port modular valve positioner (Hamilton, Reno, NV)
connected to four media reservoirs. Inducing flow using equal and opposite pressure
changes ensures that there is no pressure change in the chamber itself, and thus prevents
coverslip deflection, which could create artifacts in analysis of FCS and other parameters
from TCSPC.58 Physiological conditions were preserved by the use of temperature control
in the parallel-plate flow chamber (Focht Chamber System (FCS2)) (Bioptechs, Butler, PA)
and the superfusion of 5% CO, over the media reservoirs. A differential pressure transducer
DP-15 (Validyne Engineering, Northridge, CA) continuously monitored and recorded
pressure changes across the flow chamber.

Cell Culture, Methyl-B-cyclodextrin Treatment, and Staining

Bovine aortic endothelial cells (BAECs) (VEC Technologies, Rensselaer, NY) were
cultured in MCDB-131 complete medium (450 mL) supplemented with 50 mL FBS (fetal
bovine serum), 10 ng/mL EGF (epidermal growth factor), and 1 pg/mL hydrocortisone with
addition of 50 pL/mL 100x antibiotic/antimycotic solution, 90 pg/mL heparin, and 0.2 mg/
mL ENDO GRO (VEC Technologies, Rensselaer, NY). Cells, passages 5-10, were
incubated in this medium at 37 °C with 5% CO, and grown to confluence on No. 1 glass
coverslips. The medium was changed to phenol red-free Dulbecco’s modified Eagle’s
medium (DMEM) (GIBCO, Carlshad, CA) with 10% FBS 24 h before the experiment.

For cholesterol depletion experiments, endothelial cells were treated with methyl-B-
cyclodextrin (MBCD) following established protocols.*® In brief, after rinsing with DMEM
without serum, the cells were incubated for 30 min in 5 mM methyl-p-cyclodextrin (Sigma-
Aldrich, St. Louis, MO) in DMEM without serum and washed three times with serum-free
DMEM.

Cell membranes were stained using either 1,1'-dioctadecyl-3,3,3',3'-
tetramethylindocarbocyanine perchlorate (Dil-C4g) or 1,1’-didodecyl-3,3,3',3'-
tetramethylindocarbocyanine perchlorate (Dil-C15) (Invitrogen, Eugene, OR). Stock
solutions were prepared in ethanol: 1 mM for Dil-C4g and 100 mM for Dil-C4,. Subsequent
dilutions were performed in ethanol and Dulbecco’s phosphate-buffered saline (DPBS) with
calcium and magnesium to a final concentration of 1 uM. The cells were washed three times
in DPBS and then incubated with the staining solution for 3-4 min at 37 °C. The coverslips
with cells were washed again five times in DPBS and assembled in the flow chamber in
phenol-red free DMEM with 10% FBS.

GUV Preparation

Giant unilamellar vesicles (GUVs) were formed using a modified electroformation
technique??: an oscillating electric field created between two transparent ITO-coated
coverslips, used as electrodes, caused the electroformation of vesicles. Briefly, a lipid
mixture comprised of lipid and chloroform solvent was dissolved and 2 microliters of the
solution was then placed on the surface of one coverslip and blow-dried with argon. After a
30-min vacuum drying period, the mixture was covered with 0.1 M sucrose solution at 55
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°C, a small chamber was assembled and the whole apparatus was then placed in a baking
oven maintained at a temperature of 55 °C. An alternating current was applied across the
wire electrodes for 4-5 h. A LabVIEW-controlled A/D board (National Instruments, Austin,
TX, USA) was used to increase voltage from 0 to 1 V in increments of 50 mV at 5 min
intervals, followed by a constant voltage of 1.2 V for 3 h. Subsequently, the whole chamber
was disconnected from the voltage supply and the vesicles were gradually cooled to room
temperature.

Optical Setup

A detailed description of our confocal molecular dynamics microscope (CMDM) was given
previously.32 In brief, the excitation beam from a PicoTRAIN water-cooled 532-nm, 80-
MHz, 5.4-ps pulsed laser (High-Q Laser, Hohenems, Austria) entered the side port of an
IX-71 microscope (Olympus, Tokyo, Japan) and slightly underfilled (80%) the back aperture
of an Olympus 60x/1.2-NA water-immersion objective.3> Emitted light passed a polarizer
positioned at the magic angle, and was focused onto a 50-um, 0.22-NA optical fiber—acting
as confocal pinhole. The signal from the photomultiplier tube went to a preamplifier and the
time-correlated single photon counting (TCSPC) board (HFAC-26 and SPC-630, Becker &
Hickl, Berlin, Germany). The cells, vesicles, or solution samples were positioned using a
high resolution 3-D piezo-electric stage (NanoView, Mad City Labs, Madison, WI) and
imaged using a high-sensitivity CCD camera (Sensicam EM, Cooke Corporation, Romulus,
MI).

Single-Molecule Fluorescence Spectroscopy

Time-correlated single photon counting technology allows one to record the arrival time of
photons with respect to the beginning of the measurement (macrotime) and with respect to
the excitation pulse time (microtime). From the microtime, we built histograms from which
fluorescence lifetimes were determined. From the macrotime, recorded in first-in first-out
(FIFO) mode, we built autocorrelation functions and used FCS to determine the diffusion
coefficients. It is also possible to recover the microtime from FIFO data when using a pulsed
laser. Consequently, one data file contained all information necessary to determine diffusion
coefficients, fluorescence lifetime, brightness, and number of molecules.

Fluorescence lifetime (t;) depends on radiative emission rate (k,) of photons and on non-
radiative decay rate (knr) via local environmental factors such as viscosity, hydration,

oxygen concentration, and ionic strength#3 according to q = 1/(k, + Kpr). Time-dependent
fluorescence intensity is usually represented by a sum of exponential decays according to

Eq. (2):

I(t):Zm exp (T_Tft)

where g; is the fraction of molecules with fluorescence lifetime 14, normalized to unity.

Fluorescence correlation spectroscopy is used to assess the transport properties of a
fluorescently-tagged molecule in an observation volume defined by the diffraction limit of
the excitation light beam and the confocal properties of the emission pathway. Fluorescent
molecules moving into and out of the observation volume induce bursts in fluorescence
which can be correlated in time. The resulting autocorrelation curve is fitted for particular
expected transport phenomena. For 2-dimensional free-diffusing multiple species, the fitting
function is of the form of Eq. (2):
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where bj is the relative fraction of species i, tpj is the diffusion time of species i and N is the
average number of fluorescent particle in the observation volume. The first factor in
parentheses accounts for triplet-state blinking: T, is the average fraction from triplet-state
and 7 is its relaxation time.

Experiments were performed using 100-uW excitation power measured at the objective
back aperture’” and the system was calibrated using free diffusing rhodamine 6G dye (R6G)
(Invitrogen, Eugene, OR) with known diffusion coefficient and fluorescence lifetime.”® The
resulting observation volume radius was r ~ 443 nm with a structure factor (axial dimension
over radial dimension) maintained under 8.

Fluorescence fluctuations recorded from the FIFO data allow us to gather values for the
number of molecules (N) in the observation volume. Correction for the photomultiplier tube
counting statistics through calculation of the molecular brightness gives more accurate
values for N. Moment analysis is a model-independent and computationally-fast approach to
count the number of fluorescence molecules in the observation volume. It is based on the
computation of the moments of the photon count distribution from the PMT, where the
average number of molecules, N, is given by Eq. (3):

A AL
(AR?) = Cky )

where v is the geometric factor of the volume, (k) is the average photon count and (Ak?2) its
variance. Thus, the molecular brightness, ¢ is:

8=<k>/ﬁ )

Lifetime curves were fitted in Fluofit software (PicoQuant, Berlin, Germany) by iterative
reconvolution or tail fitting depending on the case studied (see Results). Goodness of fit was
assessed from minimization of the 2 values and absence of correlation in the residuals.
Statistics and autocorrelation fits from FCS data were performed in Origin software
(Originlab, Northampton, MA).

Experimental Procedures

Cellular and model membrane studies were performed over multiple days. Laser position
with respect to the imaging system was checked and FCS system was calibrated before each
experiment. Once the cells were mounted onto the flow chamber, lateral positioning was
accomplished using differential interference contrast (DIC) microscopy. Axial positioning of
the observation volume on the apical membrane was set by rapid fluorescence count scan
and by checking the autocorrelation curves. A custom-written LabVIEW VI (National
Instruments, Austin, TX) controlled stage position and recorded the signal from the pressure
transducer.

The effect of shear stress on the apical endothelial cell membrane at a position upstream
from the nucleus was studied by recording simultaneously changes in lifetime and diffusion
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coefficient of the membrane dye for 2 min before shear, 2 min during a 10 dyn/cm? shear,
and 2 min after discontinuation of shear. Fluorescence data saved during the overall time of
experiment were truncated in discrete steps. Autocorrelation functions from FCS data were
computed and analyzed for 20-s time increments, and fluorescence fluctuation and lifetime
data for both 20 and 5-s time increments. Significant differences were evaluated by
computing two-sample, paired t-tests.

Dil Fluorescence Lifetime and Diffusion Reflect Membrane Microviscosity

We first wished to determine if phase-specific differences in dye photophysics were due to
chromophore surrounding (indicative of membrane phase) or resulted from effects of alkyl
chain length differences on chromophore non-radiative decay rates.

First, we measured fluorescence lifetime of Dils in solutions of varying viscosities. Effect of
local viscosity on dye lifetimes was estimated by varying the content of reagent-grade
glycerol from 0 to 70% (v/v) in ethanol solutions (Fig. 1a). Viscosity of each sample was
measured separately with a viscometer. Fluorescence lifetimes were obtained by fitting
histograms of arrival times with a double exponential using iterative reconvolution, and
diffusion coefficients were determined by fitting autocorrelation curves with models for 3-D
diffusion. The values of Dil-C,, and Dil-Cyg lifetime increased similarly for viscosity
changes from 1 to 185 cp: tycp,c12 = 0.22 + 0.002 ns, t1¢p c18 = 0.22 + 0.01 ns and t85¢p,c12
=1.32£0.01 ns, 1185¢p,c18 = 1.34 £ 0.02 ns. We conclude that fluorescence lifetime of Dil
depends on local viscosity surrounding the chromophore and is independent of dye chain
length. Next, fluorescence lifetime and diffusion coefficients were measured in giant
unilamellar vesicles to assess the behavior of Dil-Cy, and Dil-Cg in membranes exhibiting
liquid-disordered (l45) (DOPC) and liquid-ordered (l,) (DOPC:cholesterol in a 1:1 mol
fraction) phases (Table 1). Ten FIFO measurements, taken at room temperature, were
recorded for each data set. Fluorescence lifetimes were obtained by fitting histograms of
arrival times with a double exponential using iterative reconvolution, and diffusion
coefficients were determined by fitting autocorrelation curves with models for 2-D
diffusion. In a given membrane phase, lateral mobility was not significantly affected by the
hydrocarbon chain length as evidenced by the similarities in diffusion coefficient of Dil-Cq»
and Dil-C,g when dyes were incorporated into like phases of either liquid-disordered (Dyg ~
8 x 1078 cm?/s) or liquid-ordered phase lipids (D), ~ 5 x 1078 cm?/s). Attempts to record
diffusion coefficients in gel phase, using DPPC, resulted in photobleaching of the immobile
dyes, consistent with previous reports.#? Similarly, fluorescence lifetimes depended on
membrane phase and not chain length as shown by the fact that the lifetimes for the two
dyes were statistically equivalent when incorporated into equivalent phases.

We then assessed fluorescence lifetimes and diffusion coefficients of dyes in the apical
membranes of confluent bovine aortic endothelial cells (Table 1). We first note that the
fluorescence lifetime of Dil-Cq (t = 1.26 + 0.02 ns) was significantly shorter than that of
Dil-C1g (t = 1.43 £ 0.05 ns) in cells incubated in DMEM with FBS suggesting that the dyes
probe environments of differing viscosity. Sequestering of cholesterol from membranes
using MBCD caused Dil-C1g fluorescence lifetime to be significantly reduced but did not
affect fluorescence lifetime of Dil-Cq9, suggesting that cholesterol is responsible for the
formation of viscous domains probed by Dil-Cyg. In addition, cells in PBS had significantly
shorter Dil lifetimes than cells in 10% FBS, indicating that serum proteins play a role in cell
membrane viscosity.

Together, control studies in solution and model membranes and studies in cells lead us to
conclude that differences in Dil-C1, and Dil-Cqg fluorescence lifetimes, observed in cells,
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arise from the dyes’ differential preference for membrane phases and are not an artifact of
having different chain lengths.

Shear Stress Effects on Cell Membranes are Reflected in Changes in Dil Photophysics

Confluent bovine aortic endothelial cells were subjected to a step shear of 10 dyn/cm? from
fluid flow, and the photophysics and dynamics of Dil-C1, and Dil-C1g were recorded
continuously. The observation volume was a spot on the plasma membrane on the midpoint
between the nucleus and cell border on the upstream of the cell.1® Fluorescence from Dil
embedded in the membrane was collected in FIFO mode, allowing extraction of
fluorescence fluctuations and lifetime data. The use of a time-correlated single photon
counting-based system allowed us to gather simultaneous information at the nanosecond
(fluorescence lifetimes) and micro to milliseconds (lateral diffusion) timescales from single
molecules. However, the penalty of increased temporal resolution is fewer photons
contributing in each time step. Diffusion coefficients, in particular, require more photons to
build and fit the autocorrelation function. In addition, the standard error of FCS
measurement reaches 20% for 2-species fits, as seen in model membranes.*! Considering all
the above, the shortest time step for shear effects was 20 s for lateral diffusion, and 5 s for
fluorescence lifetime. Measurements of Dil-C, were averaged over 8 cells and Dil-Cqg
over 7 cells. Diffusion coefficients and fluorescence lifetimes were normalized to the mean
pre-shear values (60 s for 20-s time steps and 30 s for 5-s time steps) for each cell
independently. Significance tests were performed by computing two sample paired t-tests
with respect to the pre-shear value immediately preceding step-shear (at 100 s for 20-s time
steps and 115 s for 5-s time steps).

Shear Stress Induces Early and Transient Decrease in Dil-Cq5, Lifetime and Later and
Sustained Decrease in Dil-Cyg Lifetime

Fluorescence lifetime data were reported for 20-s integration time steps and plotted pre-,
during and post-shear. Dil-C1, and Dil-Cyg dyes exhibited double exponential lifetime (Fig.
2). From our solution results, model membrane results and literature,>® we concluded that
second lifetime component was more strongly affected by viscosity than the first
component. Thus, we focused on the shear-induced changes in the longer exponent, for
which values were obtained by tail fitting the portion of the histogram bin where first
exponential and IRF are not relevant, i.e. 0.5 ns from maximum intensity.” The mean pre-
shear lifetime values were 1, = 1.26 % 0.02 ns for Dil-Cy, and 1 = 1.43 £ 0.05 ns for Dil-
C,g. From the data in Fig. 2 it is evident that shear stress induces a significant decrease in
Dil-Cy1, normalized lifetime (p < 0.05) at 20 s after onset of shear whereas Dil-C1g exhibited
a significant decrease in normalized lifetime beginning at 40 s (p < 0.01), which was
sustained up until 120 s (p < 0.01) after onset of shear.

Lifetime data are also presented for 5-s time increments from 30 s before to 60 s after onset
of shear. The mean values and standard errors for each dye are displayed in Fig. 3 for each
time step. There was a significant decrease in the fluorescence lifetime for Dil-Cq, cells that
began at 10 s after step-shear and returned to control values after 35 s. Dil-C4g fluorescence
lifetime, however, decreased beginning at 15 s after step-shear and this decrease was
sustained for 55 s as shear continued. The points not showing significant changes in these
intervals are likely due to natural membrane fluctuations in composition and viscosity. We
conclude that shear stress induced a transient decrease in Dil-Cq, lifetime with a
characteristic time of 10 s, while the decrease with shear stress of Dil-Cqg lifetime was
delayed and sustained (Fig. 3).
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Shear Stress Induces a Rapid Increase in Number of Molecules for Dil-C1, Domains and a
Decrease for Dil-C1g Domains

For 5-s integration time, the normalized number of molecules (N) in the observation volume
of Dil-Cy5 increased immediately and significantly after step shear and this increase was
maintained for 15 s (Fig. 4). After 15 s N for Dil-Cq, returned to pre-shear values despite the
maintenance of shear stress. For Dil-Cg, N decreased immediately after step-shear but this
decrease was transient.

Shear Stress Induced an Increase in Lateral Diffusion of Dil-C1g But Not Dil-Cq»

Autocorrelation curves from fluorescence correlation spectroscopy measurements were
derived from 20-s integration of step-shear data (Fig. 5). They were fit for 2-component 2-D
diffusion,80.7> where the fast component diffusion coefficient was in the range of that of free
dye. The mean values of the slow components, corresponding to membrane diffusion, were
D, =8.23 +0.66 x 108 cm?/s (ranging from 6.34 to 10.4 x 1078 cm?/s) for Dil-C15 and D5
=5.38 + 0.81 x 1078 cm?/s (ranging from 1.77 to 10.1 x 10~8 cm?/s) for Dil-C1g. Mean
values and standard errors for normalized diffusion coefficients of the slow component are
plotted over the time course of the experiment. We observed a significant increase (p < 0.05)
in the diffusion coefficient of Dil-C1g between 20 and 40 s after onset of shear. There was
no significant increase in diffusion of Dil-C1, for any time point.

DISCUSSION

To elucidate the role of the plasma membrane in endothelial cell sensitivity to shear stress,
we recorded the change upon onset of shear in physical properties of fluorescent probes
embedded in the lipid bilayer. Principle results are as follows. First, the chain lengths of Dil
determine the domain phase specificity but are not related to chromophore photophysics.
This result demonstrates that the differences in photophysical properties arise from
differences in the local lipid bilayer the dyes are probing. Second, based on control data
from GUVs and glycerol solutions of varying viscosity, a decrease in lifetime indicates a
decrease in local molecular viscosity. Third, shear stress induces an early and transient
decrease in Dil-Cy, lifetime and a later sustained decrease in Dil-Cyg lifetime. These
decreases in lifetime can be attributed to shear-induced decreases in l4 and I, membrane
microviscosity around the Dil chromophore. Fourth, shear stress induces a rapid increase in
number of molecules for Dil-C1, domains and a decrease for Dil-C1g domains, suggesting
that the area of the membrane probed by Dil-C1, and Dil-C,g increases and decreases,
respectively. Fifth, shear stress induced a later and transient increase in lateral diffusion of
Dil-Cqg but not Dil-C45, suggesting that Dil-C4g-labeled domains become smaller and more
mobile as a result of shear stress.

Our control studies on GUVs show that the shorter lifetime and faster diffusion of Dil-C1»
relative to Dil-Cyg in cells is due to the fact that the Dil chromophore responds to local
differences in lipid phase. Diffusion coefficients of Dil-C45 and Dil-C4g collected in giant
unilamellar vesicles were consistent with those found in other studies-38 and illustrate that
both dyes diffuse similarly in similar lipid phases (Table 1).Mean diffusion coefficients in
cells show that the dyes in the plasma membrane probe two different domains: Dil-Cy5 is in
a lg environment, while Dil-C4g probes I, domains. We can also conclude that the main non-
radiative pathway for Dil is through trans-cis photoisomerization of the chromophore’s
central methine bridge and this pathway is augmented when viscosity surrounding the
chormophore decreases. In previous research we have found that the Dil chromophores are
located within the lipid bilayer just below the lipid headgroups33 and we did not detect large
effects from increasing water accessibility on lifetime values (Fig. 1b). We also assume
uniformity of electrostatic charge fields around the bilayer and sufficiently low dye
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concentration such that homo-FRET is prevented. Importantly, an increase in lifetime with
increasing glycerol concentrations (Fig. 1a) points to local viscosity as the main cause of
lifetime changes. Accordingly, since average lifetime values obtained from shear
experiments were consistently higher than in our GUV and solution controls we conclude
that cells have more viscous membranes than model membranes. Combining control data
with shear data, and since Dil labels the outer leaflet of cells, we conclude that our reported
decreases in fluorescence lifetime with shear stress reflect decreases in viscosity of the outer
leaflet of the cell membrane that are early and transient for I domains and later and
sustained for I, domains.

As mentioned in methods, the effects of shear stress on membrane microdomains were
evaluated at a single point on the apical endothelial cell membrane at a position upstream
from the nucleus. Because data was recorded continuously on a single point per cell, in order
to record time-dependent events, it was not possible to scan multiple points on the cell. The
upstream side of the cell was chosen because previous research showed that shear effects on
membranes were most prominent in this area.1? Recent studies by Dangaria et al.1® and
Ueki et al.”3 suggest that the upstream part of the apical cell surface experiences greater
strain than other parts of the cell surface in response to fluid shear stress. Related to his,
Barbee et al. have suggested that this area of the cell experiences positive spatial shear stress
gradients, in contrast to the downstream side, where spatial shear stress gradients are
negative.® Our previous research also suggests that the upstream side of the cell is
differentially sensitive to temporal shear stress gradients and these effects are rapidly
attenuated after step shear, and absent during ramp and steady shear.1! For these reasons, we
evaluated step shear effects, containing both temporal shear gradients and steady shear
components, on the upstream side of the cell, where shear stress is higher and there exists
positive shear stress gradients. Considering this heterogeneity of stress distributions, we
expect that shear effects on membrane microdomains on other parts of the cell are also
spatially varying. In addition heterogeneity in stress in a membrane of heterogonous
composition may contribute to spatially varying effects of shear stress observed during
calcium signaling,30 stretch on membrane ruffling,3¢ and shear on mechanotaxis,*” and
other shear related phenomenon. In our studies, cells were confluent. Confluent cells are
likely to have different stress distributions than non-confluent cells. Thus, confluence is
another factor that could potentially contribute to stress heterogeneity.’2 Finally, we have
looked at detailed stress distributions in focal adhesions?4 and have predicted that these are
areas with additional stress heterogeneity. Thus the detailed role of stress heterogeneity on
cell membrane sensitivity to shear stress remains a fruitful avenue of future research.

Synthesis of all the data obtained from multiparameter TCSPC leads us to suggest that shear
stress rapidly and transiently induces membrane rippling of the liquid-disordered domains
leading to decreased viscosity in the outer leaflet. Support for this interpretation is as
follows. The number of Dil-C1, molecules increased by about 30% immediately after onset
of shear (Fig. 4). This phenomenon did not result from a change of focus or membrane angle
since there was no decrease in molecular brightness (data not shown) or decrease in
diffusion coefficient (Fig. 5).50:65 Thus, the increase in N is only possible when the surface
area of the membrane probed by the confocal volume increases. A possible explanation is
shear-induced membrane ripples which may be caused by force transmission from the flow
to the glycocalyx to the membrane. In fact, the role of the glycocalyx has been purported to
impair fluid flow near the lipid bilayer!4.61 and may, itself, act as a mechanosensor.89.76
Although there is still controversy about its integrity in cultured cells,>8
immunofluorescence of heparin sulfate proteoglycans show that it is at least present in
cultured endothelial cells used in our experiments (Fig. 6).2>74 A documented pattern for
the glycocalyx has displayed syndecan-actin cytoskeleton anchors 100 nm apart®” and a
mechanism for translation of the mechanical stress from fluid flow to the cell has been
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described by a moment about an axis normal to the direction of shear on anchored
syndecans.’8 If undulations occurred between anchored points, the surface area between
each could increase by about 30%. Assuming a sinusoidal wave, the membrane undulation
would have an 18-nm amplitude.®® Undulations that increase the surface area by 30% should
decrease the apparent diffusion coefficient of the dye by approximately the same amount.
Either FCS measurements were not sufficiently sensitive to detect this change, or the lateral
mobility of the dye was also enhanced by shear and cancelled out the undulation effect. The
decrease in lifetime of Dil-Cy5 at shortly after step-shear (Fig. 3), reflecting a decrease in
viscosity, is consistent with this interpretation. Since the dye resides in the outer leaflet
during the experimental time, the recorded viscosity decrease might come from outward
membrane bending resulting in tension in the outer leaflet and reduced lipid order. GPI-
anchored proteoglycans, glypicans, float on the upper leaflet and can also translate
mechanical force through lateral motion. In summary, the decrease in lifetime for Dil-Cq»
and increase in molecular number with shear stress is consistent with a decrease in viscosity
of the outer membrane leaflet resulting from outward curvature and the associated expansion
of the outer membrane leaflet. Assessing the role of the glycocalyx in shear-induced
membrane rippling would be an interesting avenue of investigation, but care would need to
be exercised because of the subtle influence on bilayer organization of extracellular and
intracellular structural components, as demonstrated in changes in fluorescence lifetime of
dyes when cells were incubated with and without serum. For these reasons, repeating these
experiments with the glycocalyx removed was beyond the scope of this study.

An alternative interpretation to the change in N is that shear stress simply strained the
membrane and increased its area. If this were the case then N would decrease since the
confocal probe cross-sectional area does not change. N did decrease transiently for Dil-Cqg
but increased for Dil-Cq5, So simple strain is not sufficient to explain the differential effects
of shear on N. It is also possible, that because the membrane is fluid, stress caused Dil-Cqg
molecules to leave the probe area while it caused Dil-C12 molecules to enter. A possible
mechanism of this might be stress-induced thinning of the membrane resulting in changes in
the probes’ preference for the location that was being monitored. This is an entirely
plausible explanation since the miscibility of the dyes in the membrane depends strongly on
chain length matching between Dil and the local bilayer. Thinning the bilayer would favor
miscibility of Dil-C1, and disfavor miscibility of Dil-C1g leading to lateral diffusion toward
or away from, respectively, the observation area. This hypothesis leads to the interesting
idea that shear stress leads to lipid sorting through hydrophobic interactions among lipids. A
similar effect could apply to proteins which much match their hydrophobic regions to lipid
hydrophobic regions.

The wider range of diffusion coefficient values of Dil-Cg reflects the heterogeneous nature
of the domains it resides in—Dil-C1g has been localized in higher-order lipid domains’6 as
well as in less packed high-ordered lipid domains,*® and GPl-anchored proteins, thought to
co-localize with liquid-ordered domains, can display relatively fast lateral diffusion.3°
Regarding the effects of shear on |, domains, we recorded a delayed and transient increase
in Dil-Cqg diffusion coefficient after shear (Fig. 5). Simultaneously, we showed that
fluorescence lifetime values decreased 10 s after onset of shear (Fig. 3), but remained low as
long as shear was on (Fig. 2). Together, these data indicate that shear stress reduced
viscosity of liquid-ordered (l,) domains. Again, from data recorded simultaneously for
diffusion and lifetime, we proposed that shear-induced increase in I, domain diffusion are
are due to changes in the size of the domains probed by Dil-C4g, decreased viscosity of
membrane surrounding I, membrane, or shear-induced increase in lateral diffusion of GPI-
anchored proteins.3?
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In summary, the shear-induced decrease in fluorescence lifetime of Dil-Cy, can be
explained by shear-induced undulations and local decrease in outer leaflet viscosity of Iy
phase domains. This could be due to the twisting of the lipid bilayer from the moment
(torque) transmitted from the fluid flow to syndecans and glypicans. The increase in
diffusion coefficient of Dil-C4g recorded by FCS may be caused by the decreased size of
domains, increased mobility of the surrounding fluid phase, or drag by glypicans. Also, the
sustained decrease in lifetime of Dil-C4g during application of the fluid shear stress may
result from constant mechanical strain felt locally. Alternatively, shear stress leads to
membrane thinning resulting in changes in preference for the dyes in the observation area,
changes in their fluorescence lifetime, and diffusion coefficients. It should be pointed out,
however, that several signaling events are triggered within the course of this experiment. G
proteins and ion channels, in particular, are activated within seconds3:31:53 and could be the
cause of the stress regulation or cross-linking of proteins, which may affect local membrane
viscosity. Lipid turnover, as well, can occur within seconds, as seen in neuronal cells. But
from the perspective of a passive response, stress could be transferred from fluid phase to
ordered domains within seconds. The time-line of shear effects for Dil-C1, (early) and Dil-
C,3 (later) are consistent with the interpretation that the short term responses of the
membrane to shear stress reflect a passive response.

In conclusion, this study revealed time-dependent changes in membrane microviscosity
using simultaneous fluorescence correlation spectroscopy, fluorescence lifetime, and
molecular brightness measurements of lipoid dyes embedded in endothelial cell membranes.
This novel multiparameter approach to single-molecule spectroscopy to study membrane
dynamics allowed us to gain insight into the temporal, spatial, and domain-dependent
alteration of the endothelial cell lipid bilayer in response to physiological shear stress.
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FIGURE 1.

Assessment of fluorescence lifetime decay mechanisms of Dil: (a) Effects of solution
viscosity on fluorescence lifetime (means and standard deviations) of Dil-C4, and Dil-Cg.
Viscosity was increased by increasing glycerol concentration and was measured in a
viscometer. (b) Effect of increasing water content on fluorescence lifetime (means and
standard deviations) of Dil-Cy, and Dil-Cyg.
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FIGURE 2.

Effect of shear stress on 20-s normalized fluorescence lifetime of membrane dyes Dil-Cq5 (n
=7) and Dil-C,g (n = 8). All lifetimes were evaluated using 20-s integration of photon data,
tail fitted for the slow exponent only, were normalized using average of pre-shear values,
and are expressed as means and standard errors. Vertical dotted line indicates shear on (or
off) time point (*p < 0.05).
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FIGURE 3.

Effect of shear stress on 5-s normalized fluorescence lifetime of membrane dyes Dil-Cy, (n
=7) and Dil-Cyg (n = 8). All lifetimes were evaluated using 5-s integration of photon data,
tail fitted for the slow exponent only, were normalized using average of pre-shear values,
and are expressed as means and standard errors. Vertical dotted line indicates shear on time
point (*p < 0.05).
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FIGURE 4.

Effects of shear stress on 5-s normalized number of molecules, N, relative to last pre-shear
value for Dil-Cy, (n = 7) and Dil-C4g (n = 8). Values are normalized to average of pre-shear

values and expressed as means and standard errors. Vertical dotted line indicates shear on
(or off) time point (* p < 0.05).
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FIGURE 5.

Effects of shear stress on 20-s normalized diffusion coefficient, D, relative to last pre-shear
value, for Dil-C4, (n = 7) and Dil-C4g (n = 8). All diffusion coefficients were evaluated
using 20-s integration of photon data, were normalized using average of pre-shear values,
and are expressed as means and standard errors. Vertical dotted line indicates shear on (or
off) time point (* p < 0.05).
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FIGURE 6.
Glycocalyx staining of BAECs with Alexa Fluor 647-tagged HepSS-1. Staining pattern is
similar that reported in Thi.”®
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TABLE 1

Diffusion coefficients and lifetime values of Dil-C1, and Dil-Cg.

D (x1078 cm?/s); 14 (ns), T2 (ns)

Dil-Cy, Dil-Cyg

DOPC (lg) 8.2+0.4;0.29+0.01,0.92+0.01 7.8+0.5; 0.28 +£0.02, 0.93 + 0.02

DOPC:cholesterol (1:1) (l)  50+0.2%:0.360.02, 1.07 + 0.02° 5.0 +0.2%;0.36 £ 0.02, 1.08 + 0.01"

DPPC (gel) Immobile; 0.34 + 0.03, 1.28 + 0.04™  Immobile; 0.29 + 0.05, 1.31 + 0.02*
BAECs in DPBS NA; NA, 1.09 % 0.08 NA: NA, 1.12 + 0,08
BAECs in DPBS with MBCD NA; NA, 1.07 £ 0.04 NA: NA, 1.04 + 0.06™
BAECs in DMEM + FBS 8.23+0.66; NA, 1.26 +0.02 5.38+0.81; NA, 1.43 £ 0,05 T

Rows 1-3 are diffusion coefficients and lifetime values (+SD) of Dil-C12 and Dil-C1g in giant unilamellar vesicles in Ig (DOPC), Ig
(DOPC:cholesterol in a 1:1 mol fraction) and gel (DPPC) phases.

*
Indicates significant differences between each phase for diffusion and t2 (n = 10) (p < 0.05). Rows 4-5 are tail-fitted lifetime values (+SD) of
Dil-C12 and Dil-C1g in bovine aortic endothelial cells (BAECs) in DPBS (n = 11).

Fk

indicates significant difference between lifetime values for Dil-C12 (n = 10) and Dil-C18 (n = 12).

*kk
indicates significant difference in lifetime values for BAECs in DPBS and DPBS with MBCD (in these experiments D was not measured and t1
is not relevant for tail fitting). Row 6 is diffusion coefficient and tail-fitted lifetime values in cells in DMEM with FBS.

Tindicates significant difference of diffusion or lifetime values for cells in serum vs. DPBS without serum).
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