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The nonsteroidal anti-inflammatory drug indomethacin ex-
hibits diverse biological effects, many of which have no clear
molecular mechanism. Membrane-bound receptors and en-
zymes are sensitive to their phospholipid microenvironment.
Amphipathic indomethacin could therefore potentially modu-
late cell signaling by changing membrane properties. Here
we examined the effect of indomethacin on membrane lateral
heterogeneity. Fluorescence lifetime imaging of cells ex-
pressing lipid-anchored probes revealed that treatment of
BHK cells with therapeutic levels of indomethacin enhances
cholesterol-dependent nanoclustering, but not cholesterol-in-
dependent nanoclustering. Immuno-electron microscopy and
quantitative spatial mapping of intact plasma membrane sheets
similarly showed a selective effect of indomethacin on promot-
ing cholesterol-dependent, but not cholesterol-independent,
nanoclustering. To further evaluate the biophysical effects of
indomethacin, we measured fluorescence polarization of the
phase-sensitive probe Laurdan and FRET between phase-parti-
tioning probes in model bilayers. Therapeutic levels of indo-
methacin enhanced phase seperation in DPPC/DOPC/Chol
(1:1:1) and DPPC/Chol membranes in a temperature-depen-
dent manner, but had minimal effect on the phase behavior of
pure DOPC at any temperature. Taken together, the imaging
results on intact epithelial cells and the biophysical assays of
model membranes suggest that indomethacin can enhance
phase separation and stabilize cholesterol-dependent nanoclus-
ters in biological membranes. These effects on membrane lat-
eral heterogeneity may have significant consequences for cell
signaling cascades that are assembled on the plasma membrane.

Non-steroidal anti-inflammatory drugs (NSAIDs)? are widely
used for their anti-inflammatory, analgesic, and antipyretic
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effects. Long-term administration of NSAIDs has also been
reported to prevent the progression of various types of cancer
(colon, gastric, esophageal, pulmonary, prostate, ovarian, and
breast); cardiovascular disease (myocardial infarction, throm-
bosis, and stroke); diabetes (insulin-resistant and related meta-
bolic syndrome); and diseases of the peripheral and central
nervous system (Alzheimer disease, Parkinson) (1). Despite the
increased usage of NSAIDs over the past decades (1), the
molecular basis for these diverse biological activities is not fully
understood.

The cyclooxygenase (COX) inhibitory activities of NSAIDs
contribute to their anti-inflammatory, analgesic, and antipy-
retic effects, as well as gastrointestinal side effects (1). However,
many biological activities of NSAIDs are COX-independent,
including their effects on amyloidogenic AB42 production (2),
tight junctions (3), neutrophil adhesion, and transmigration
(3), and cell apoptosis and proliferation (4). Whereas it is pos-
sible that NSAIDs interact with multiple protein targets, it is
quite feasible that these drugs influence cell function by a
more general mechanism. NSAIDs are amphiphilic, are
capable of strong association with phospholipids (5, 6) and
possess large membrane partition coefficients (7). At the
high concentrations found in the gastrointestinal tract
NSAIDS disrupt a phospholipid monolayer covering the gastric
mucus layer, contributing to gastric injury (6). NSAIDs also
perturb membrane integrity resulting in altered red blood cell
morphology (8) and reduced mechanical stability of phosphati-
dylcholine (PC) membranes (5). Other amphiphilic drugs, such
as local and general anesthetics, influence membrane biophys-
ical properties which contribute, in part, to their diverse biolog-
ical activities (9). Extrapolating from these studies we hypoth-
esize that NSAIDs intercalate in cell membranes and by
perturbing lipid-lipid interactions modulate diverse mem-
brane-scaffolded biological processes. Nanoclustering in bio-
logical membranes is related to phase separation in synthetic
model membranes and reflects changes in the lateral packing of
phospholipids that may cause changes in the structure, local-
ization, and function of membrane proteins (10 —13). We there-
fore examined whether a potent NSAID, indomethacin, alters
nanoclustering in baby hamster kidney cell plasma membrane.
The outcome of this in vivo study was then correlated to the
effect of indomethacin on phase behavior in model liposomes.
To the best of our knowledge, the concept that NSAIDs may
have broad effects on cell function by changing membrane
domain organization has not previously been examined. The
studies we describe here provide strong preliminary evidence in
favor of this proposal.
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EXPERIMENTAL PROCEDURES

Materials—Dipalmitoyl phosphatidylcholine (DPPC), dio-
leoyl phosphatidylcholine (DOPC), dipalmitoyl phosphati-
dylethanolamine-7-nitrobenz-2-oxa-1,3-diazol-4-yl (DPPE)-
NBD, dioleoyl phosphatidylethanolamine (DOPE)-NBD, and
(DOPE)-rhodamine were purchased from Avanti Polar Lipids,
Inc. (Alabaster, AL). Lipids were dissolved in chloroform
and stored at —20 °C under nitrogen. Cholesterol was pur-
chased from Sigma-Aldrich and 6-dodecanoyl-2-dimethyl-
aminonaphthalene (Laurdan) was purchased from Molecular
Probes (Carlsbad, CA).

Indomethacin was first dissolved in PBS to make a 50 mm
stock solution. Because indomethacin is not easily solubilized
in aqueous solution, we slowly increased the pH of the PBS
solution (maintaining the solution pH < 9) while providing
minimal heating (< 38 °C). Once all indomethacin dissolved,
the pH was then slowly adjusted back down to ~7.4. The con-
centration of indomethacin was checked by HPLC.

Fluorescence Lifetime-imaging Microscopy-FRET (FLIM-FRET)—
Expression vectors for GFP-tH, RFP-tH, GFP-tK, and RFP-tK
have been described previously (14—16). Each construct com-
prises mGFP or mRFP appended with the C-terminal minimal
membrane anchors of H-Ras (-tH) or K-Ras (-tK), respectively.
Baby Hamster Kidney (BHK) cells cultured in DMEM contain-
ing 10% BCS were transfected using Lipofectamine according
to manufacturer’s instructions. Twenty-four hours after trans-
fection, cells were treated with various concentrations of indo-
methacin for 1 h in serum free DMEM, then washed, and fixed
with 4% paraformaldehyde (PFA). GFP lifetime was measured
using a Lambert Instruments (Roden, The Netherlands) FLIM
attachment on a wide field microscope. Cells expressing com-
binations of GFP-tH, RFP-tH, GFP-tK, and RFP-tK were
excited using a sinusoidally modulated 3W 497 nm LED at 40
MHz under epi-illumination. Fluorescein was used as a lifetime
reference standard (~4.1 ns). Cells were imaged with a 60x
Plan-Apo/1.4 NA oil objective using an appropriate GFP filter
set. The phase and modulation lifetimes were determined from
a set of 12 phase settings using the manufacturer’s software.
Three independent experiments were performed for each
treatment, and data from a total of 35-50 cells were pooled to
calculate mean and S.E.

Immuno-electron Microscopy (EM) and Spatial Analysis—
Immuno-EM and spatial analysis were conducted exactly as
described previously (13, 17-19). In brief, BHK cells were cul-
tured on glass coverslips to ~80% confluency and treated with
100 uMm indomethacin for 1 h. Intact apical cell plasma mem-
brane sheets were attached to EM grids, washed, and fixed in 4%
PFA, 0.1% glutaraldehyde. Grids were incubated with anti-GFP
antisera directly coupled to 4 nm gold, washed, stained in ura-
nyl acetate and embedded in methylcellulose. Digital images of
the immunogold-labeled plasma membrane sheets were taken
at 100,000 X magnification in an electron microscope. Intact 1
wm? areas of the plasma membrane sheet were identified and
the (x,y) coordinates of each gold particle determined using
Image | software. K-functions and transformations (20) were
calculated according to Equations 1 and 2 and standardized on
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the 99% confidence interval (CI) estimated from Monte Carlo
simulations,

K(r) =An22w1(x — x| <r) (Eq. 1)
Vial
L(r) = r= \K(r)/m—r (Eq.2)

where K(7) is the K-function for a pattern of # points in an area
A, r = radius at which K{(7) is calculated (here we evaluate 1< r
<240 nm at 1 nm increments), || is Euclidean distance, 1(*) is
the indicator function, this takes a value of 1 if |x,—x/| = rand 0
otherwise, wlfl is the proportion of the circumference of the
circle with center x, and radius [lx,—x]| contained within A, this
term builds in an unbiased edge correction for points at the
edge of the study area. L(r)—r is a linear transformation of K(r),
under the null hypothesis of complete spatial randomness
L(r)—r has an expected value of 0 for all values of r (21, 22).
Bootstrap tests to examine differences between replicated point
patterns were constructed exactly as described (23) and statis-
tical significance evaluated against 1000 bootstrap samples.

Large Unilamellar Vesicle Formation—Approximately 20 mg
of PC lipids in chloroform were dried under nitrogen gas and
exposed to vacuum overnight to completely evaporate chloro-
form. The lipid film was rehydrated with 10 ml of phosphate
buffer solution (PBS) at pH 7.4 and incubated at a temperature
well above the highest melting temperature in the lipid mixture
under nitrogen gas for at least 30 min. Lipid solution was
extruded across a polycarbonate filter with 100 nm pores in a
Mini-extruder set-up (Avanti Polar Lipids, Inc) at ~66 °C to
form large unilamellar vesicles (LUVs). In all experiments, lipo-
somes were incubated for 30 min in PBS buffer containing
indomethacin before measurements.

Fluorescence Resonance Energy Transfer (FRET)—The tech-
nique of FRET to characterize membrane phase separation has
been well developed (24, 25). LUVs were labeled with 0.5 mol%
of donor (DPPE)-NBD with or without acceptor (DOPE)-rho-
damine. Fluorescence intensity of NBD in the presence or
absence of acceptor DOPE-rhodamine was measured at room
temperature by using QuantaMaster UV/VIS spectrofluorom-
eter. The efficiency of energy transfer, E, was calculated as: E =
(I, — I, _ J)/I, where I, is NBD intensity in the sample con-
taining only donor probe and I, _ , is NBD intensity in the
sample with both donor and acceptor probes.

Laurdan Generalized Polarization (GP) Measurements—
Generalized polarization of Laurdan has been used to deter-
mine membrane phase heterogeneity in both synthetic model
membranes and biological membranes in many studies (26 —
35). A Laurdan molecule positions a naphthalene group near
the lipid glycerol backbone with lauric acid aligned with acyl
chains (36). In a polar solvent, a portion of the excited state
energy of Laurdan is lost to the reorientation of solvent mole-
cules (36). Because of this dipolar relaxation, the emission spec-
trum of Laurdan displays a red shift as solvent polarity increases
(Fig. 1a). Our goal is to use Laurdan to examine the effect of
indomethacin on membrane phase behavior. It was important
therefore to ensure that changes in Laurdan fluorescence prop-
erties induced by indomethacin indicate alteration in mem-
brane phase behavior and are not caused by direct interactions
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FIGURE 1. Emission spectral shift of Laurdan in organic solvents and
phospholipid bilayers. g, emission spectral shift of Laurdan depends on the
polarity of the surrounding environment. In non-polar chloroform (dia-
monds), Laurdan emission spectrum (excited at 340 nm) displays a peak at
440 nm. Exposure to polar ethanol (circles) shifts the emission spectrum to the
right to 490 nm. The presence of Indo has no effect on emission spectra of
Laurdan in either solvent, confirming no direct interaction between indo-
methacin molecules and the probe. b, in a phospholipid membrane, the emis-
sion spectral shift of Laurdan depends on the membrane phase behavior. The
spectral peak of Laurdan in gel phase DPPC (at 24 °C) occurs at 440 nm.
Increasing the temperature to 50 °C shifts the emission peak to 490 nm, indi-
cating a transition to liquid phase. Addition of 3.5 mm indomethacin at 24 °C
moves the Laurdan emission peak to a position between gel phase and liquid
phase of DPPC. Two peaks are found: at ~450 nm and ~470 nm. ¢, chemical
structure of indomethacin.

between indomethacin and Laurdan. To do this, we dissolved
Laurdan in pure organic solvents of chloroform or ethanol, with
or without indomethacin. We found that indomethacin caused
no change in the Laurdan emission spectrum (Fig. 14), indicat-
ing that indomethacin does not specifically interact with Laur-
dan and does not influence the fluorescence characteristics of
the probe. Thus, changes in Laurdan fluorescence observed in
this study reflect changes in membrane phase behavior.

30 ml of Laurdan (1 mg/ml stock in ethanol) was mixed with
lipids in chloroform and LUVs were synthesized as described
above. Emission spectra of Laurdan between 400 nm and 550
nm were obtained at various excitation wavelengths between
320 nm and 410 nm in a QuantaMaster UV/vis spectrofluorom-
eter (Photon Technology International, Inc. Birmingham, NJ).
Temperature control was achieved by utilizing a Neslab circu-
lating chiller (Thermo Scientific, Waltham, MA) and continu-
ously monitored by a digital thermometer. An example of emis-
sion spectrum of Laurdan in DPPC excited at 340 nm at room
temperature (24 °C) is shown in Fig. 1b. The spectrum displays
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a peak at 440 nm, suggesting that the DPPC bilayer (7, =
41 °C) is in gel phase (30). The spectrum of Laurdan in DPPC
shifts to the right to 490 nm at 50 °C, confirming a liquid phase
above the T, (Fig. 1b). Excitation GP values are calculated by
using intensity values at 440 and 490 nm in Equation 3,

GP = (l4a0 = l190) / (laa0 + la90) (Eq.3)

where I, and 1,4, are intensity values at emission wavelengths
of 440 nm and 490 nm, respectively. In a liquid phase, L, Laur-
dan displays a progressive red shift when excitation wavelength
increases, because of dipolar relaxation, yielding a negative
slope of the GP curve (30, 33). In a gel phase, GP is insensitive to
the excitation wavelength because of a lack of solvent mole-
cules, hence a flat GP curve. When coexisting phases are pres-
ent, the fluorescent intensity of Laurdan in L, phase gradually
decreases because these molecules undergo dipolar relaxation
as in the case of the pure liquid domain, while Laurdan mole-
cules in L phase stay unaffected as in a pure gel phase. This
means the contribution of Laurdan GP in L phase to the total
GP becomes more dominant as the excitation wavelength
increases, resulting in a gradual increase in GP and a positive
slope of the GP curve.

RESULTS

Indomethacin Stabilizes Cholesterol-dependent Nanoclusters
in Biological Membranes—The spatial distribution of lipid-an-
chored proteins on the plasma membrane is determined, in
part, by the non-random distribution of lipids in the bilayer. As
a general screen for effects of indomethacin on the organization
of the plasma membrane we utilized fluorescence lifetime
imaging microscopy (FLIM) to monitor the distribution of lipid
anchored fluorescent proteins (14 -16). We have shown previ-
ously that the minimal membrane anchor of H-ras (-tH)
appended to GFP or RFP undergoes post-translational farnesy-
lation and dual palmitoylation. The covalent attachment of the
fully saturated palmitoyl (16:0) acyl chains to GFP targets
GFP-tH to cholesterol-dependent nanoclusters on the inner
leaflet of the plasma membrane (13, 17, 37, 38). GFP-tH nano-
clusters have a radius of ~12 nm and contain ~7 GFP-tH mol-
ecules, or a mixture of RFP-tH and GFP-tH molecules if both
fluorescent proteins are co-expressed. FRET between co-clus-
tered donor GFP and acceptor RFP molecules results in a
reduced GFP lifetime. BHK cells transiently expressing GFP-
tH, with or without RFP-tH, were treated with indomethacin,
and GFP lifetime was measured in single cells. The lifetime of
donor GFP was ~2.15 ns in cells expressing GFP-tH alone, but
was decreased to ~1.85 ns in cells co-expressing the FRET
acceptor, RFP-tH, as a result of energy transfer between the
probes (Fig. 2, a and b). Treatment with indomethacin at con-
centrations from 0.1 to 1.5 mm led to a further marked decrease
(p << 0.001) in the GFP lifetime to ~1.75 ns in cells expressing
both GFP-tH and RFP-tH (Fig. 2, 2 and b), indicating increased
FRET between the probes. These indomethacin concentrations
have been used in many animal (39 —42) as well as human stud-
ies (43). Indomethacin had no effect on GFP lifetime in cells
expressing GFP-tH alone (data not shown). We conclude
that indomethacin increases the extent of GFP-tH RFP-tH
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FIGURE 2. Effect ofindomethacin on nanoclusters in epithelial cell plasma
membrane. The lifetime of GFP in BHK cells expressing GFP-tH or GFP-tK
alone, or coexpressing GFP-tH and RFP-tH, or GFP-tK and RFP-tK; in the pres-
ence or absence of indomethacin, was measured in a wide field FLIM micro-
scope. Data were collected from multiple single cells. GFP lifetime is shown as
mean * S.E. (n = 50-100 cells from three independent experiments). Signif-
icant differences are indicated (*, p <<0.05; p = 8.6 X 10~ for 100 um indo-
methacin, p = 0.00014 for 500 um indomethacin, p = 0.018 for 750 um indo-
methacin and p = 4.2 X 10" for 1.5 mm indomethacin). The lower panel
contains FLIM images from a representative experiment, showing of BHK cells
expressing GFP-tH alone, or co-expressing GFP-tH and RFP-tH and treated
with 1.5 mm indomethacin. Scale bar: 20 um.

co-clustering, consistent with either stabilization of, or
increased formation of cholesterol-dependent nanoclusters
in BHK cell plasma membrane.

For comparison with GFP-tH, we examined the effect of
indomethacin on a subset of cholesterol-independent nano-
clusters. The minimal membrane anchor of K-Ras (—tK)
appended to GFP targets GFP-tK to cholesterol-independent
nanoclusters on the inner plasma membrane (10-13, 17). BHK
cells expressing GFP-tK with or without RFP-tK were treated
with 1.5 mm indomethacin and GFP lifetime was measured. Fig.
2a shows that the lifetime of GFP was ~2.16 ns in cells express-
ing only GFP-tK and decreased to ~1.89 ns in the presence of
the FRET acceptor, RFP-tK, as a result of energy transfer
between the probes. Unlike the case with GFP-tH, indometha-
cin treatment did not further decrease the lifetime of GFP-tK,
indicating that indomethacin does not alter the clustering
behavior of GFP-tK in cholesterol-independent nanoclusters in
the plasma membrane.

To further quantify the effect of indomethacin, plasma mem-
brane sheets were prepared from BHK cells transiently express-
ing GFP-tH, labeled with anti-GFP-4 nm-gold and imaged by
electron microscopy. The distribution of the immunogold
point pattern was analyzed using spatial statistics. The L(r) — r
plotin Fig. 3a shows a positive deflection outside the 99% CI for
a random pattern indicating that the GFP-tH immunogold
point pattern is clustered. Fig. 3a also shows that incubation
in 100 pum indomethacin induced a statistically significant
increase (p < 0.05) in GFP-tH clustering. In contrast, indo-
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FIGURE 3. EM analysis of GFP-tH and GFP-tK nanoclustering. Plasma mem-
brane sheets of BHK cells transiently expressing GFP-tH or GFP-tK, were
labeled with anti-GFP-5 nm gold, imaged in an electron microscope and ana-
lyzed using spatial statistics. Plasma membrane sheets generated from BHK
cells expressing GFP-tH (a) or GFP-tK (b), and left untreated or treated with
100 um indomethacin, were labeled with anti-GFP antibody conjugated to 5
nm gold. The plasma membrane sheets were imaged in an electron micro-
scope and the spatial distribution of the gold labeling was analyzed using
Ripley’s K-function (Equations 1 and 2). Maximum L(r) — r values above the
99% confidence interval (C.l.) for complete spatial randomness (CSR) indicate
clustering at that value of r. Univarate K-functions are weighted means (n =
18) standardized on the 99% C.I. Significant differences from the control pat-
tern for indomethacin-treated cells were assessed using Bootstrap tests.
Treatment with indomethacin significantly altered GFP-tH nanocluster for-
mation (p = 1 X 10~ 3), but not GFP-tK nanocluster formation (p = 1).

methacin had no significant effect on the clustering of GFP-tK
(Fig. 3b). To gain further insight into the nature of the effect of
indomethacin we re-interrogated the point patterns to derive
an estimate of the number of gold particles per cluster, and the
fractions of gold particles in clusters and arrayed as monomers
(13). This analysis shows that the number of GFP-tH gold par-
ticles, in a nanocluster significantly increased from ~1.8 in the
control condition to ~4.5 after treatment with 100 uM indo-
methacin (p < 0.05) (Fig. 4a). Furthermore the fraction of
GFP-tH found in clusters increased from ~50% in control to
~71% (p < 0.05) after treatment of cells with 100 pum indo-
methacin. In striking contrast, indomethacin had no effect on
the fraction of GFP-tK in clusters or the average number of
GFP-tK molecules per cluster (Fig. 4, 2 and b). These results are
in exact agreement with the FLIM-FRET experiments, and sug-
gest that the increased FRET observed is a result of both an
increase in the packing density of the co-clustered fluorophores
in individual clusters and an increase in the fraction of fluoro-
phores in clusters and therefore able to undergo FRET.
Indomethacin Alters the Phase Behavior of Model Mem-
branes—To verify that the observed effect of indomethacin is
caused by a direct effect on the phospholipid bilayer, we exam-
ined the ability of indomethacin to alter membrane phase
behavior in a mixed synthetic model membrane of DOPC/
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FIGURE 4. Effect of indomethacin on nanocluster parameters of GFP-tH or
GFP-tK. The immunogold point patterns analyzed in Fig. 3 were re-interro-
gated to provide an estimate of the number of gold particles per cluster and
the total fraction of gold particles arrayed in clusters. Note that the number of
gold particles can be converted to number of GFP molecules using the known
capture ratio of this GFP antisera (~0.45, Ref. 13).

DPPC/Chol (1:1:1). This model membrane reflects the main
lipid components found in biological plasma membrane. We
measured fluorescence polarization of the membrane probe
Laurdan, using the parameter of generalized polarization (GP)
as a function of excitation wavelength. There are several advan-
tages for using Laurdan: it has a large quantum yield in hydro-
phobic environments, such as membranes; it partitions indis-
criminately into all membranes with various phase properties
and it is insensitive to surface charge and solution pH (30). Two
important pieces of information can be obtained from GP plot-
ted against excitation wavelength: 1) overall polarity, where a
high GP suggests a non-polar environment; and 2) the slope of
the curve, which indicates phase behavior; a flat GP curve indi-
cates gel phase, a negative slope indicates fluid phase and a
positive slope indicates co-existing phases (30).

In control experiments, GP values of Laurdan in the mixed
model membrane were high at 37 °C but lowered at 50 °C at all
excitation wavelengths (Fig. 5,2 and b). As alow GP is caused by
a red shift of the emission spectrum of Laurdan when exposed
to a polar environment, our data indicate that the mixed mem-
brane is highly non-polar at 37 °C, but becomes more polar at
higher temperatures. The slopes of the GP curves for the mixed
membrane at all three temperatures were mostly flat. This is in
agood agreement with previous studies (30, 33) and is likely due
to the ability of the high levels of cholesterol (= 30 mol%) to
broaden or abolish phase transitions (30, 33). Various concen-
trations of indomethacin at 37 °C shifted the GP curve down
and induced a marked positive slope (Fig. 3, a and b indicating
phase separation and presence of co-existing phases (30, 33).
There was no effect of indomethacin on the slope of the GP
curve at 50 °C, which is above the T, of DPPC (Fig. 5b). Our
data demonstrate that indomethacin induces phase segregation
in the mixed membrane at 37 °C.

To confirm the Laurdan results, we examined the ability of
indomethacin to alter the FRET efficiency between probes that
segregate to separate phases. Vesicles composed of DPPC/
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FIGURE 5. Effect of indomethacin on the phase behavior of Laurdan in
DPPC/DOPC/Chol (1:1:1). Effect of indomethacin on Laurdan generalized
polarization (GP) curves as a function of excitation wavelengths for DPPC/
DOPC/Chol (1:1:1) at 37 °C (a) and at 50 °C (b). Without indomethacin, increas-
ing temperature shifts the GP curve downward with no detectable effect on
the slope of the GP curve. Addition of indomethacin at various concentrations
induces a marked positive slope in the GP curves at 37 °C, indicating phase
separation and the presence of co-existing phases. The slope of the GP curve
is not changed by indomethacin at 50 °C. The GP data are mean = S.D. pooled
from three separate experiments. ¢, approximately 0.5 mol% of DPPE-NBD
with or without DOPE-rhodamine (solid diamonds) or DOPE-NBD with or with-
out DOPE-rhodamine (open squares) was incorporated into DPPC/DOPC/Chol
(1:1:1) vesicles. Labeled liposomes were incubated in PBS containing various
doses of indomethacin for 30 min before measurements. Fluorescent inten-
sity of the donor fluorophore, DPPE-NBD or DOPE-NBD, was measured with or
without acceptor fluorophore DOPE-rhodamine and FRET efficiency calcu-
lated. Data shown are mean = S.D. pooled from 2-3 independent experi-
ments. Indomethacin-enhanced phase separation in DPPC/DOPC/Chol
(1:1:1) membrane as evidenced by decreased FRET between DPPE-NBD and
DOPE-rhodamine, but had no effect on the FRET efficiency between DOPE-
NBD and DOPE-rhodamine.

DOPC/Chol (1:1:1) were labeled with 0.1 mol% DPPE-NBD,
which favors the L phase, and DOPE-rhodamine, which favors
the L, phase (24). All experiments were performed at 37 °C.
Without indomethacin, FRET efficiency between the probes
was ~37%. Indomethacin induced a significant decrease (p <
0.05) in the efficiency of energy transfer between the L, probe
and the L, probe (Fig. 5¢), consistent with an enhancement of
L,/L4 phase separation.

To verify that the observed effect of indomethacin on FRET
efficiency was not caused by changes in the inherent fluores-
cence properties of the probes, we labeled the mixed DOPC/
DPPC/Chol membrane with DOPE-NBD, which partitions
approximately equally between L, and L, domains with a
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slightly higher preference for Ly domains (24), and DOPE-rho-
damine, which prefers L; domains. Because both probes colo-
calize in the L; domains, changes in phase behavior alone
should not alter the energy transfer between the probes. We
found that the energy transfer between the probes was ~30%
and was not changed by indomethacin exposure (Fig. 5¢). We
conclude that indomethacin does not directly interfere with the
fluorescent properties of the probes and that the observed
decrease in the FRET efficiency in DPPC/DOPC/Chol is caused
by indomethacin-induced phase separation, in good agreement
with our findings using Laurdan.

Effect of Indomethacin on L, and L, Domains—In a mixed
DOPC/DPPC/Chol bilayer, liquid-ordered (L,) domains are
enriched in DPPC and cholesterol while liquid disordered (L)
domains are enriched in DOPC. The segregated domains can
be directly visualized in giant unilamellar vesicles (44). To bet-
ter understand the underlying mechanism contributing to
indomethacin-induced phase separation in a mixed DOPC/
DPPC/Chol membrane, and to ascertain which component(s)
in the mixed membrane indomethacin specifically targets,
we examined the ability of indomethacin to alter the phase
behavior of DPPC/Chol and DOPC bilayers. While these sin-
gle-component and two-component membranes are intrinsi-
cally different from three-component bilayers, certain physical
properties, such as fluidity and acyl chain ordering, in DPPC/
Chol and DOPC bilayers are similar to those found in L_and L,
domains, respectively, of a three-component bilayer. We there-
fore used these simpler systems to evaluate the potential effect
of indomethacin on L, and L; domains in a three-component
membrane. In Fig. 64, we measured the effect of indomethacin
on membranes comprised of DPPC/Chol (7:3) at 37 °C. Indo-
methacin reduced the Laurdan GP values in a dose-dependent
manner, indicating increasing polarity of the bilayer. The GP
curves at 37 °C displayed a marked positive slope, (Fig. 6a), indi-
cating the presence of co-existing phases. Interestingly, indo-
methacin had no effect on the slope of the GP curve in the
DPPC/Chol membrane at 50 °C (Fig. 6b), similar to our obser-
vation on the three-component membrane (DOPC/DPPC/
Chol). Thus, indomethacin specifically targets a membrane in
L, phase and has no effect on the bilayer at a higher temperature
when the membrane is in L, phase.

To further examine the effect of indomethacin on L, phase,
we measured GP curves of Laurdan embedded in DOPC,
which, with a melting temperature of —20 °C, is in L, phase.
The negative slope of the GP curve for DOPC membrane at
37 °Cindicates liquid phase (Fig. 6¢). Increasing concentrations
of indomethacin at 37 °C shifted the GP curves upward but
maintained the negative slope (Fig. 6¢). The larger GP values
suggest that the DOPC bilayer becomes more non-polar in the
presence of indomethacin, but since the slope of the GP curve is
not changed, indomethacin has no effect on the phase behavior
of the fluid DOPC membrane. We conclude from these Laur-
dan polarization experiments at various temperatures that
indomethacin induces phase separation in a membrane con-
taining cholesterol-dependent L, domains but has no effect on
L4 domains.
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FIGURE 6. Effect of indomethacin on general polarization of LaurdaninL,
or L, domains. The effect of indomethacin on GP curves of Laurdan in DPPC/
Chol (30 mol%) at 37 °C (a) and 50 °C (b). The positive slope of the GP curve at
37 °C for DPPC/Chol exposed to indomethacin indicates phase co-existence.
At 50 °C the effect of indomethacin on the phase behavior of DPPC/Chol is
eliminated. Effect ofindomethacin on general polarization of Laurdan in pure
DOPC (c). Effect of indomethacin on GP curves of Laurdan in DOPC at 37 °Ciis
shown. The negative slope of the GP curve indicates liquid phase. Addition of
indomethacin shifted the GP curve up in a dose-dependent manner while
maintaining the negative slope, indicating no effect on the phase behavior of
the membrane.

DISCUSSION

Anti-inflammatory drugs, such as aspirin and indomethacin,
have a wide variety of biological effects, many of which cannot
be explained by their established COX inhibitory action. An
interesting feature of these drugs, as well as other small bioac-
tive molecules with wide variety of biological actions, is that
they are amphiphilic and capable of intercalating into phospho-
lipid membranes. The interactions between these amphiphiles
and lipid membranes have been studied extensively in the past.
It has been found that these small bioactive amphiphiles have
profound effects on overall membrane integrity, mechanical,
and electrostatic properties of the membrane, such as bending
stiffness, lateral packing density, intramembrane dipole poten-
tial, and interfacial surface charge density (5, 45), many of
which affect membrane protein aggregation, distribution and
function. Hence, we propose that bioactive amphiphiles, such
as indomethacin, alter membrane properties and consequen-
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tially change protein function and affect cell signaling. In this
study, we examined the ability of indomethacin to alter mem-
brane heterogeneity and phase behavior, which have been dem-
onstrated to contribute to the propagation of cell signaling
events.

Using quantitative imaging of cell plasma membrane by
FLIM and EM, and biophysical measurements on model syn-
thetic membranes, we systematically characterized the ability
of indomethacin to influence membrane lateral heterogeneity.
The FLIM experiments demonstrated that indomethacin
at various concentrations enhanced energy transfer between
GFP-tH and RFP-tH, which exhibit cholesterol-dependent
nanoclustering in the BHK cell plasma membrane. In contrast,
indomethacin had no effect on the energy transfer between
GFP-tK and RFP-tK, which exhibit cholesterol-independent
nanoclustering. The EM analysis further showed that indo-
methacin increased the clustered fraction of GFP-tH and the
packing density of GFP-tH in individual clusters. Importantly
these effects on intact cells were evident at experimental con-
centrations of 100-150 uM, the lower values of which corre-
spond to therapeutically relevant serum concentrations (39—
43). We contend therefore that our findings are physiologically
relevant.

A possible biophysical mechanism for these biological data is
provided by the effect of indomethacin on a model membrane
of DOPC (dil18:1 PC), DPPC (di16:0 PC) and cholesterol (Chol)
(1:1:1), which mimics certain properties of cell plasma mem-
brane (11, 46 —48). Our FRET and Laurdan experiments both
showed that indomethacin induces L /L, phase separation in
this three-component bilayer. Indomethacin also induced co-
existing phases in a DPPC/Chol bilayer but had no effect on the
phase behavior of a pure DOPC membrane. The simplest inter-
pretation of these data is that indomethacin specifically targets
L, domains and has no effect on L, domains. This conclusion is
further supported by our observation that indomethacin has no
effect on DPPC/Chol and DOPC/DPPC/Chol bilayers at tem-
peratures above the T, of DPPC.

Although an effect of indomethacin or other amphiphilic
drugs on membrane heterogeneity has not been reported
previously, a similar effect of amphiphilic drugs has been
predicted from theoretical calculations. Molecular simula-
tions of pure DPPC suggest that amphiphilic drugs enhance
thermal density fluctuation of the lipid acyl chains below T,
but have minimal effect on the density fluctuation of lipid acyl
chains above T, (9). Because chain density fluctuations in a
bilayer lead to changes in fluidity and phase behavior, our find-
ings are in agreement with these theoretical predictions.
Immiscibility among various lipids contributes to phase sepa-
ration in membranes (9). We propose that intercalation of
highly amphiphilic indomethacin molecules enhances immis-
cibility between the hydrophobic ordered domains and the
polar disordered domains. The hydrophobic lipids in the
ordered domains pack tighter in an effort to avoid contacting
the polar indomethacin molecules. This enhanced immiscibil-
ity leads to phase separation.

A critical question is to what extent these biophysical obser-
vations on model membranes can be extrapolated to biological
membranes. Lateral heterogeneity in the cell plasma membrane
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has long been proposed (11). Local aggregation of lipids with
high melting temperatures, such as DPPC, and cholesterol,
with contributions from membrane proteins and the actin
cytoskeleton allows the formation of dynamic L, domains in
cell membranes (11). Our results with synthetic model mem-
branes suggest that indomethacin may stabilize this type of L,
cholesterol dependent domain. These observations are consis-
tent with the in vivo cell imaging experiments where indo-
methacin had a highly selectively effect on cholesterol-depen-
dent nanoclustering, arguing for a specific effect on targeting L
domains. As in the in vitro system, we speculate that the ability
to induce lipid immiscibility allows indomethacin, and possibly
other NSAIDs, to alter the spatiotemporal dynamics of nano-
clustering in cell membranes. These dynamic changes may be
reflected as increased size, or a longer lifetime of the cluster,
both of which would influence the regulation of aggregation,
localization, and activation of membrane-associating proteins
(11). Taking these results together, we propose that indometha-
cin-induced changes in membrane lateral heterogeneity in turn
modulate cell signaling pathways that are scaffolded on the
plasma membrane.
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