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Abstract

Model membrane and cellular detergent extraction studies show (n-3) PUFA predominately incorporate into nonrafts;

thus, we hypothesized (n-3) PUFA could disrupt nonraft organization. The first objective of this study was to determine

whether (n-3) PUFA disrupted nonrafts of EL4 cells, an extension of our previous work in which we discovered an (n-3)

PUFA diminished raft clustering. EPA or DHA treatment of EL4 cells increased plasma membrane accumulation of the

nonraft probe 1,19-dilinoleyl-3,3,39,39-tetramethylindocarbocyanine perchlorate by ;50–70% relative to a BSA control.

Förster resonance energy transfer imaging showed EPA and DHA also disrupted EL4 nanometer scale nonraft

organization by increasing the distance between nonraft molecules by ;25% compared with BSA. However, changes in

nonrafts were due to an increase in cell size; under conditions where EPA or DHA did not increase cell size, nonraft

organization was unaffected. We next translated findings on EL4 cells by testing if (n-3) PUFA administered to mice

disrupted nonrafts and rafts. Imaging of B cells isolated from mice fed low- or high-fat (HF) (n-3) PUFA diets showed no

change in nonraft organization compared with a control diet (CD). However, confocal microscopy revealed the HF (n-3)

PUFA diet disrupted lipid raft clustering and size by;40% relative to CD. Taken together, our data from 2 different model

systems suggest (n-3) PUFA have limited effects on nonrafts. The ex vivo data, which confirm previous studies with EL4

cells, provide evidence that (n-3) PUFA consumed through the diet disrupt B cell lipid raft clustering. J. Nutr. 141: 1041–

1048, 2011.

Introduction

EPA and DHA, the bioactive (n-3) PUFA of fish oil, are
increasingly available and consumed by the general public as
over-the-counter supplements (1,2). Clinically, EPA and DHA
have applications for the prevention and/or treatment of some
metabolic diseases (3–6); in addition, they have potential utility
for treating the symptoms associated with inflammatory and
autoimmune disorders (7–9). However, one major limitation of
further developing these fatty acids for clinical use is an incomplete
understanding of their targets and molecular mechanisms.

An emerging mechanism of the action of (n-3) PUFA, due to
their unique molecular structure, is modification of plasma
membrane lipid rafts (10), which are sphingolipid-cholesterol
enriched domains that compartmentalize signaling proteins

(11). We recently discovered an (n-3) PUFA disrupted lipid raft
clustering of EL4 cells (12). The data raised a new question, i.e.
could (n-3) PUFA also disrupt the organization of nonraft
domains. These membrane domains are broadly defined as those
regions that are not enriched in sphingolipids and cholesterol
that also compartmentalize specific proteins (e.g. major histo-
compatibility complex (MHC) class I, Toll-like Receptor 4, etc.)
(13). There were 2 reasons to hypothesize (n-3) PUFA would
disrupt nonraft organization. First, experiments using model
membranes demonstrated DHA acyl chains, due to their
structural incompatibility with cholesterol, primarily incorpo-
rated into nonrafts to enhance nonraft formation (14–16).
Second, biochemical detergent extraction studies showed a large
fraction (up to 70%) of EPA and DHA localized into nonrafts
(12,17–19). Thus, these studies suggest that a major role of (n-3)
PUFA acyl chains is to modify nonraft domain organization.

The first objective of this study was to extend our previous
work by determining if EPA and DHA treatment disrupted
nonraft organization of EL4 cells. The second objective was to
translate the findings on EL4 cells by testing the impact of
dietary (n-3) PUFA on both nonraft and lipid raft organization in
an animal model. To address our objectives, we relied on
quantitative imaging methods of confocal and Förster resonance
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energy transfer (FRET)4 microscopy. Application of these
methods to the study of (n-3) PUFA and membrane domains
advances the field by overcoming the use of cold detergent
extraction as a primary method of studying how (n-3) PUFA
modify membrane domains. Although detergent resistance has
great predictive value, the detergent can induce artifacts (20–
22). Furthermore, the biochemical detergent method does not
report on the effects of (n-3) PUFA on the appropriate length
scales on which membrane domains form (11). Therefore, we
used more appropriate imaging methods to address the effects of
(n-3) PUFA on membrane domain organization.

Materials and Methods

Cells. EL4 cells were maintained in RPMI 1640–13 (Mediatech) with

10% heat-inactivated defined FBS (Hyclone), 2 mmol/L L-glutamine

(Mediatech), and 1% penicillin/streptomycin (Mediatech) at 378C in a
5% CO2 incubator. The lipid composition of the FBS was as previously

reported (12).

Fatty acid treatment. A total of 9–10 3 105 EL4 cells was treated for
15.5 h with 25 mmol/L FFA (Nu-Check Prep) complexed to fatty acid-

free BSA (Roche Biochemicals) in serum-free medium as previously

described (12). For select experiments, EL4 cells were treated in the
presence of 10% FBS. The rationale for selecting the fatty acid

concentration and time of treatment was to be consistent with our

previous study on EL4 cells and membrane domains (12). Oleic (OA)

and arachidonic (AA) acids were tested to rule out general effects of fatty
acid treatment and to ensure specificity of EPA and DHA.

Mice, diets, and B cell isolation. Male C57BL/6 mice (Charles River),

aged 4–6 wk (;18 g), were fed the following diets (Harlan-Teklad) for
3 wk: a purified control diet (CD) (5% fat wt:wt), an (n-6) PUFA diet

(20% fat wt:wt), a low-fat (LF) (n-3) PUFA diet (5% fat wt:wt), or a high

fat (HF) (n-3) PUFA diet (20% fat wt:wt) (23) (Table 1). For the CD and
LF (n-3) PUFA diets,;13% of the total energy was from fat. For the HF

(n-6) and (n-3) PUFA diets, ;41% of the total energy was from fat. For

the LF (n-3) PUFA diet, 3.3% of the total energy was from a-linolenic

acid, 1% from EPA, and 0.6% from DHA (23). For the HF (n-3) PUFA
diet, 10.5% of the total energy was from a-linolenic acid, 3% from EPA,

and 2% from DHA (23). The diets were analyzed for their fatty acid

composition (Supplemental Table 1). For B cell isolation, mice were

killed using CO2 inhalation after 3 wk of feeding. Naı̈ve B220+ B cells
(.90% purity) from splenocytes were purified with negative selection

(Miltenyi Biotec) as previously described (23). All experiments with mice

fulfilled guidelines established by the East Carolina University for

euthanasia and humane treatment.

Fatty acid analysis. For analysis of diets, ~0.01–0.05 g of the diet

pellets was homogenized using a Dounce homogenizer prior to extrac-
tion. Total lipids were extracted and analyzed relative to standards

(Restek) from the differing cell types or diets with GC using our

previously published protocol (12,23). Areas of identified peaks were

summed and each peak area is expressed as the percentage of total peak
area for a given treatment (12,23).

Column chromatography. To assess incorporation of EPA and DHA

into neutral lipid, FFA, and polar lipid fractions, 2 3 106 EL4 cells were
treated with fatty acids spiked with 185 kBq [14C]EPA or [14C]DHA

(American Radiolabeled Chemicals). Extracted lipids were separated

into different lipid classes using aminopropyl beads (Sigma) loaded in a

Pasteur pipette with a fiberglass plug and elution with HPLC-grade
organic solvents (Fisher Scientific) as previously described (23,25).

Staining and imaging with 1,19-dilinoleyl-3,3,39,39-tetramethylin-

docarbocyanine perchlorate and 4,4-difluoro-5,7-dimethyl-4-bora-

3a,4a-diaza-s-indacene-3-hexadecanoic acid. A total of 23 106 cells

was washed twice with cold PBS, stained with 0.66 mg/L of the nonraft

probe 1,19-dilinoleyl-3,3,39,39-tetramethylindocarbocyanine perchlorate
(FAST-DiI; Invitrogen) or 4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-
indacene-3-hexadecanoic acid (C16-Bodipy; Invitrogen) for 5 min on ice

followed by 2 washes with cold PBS (26,27). Cells were fixed in 4%

paraformaldehyde (Fisher Scientific) for 1 h, washed twice, placed in
Vitrotubes (Fiber Optic Center), and mounted onto slides with nail polish.

All imaging studies, described below, relied on a Zeiss LSM510 confocal

microscope using a 1003 oil objective. Pinhole, detector gain, and laser

settings were kept constant between samples for a given experiment. For
some experiments, images were acquired as z-stacks.

Sample preparation for FRET microscopy. MHC class I molecules
were used as the probe to measure nanometer scale molecular proximity,

because these molecules are localized to nonrafts and are established to

serve as excellent reporters for measuring changes in membrane

organization (28–30). Cells were stained with varying concentrations
of Cy3 (donor) and Cy5 (acceptor) separately labeled M1/42.3.9.8 anti-

MHC class I antibodies (BioXCell). Fluorophores were conjugated to the

antibody using a standard fluorophore conjugation kit (GE Healthcare).

Specificity of the antibody was confirmed by using isotype controls
(BioXCell) (12). Total antibody levels were held constant at 0.02 mg/

sample using unlabeled antibody as donor:acceptor ratios were varied

from 1:1, 1:2, and 1:3 in 1 3 1024 L PBS (31,32). Cells were stained for
15 min on ice, washed twice with PBS, fixed, washed, and mounted to

slides as described above. A positive control M1/42.3.9.8 antibody was

generated by simultaneously conjugating Cy3 and Cy5 fluorophores,

yielding a dual labeled antibody to ensure high FRET. Negative control
samples were labeled with donor fluorophore only to check for donor

channel bleaching during acceptor fluorophore bleaching and acceptor

fluorophore only to optimize bleaching time.

FRET microscopy. FRET was measured in terms of the efficiency of

energy transfer (E) from donor (Cy3) to acceptor (Cy5) fluorophores

separated by distance r, given by the following equation: E = 1/{1 + (r/

Ro)
6}, where Ro is the Förster radius of the donor and acceptor

fluorophore pairs and is 54 Å for Cy3/Cy5 (33,34). The filter sets were

560- to 615-nm band pass for Cy3, and 650-nm long pass for Cy5 in 2

separate tracks. Excitation relied on 543- and 633-nm lasers, respec-

TABLE 1 Composition of experimental diets1

Ingredients CD HF (n-6) PUFA LF (n-3) PUFA HF (n-3) PUFA

g/kg

Casein 185.0 220.0 185.0 220.0

L-Cystine 2.5 3.0 2.5 3.0

Corn starch 370.0 173.9 370.0 173.9

Maltodextrin 140.0 140.0 140.0 140.0

Sucrose 150.0 150.0 150.0 150.0

Cellulose (fiber) 50.0 50.0 50.0 50.0

Flaxseed oil 0.0 0.0 23.1 92.5

Fish oil (Menhaden) 0.0 0.0 23.1 92.5

Soybean oil 50.0 30.0 3.75 15.0

Safflower oil 0.0 125.0 0.0 0.0

Hydrogenated coconut oil 0.0 45.0 0.0 0.0

Mineral mix, AIN-93M2 35.0 42.0 35.0 42.0

Vitamin mix, AIN-932 15.0 18.0 15.0 18.0

Choline bitartate 2.5 3.0 2.5 3.0

TBHQ 0.02 0.06 0.02 0.06

1 C57BL/6 mice were fed for 3 wk CD, HF (n-6) PUFA, LF, and HF (n-3) PUFA diets.
2 Composition of mineral and vitamin formulas are as reported in (24).

4 Abbreviations used: AA, arachidonic acid; C16-Bodipy, 4,4-difluoro-5,7-dimethyl-4--

bora-3a,4a-diaza-s-indacene-3-hexadecanoic acid; CD, control diet; FAST-DiI, 1,19-
dilinoleyl-3,3,39,39-tetramethylindocarbocyanine perchlorate; FRET, Förster resonance

energy transfer; HF, high-fat diet; LF, low-fat diet; MHC, major histocompatibility

complex; OA, oleic acid.
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tively, for Cy3 and Cy5. Eight-bit 5123 512 pixel images were acquired.

Acceptor photobleaching was carried out by iterative scanning of the

633-nm laser for;2 min. Gain settings were optimized to ensure images
were not saturated after photobleaching.

Lipid raft staining. B cells were labeled with cholera toxin subunit

B-FITC (Invitrogen) for cross-linking lipid rafts and imaged as previously
described (12).

Image analysis. All images were analyzed with NIH ImageJ (35).

Approximately 20–33 cells per treatment per experiment were analyzed
as previously described (12). For FAST-DiI and C16-Bodipy studies,

differential interference contrast images were routinely used to confirm

plasma membrane compared with intracellular staining. For image
intensity analysis, images were background subtracted and manually

thresholded for regions of interest either inside the cell or on the plasma

membrane. The approach was confirmed by selecting several regions of

interest manually drawn on the cell surface and inside the cell. Cells were
also scored as high intensity if they were in the top one-third of the

distribution of fluorescence intensities.

FRET images were analyzed with FRETcalc v3.0 plug-in for NIH

ImageJ (36). Some cells could not be properly registered and were not
included in the analysis. Images were registered by manual translation or

rotation. All images were background subtracted and smoothed using a

33 3 filter. The threshold values for the donor and acceptor images were
determined manually. This was required to calculate FRET efficiency of

the entire cell by the FRETcalc plug-in (36).

Images of lipid rafts were background subtracted and raft size was

determined in terms of Feret diameter using NIH ImageJ as previously
described (12).

Cell growth and apoptosis measurements. Cell growth was deter-

mined by counting cells in duplicate or triplicate using a hemacytometer.
Dead cells were excluded with Trypan blue (HyClone, Fisher Scientific)

staining. Measurements were routinely confirmed by a second person

using blinded samples. We verified that this approach gave the same

results as a cell proliferation testing kit (GenScript). The advantage of
counting cells over the kit was the absolute number of cells could be

determined rather than relative changes. Cell survival was measured in

terms of Annexin V-Cy5/Sytox Blue (BD Pharmingen) staining with a BD
LSRII flow cytometer as previously described (23).

Statistical analysis. Reported values are means 6 SEM from several

independent experiments. For animal studies, independent experiments
were conducted using 1 mouse from each diet group. All statistical

analyses were conducted using Excel and GraphPad Prism (GraphPad

Software). Parametric statistics were used, because the data were

normally distributed. Unequal variances were tested for prior to ANOVA
using a Levene’s test. For FRET studies, efficiency values varied between

experiments due to variation in the fluorophore to antibody ratios; thus,

significance was established against the control using repeated-measures
1-way ANOVA followed by a Dunnett’s t test. For cell growth and

apoptosis measurements as a function of time, 2-way ANOVA analysis

was used followed by a Bonferroni t test. The 2-way ANOVA used

treatment and time as factors and there was no interaction effect. For all
other studies, significance was established against the control using a

1-way ANOVA followed by a Dunnett’s t test. P-values , 0.05 were

considered significant.

Results

EPA and DHA treatment disrupted nonraft organization of

EL4 cells. EPA and DHA treatment of EL4 cells increased
accumulation of the nonraft probe FAST-DiI in the plasma
membrane by;50–70% relative to the BSA control (Fig. 1A,B).
The OA and AA treatments did not significantly increase FAST-
DiI uptake compared with BSA (Fig. 1B). The intensity of FAST-
DiI inside of the cell was not changed by treatment with any of
the fatty acids (Fig. 1B). The increase in FAST-DiI plasma

membrane binding with EPA and DHA was also confirmed by
scoring the cells for intensity. EPA and DHA treatment resulted
in the largest percentage of cells with a high intensity of plasma
membrane staining compared with BSA (Fig. 1C).

A major concern was that the EPA and DHA treatment
exerted a general effect on fluorescent probe uptake. Therefore,
we tested the effects of fatty acid treatment on the uptake of a
nonspecific probe, C16-Bodipy (37). C16-Bodipy did not merely
report on the same subcellular organization as FAST-DiI.
Colocalization analysis of z-stacks of EL4 cells costained with
FAST-DiI and C16-Bodipy showed the percent colocalization
between the 2 probes was ;32%, as measured by Mander’s
coefficients (Supplemental Fig. 1A) (12). Relative to BSA, EPA
and DHA treatment did not promote uptake of C16-Bodipy into
the plasma membrane or inside the cell (Supplemental Fig. 1B).
OA and AA treatments also had no effect.

We also determined if EPA and DHA treatment modified
nonraft organization on a nanometer scale using FRET micros-
copy. Positive control experiments showed the acceptor photo-
bleaching approach with Cy3 and Cy5 antibodies increased
FRET (Supplemental Fig. 2A). The distribution of MHC class I
molecules on the surface of EL4 cells was then determined as
random, clustered, or a mixture of random and clustered by
increasing the donor:acceptor fluorophore ratios. FRET effi-
ciency did not increase with increasing donor:acceptor ratios
(Supplemental Fig. 2B), which is the signature pattern of a
random distribution of molecules (31,32). This allowed us to
combine FRETacceptor:donor ratios in the subsequent analyses.

Analysis of FRET efficiency values from FRET images (Fig.
1D) in every single experiment showed EPA and DHA treatment
consistently decreased FRET by 25–30% relative to the BSA
control (Fig. 1E). OA and AA treatments did not lower FRET
relative to BSA. Themost plausible explanation for an increase in
the distance between neighboring MHC I molecules with (n-3)
PUFAwas an increase in cell size, which was investigated next.

EPA and DHA treatment increased cell size and growth.

Cell size was measured in terms of forward scatter with flow
cytometry (Fig. 2A). EPA and DHA treatment increased cell size
by ;26% relative to BSA after 15.5 h of treatment. OA and AA
treatment had no effect. A similar trend was confirmed with
microscopy measurements (data not shown). EPA and DHA, in
addition to AA, treatment also increased side scatter relative to
BSA (data not shown).

The subsequent experiment tested if the increase in cell size
related toa change in cell growth (Fig. 2B).At 15.5hof treatment,
cell number between the BSA control and the differing fatty acids
did not differ. After 24 h, EPA and DHA treatment increased the
number of viable cells. In contrast, OA and AA treatment did not
increase cell growth compared with BSA. We then tested if the
increased ability to grow was driven by an ability to prevent cell
death. At 15.5 h of treatment, the cells were equally viable when
measured for early and late apoptosis (Fig. 2C,D) (12). After 24 h
of treatment, all 3 PUFA (AA, EPA, and DHA) prevented early
and late apoptosis relative to the BSA control (Fig. 2C,D). OA
treatment had no effect relative to BSA.

EPA and DHA treatment did not modify nonraft organiza-

tion when cell size was unchanged. We determined if
preventing the expansion of cell size prevented changes in nonraft
organization. Treatment conditions were first optimized to
prevent an increase in cell size but still allowed for efficient
uptake of the fatty acids. Cells were treated in the presence of
10% FBS, which significantly elevated EPA and DHA levels (Fig.

(n-3) PUFA and membrane domain organization 1043



3A). Uptake of EPA and DHA into polar lipids did not change
relative to treatment in serum free conditions, as measured with
radiolabeled fatty acids (Fig. 3B). Forward scatter values did not
differ between EPA and DHA treatment compared with the BSA
control (data not shown). Image analysis of cells stained with

FAST-DiI (Fig. 3C) showed no change in fluorescence intensity
with EPA- or DHA-treated cells relative to BSA. Similarly,
subsequent FRETimaging showed treatment of EL4 cellswith (n-
3) PUFA did not lower FRET relative to BSA. FRET efficiency
values were ;10% for BSA-, EPA-, and DHA-treated cells.

FIGURE 2 EPA and DHA treatment

increased EL4 cell size and growth

and prevented cell death. (A) Median

forward scatter values for EL4 cells

treated with BSA, OA, AA, EPA, or

DHA. (B) Cell growth, (C) early apo-

ptosis, and (D) late apoptosis as a

function of time for the different

treatment groups. Data are means 6
SEM, n = 4. Asterisks indicate differ-

ent from BSA: *P , 0.05, **P , 0.01,

***P , 0.001.

FIGURE 1 EPA and DHA treatment

disrupted nonraft organization of EL4

cells. (A) Fluorescence images of EL4

cells treated with BSA, OA, AA, EPA,

or DHA and stained with FAST-DiI. (B)

FAST-DiI intracellular and plasma

membrane image intensity. (C) Per-

centage of cells with high FAST-DiI

intensity as a function of treatment.

(D) Sample images of BSA-treated

cells from acceptor photobleaching

FRET. (E) FRET efficiency values for

treated EL4 cells. Images are on a

rainbow palette to discriminate differ-

ences in relative fluorescence inten-

sity. Red and blue values indicate high

and low intensity, respectively. Data

are means 6 SEM, n = 3–4. Asterisks

indicate different from BSA: *P ,
0.05, **P , 0.01, ***P , 0.001.

1044 Rockett et al.



In vivo administration of (n-3) PUFA did not modify

nonraft organization but disrupted lipid raft clustering.

Body weights of C57BL/6 mice fed the HF (n-6), LF (n-3), and
HF (n-3) PUFA diets did not differ from the CD group after 3 wk
(;22 6 0.3 g). Energy intakes also did not differ between these
groups and the CD group (11.46 0.1 kcal/d). GCmeasurements
confirmed uptake of fatty acids from the diet into B cells (Table
2). Cell size did not differ between the B cells from the CD group
and those from the other groups (data not shown).

Relative to CD, the HF (n-6), LF (n-3), and HF (n-3) PUFA
diets did not increase FAST-DiI uptake into B cells (Fig. 4A).
Unexpectedly, the HF (n-3) PUFA diet decreased plasma
membrane and intracellular uptake of C16-Bodipy by ;33%
(Fig. 4B). The LF (n-3) and HF (n-6) PUFA diets did not affect
C16-Bodipy binding. Sample images of FAST-DiI and C16-
Bodipy staining are presented in Supplemental Figure 3. To
verify the conclusion that (n-3) PUFA did not disrupt nonrafts,

MHC I FRET experiments were conducted with the HF (n-3)
PUFA diet, because it lowered C16-Bodipy uptake. FRET imaging
showed nearly identical FRETefficiency values (;12%) for B cells
isolated from the CD and HF (n-3) PUFA diet-fed mice.

Finally, we investigated if the HF (n-3) PUFA diet disrupted B
cell lipid raft organization. Microscopy images showed the HF
(n-3) PUFA diet decreased the clustering of lipid rafts (Supple-
mental Fig. 4) and increased the Feret diameter of the domains
by;40% (Fig. 4C) compared with CD. In contrast, the HF (n-6)
and LF (n-3) PUFA diets, relative to CD, did not affect lipid raft
organization.

Discussion

In this study, we addressed if (n-3) PUFA disrupted nonraft
organization of EL4 cells followed by translational studies that
determined the impact of (n-3) PUFA on nonraft and lipid raft
organization ex vivo. The approach relied on quantitative imaging
methods to overcome limitations of using detergent extraction
(20,21). As discussed below, the data point to an emergingmodel in
which lipid rafts appears more sensitive to disruption than nonrafts
in response to (n-3) PUFA intervention in EL4 and primary B cells.

Disruption of nonraft organization in vitro. In serum free
conditions, EPA and DHA treatment modified nonraft organiza-
tion of EL4 cells. Therewere several possibilities bywhich EPAor
DHA treatment increased FAST-DiI in the plasma membrane.
One possibility was uptake of FAST-DiI with (n-3) PUFA
represented EPA- and/or DHA-rich domains (13,14). Alterna-
tively, increased FAST-DiI accumulation with EPA or DHA
represented a dissolving of rafts. Thus, the area of nonrafts could
have increased upon treatment, but these nonrafts were not
organizationally distinct domains. To address these 2 possibili-
ties, specific fluorescent probes will have to be designed, synthe-
sized, and extensively tested in the future.

Some other interpretations of the results with FAST-DiI
staining were ruled out. One possibility was BSA, OA, and AA
treatment made FAST-DiI staining of the membrane less efficient
than EPA orDHA.Thiswas highly unlikely, becausewe observed
similar uptake of C16-Bodipy for most of the treatments. A
second possibility was EPA and DHA decreased the micro-
viscosity of themembrane, which allowed for more uptake of the
probe (38). Although this was possible, one would then have
expected increased internalization of the probewith EPAorDHA
treatment compared with BSA; furthermore, increased uptake of
C16-Bodipy would have occurred.

The FRET data with EL4 cells revealed EPA and DHA could
modify membrane organization on a nanometer scale. To the
best of our knowledge, this was the first study to use FRET
imaging to study nanometer scale organization of (n-3) PUFA in
a cellular system. The data highlight the use of this methodology
to determine effects of (n-3) PUFA on the appropriate size scale.
The FRET studies showed EPA and DHA increased the distance
between randomly distributed nonraft MHC class I molecules.

The increase in cell size with EPA or DHA treatment did not
maintain the relative density of MHC class I surface molecules
compared with the BSA control. We previously reported MHC I
surface levels on EL4 cells increased by ;30–35% with EPA or
DHA treatment (12). Here, we found cell size increased by;26–
30% with EPA or DHA. Given that forward scatter roughly
reports on the diameter of the cell and if we assume the cell is a
sphere, a ;30% increase in diameter of the cell with EPA and
DHA treatment should increase surface area by ;60%. Thus,
MHC I surface expression should have increased .30–35%

FIGURE 3 EPA and DHA treatment had no effect on nonraft

organization when cell size was unchanged. (A) Total levels of 20:4,

20:5, 22:5, and 22:6 upon treatment of EL4 cells with BSA, EPA, or

DHA in serum-containing medium. (B) Incorporation of radiolabeled

EPA and DHA into neutral lipids, FFA, and polar lipid fractions in

serum-free and serum-containing medium. (C) FAST-DiI intensity of

EL4 cells treated with BSA, EPA, or DHA in serum-containing

medium. Data are means 6 SEM, n = 3. Asterisks indicate different

from BSA: ***P , 0.001.
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with EPA or DHA treatment to maintain the same density of
molecules as the BSA-treated cells. Therefore, as cell size
increased, MHC I molecules were pushed further apart.

Nonraft organization was not disrupted by (n-3) PUFA in

vitro or ex vivo when cell size was unaffected. Mechanis-
tically, we speculate an increase in cell size with EPA and DHA
treatment under serum free conditions caused a redistribution in
the lateral organization of lipids and proteins. The increase in
cell size appeared to be related to the ability of EPA and DHA to
promote cell growth and prevent cell death. The growth data
were consistent with previous studies that showed EPA and
DHA enhanced cell growth in some cell types (39,40). Although
the numbers of EL4 cells were equivalent across the treatment
groups at 15.5 h (time point at which studies were conducted),
by 24 h, there were differences in cell number. Therefore, the
data suggest cells treated with EPA or DHA at 15.5 h grew in size
at a faster rate than the BSA-treated cells and were likely poised
to divide. It has been reported with primary cells that cell size,
measured with forward scatter, increased as cells started to
divide, because a homogenous population of cells can have
varying thresholds for entry into the cell cycle (41).

The ex vivo data also showed (n-3) PUFA administered to
mice at 2 different doses had no effect on nonraft organization.
The ex vivo data were consistent with the in vitro studies in
which EPA andDHA did not affect cell size but inconsistent with
the in vitro studies in which cell size increased. Several

possibilities, which may not be mutually exclusive, could explain
the discrepancy. First, there was the obvious difference in cell size,
as discussed above. Second, (n-3) PUFA in vitrowere administered
as single fatty acids, whereas the diet provided a complex mixture
of differing fatty acids. Third, B cells from the mice incorporated
much lower levels of (n-3) PUFA compared with EL4 cells.
However, in vivo levels were more physiologically relevant than
those administered in vitro. Indeed, 2 independent imaging ex-
periments showed treatment of EL4 cells in serum free conditions
with a lower dose (10 mmol/L EPA or DHA) did not effect FAST-
DiI uptake relative to BSA (data not shown). Overall, the in vitro
studies using serum free conditions suggest the changes in nonraft
organization had limited physiological relevance. Of course, our
studies do not rule out the possibility that nonraft organization
could be disrupted with (n-3) PUFA in other cell types.

Lipid raft clustering was sensitive to (n-3) PUFA. Unex-
pectedly, the HF (n-3) PUFA diet lowered uptake of C16-Bodipy
in B cells. It was unlikely the lowered uptake was due to a
modification in nonraft organization, because we measured no
change in FAST-DiI intensity or FRET. One possibility could be
that as (n-3) PUFA increased raft size, it made the membrane
more ordered, which prevented uptake of C16-Bodipy. Overall,
it was unclear why this probe was not efficiently recruited into
the cell, which we aim to investigate in the future. Nevertheless,
the HF (n-3) PUFA diet disrupted lipid raft organization, which
was highly consistent with our previous data with EL4 cells in

TABLE 2 Fatty acid analysis of B cells isolated from mice fed diets differing in fat level
and composition1,2

Fatty acid CD HF (n-6) PUFA LF (n-3) PUFA HF (n-3) PUFA

% of total fatty acids

14:0 0.9 6 0.2 0.7 6 0.1 0.6 6 0.2 0.8 6 0.1

16:0 24.9 6 1.7 23.1 6 2.0 25.8 6 0.8 24.6 6 0.5

16:1 0.8 6 0.2 0.5 6 0.1 1.0 6 0.2 1.1 6 0.1

18:0 16.5 6 1.2 18.5 6 2.3 18.5 6 4.0 19.4 6 2.8

18:1 trans 0.7 6 0.2 0.9 6 0.6 0.9 6 0.4 0.5 6 0.2

18:1 cis 14.2 6 2.4 9.7 6 0.6 13.2 6 0.6 12.4 6 0.6

18:1 (n-7) 1.9 6 0.5 0.8 6 0.2 1.7 6 0.1 1.7 6 0.1

18:2 (n-6) 17.6 6 1.6 16.5 6 1.3 17.1 6 2.0 18.5 6 1.0

18:3 (n-6) 0.5 6 0.3 1.7 6 0.7 3.6 6 0.8** 1.6 6 0.6

18:3 (n-3) 1.6 6 0.2 1.1 6 0.1 1.7 6 0.2 2.3 6 0.3

20:1 1.1 6 0.4 1.4 6 0.4 0.4 6 0.1 0.7 6 0.2

20:2 (n-6) 1.4 6 0.7 1.6 6 0.7 0.5 6 0.3 0.7 6 0.5

20:3 (n-6) 3.5 6 1.6 0.5 6 0.2 0.9 6 0.3 1.0 6 0.3

20:3 (n-3) 1.1 6 0.5 1.4 6 0.2 0.7 6 0.2 0.8 6 0.3

20:4 (n-6) 5.1 6 1.6 3.5 6 2.0 3.2 6 0.4 2.4 6 0.7

20:5 (n-3) 0.2 6 0.0 0.4 6 0.1 2.0 6 0.2* 3.8 6 0.6***

22:2 (n-6) 1.2 6 0.4 0.4 6 0.2 0.1 6 0.0* 0.4 6 0.1

22:4 (n-6) 1.2 6 0.2 1.1 6 0.4 0.5 6 0.0* 0.5 6 0.1*

22:5 (n-6) 0.3 6 0.1 2.3 6 1.7 0.3 6 0.1 0.4 6 0.1

22:5 (n-3) 1.0 6 0.4 1.2 6 0.1 2.7 6 0.7 2.4 6 0.4

22:6 (n-3) 1.7 6 0.4 1.5 6 0.3 3.0 6 0.4 3.5 6 0.6*

24:1 0.9 6 0.2 0.2 6 0.1* 0.4 6 0.0 0.4 6 0.1

+SFA 44.6 6 2.3 46.2 6 5.2 45.6 6 4.5 45.8 6 2.4

+MUFA 19.8 6 3.2 13.6 6 1.3 17.8 6 0.6 16.9 6 0.5

+(n-6) PUFA 30.6 6 2.5 26.3 6 3.9 26.5 6 3.1 25.6 6 2.0

+(n-3) PUFA 5.0 6 0.7 4.3 6 0.7 10.1 6 0.9** 11.7 6 0.8***

+PUFA 35.6 6 3.0 30.7 6 4.6 36.6 6 4.0 37.3 6 2.0

(n-6):(n-3) PUFA 6.6 6 1.0 6.1 6 0.2 2.6 6 0.1** 2.2 6 0.2***

1 Values are mean 6 SEM, n = 4–5. Asterisks indicate different from CD, *P , 0.05, **P , 0.01, ***P , 0.001.
2 Fatty acids with values , 0.5 are not shown for clarity.
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which DHA diminished raft clustering (12). The data were also
consistent with several studies using in vitro or fat-1 transgenic
mouse model systems that showed (n-3) PUFA disrupted lipid
raft molecular organization (18,42–46). Specifically, the ex vivo
data from this study agreed with an electron microscopy study
that demonstrated treatment of HeLa cells with DHA had a more
robust effect on cholesterol-dependent raft domains compared with
cholesterol-independent nonraft domains of the inner plasma
membrane leaflet (47).

The discovery that the HF (n-3) PUFA diet made rafts appear
larger was the first visual evidence of (n-3) PUFA dietary
intervention having an effect on lipid rafts in an animal model.
Note that although we interpret the rafts to be larger in size, it is
possible that they could represent rafts that are much smaller in
size but only seem larger due to increased levels of GM1. Future
studies will have to address whether the disruption in raft
organization represents the formation of highly ordered raft
domains or many small raft domains. We also propose lipid

raft clustering was diminished, because it was reported that
cholera toxin binds more efficiently to GM1 raft molecules when
they are declustered (48). Surprisingly, the LF (n-3) PUFA diet
did not exert an effect on raft organization. Thus, the levels of
(n-3) PUFA in this diet may not have been high enough to modify
lipid rafts. Future studies will have to determine at what dose
(n-3) PUFA serve to disrupt rafts.

Implications. Although numerous studies have established that
(n-3) PUFA modify the global membrane parameter of micro-
viscosity (38), the specific effects of (n-3) PUFA on membrane
domainorganizationhave generally remained elusive.We show(n-
3) PUFA specifically target the organizationof lipid raftsmore than
nonrafts, which has relevance toward understanding how these
fatty acids disrupt downstream intracellular signaling events or
cell-cell communication. The data from this study have implica-
tions for several model systems. We present 2 examples for
simplicity. A recent study demonstratedDHA treatment prevented
dimerization and recruitment of the Toll-like Receptor 4 into lipid
rafts (49). Our data suggest DHA could prevent recruitment of the
protein into lipid rafts from nonrafts as a consequence of the
disruption in the spatial distribution of rafts (which may be
occurring on several length scales). As another example, it was
proposed that suppression of MDA-MB-231 breast cancer migra-
tion with (n-3) PUFA was due to an inability of the chemokine
receptor CXCR4 to cluster, but the mechanism was not investi-
gated (50). We propose a disruption in lipid rafts could prevent
CXCR4clusteringandoneapproachwouldbe tomeasureCXCR4
clustering with FRET imaging on a nanometer scale.

In summary, data from EL4 and primary B cells suggest lipid
rafts are far more sensitive to disruption in response to intervention
with (n-3) PUFA than nonraft domains. Future studies will have to
address how (n-3) PUFA acyl chains initiate a change in the spatial
distribution of lipid rafts in the plasma membrane and how this
affects protein clustering and ultimately cellular function.
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