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Abstract

Docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) are bioac-

tive n-3 long-chain polyunsaturated fatty acids (LCPUFAs) in fish oil that

exert immunosuppressive effects. A significant amount of literature shows

that n-3 LCPUFAs suppress dendritic cell (DC) function in vitro; however,

few studies have determined if the effects are emulated at the animal level.

In this study, we first focused on the functional consequences of 5%

(weight/weight) fish oil on splenic CD11c+ DCs. Administration of n-3

LCPUFAs, modelling human pharmacological intake (2% of total kcal

from EPA,1�3% from DHA), to C57BL/6 mice for 3 weeks reduced DC

surface expression of CD80 by 14% and tumour necrosis factor-a secre-

tion by 29% upon lipopolysaccharide stimulation relative to a control

diet. The n-3 LCPUFAs also significantly decreased CD11c+ surface

expression and phagocytosis by 12% compared with the control diet.

Antigen presentation studies revealed a 22% decrease in CD69 surface

expression on transgenic CD4+ T lymphocytes activated by DCs from

mice fed fish oil. We then determined if the functional changes were

mechanistically associated with changes in lipid microdomain clustering

or plasma membrane microviscosity with n-3 LCPUFAs, as reported for B

and T lymphocytes. Fish oil administration to mice did not influence

cholera-toxin induced lipid microdomain clustering or microviscosity,

even though EPA and DHA levels were significantly elevated relative to

the control diet. Overall, our data show that n-3 LCPUFAs exert immuno-

suppressive effects on DCs, validating in vitro studies. The results also

show that DC microdomain clustering and microviscosity were not

changed by the n-3 LCPUFA intervention used in this study.
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Introduction

The n-3 long-chain polyunsaturated fatty acids (LCPU-

FAs) eicosapentaenoic acid (EPA) and docosahexaenoic

acid (DHA) are bioactive molecules found in fish oil,

which can suppress some symptoms associated with acute

and chronic inflammation.1–4 Given that a variety of dis-

ease states are characterized by inflammation, n-3 LCPU-

FAs may have clinical applications for supplementing or

even replacing current pharmacological treatments.5 To

effectively develop n-3 LCPUFAs for clinical use, it is

essential to determine the cell-specific effects of these fatty

acids.

Currently, we know that n-3 LCPUFAs regulate T

lymphocyte function in animal models.6–11 For example,

murine ex vivo CD4+ T-lymphocyte activation into a clas-

sically defined T helper type 1 (Th1) phenotype by hybri-

domas or CD3/CD28 antibodies is robustly suppressed by

n-3 LCPUFAs, as measured by cytokine secretion and

proliferation.12,13 Recently, we demonstrated that n-3

LCPUFAs in fish oil suppressed ex vivo murine B-lym-

phocyte stimulation of cognate naive CD4+ T cells.14 We

also showed that n-3 LCPUFAs were not globally immu-

nosuppressive, as murine B-lymphocyte activation was

enhanced at several doses in response to the T-cell-inde-

pendent antigen lipopolysaccharide (LPS).14, 15 Our
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results demonstrated that n-3 LCPUFAs could exhibit dif-

ferential effects within a single cell type depending on the

antigen and the functional end-point.14,15 Less is known

about the effects of fish oil on other cell types. In this

study, we addressed the effects of n-3 LCPUFAs on den-

dritic cells (DCs), a cell type not well studied at the ani-

mal level with fish oil.

Dendritic cells are the most potent antigen-presenting

cells and are responsible for activating T lymphocytes.16

In addition, DCs are scavenger cells, constantly surveying

tissues for the presence of a pathogen. Compared to T

lymphocytes, DCs are directly activated upon pathogen

recognition. However, data addressing how pharmacolog-

ically relevant doses of fish oil regulate DC function are

limited. The majority of studies with n-3 LCPUFAs and

DCs have relied on bone-marrow-derived cells, which

require an in vitro model system for experimentation with

a lengthy culture period for maturation.17–20 Generally,

these studies have revealed that EPA and DHA administra-

tion robustly suppresses DC maturation and T-cell stimula-

tion. In this study, we focused on splenic CD11c+ DCs,

which circumvented the need for long-term cell culture.

The first goal of this study was to test the hypothesis

that n-3 LCPUFAs would suppress DC function, as pre-

dicted by in vitro studies.17–20 We investigated three

major components of DC function: DC activation upon

LPS stimulation, phagocytosis of Escherichia coli (E. coli)

bioparticles and stimulation of naive CD4+ T cells. Each

assay revealed that an element of DC function was sup-

pressed. The second goal was to determine if the immu-

nosuppressive effects of fish oil were mechanistically

associated with a reorganization in plasma membrane

lipid microdomain spatial distribution and membrane

microviscosity (i.e. order) as shown for T and B lympho-

cytes by our laboratory and others.14,21–24 We addressed

this objective by using quantitative imaging to assay for

select changes in membrane microdomain organization

and membrane order. Unlike studies in lymphocytes, we

show that DC GM1 lipid microdomain clustering and

membrane microviscosity were not changed with n-3

LCPUFA intervention.

Materials and methods

Mice

Male C57BL/6 mice (Charles River) were fed a purified

control diet or a fish oil diet (Harlan-Teklad; Harlan Lab-

oratories, Indianapolis, IN) for 3 weeks, as described pre-

viously.14 Both diets contained identical ingredients with

the exception of the fatty acid source (soybean oil versus

fish oil). The fish oil diet contained approximately 2% of

the total kcal from EPA and 1�3% from DHA, which

translates to approximately 4 g fish oil of high purity

consumed by a human on a daily basis.25 This pharmaco-

logical dose is currently used clinically (e.g. Lovaza) for

the treatment of elevated triglycerides and in clinical

trials.26,27 Mice were killed by CO2 inhalation followed by

cervical dislocation. All experiments with mice received

previous approval from the Institutional Animal Care and

Use Committee at East Carolina University.

Cell isolation

CD11c+ DCs were purified from splenocytes with a posi-

tive selection microbead kit (Miltenyi Biotec, Auburn,

CA). Briefly, isolated spleens were incubated in collage-

nase D solution (1�4 mg/ml) for 30 min at 37° in a 5%

CO2 incubator. Spleens were then homogenized and red

blood cells were lysed. Dendritic cells were labelled with

CD11c+ microbeads following the manufacturer’s recom-

mended protocol and > 90% DC purity was obtained by

sequentially separating cells through two LS columns.28–30

CD4+ T cells (> 85% purity) were purified from B6.Cg-

Tg(TcraTcrb)425Cbn/J mice (OT-II) (Jackson Laboratory,

Bar Harbor, ME) via negative selection following the

manufacturer’s suggested protocol with minor modifica-

tions (Miltenyi Biotec). The splenocytes were incubated

on a rotator in the CD4+ biotin cocktail for 30 min at 4°.
The anti-biotin incubation step was also completed on a

rotator and separations through two LS columns were

required to achieve maximum purity. OT-II transgenic

mice were chosen for this assay because of an increased

ratio of CD4+ T cells to CD8+ T cells and the ability of

the T-cell receptor to specifically recognize chicken oval-

bumin (OVA 323–339; Genscript, Piscataway, NJ) pre-

sented by H-2 IAb molecules.

LPS stimulation

Dendritic cells were stimulated with 2 lg/ml LPS and

incubated for 24 hr in RPMI-1640 1 9 media (Media-

tech, Manassas, VA) supplemented with 5% heat-

inactivated defined fetal bovine serum (Hyclone, Logan,

UT), 2 mM L-glutamine, and 1% penicillin/streptomycin

at 37° in a 5% CO2 incubator. The concentration of LPS

used to stimulate splenic DCs was optimized to ensure

high expression of co-stimulatory molecules. The super-

natants were collected and the secreted cytokine profiles

were measured using an ELISA MAX kit (BioLegend, San

Diego, CA) following the manufacturer’s suggested proto-

col. Activation of DCs was determined by measuring the

surface expression of activation markers using fluores-

cently labelled anti-CD80 16-10A1 (Bio X Cell, West

Lebanon, NH), anti-MHC class II M5/114.15 (Bio X

Cell), and anti-CD11c (Miltenyi Biotec) via a BD LSR II

flow cytometer (BD Biosciences, San Jose, CA). MHC

class II and CD80 antibodies were conjugated to fluoro-

phores using an antibody conjugation kit (GE Healthcare,

Piscataway, NJ).
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Phagocytosis assay

Cells (5 9 105) were transferred to FACS tubes and

washed once in Hanks’ balanced salt solution at 4°. Den-
dritic cells were treated with fluorescein-conjugated E. coli

Bioparticles (Invitrogen, Grand Island, NY) for 2 hr at a

1 : 9 to 1 : 11 DC to E. coli bioparticle ratio at 37° and

4° as the control. Following the 2-hr incubation period,

DCs were placed at 4° to terminate phagocytosis. The

DCs were washed once with 1 9 PBS and treated with

1 mg/ml trypan blue (Invitrogen) for 2 min at 4° to

quench extracellular fluorescence.31 Dendritic cells were

then washed twice with 1 9 PBS and phagocytosis was

determined by mean fluorescence intensity via flow

cytometry. The number of bioparticles per experiment

was held constant; however, there was some variation in

the number of bioparticles between experiments. As a

consequence, the data required normalizing to account

for the variation between experiments.

Antigen presentation

Dendritic cells were combined with T cells at a 1 : 3 ratio

(1 9 105 DCs to 3 9 105 CD4+ T cells) in a 96-well

plate. Dendritic cells were treated with 10�5
M OVA 323–

339 (Genscript) as previously described.14 The concentra-

tion of OVA was optimized for maximum CD4+ T-cell

activation. Cells were incubated for 24 hr in RPMI-1640

1 9 medium. The supernatants were collected for inter-

leukin-2 (IL-2) and interferon-c (IFN-c) analysis via a

Multi-Analyte ELISArray kit (SABiosciences, Valencia,

CA) according to manufacturer’s protocol. The reported

absorbance values for IL-2 and IFN-c correspond respec-

tively to ~ 420 and ~ 60 pg/ml. CD4+ T-cell activation

was determined by gating on CD4+ cells and measuring

the surface expression of CD69 and CD25. Cells were

labelled with phycoerythrin-conjugated anti-CD4 (Miltenyi

Biotech), FITC-conjugated anti-CD69 (BD Biosciences),

and allophycocyanin-conjugated anti-CD25 (BD Bio-

sciences) and assayed via flow cytometry on a BD LSR II

(BD Biosciences). SYTOX Blue (Invitrogen) was used in all

flow cytometry experiments to differentiate between live

and dead cells. Control experiments were conducted with

DCs and T cells alone to ensure that CD4+ T-cell activa-

tion was due to interactions between the two cell types.

Lipid microdomain staining and image analysis

Dendritic cells were labelled with cholera-toxin subunit

B-FITC (Invitrogen) for GM1 molecules and then cross-

linked with anti-cholera-toxin to induce clustering. The

cells were fixed in 4% paraformaldehyde. Imaging of

lipid microdomains was conducted with a Zeiss LSM510

confocal microscope and analysed as previously

described.21

Microviscosity studies and analysis

DCs were incubated with 4 lM di-4-ANEPPDHQ (Invi-

trogen) for 30 min at 4° followed by fixation for 1 hr in

4% paraformaldehyde on ice. DCs were washed three

times in 1 9 PBS and loaded into vitrotubes for imaging.

Images were acquired on an Olympus Fluoview FV1000

with excitation at 488 nm with an argon laser. Instrument

settings entailed an SM560 beam splitter equipped with

two bandwidth filters between 535–565 nm in channel 1

and 565–675 nm in channel 2. Generalized polarization

values were calculated by measuring the fluorescence

intensity in each channel as previously reported.14,32

Fatty acid analysis

Total fatty acids were extracted using the Folch method.33

The rationale for isolating total fatty acids, as opposed to

plasma membrane fatty acids, was that very large quanti-

ties of DCs (> 1 9 108) were required, which was not

feasible given the low abundance of DCs in the spleen.

Fatty acids were separated on a capillary gas chromato-

graph (Shimadzu Scientific Instruments, Columbia, MD)

with a Restek RT-2560 column as previously described.15

Peaks were identified by their retention times relative to

standards (Restek, Bellefonte, PA) and are expressed as

per cent of total peak area for a given treatment.

Statistical analysis

Data are presented as mean � SEM. All data are from

several independent experiments. Statistical significance

was established using a two-tailed unpaired Student’s

t-test with the exception of the phagocytosis assay. Mean

fluorescence intensity normalization required a paired

Student’s t-test. P-values < 0�05 were considered

significant.

Results

CD80 surface expression and tumour necrosis factor-
a production from LPS-stimulated DCs is lowered by
n-3 LCPUFAs

To determine the effects of n-3 LCPUFA-enriched fish oil

on DC activation, splenic DCs were purified and stimu-

lated with the T-cell-independent antigen LPS for 24 hr.

The surface expression of co-stimulatory CD80 and MHC

class II molecules was measured (Fig. 1a). In both the

unstimulated (�LPS) and stimulated (+LPS) states, MHC

class II surface expression did not change with n-3

LCPUFA relative to the control (Fig. 1a). In the absence

of LPS stimulation, n-3 LCPUFA lowered CD80 surface

expression by 28% (Fig. 1b); in addition, LPS stimulation

showed a decrease in CD80 surface expression by 14%
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(Fig. 1b) with fish oil. The levels of tumour necrosis fac-

tor-a (TNF-a), Interleukin-10 (IL-10), IL-6, IL-12p40 and

transforming growth factor-b (TGF-b) were also mea-

sured (Fig. 1c). Quantification of cytokine secretion

revealed that TNF-a production was decreased by 29%

with n-3 LCPUFA (Fig. 1c). IL-10, IL-12p40, IL-6 and

TGF-b secretion were unaffected by n-3 LCPUFA

(Fig. 1c).

CD11c+ surface expression and uptake of E. coli
bioparticles by DCs is suppressed with n-3 LCPUFAs

Immediately following DC purification, we measured a

12% decrease in the surface expression of CD11c, a key

marker involved in phagocytosis, with the n-3 LCPUFA

diet (Fig. 2a).34,35 Therefore, we assessed if phagocytosis

was reduced by quantifying DC uptake of fluorescently

labelled opsonized E. coli bioparticles at 37° and 4°
(Fig. 2b). The 4° control was required to ensure that

measured fluorescence was a result of phagocytosed bio-

particles as opposed to E. coli bioparticles bound to the

cell surface. We discovered that the percentage of DCs

engulfing E. coli bioparticles did not change (data not

shown); however, the amount of E. coli bioparticles taken

up was lowered by 12% (Fig. 2c). The data in Fig. 2(c)

were normalized to account for slight variations in the

number of bioparticles used between experiments. Raw

mean fluorescence intensity values ranged from ~ 3200 to

4200 but showed a consistent decrease with fish oil in

each experiment.

CD69 surface expression on the surface of CD4+

T cells was lowered with n-3 LCPUFAs upon DC
stimulation

Dendritic cells are the most potent antigen-presenting cells,

which activate naive T cells. Therefore, we determined if n-

3 LCPUFAs suppressed the ability of DCs to present anti-

gen to CD4+ T cells. We first optimized activation of naive

T cells as a function of peptide dose and discovered that

10�5
M peptide provided the most robust response (data

not shown). We measured the surface expression of CD69

and CD25 on the surface of activated CD4+ T cells after

24 hr of stimulation (Fig. 3a). The percentage of CD69+ T

cells remained unchanged (data not shown); however,

CD69 surface expression was decreased by 22% with n-3

LCPUFAs relative to the control diet (Fig. 3b). No change

was observed in CD25 surface expression (Fig. 3b). Secre-

tion of the cytokines IL-2 and IFN-c for the control and

experimental diets were equivalent (Fig. 3c). We also con-

ducted select experiments at 48 hr of T-cell stimulation

and measured no differences in the Th2 cytokines IL-4 and

IL-5 in response to n-3 LCPUFAs (data not shown).

Lipid microdomain GM1 clustering and membrane
microviscosity on the surface of DCs is not
influenced by n-3 LCPUFAs despite increased levels
of EPA and DHA

We and others have previously reported that fish oil

mechanistically targets B-lymphocyte and T-lymphocyte
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Figure 1. CD80 surface expression and tumour necrosis factor-a (TNF-a) secretion from lipopolysaccharide (LPS) -stimulated dendritic cells

(DCs) is lowered with n-3 long-chain polyunsaturated fatty acids (LCPUFAs). DCs were isolated from C57BL/6 mice consuming a control or n-3

LCPUFA diet and stimulated for 24 hr with LPS. (a) Sample flow cytometry histograms of CD80 and MHC class II. (b) The mean fluorescence
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isks indicate significance from control: *P < 0�05, ***P < 0�001.
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activation and antigen presentation by disrupting the

clustering of lipid microdomains.6–8,14 To investigate if

the changes in DC function were dependent on the

underlying lipid microdomain organization, we measured

changes in GM1 microdomain clustering with n-3

LCPUFA intervention (Fig. 4a). Image analysis revealed

there were no differences in the distribution of size of the

lipid microdomains between control and n-3 LCPUFA

diets (Fig. 4b). In addition, when analysing the

percentage of cells exhibiting clustered lipid microdo-

mains, we observed no distinction between control and

n-3 LCPUFA (data not shown).

We next determined if there was a decrease in DC

microviscosity (i.e. increase in fluidity) with n-3 LCPU-

FAs. Imaging studies with the polarity sensitive mem-

brane dye di-4-ANEPPDHQ revealed that there was an

increase in di-4-ANEPPDHQ uptake with fish oil inter-

vention as indicated by increased fluorescence intensity in

channel 1 (535–565) by 23% and in channel 2 (565–675)
by ~ 21% (Fig. 4c). However, the calculated generalized

polarization values showed no change between the control

and n-3 LCPUFA diets (Fig. 4d).

Finally, we measured the total fatty acid content of

DCs to determine if there was an increase in the amount
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incubated with naive CD4+ T cells isolated
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from seven independent experiments. Asterisk

indicates significance from control: *P < 0�05.
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of EPA and DHA with the fish oil diet (Fig. 5a). Palmito-

leic (16 : 1), EPA (20 : 5), docosapentaenoic acid (22 : 5

n-3) and DHA (22 : 6) all increased with an n-3

LCPUFA-enriched diet (Fig. 5a). Interestingly, we did not

observe a change in palmitic acid (16 : 0) between con-

trol and fish oil, as seen previously with B lymphocytes

(Fig. 5a).14 We observed a decrease in oleic acid (18 : 1),

linoleic acid (18 : 2) and arachidonic acid (20 : 4)

(Fig. 5a) with the n-3 LCPUFA diet relative to the con-

trol diet. There was no change in the total levels of satu-

rated and monounsaturated fatty acids (Fig. 5b). A

decrease in total n-6 PUFAs concomitant with an increase

in total n-3 PUFAs was measured with DCs from the n-3

LCPUFA diet relative to controls, lowering the n-6/n-3

ratio (Fig. 5b).

Discussion

This study tested the hypothesis that n-3 LCPUFA-

enriched fish oil would suppress DC function, as reported

with in vitro studies. First, the data showed that co-stimu-

latory molecule and cytokine secretion was reduced with

fish oil supplementation. Second, n-3 LCPUFAs lowered

CD11c expression and phagocytosis. Third, n-3 LCPUFAs

lowered surface expression of a T-cell activation marker.

Finally, we demonstrated that the observed changes were

independent of GM1 microdomain clustering and

membrane microviscosity.

LCPUFAs and DC activation

CD80 is a co-stimulatory molecule on the surface of DCs

involved in T-cell activation. CD80 up-regulation serves as

a measure of DC maturation subsequent to antigen stimu-
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lation. In this study, n-3 LCPUFAs decreased the surface

expression of CD80 in both the unstimulated and LPS-

stimulated states. In addition, n-3 LCPUFAs lowered the

amount of TNF-a produced by the DCs. Overall, these

findings are in agreement with several in vitro studies. For

example, Wang et al. showed that treatment of DCs, pro-

duced from culturing peripheral blood human monocytes,

with 50 lM EPA or DHA resulted in decreased CD80 and

HLA-DR expression, as well as TNF-a and IL-12p70 pro-

duction, following LPS stimulation.36 We did not measure

a change in MHC class II surface expression. A few differ-

ences exist between our work and that of Wang et al.36

First, the DCs between the studies were derived from dif-

ferent tissues. Second, with the in vitro study, the cells

were treated with the single fatty acids, EPA or DHA,

compared with our study, where fish oil contained a

mixture of fatty acids including EPA and DHA.

An investigation by Zeyda et al.20 also reported similar

findings, where 20 lM EPA treatment decreased CD80

expression and TNF-a and IL-12p40 production from

DCs differentiated from human peripheral blood mono-

cytes after 48 hr of LPS stimulation. We used a 24-hr

incubation period to ensure that the effects of n-3

LCPUFA supplementation were not lost in the culture

conditions, as previously reported.15 An additional study

with low-density lipoprotein receptor knockout mice by

Nakajima et al. also showed that EPA suppressed DC mat-

uration, lowering CD80, CD86 and CD40 surface expres-

sion on DCs.37 A study by Monk et al. compared cytokine

secretion from LPS-stimulated DCs isolated from Fat-1

transgenic mice with that from wild-type mice.9 Our data

were not in complete agreement with those of Monk et al.

They reported that following 24 hr of LPS stimulation,

there was an increase in IL-10, a decrease in TGF-b1 and

IL-12p40 and no change in TNF-a or IL-6 secretion. The

differences between our study and theirs could be a result

of the concentration of LPS used (we used 2 lg/ml com-

pared with 10 lg/ml used by Monk et al.) or the different

mouse strains. Additional studies on bone-marrow-

derived DCs from Zapata-Gonzalez et al.38 showed a

down-regulation of co-stimulatory molecules, decreased

cytokine secretion and an up-regulation of peroxisome

proliferator-activated receptor-c expression in a DHA-

concentration-dependent manner. Together, these studies

suggest n-3 LCPUFAs exert immunosuppressive effects on

LPS-stimulated DCs in both in vitro and ex vivo studies,

albeit at different magnitudes.

One major limitation of the aforementioned studies,

including our own work, is that the studies have relied

on ex vivo measurements. To address the impact of fish

oil on inflammatory responses, future studies will require

in vivo measurements with appropriate doses of LPS and

several rodent models of acute and chronic inflammation.

These are highly relevant given that fish oil’s immunosup-

pressive effects may be beneficial for select inflammatory

conditions; yet, pose a significant risk in response to bac-

terial or viral infections. Indeed, Schwerbrock et al. 39

demonstrated that administration of fish oil can decrease

mouse survival in response to influenza infection.

LCPUFAs and phagocytosis

CD11c expressed on DCs acts as a receptor for the com-

plement component iC3b and is involved in cell adhe-

sion.34,40,41 For the first time, we showed that CD11c

surface expression was reduced with n-3 LCPUFA supple-

mentation. Given that CD11c has been shown to be

involved in phagocytosis, we also discovered a reduction

in phagocytosis.34,35 These results are not in agreement

with an in vitro study by Kong et al.17 They reported that

50 lM DHA treatment resulted in decreased expression of

co-stimulatory surface markers and cytokine production

from bone-marrow-derived DCs but observed no change

in FITC-dextran uptake.

DC antigen presentation

Blockage of CD80 on DCs leads to a 24% decrease in

naive CD4+ T-lymphocyte activation.42 Concomitant with

the CD80 reduction, we anticipated antigen presentation

to naive CD4+ T lymphocytes with n-3 LCPUFA-modi-

fied DCs would also be reduced as reported for rat

DCs.43 Although we did not observe a change in IL-2 or

IFN-c production from the CD4+ T lymphocytes, we did

measure a decrease in CD69 surface expression. It is

unclear why DCs from mice fed fish oil decreased CD69

surface expression, yet had no impact on CD25 expres-

sion or cytokine secretion. Interestingly, we have made

the same observation with a lower dose of n-3 LCPUFAs

modelling human intake at 2 g per day (data not shown).

Our data were consistent with a human study by Kew

et al.44 that showed a reduction in CD69 expression on T

cells isolated from humans consuming DHA and activated

with concanavalin A for 24 hr. Similar to our study, Kew

et al. measured no change in IL-2 or IFN-c secretion. In

addition, the data were consistent with recent work from

our laboratory that showed B lymphocytes isolated from

fish-oil-fed mice exhibited lowered antigen presentation as

measured by decreased IL-2 secretion from CD4+ T lym-

phocytes.14 Suppressing aspects of T-cell stimulation with

both DCs and B lymphocytes could have an additive

effect. This would then contribute toward suppression in

CD4+ T-lymphocyte activation, probably suppressing Th1

and promoting Th2 immunity.

Membrane microdomain organization of DCs

Although we confirmed an increase in EPA and DHA

uptake by DCs, we did not observe a change in mem-

brane reorganization based on induced GM1 microdo-
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main formation and microviscosity. Some studies have

previously shown that increased levels of EPA and DHA

are not always associated with a decrease in membrane

order.45 Interestingly, we did discover that the uptake of

the polarity-sensitive dye was increased suggesting that

n-3 LCPUFAs could be increasing membrane permeabil-

ity. Overall, these findings suggest that the immunosup-

pressive effects are occurring independent of changes in

lipid microdomain clustering and are possibly a result of

events occurring further downstream in the signalling cas-

cade. Our data do not rule out the possibility that fish oil

is targeting other key aspects of membrane organization

such as lipid–protein spatio-temporal distribution. For

example, it is possible, that fish oil could be targeting

Toll-like receptor-4 lateral distribution, as demonstrated

in vitro.46 We did measure Toll-like receptor-4 surface

expression and found no difference between the control

and n-3 LCPUFA diets (data not shown). DHA could

also be preventing the aggregation of Toll-like receptor-4

with its regulatory proteins such as MD-2 or NADH oxi-

dase, which would contribute toward a decrease in down-

stream gene activation and cytokine secretion.46 Our

rationale for focusing on GM1 microdomains was to

compare the data with recent studies by our group and

others showing that fish oil targets lipid microdomain

clustering in B and T lymphocytes.6,13,14

The data suggest that the effects of n-3 LCPUFAs are

dependent on the cell type and function. Comparing DCs

with B lymphocytes, LPS stimulation leads to the oppo-

site effects ex vivo. In addition, the effect of n-3 LCPUFAs

on lipid microdomain organization and molecular order

were vastly different between the cell types. One key dif-

ference is that B and T lymphocytes are developed from a

common lymphoid progenitor whereas DCs are devel-

oped from a common myeloid progenitor. Both cell types

are also morphologically different because of differing

functional requirements. Dendritic cells are irregularly

shaped with protruding dendrites, whereas B and T lym-

phocytes are spherical in nature. We speculate that inher-

ited morphological differences could explain how n-3

LCPUFA incorporation into the plasma membrane results

in different effects on membrane organization.

Overall, we show that n-3 LCPUFAs, at a pharmacolog-

ically relevant dose, suppress key aspects of splenic DC

function. The imaging studies reveal that n-3 LCPUFAs

have no effect on DC plasma membrane microdomain

clustering and microviscosity. Future studies will be

required to understand how n-3 LCPUFAs exert func-

tional effects on varying subsets of DCs, especially in vivo,

and the underlying mechanisms of action.
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