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Abstract
a-Synuclein (a-Syn) is a neuronal protein that accumulates progressively in Parkinson’s
disease (PD) and related synucleinopathies. Attempting to identify cellular factors that
affect a-Syn neuropathology, we previously reported that polyunsaturated fatty acids
(PUFAs) promote a-Syn oligomerization and aggregation in cultured cells. We now report
that docosahexaenoic acid (DHA), a 22:6 PUFA, affects a-Syn oligomerization by activat-
ing retinoic X receptor (RXR) and peroxisome proliferator-activated receptor g2 (PPARg2).
In addition, we show that dietary changes in brain DHA levels affect a-Syn cytopathology
in mice transgenic for the PD-causing A53T mutation in human a-Syn. A diet enriched in
DHA, an activating ligand of RXR, increased the accumulation of soluble and insoluble
neuronal a-Syn, neuritic injury and astrocytosis. Conversely, abnormal accumulations of
a-Syn and its deleterious effects were significantly attenuated by low dietary DHA levels.
Our results suggest a role for activated RXR/PPARg 2, obtained by elevated brain PUFA
levels, in a-Syn neuropathology.
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INTRODUCTION
a-Synuclein (a-Syn) is a presynaptic protein critically involved
in the cytopathology and genetics of Parkinson’s disease (PD)
[reviewed in (29, 38)]. A progressive conversion of the soluble
a-Syn protein into insoluble, b-sheet rich filaments and their intra-
neuronal deposition into Lewy bodies (LB) and Lewy neurites
underlie its cytotoxicity in the synucleinopathies (15). Growing
evidence suggests that polyunsaturated fatty acids (PUFAs) can
contribute to mechanisms leading to abnormal a-Syn accumula-
tion. a-Syn expression was upregulated in rats fed a diet consisting
of rat chow enriched with PUFAs (3, 25). Oligomerization of puri-
fied a-Syn in vitro was enhanced in response to PUFAs (6, 40). We
previously found that exposure of cultured dopaminergic cells to
physiological PUFA concentrations enhanced the levels of a-Syn
soluble oligomers and of insoluble a-Syn aggregates (2, 44) and
increased its deposition into cytoplasmic intraneuronal Lewy-like
inclusions (2).

Importantly, evidence for a reciprocal effect has also been
reported; a-Syn expression/accumulation can selectively alter cel-
lular and whole-brain phospholipid levels, including their docosa-
hexaenoic acid (DHA) levels (16, 19, 20, 41, 46). These effects may
result from structural homologies of a-Syn with class A2 apolipo-
proteins (12, 13, 17). Of particular interest, higher DHA levels
were observed in the frontal cortex of patients with PD or dementia
with LB (DLB) (46), the same region where a-Syn accumulation in
soluble oligomers and insoluble aggregates was documented (45).

DHA is a long-chain omega-3 PUFA with 22 carbons and six
double bonds. It is the most abundant fatty acid in the central
nervous system and is particularly enriched in gray matter phos-
pholipids [for review see (23, 36)]. DHA plays a key role in diverse
cellular and neuronal activities, including dopaminergic and
serotoninergic neurotransmission (27, 51), synaptic growth and
function, and the regulation of nerve growth factor content
and neuronal size [reviewed in (49)]. At the molecular level, DHA
was identified as the activating ligand for retinoic X receptor
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(RXR) in vivo (14, 30), modulating the activity of RXR as a
transcription factor. In addition, DHA and other PUFAs can bind
peroxisome proliferator-activated receptors (PPARs) (26, 28) and
activate transcription of their target genes (24).

In the current study, we sought to extend our findings on PUFA
effects on a-Syn-expressing cultured cells to the in vivo situation.
We investigated the effect of high vs. low levels of dietary DHA, an
activating ligand of RXR, on a-Syn-related cytopathology in A53T
a-Syn transgenic mouse brains. In A53T a-Syn mice fed a high-
DHA diet, we detected higher levels of a-Syn expression, oligomer-
ization and aggregation than occurred in mice on a low-DHA (and
low n-3 PUFA) diet. Moreover, we detected enhanced astrocytosis,
represented by higher glial fibrillary acidic protein (GFAP) immu-
noreactivity and evidence of neuronal injury, represented by
decreased synaptophysin immunoreactivity in mice fed with the
high-DHA diet. We also obtained evidences that activated RXR and
PPARg2 are involved in a-Syn cytopathology, and show that RXR
activation is mediating the effect of DHA on a-Syn oligomerization.
Our results suggest that elevated brain DHA levels augment a-Syn
pathogenic effects by activating these nuclear hormone receptors.

MATERIALS AND METHODS

Animals and diets

The A53T a-Syn tg mouse (18) was purchased from Jax laborato-
ries (Bar Harbor, ME USA) and bred to homozygousity. Similar to
the original description, the mice remained healthy up to the age of
~7 months.At 8–9 months of age, about 15% of the colony began to
develop a dramatic motor phenotype and additional symptoms,
including neglect of grooming, weight loss and reduced ambula-
tion. These changes were followed by severe movement impair-
ment and partial paralysis of the limbs, accompanied by periods
(several seconds) of freezing of the hind limbs. The symptoms were
developed within several days to full paralysis, hunched back
and apathy. The percent of affected animals in the colony grew
with age. With ~50% affected animals at the age of 10–11 months.
Females survived longer than males, up to 15 month (~10% of the
colony). In parallel, we maintained a nontransgenic (ntg) mouse
colony (C57Bl/6) (Jax Laboratories). The mice were housed in an
animal facility that is fully compliant with the Public Health
Service (PHS) Policy on Humane Care and Use of Laboratory
Animals. Males and females of A53T a-Syn mice were randomly
assigned between the three diet groups. The effect of the diet was
tested also in age-matched ntg male and female (C57Bl/6). Mice
were fed for 95 � 5 or 230 days a standard mouse chow
(2018SC + F, Harlan Teklad, Madison, WI, USA); a safflower-
based diet depleted of DHA, low-DHA diet (TD 00522, Harlan
Teklad); or the above low-DHA diet (and low-n-3 PUFA diet)
supplemented with 0.69% w/w DHA (Martek Bioscience, Colum-
bia, MD, USA) (TD 07708) (8, 33). The low-DHA diet contains
4.86% 18:2 n-6 (linoleic acid), 0.06% 18:3 n-3 (linolenic acid) and
0.0002 n-3 DHA. The high-DHA diet contains 2.9% 18:2 n-6,
0.03% 18:3 n-3 and is supplemented with 0.69% DHA. Control
diet contained 2.45% and 0.18% of 18:2n-6 and 18:3n-3, respec-
tively. The antioxidants alpha tocopherol (126 IU/kg) and ethox-
yquin (10 ppm) were added to the standard and DHA diets,
respectively. The contents of total fat (6%), proteins (18%) and
carbohydrates (49%) are identical between the diets. The diets were

kept in cold and in dark, and food pellets were replaced every other
day. Overall, we performed three independent experiments with
6–11 mice in each diet group for the 95 � 5 days and one 230-day
feeding experiment with 10–15 mice in each diet group. At termi-
nation of the experiment, mice were anesthetized with an intraperi-
toneal overdose injection of sodium pentobarbitone (1 ml/1.5 kg)
and were then perfused with phosphate-buffered saline (PBS) or
with PBS-buffered formalin. Following surgical removal of brains
and spinal cords, tissue was frozen and used for further biochemi-
cal analyses (PBS perfusion) or fixed for another 24 h in formalin.

Preparation of brain extracts

Brain extract was prepared from one brain hemisphere as previ-
ously described (44) with slight modifications. Homogenization
(20 up-and-down strokes with a Teflon homogenizer, followed by
five passages through a 27-gauge needle) was in 1:10 (w/vol)
homogenization (H) buffer [20 mM Hepes, pH 7.4; 1 mM MgCl2;
0.32 M sucrose; 43 mM b-mercaptoethanol; and 1X protease
inhibitor mix (Sigma, Rehovot, Israel)]. The homogenate was
centrifuged at 180 000 ¥ g for 1 h. The resultant supernatant
containing soluble oligomers was separated from the pellet.

Quantitative fatty acids (FA) analysis

Samples (equivalent of 1.5–2 mg protein) of total brain extracts
were processed and analyzed for their FAs contents using the
Microbial Identification System at Microbial ID, Inc. (Newark, DE,
USA) as previously described (46). Using Hewlett-Packard 5890A
(Palo Alto, CA, USA) gas chromatograph (GC) equipped with
a hydrogen flame ionization detector, an automatic injector, a
sample controller and an electronic integrator controlled by a
minicomputer. The GC used a fused silica capillary column
with methylphenyl silicone (SE54) as the stationary phase. The
computer-controlled operating parameters of the instrument were
as follows: injector temperature, 250°C; detector temperature,
300°C; oven temperature, programmed from 170°C to 270°C at
5°C per min. The FA methyl esters in each sample were identified
by comparing retention times with known standards and by com-
puter calculation of equivalent chain lengths.

Immunohistochemistry (IHC)

IHC was performed with formalin-fixed tissue as previously
described (34). Briefly, sections of 5 mm were deparaffinized
in xylene followed by graded alcohol in descending ethanol
concentrations. Endogenous peroxidase activity was reduced by
incubation in methanol/H2O2 (150 mL methanol and 30 mL of
30% H2O2). Antigen retrieval was performed with 100% formic
acid for 5 minutes followed by extensive washes. Sections were
blocked with 2% goat serum in 0.1 M Tris-HCl pH 7.6. The sec-
tions were then immunostained using anti-a-Syn antibody, Syn
303 (1:3000, obtained from Virginia M.-Y. Lee, University of
Pennsylvania, Philadelphia, PA, USA). Secondary antibody was
biotinylated donkey anti mouse (1:200, Enco, Petach Tikvah,
Israel), followed by ExtrAvidin (Sigma; 1:100 in blocking solu-
tion). Immunoreactivity was visualized with EnzMet-detection kit
(Nanoprobes,Yaphank, NY, USA). For pathological quantification,
we analyzed total a-Syn immunoreactivity. To reduce the experi-
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mental error, we stained in sets of three slides (including standard
mouse chow, low- and high-DHA diet). The slides were developed
and imaged in parallel. Images were taken using a ¥40 objective in
light microscope using neutral density filter and calibration of the
white color with overlapping spectrum for red, green and blue. We
compared only between series of pictures taken together after a
particular event of Kohler calibration. Images were quantified with
the Image pro plus 6.3 program (Media Cybernetics, Bethesda,
MD, USA). The selection of objects was done automatically by
color definition. For objects specification, we used the smoothing
options. The selected objects above 2000 pixels were exported to
Excel as integrated optical density (area ¥ average density), and
background was subtracted from the averaged integrated optical
density in each image. Two brain regions were selected for analy-
ses: cortex and brain stem. The relative location of the brain slice
and the identification of brain regions were determined according
to a mouse brain atlas (39). The frontal cortex was at the level of
corpus callosum and the frontal lateral ventricles (1.42–0 mm
rostral to bregma), and the gigantocellular reticular nuclei in the
brain stem were at the level of the fourth ventricle (5.4–7.2 mm
caudal to bregma). In each brain region, total a-Syn immunoreac-
tivity was quantified in at least five fields for an individual mouse
brain.

For fluorostaining, monoclonal mouse antisynaptophysin anti-
body (1:200; DAKO, Glostrup, Denmark) and monoclonal mouse
anti-GFAP antibody (1:200; DAKO) and secondary antibody at
1:200, antimouse-cy5 (Jackson Laboratories, Bar-Harbor ME,
USA) were used. Slides were sealed with mounting medium
(cat# M1289 Sigma, Rehovot, Israel) and analyzed by confocal
microscopy.

Cells

HeLa cells stably over expressing a-Syn cDNA (2) (1 ¥ 107 cells
in a 10 cm dish) were transiently transfected with human RXRa
cDNA (obtained from Bruce M. Spiegelman, Harvard Medical
School, Boston, MA); human PPARg 1 or PPARg 2 cDNAs
(obtained from Ron Evans, Howard Hughes Medical Institute,
USA); or mock-transfected. 72 h post transfection, the cells were
collected and processed for a-Syn oligomers detection as previously
described (2). Differentiated, a-Syn over expressing MN9D cells
(10) were transferred to DMEM supplemented with 2% serum and
treated with either 9-cis retinoic acid, troglitazone (Cayman, MI,
USA), HX531 (obtained from Dr H. Kagechika, University of
Tokyo, Japan), or GW9662 (Sigma) for the indicated time and
concentrations and then processed for a-Syn oligomers detection.

Immunoblotting

Samples of soluble fraction (equal amount of protein) were loaded
on a 14% Tris-glycine gels, transferred to polyvinyl difluoride
(PVDF) membrane and reacted with anti human a-Syn LB509
antibody. For oligomers detection in the soluble fraction only,
samples were preheated at 65°C for 16 h in H buffer prior to gel
loading (44). The blots were scanned in a Umax Magic Scan
(Eastman Kodak, Rochester, NY, USA) and analyzed for density of
a-Syn signal using UN-SCAN-IT GEL 3.1 software (Silk Scien-
tific, Orem, UT, USA).

Brain slices

Transverse slices of A53T a-Syn or ntg mouse brain (7–8 months
old; 300 mm) were prepared with a vibrating microslicer (Leica,
Nussloch, Germany) and transferred to a storage chamber contain-
ing oxygenated (95% O2/5% CO2) artificial cerebrospinal fluid
(ACSF) at room temperature. The ACSF comprised (in mM) 124
NaCl, 3.5 KCl, 2 MgCl2, 1.6 CaCl2, 24 NaHCO3, and 10 D-glucose;
pH 7.4; osmolarity, 305 mOsm/L.The temperature of theACSF was
then slowly raised to 33°C and the slices were allowed to recover in
the storage chamber for at least 1 h before adding specific com-
pounds to the slices. Incubation lasted for additional 6–8 h.

Real time polymerase chain reaction (PCR)

The following primers were used to amplify the mouse endogenous
a-Syn: GTCTCAAAGCCTGTGCATCT and TCCACACTTTC
CGACTTCTG; for the amplification of human transgenic a-Syn:
CTGACAGCAGTAGCCCAGAA and GGGGCTCCTTCTTCAT
TCTT; for the amplification of mouse endogenous PrP: ATCAC
CATCAAGCAGCACAC and CGCTCCATCATCTTCACATC.
The results were normalized relative to the expression levels of
mouse 18S gene.

Statistical analyses

To compare a-Syn pathology between the three diet groups, the
nonparametric Kruskal–Wallis analysis of variance (ANOVA) test
was applied with Bonfferoni correction for multiple comparisons.
Pair-wise comparisons between the low-DHA and high-DHA
groups at each mouse genotype were carried out using the nonpara-
metric Mann–Whitney test.

RESULTS
To investigate the effect of chronically elevated brain DHA levels on
a-Syn cytopatholgy, we compared the effects of a low-DHA (and
low-n-3 PUFA) diet vs. a high-DHA (0.69% DHA) diet and normal-
ized to standard mouse chow. Importantly, the high- and low-DHA
diets are identical except for their n-3/n-6 contents, while the stan-
dard mouse chow diet involved additional differences in variable
nutrients (see Methods section). For this reason, comparisons for the
effect of DHA were performed between the high- and low-DHA
diets after normalization to the standard diet.

The specific diets affect whole brain
PUFA composition

The effect of the low- and high-DHA diets (given for 95 � 5 days)
on brain PUFA composition was analyzed by gas-chromatography-
high-performance liquid chromatography (HPLC) (see Methods
section). Each FA is represented as percent of total FAs (= 100%)
measured in the sample (Table 1). We found that the diets altered
brain PUFA (and specifically brain DHA) content in ntg mice, a
significantly higher DHA level was detected post-high-DHA diet
(11.3% � 0.4% vs. 9.0% � 0.6% for standard chow; P < 0.05). In
A53T a-Syn mice, brain DHA levels were significantly altered by
both the low-DHA diet (8.2% � 0.4%) and the high-DHA diet
(11.8% � 0.3%) vs. standard chow (9.8% � 0.6%) (P < 0.05).
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Moreover, the high-DHA diet significantly lowered the levels of
22:4 (w6) and 20:4 (w6) in A53T a-Syn mouse brains but not in ntg
brains, indicating an effect of high dietary DHA on other brain
PUFAs when a-Syn is at elevated levels.

Dietary DHA changes alter a-Syn oligomerzation
in transgenic A53T a-Syn mice

The effect of the high-DHA diet (given for 95 � 5 days) on levels of
soluble a-Syn oligomers was determined using the high-speed
(post-180 000 ¥ g) supernatants of whole mouse brain extracts (44)
and analyzed byWestern blot (WB), principally using the antihuman
a-Syn antibody, LB509. We consistently observed higher levels of
a-Syn soluble oligomers in WB of brain extracts of A53T a-Syn
mice on the high-DHA diet and lower levels on the low-DHA diet
(Figure 1). Importantly, the dietary DHA levels also affected total
soluble a-Syn immunoreactivity throughout the gel lane, that is,
lower total soluble a-Syn immunoreactivity was seen in brains of
mice fed with the low-DHA diet vs. higher total soluble a-Syn
immunoreactivity in the brains of mice fed with the high-DHA diet
(Figure 1A,B). The effect of dietary DHA contents was significant,
with a significantly higher level of total soluble a-Syn and a-Syn
oligomers measured in the high-DHA than the low-DHA-fed mice.
The levels of total soluble a-Syn and a-Syn oligomers on the high
DHA diet were highly similar to those on standard mouse chow,
indicating that the effect of the DHA supplementation in the high-
DHA diet (0.69% w/vol) is within a physiological range.

We similarly investigated the effects of these diets in ntg,
C57Bl/6 mice and observed similar trends. Specifically, higher
levels of total soluble a-Syn and a-Syn oligomerization in brains
of ntg mice fed with the high-DHA diet than in those mice fed with
the low-DHA diet (Figure 1C), however, these effects did not reach
significancy (n = 4–5 mice in each diet group) (Figure 1D). A
result that may be attributed to the lower effects of the diets on brain
PUFA levels in these mice (see above).

Finally, we sought to compare wt and A53T human a-Syn oligo-
mers for their responsiveness to DHA. For this aim, we conditioned
MN9D cells over expressing either wt or A53T human a-Syn, in
serum-free medium supplemented with bovine serum albumin
(BSA) only or BSA–FA (at 50 and 200 mM for BSA and FA,
respectively) (45). Specifically, sister cultures were conditioned for
16 h in BSA (a FA carrier control); BSA–linoleic acid (n-6 18:2;
enriched in the low-DHA diet) or BSA–DHA (n-3 22:6; enriched
in the high-DHA diet). The results show a dramatic enhancing
effect for DHA on levels of wt and A53T a-Syn oligomers. That is,

the calculated ratio between the signal obtained for a-Syn soluble
oligomers [migrating on the sodium dodecyl sulfate polyacryla-
mide gel electrophoresis (SDS-PAGE) as 34 up 110 kDa, repre-
senting dimers up to hexamers], divided by the a-Syn monomer
and actin signal within the same sample is ~4.5- and 5.7-fold
higher (for wt and A53T a-Syn, respectively) than the ratio
obtained in the sample treated with BSA only (Figure 1E). Only a
mild effect for linoleic acid was observed, enhancing levels of
a-Syn oligomers by 1.2- and 1.8-fold (for wt and A53T a-Syn,
respectively) over the BSA sample.

Dietary DHA affects a-Syn accumulation in the
brain stem of A53T a-Syn mice

Consistent with the original description of this A53T a-Syn mouse
line (18), we observed abundant intraneuronal a-Syn immunoreac-
tive inclusions and neurites by IHC throughout the brain stem,
deep cerebellar nuclei and in thalamus of brains of old (~15
months) A53T a-Syn tg mice maintained on standard mouse chow.
Attempting to quantify the potential effect of dietary DHA on
a-Syn cytopathology, we recognized that abnormal a-Syn is
indistinguishable from the transgenic, overexpressed A53T a-Syn
(Figure 2) and therefore, we counted total a-Syn signal within
neurons (see Methods section).

We focused on two brain regions: the brain stem and specifically,
the gigantocellular reticular nuclei and the pontine reticular nuclei
[the brain stem was originally reported to contain a-Syn cytopa-
thology (18)]; and the cortex [originally reported to contain only
low levels of pathology (18)]. We found higher levels of a-Syn total
immunoreactivity in brains of A53T a-Syn tg mice fed with the
high DHA diet and lower a-Syn total immunoreactivity with the
low DHA diet (Figure 2). A significant difference in a-Syn signal
detected by IHC was obtained by comparing the brain stem of
mice from the low and high DHA diet groups (Figure 2I, J and K).
Specifically, the relative a-Syn signal measured and normalized
to the standard chow group (designated as 100%) for the low and
the high DHA diets were 73.8 � 8.2 and 119.5 � 7.7 respectively
[mean � standard error (SE); n = 5 mice per group; P = 0.047,
Mann–Whitney test]. Importantly, no significant effects on a-Syn
immunoreactivity were detected in parallel sections containing the
frontal cortex (Figure 2G, H and L) or spinal cords (Figure 2E and
F). Furthermore, there were no significant differences in thyrosine
hydroxylase (TH) enzymatic activity or TH immunoreactivity in
the striatum (caudoputamen) of brains of mice from the three diet
groups (not shown).

Table 1. Effects of dietary DHA on brain polyunsaturated fatty acids (FA) composition.

Diet group NTG A53T a-Synuclein

DHA DTA ARA DHA DTA ARA

Standard chow 9.0 � 0.63 1.2 � 1.45 8.1 � 1.53 9.8 � 0.58 2.9 � 0.12 8.7 � 0.26
low DHA 7.4 � 0.82 2.3 � 1.28 8.2 � 0.78 8.2 � 0.37* 3.2 � 0.0 8.6 � 0.49
high DHA 11.3 � 0.39* 2.0 � 0.23 7.4 � 1.17 11.8 � 0.34* 2.0 � 0.07* 7.3 � 0.34*

*P < 0.05, Mann–Whitney Test.
FA analyses by gas-chromatography-high-performance liquid chromatography (HPLC). Each FA is represented as percent of total FA’s (= 100%)
measured in the sample.
Mean � standard error (SE) of n = 4–6 mice in each diet group.
DHA, 22:6, docosahexaenoic acid; DTA, 22:4, docosatetraenoic acid; ARA, 20:4, arachidonic acid; NTG, nontransgenic.
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Figure 1. Dietary docosahexaenoic acid (DHA) (22:6) affects a-
Synuclein (a-Syn) protein levels and a-Syn oligomerization in brains of
A53T a-Syn transgenic mice. A. Western blot (WB) of high-speed cyto-
sols from whole mouse brain. Each lane has a brain of a mouse main-
tained on standard chow (std), low-DHA or high-DHA diet. Samples were
treated for oligomer detection at 65°C and probed with LB509 antibody.
B. Densitometry of total a-Syn immunoreactivity throughout the lane
and ratio of oligomer/monomer, normalized to actin on the same sample,
for low-DHA (white bars) or high-DHA (black bars) diets. Results

presented as percent of standard chow diet, designated as 100%.
[Mean � standard error (SE), n = 10–12 mice in each diet group]. C. WB
of samples as in (A), but of nontransgenic (ntg) mice fed with the indi-
cated diets. D. Densiotometry of oligomers to monomer ratio, normal-
ized to actin in each sample. E. WB of high-speed cytosols (20 mg
protein) of MN9D cells overexpressing either human wt or A53T a-Syn,
conditioned in the presence of the indicated FA/BSA complexes (200/
50 mM) in serum-free medium. Samples were treated for oligomers
detection at 65°C and probed with LB509. 18:2, linoleic acid; 22:6, DHA.
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We then compared the effect of the diets on the levels of
insoluble a-Syn immunoreactivity associated with the lipid-rich,
low-speed fraction (44). Importantly, this high MW, insoluble
a-Syn signal is associated with the pathogenic a-Syn signal in
the synucleinopathies (45). The lipid-rich fraction was extracted
by chloroform methanol (2:1) and the interface between the
aqueous and organic phases was analyzed by WB and probed
with LB509 antibody (Figure 2M,N). The result indicates
higher levels of insoluble a-Syn migrating at the stacking gel
(Figure 2M) and also higher levels of a-Syn immunoreactivity
within the separating gel (Figure 2N) in the high- than the low-
DHA diet.

The transgenic over expression of human A53T a-Syn is medi-
ated by the PrP promoter in this mouse model. To exclude the
possibility that the dietary DHA affects transcription through the
PrP promoter, we measured the mRNA levels of transgenic human
a-Syn and endogenous PrP by real-time (RT) PCR. We found no
evidence for enhance PrP promoter transcription activity in brains
of mice fed with the high- vs. low-DHA diets. In addition, we found
no evidence for an effect of the diet on mouse endogenouse a-Syn
mRNA levels (Figure 2O). These results suggest that the diets do
not affect a-Syn oligomerization through enhanced transcription
of the transgene.

General histology, as assessed by hematoxylin and eosin, luxol
fast blue and Bielschowsky stainings revealed no indication of an
effect of the diet on the structure of either A53T a-Syn tg or ntg
mouse brains.

High dietary DHA levels enhance astrocytic
gliosis in the brain stem of A53T a-Syn mice

Significant astrocytic gliosis has been documented in brains of
A53T a-Syn mice (18). We sought to determine whether dietary
DHA-induced a-Syn accumulation is associated with astrocytic
gliosis. Sequential sections of brain stem and cortex, which were
analyzed for a-Syn pathogenic accumulations (Figure 2) and
equivalent sections of ntg mouse brains, were immunostained for
glial fibrillary acidic protein (GFAP). No effect of dietary DHA
levels on astrocytic gliosis was seen in the tested regions of ntg
mouse brains (Figure 3A). However, in line with pathogenic a-Syn
accumulations, a significantly higher GFAP signal was detected
in the brain stem but not in the cortex of A53T a-Syn mouse
brains fed with the high-DHA compared with those fed with
the low-DHA diet. Specifically, the GFAP signal (normalized to
the standard chow diet group = 100%), in brain stem from
mice fed with low- and high-DHA diets, was 84.5% � 5.1% and
143.1% � 15.3%, respectively (mean � SE; n = 5; P = 0.008,
Mann–Whitney test).

High dietary DHA levels enhance synaptic loss
in brain stem of A53T a-Syn mice

Synaptophysin may be used as a marker for synaptic/neuronal
injury (37, 43). We first compared synaptophysin levels in young
(1-month-old) ntg andA53T a-Syn brains of mice that were fed with
the standard chow diet. A significant 41% lower signal for synapto-
physin was detected in the brain stems ofA53T a-Syn than ntg mice
(n = 5 mice for each genotype), P = 0.07 t-test.That is, over express-

ing a-Syn alone, without any additional dietary DHA manipula-
tions, dramatically enhanced synaptic loss in the brain stem.

We next sought to determine whether dietary DHA-induced
a-Syn accumulation is associated with neuronal injury. Sequential
sections of brain stem and cortex, which were analyzed for a-Syn
pathogenic accumulations (Figure 2) and equivalent sections of ntg
mouse brains, were immunostained for synaptophysin. The effect
of dietary DHA on synaptophysin levels was compared within each
genotype after normalization to the standard mouse chow. In agree-
ment with previous reports of the neurorestorative or protective
effects of dietary DHA in animal models (7), a significantly higher
synaptophysin signal was detected in the brain stem and cortex
of ntg mice fed with the high-DHA diet than the ones fed with the
standard chow or low-DHA diets (n = 4; P = 0.021 Mann–Whitney
test; Figure 3B). However, in line with the enhanced a-Syn cytopa-
thology described above, significantly lower synaptophysin immu-
noreactivity was detected in the brain stem but not the cortex of
A53T a-Syn mice fed with the high-DHA diet than in those fed
with the standard mouse chow. Specifically, the synaptophysin
signal (normalized to the standard chow diet group = 100%), in
brain stem from mice fed with low- and high-DHA diets, was
79.9% � 8.1% and 60.9% � 4.3%, respectively (n = 5; P = 0.043
Mann–Whitney test; Figure 3B). The effects of the DHA diets on
levels of synaptophysin were region specific, as no significant
effect was detected by WB analyzing whole mouse brain extracts
(not shown).

Prolonged exposure to dietary DHA further
enhanced A53T a-Syn pathogenic
accumulations and neuronal injury

To analyze the effect of longer exposure to alterations in DHA
concentrations, 2- to 3-month-oldA53T a-Syn mice were randomly
divided into three groups and fed with the low- or high–DHA, or the
standard chow diets for 230 days. The experiment was terminated
when mice reached the age of 9–10 months, and a-Syn cytopathol-
ogy was quantified by IHC as above. Similar to the 95 � 5-day
experiments, significantly higher levels of a-Syn accumulation
were detected by IHC in the brain stem of the A53T a-Syn mice fed
with the high-DHA diet than in those fed with the low-DHA diet.
The a-Syn signal measured and normalized to the standard chow
diet group in mice on the low-DHA diet was 100.4 � 8.8 and in mice
on the high-DHA diet was 137.2 � 4.2 (mean � SE; n = 5 mice
in each diet group; P = 0.03, Mann–Whitney test; Figure 4A).
However, in contrast to the 95 � 5-day experiments, following 230
days of diet, significantly higher levels of a-Syn accumulation were
also detected in the cortex of the A53T a-Syn mice. The values for
the a-Syn cortical signal measured and normalized to the standard
chow group were 110.5 � 7.1 and 153.9 � 8.9, respectively, for the
low- and high-DHA diets (mean � SE, n = 5 mice in each diet
group; P = 0.047, Mann–Whitney test; Figure 4B). Importantly, no
effect on a-Syn accumulation was detected in the spinal cords of the
same mice (not shown).

We next tested the effect of 230–day diet on synaptophysin signal
in sequential sections containing the brain stem and the cortex of
A53T a-Syn mouse brains. Similar to the effect measured for the
95 � 5-day diet (Figure 3), a significantly lower signal for synapto-
physin was detected in brain stems of mice fed with the high-DHA
than the standard chow or low-DHA diet (Figure 4C). Moreover,
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in line with the enhanced a-Syn cytopathology detected in the
cortex, significantly lower synaptophysin immunoreactivity was
also detected in the cortex of mice fed with the high-DHA than the
standard chow of low-DHA diet. Therefore, the DHA-dependent
enhancement in neuronal/synaptic injury in the A53T a-Syn mice
occurs alongside with pathogenic accumulations of a-Syn.

RXR over-expression enhances a-Syn
accumulations

To gain insight into the molecular mechanisms by which dietary
DHA enhances a-Syn oligomerization, we tested the potential
involvement of RXR in a-Syn pathogenesis. Fatty acids and, in
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particular, DHA, affect mechanisms of lipid metabolism by ligand-
activated RXR that heterodimerizes with members of PPARs to
activate gene expression. HeLa cells stably expressing human wt
a-Syn cDNA, were transiently transfected with increasing amounts
of RXR cDNA together with a constant amount of green fluores-

cent protein (GFP). Seventy-two hours later, the cells were col-
lected and the level of soluble a-Syn oligomers were assessed by
WB in the high-speed supernatant and normalized to GFP levels
within each sample. While the levels of a-Syn monomer remained
unchanged, increasing levels of a-Syn oligomers (dimer up to
apparent hexamer) were detected with increasing amounts of RXR
cDNA transfected into the cells (Figure 5A).

Activation of endogenous RXR enhances a-Syn
oligomerization in differentiated MN9D
dopaminergic neuronal cells

To activate endogenous RXR, cells were treated with 9-cis retinoic
acid (9-cisRA), a vitamin A metabolite that binds with high affinity
to the RXR ligand-binding domain and activates it (21, 31, 35).
Differentiated MN9D dopaminergic neuronal cells stably overex-
pressing human wt a-Syn were incubated with increasing concen-
trations of 9-cisRA (10–5000 nM) for 16–18 h. To control for the
presence of the solvent, we treated sister cultures with dimethyl
sulfoxide (DMSO) at a concentration equivalent to that in the
highest concentration of 9-cisRA. The effects of 9-cisRA on the
levels of a-Syn oligomers were determined by Western blotting.
The results indicated rising levels of a-Syn oligomers in the
presence of 9-cisRA in a dose-dependent manner (Figure 5B).
To confirm that the effect of 9-cisRA on a-Syn oligomerization is
mediated by RXR activation, we treated the cells with HX531, an
RXR-specific antagonist (48) (Figure 5B). Importantly, HX531
had no effect on a-Syn oligomers when added alone (at 1 mM; not
shown); however, when added together with the 9-cisRA agonist, it
reduced the levels of a-Syn oligomers below control (DMSO-
treated) levels, confirming the involvement of RXR in mediating
a-Syn oligomerization.

Similar effects were obtained with A53T a-Syn overexpressing
MN9D cells. Specifically, 9-cisRA enhanced a-Syn oligomers by
~2.5-fold over the control levels. In accord, oligomer level was
reduced below their level in the control sample when 9-cisRA was
added together with HX531 antagonist.

PPARg2 activation enhances a-Syn
oligomerization in differentiated dopaminergic
neuronal cells

Although homodimers of RXR are expected to be active, there is
no specific information regarding the DNA element to which they
bind. We therefore examined the possibility that PPARg is a

Figure 2. Dietary docosahexaenoic acid (DHA) (22:6) affects a-
Synuclein (a-Syn) pathology in brains of A53T a-Syn transgenic mice.
Mice were fed with the specific diets for 95 � 5 days. Representative
images of immunohistochemistry (IHC): brain stem of nontransgenic
(ntg) mouse (A–D); spinal cord of A53T a-Syn mice (E and F); cortex of
A53T a-Syn mice (G and H); brain stem of A53T a-Syn mice (I and J).
Formalin-fixed tissue immunostained with Syn-1 antibody (C and D) or
Syn 303 antibody (A,B,E–J) and visualized with EnzMet-detection kit
(Nanoprobes, Yaphank, NY, USA). Bar = 40 mM. Quantification of total
neuronal human a-Syn immunoreactivity in brain stem (K) and cortex (L)
following 95 � 5 days of the specified diets. Results are normalized to
standard chow diet, designated as 100%. Mean � standard error (SE) of
n = 5 mice, with five to eight images for each mouse brain. *, P = 0.047,

Mann–Whitney test. M. Insoluble, lipid-associated a-Syn, in brains of
A53T a-Syn mice fed with the standard chow (std), low- or high-DHA
diets. Chloroform/methanol extraction of a sample of the lipid-rich low-
speed fraction (45). The interface between the organic (lower) and
aqueous (upper) fractions was resuspended in 2¥ Laemmli buffer, ana-
lyzed by 10% Tris-Glycin polyacrylamide gel electrophoresis (PAGE) and
blotted with LB509. N. Quantitation of a-Syn immunoreactivity in the gel
(M) mean of n = 4 � standard deviation. Arrow, indicates the border
between stacking gel and separating gel. O. Quantitative analyses of
mRNA levels of endogenous prion, endogenous a-Syn and transgenic
a-Syn by real time polymerase chain reaction (RT-PCR). mRNA purified
from one hemisphere of A53T a-Syn mouse brain fed either one of the
different diets with n = 4 in each diet group.
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Figure 3. Dietary docosahexaenoic acid (DHA) (22:6) affects astrocytic
gliosis and neuronal loss in A53T a-Synuclein (a-Syn) transgenic mice.
A. Glial fibrillary acidic protein (GFAP) signal measured by immunohis-
tochemistry (IHC) in the brain stem and cortex of nontransgenic (ntg) and
A53T a-Syn mice fed with the high- or low-DHA diets and normalized to
standard chow diet represented as 100%. Mean � standard error (SE)
of n = 5 mice. *, comparing the low- and high-DHA groups, P = 0.008
Mann–Whitney test. B. Synaptophysin signal measured by IHC in brain
stem and cortex of mice fed with the high- or low-DHA diet and normal-
ized to standard chow diet designated as 100%. Mean � SE, n = 5
mice in each diet group; *, comparing the high and low DHA groups,
P = 0.047, Mann–Whitney test.
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binding partner for RXR in a-Syn oligomerization. HeLa cells
stably overexpressing a-Syn were transiently transfected with
RXR only, RXR and PPARg1, RXR and PPARg2 or empty vector
(see Methods section), and the levels of a-Syn oligomers in the
high-speed supernatant were quantified by Western blotting. The
results showed enhanced levels of a-Syn oligomers in cells
transfected with RXR-only (see also above). Interestingly, while
cotransfection of RXR and PPARg1 prevented the formation of
higher a-Syn oligomers, the latter was enhanced by cotransfection
of RXR and PPARg2 (Figure 6A).

To further assess the specific involvement of PPARg in a-Syn
oligomerization, we tested the effect of the PPARg agonist troglita-
zone. Differentiated MN9D dopaminergic neuronal cells stably
overexpressing human wt a-Syn were treated with increasing
amounts of troglitazone (0–30 mM) or with its DMSO solvent for
control. The levels of a-Syn oligomerization were increased by
troglitazone in a dose-dependent manner. Furthermore, the speci-
ficity of the effect of PPARg was examined by using the specific
PPARg antagonist, GW9662. Treatment with this antagonist at
concentration as low as 1 mM abolished the oligomer-enhancing
effect of troglitazone, and treatment with 10 mM GW9662 led to
lower a-Syn oligomer levels, below those of DMSO-treated cells
(Figure 6B). Importantly, no significant effect on levels of a-Syn
oligomers were detected with GW9662 alone (not shown). We
conclude that PPARg, and specifically PPARg2, contributes to the
cellular mechanisms leading to a-Syn oligomerization.

RXR activation enhances a-Syn oligomerization
in brain slices of A53T a-Syn mice

We next sought to confirm the above enhancing effect of RXR on
a-Syn oligomerization in brain slices. A53T a-Syn brain slices

(300 mm) were incubated in oxygenated ACSF with increasing
concentrations of 9-cis-RA agonist (10, 50 and 100 nM) at 33°C
for 6 h. To control for the presence of the solvent, we incubated
adjacent brain slices in DMSO at concentrations equivalent to
those of the 9cis-RA-treated samples. The slices were then pro-
cessed for a-Syn oligomer detection by Western blotting with
LB509 antibody. 9-cis RA had an effect on a-Syn oligomerization
in the A53T a-Syn brain slices (Figure 7). Specifically, a higher
ratio of a-Syn oligomers to monomer was detected in samples
of brain slices treated with 50 and 100 nM 9-cis-RA than in
the DMSO-treated sample. Importantly, the oligomer-enhancing
effect of 100 nM 9-cis-RA was abolished in the presence of
100 nM HX531 antagonist, while the monomer level was
unchanged (Figure 7).

RXR activation mediates DHA effect on
a-Syn oligomerization

To directly test the involvement of RXR activation in DHA-
enhanced a-Syn oligomerization, we incubated MN9D cells,
stably overexpressing human wt a-Syn for 16 h in serum-free
medium, supplemented with BSA only or BSA/DHA at molar
ratio of 1:5 for BSA (0.02 mM) and FA (0.1 mM), respectively. The
effect of specific antagonists for RXR was tested in sister cultures
treated in parallel with BSA or BSA/DHA. Two specific RXR
antagonists were tested, HX531 (48) and PA 452 (48), with similar
results. The amount of DMSO solvent for the antagonists was held
constant in all samples. After the overnight incubation, cells were
collected and fractionated, and the levels of a-Syn oligomers in
the soluble fraction were determined by Western blotting. In line
with the in vivo evidences above, 22:6 DHA enhanced the levels
of a-Syn oligomers by twofold to threefold compared with
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Figure 4. Prolonged exposure to high dietary docosahexaenoic acid
(DHA) levels further enhances a-Synuclein (a-Syn) accumulation. Quan-
tification of total neuronal human a-Syn immunoreactivity in brain stem
(A) and cortex (B) following 230 days of the specified diets. Results
are normalized to standard chow diet, designated as 100%. Mean �

standard error (SE) of n = 5 mice, with five to eight images for each

mouse brain. *, comparing the low- and high-DHA groups, P = 0.03
(A) and P = 0.047 (B), Mann–Whitney test. C. Synaptophysin signal
measured in brain stem and cortex of A53T a-Syn mice fed with the high
(H)- or low (L)-DHA diet for 230 days and normalized to standard chow
diet designated as 100%. Mean � SE, n = 4 mice in each diet group.
*, comparing the high- and low-DHA diets, t-test P > 0.03.
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the sample treated with BSA only. Importantly, both HX531 and
PA452 antagonists (at 0.1 and 1 mM) inhibited the enhancing effect
of DHA, lowering the levels of a-Syn oligomers to the level
detected in the BSA-only sample (Figure 8A).

Finally, we sought to assess the specific involvement of RXR
activation in DHA effect on endogenous and transgenic a-Syn
oligomerization in brain slices of ntg and A53T a-Syn mice. For
this aim, brain slices (300 mm) were incubated in oxygenated
ACSF supplemented with BSA only or with DHA bound to BSA
(at 1:3 molar ratio for BSA : DHA, respectively). DHA was added
to the slices at a concentrations of 100 mM. The effect of HX531
antagonist (at concentrations of 0.1 and 1 mM) was tested at 33°C
for 6 h. The slices were then processed for a-Syn oligomer detec-
tion by Western blotting with Syn-1 antibody for the ntg and LB509
antibody for the A53T a-Syn brain sample. DHA enhanced a-Syn
oligomerization in both ntg and the A53T a-Syn brain slices
(Figure 8B,C). Specifically, a higher ratio of a-Syn oligomers to
monomer was detected in samples of brain slices treated with
100 mM DHA than in the BSA-only treated sample. Importantly,
the oligomer-enhancing effect of DHA was abolished in both geno-

types in the presence of 0.1 mM HX531 antagonist, while the
monomer level was unchanged (Figure 8).

DISCUSSION
We investigated the effects of dietary DHA on a-Syn-related
pathology in A53T a-Syn tg mouse brains by comparing the effects
of two diets that differed in their DHA content (ie, low and high
DHA) and normalizing the results to standard mouse chow in mice
otherwise handled identically within the same colony. Feeding
A53T a-Syn mice the DHA-specific diets for ~95 days affected
a-Syn protein levels, a-Syn oligomerization/aggregation and
a-Syn cytopathology. Specifically, significantly higher levels of
total a-Syn immunoreactivity, of oligomers and of total a-Syn
accumulation within neuronal cells were observed in the brains
of mice fed with the high-DHA rather than the low-DHA diet, as
assessed by quantitative Western blotting and IHC. Following ~95
days of high-DHA diet, significant accumulation of a-Syn was
detected in the brain stem but not in the cortex of the A53T a-Syn
mice. In line with the appearance of a-Syn accumulations, signifi-

Monomer

Dimer

Trimer

14

25

36

51
72

Con Mock
1x 2x 4xA

GFP

9-cisRA (μμM):   0       0.01    0.1      1        5        1          1         5         5      
HX531 (μM):      -        -          -          -        -        1          5         1         5

Monomer

Dimer

Trimer

Actin

B

14

25

36

51
72

0

0.5

1.0

1.5

2.0

2.5

R
el

at
iv

e 
le

ve
ls

 o
f 

ol
ig

om
er

s 
(a

rb
itr

ar
y)

R
el

at
iv

e 
le

ve
ls

 o
f 

ol
ig

om
er

s 
(a

rb
itr

ar
y)

0.0

0.5

1.0

1.5

2.0

2.5

* *

Figure 5. Enhanced a-Synuclein (a-Syn) oligomerization in response to
retinoic X receptor (RXR) activation. A. HeLa cells stably expressing
human ntg a-Syn cDNA were transiently transfected with increasing
amounts of RXR cDNA (0.6, 1.2 and 2.4 mg) together with a constant
amount of green fluorescent protein (GFP) (0.6 mg) or mock DNA.
Samples (15 mg protein) of post-high-speed (180 000 ¥ g) supernatant
were processed for oligomer detection by Western blot (WB) and
probed with LB509 antibody. The levels of a-Syn oligomers were nor-

malized to GFP levels in the same sample and plotted as oligomer/
monomer/GFP ratios (bars). A representative blot of mean � standard
deviation (SD) of n = 3–5 repeats. B. Samples (15 mg protein) of differen-
tiated MN9D cells stably expressing a-Syn conditioned for 18 h in the
indicated compounds. Samples were processed for a-Syn oligomer
detection by WB as in (A); bars represent the ratio: oligomer/monomer/
actin. A representative blot of mean � SD of n = 3–5 repeats. *,
P < 0.05, t-test.
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cantly higher GFAP and lower synaptophysin immunoreactivity
were observed in the brain stem but not in the cortex of these
high-DHA-fed mice, providing evidence of local neuronal injury
at the site of the greater a-Syn accumulations. In complementary
findings, lower a-Syn signal was detected by WB and IHC, and
lower astrogliosis was seen in the brains of A53T a-Syn mice fed
with a low-DHA (and low-n-3 PUFA) diet. Interestingly, following
230 days of feeding the respective DHA diets to A53T a-Syn mice,
there were significantly higher levels of a-Syn accumulation in the
brain stem, as well as in the cortex of the mice fed with the high
DHA diet and in accord, neuronal injury was detected in these
regions. In complementary findings, a-Syn accumulation was
lower in the brains of the A53T mice fed with the low-DHA diet in
parallel. To explain the effects of DHA on a-Syn neuropathology,
we thought to investigate its activating effect on certain members
of the nuclear hormone receptor family. We found that activation
of RXR and PPARg2 each enhanced a-Syn oligomerization and

aggregation in differentiated, human a-Syn-expressing MN9D
dopaminergic cells. Furthermore, activation of RXR by its ligand,
9-cis retinoic acid, enhanced a-Syn oligomerization and aggrega-
tion in A53T a-Syn brain slices. Importantly, we show that
enhanced a-Syn oligomerization in response to DHA is controlled
by RXR. Taken together, our results suggest that elevated brain
DHA levels accelerate mechanisms of a-Syn accumulation
and oligomerization that involve specific activation of RXR and
PPARg2, leading to neurotoxicity.

We compared the effects of ~95 vs. 230 days of feeding the
high-DHA diet as regards to its extent of a-Syn cytopathology in
the brains of A53T a-Syn mice. Two brain regions were quantified
for their a-Syn levels, the brain stem and cortex. Following ~95
days of the diet, significantly higher a-Syn cytopathology was
detected in the brain stem but not in the cortex. However, following
230 days of high-DHA diet, significantly higher a-Syn cytopathol-
ogy was detected in both brain regions. This difference was not
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blot, mean � standard deviation (SD) of n = 3–5 repeats. B. Samples
(15 mg protein) of differentiated MN9D cells stably expressing a-Syn,
conditioned 18 h in the indicated compounds. Samples were processed
for a-Syn oligomer detection by Western blot (WB) as in (A); bars
represent the ratio of oligomers/monomer/actin. A representative blot,
mean � SD of n = 3–5 repeats. *, P < 0.01, t-test.
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related to the age of the mice, as the mice of both the 95-day and the
230-day groups were 9–10 months at termination. This result sug-
gests that prolonged exposure to elevated brain PUFA concentra-
tions further enhances the accumulation of a-Syn cytopathology.

The apparent time-dependent “spread” of a-Syn cytopathology
from the brain stem to the cortex in response to the high-DHA diet
provokes a comparison to the Braak stages of a-Syn pathology (5).
This proposed staging scheme for PD is based on patterns of abnor-
mal immunostaining for a-Syn. According to the Braak scheme,
a-Syn pathology appears in an approximate temporal sequence,
with the presumed earliest manifestation in the brain stem and the
latest manifestation involving cortical areas.

Originally it was reported that this A53T a-Syn mouse model
developed age-dependent intraneuronal a-Syn-positive lesions that
are more common in the posterior parts of the brain, including the

brain stem and specifically enriched in the spinal cord. These
a-Syn-positive lesions correlate with disease onset and recapitu-
lates features of LBs (18). However, in the mouse colony we bred to
homozygocity, we found that a-Syn pathology was indistinguish-
able from total transgenic a-Syn protein expression, involving
overall enhanced a-Syn immunoreactivity (11, 32) within neuronal
cell bodies and neurites. We considered the increased a-Syn immu-
noreactivity obtained by IHC within neuronal cells as potentially
cytotoxic a-Syn, based on the findings that duplications and tripli-
cations of the human a-Syn locus are associated with severe famil-
ial forms of PD (22, 47). Additionally, aging and a-Syn pathology
were recently shown to amplify a-Syn expression and toxicity (11).
Nevertheless, the enhanced a-Syn accumulations observed in the
high-DHA-fed mice did not correlate with appearance of disease
symptoms. This could result from the experimental set up, termi-
nated when mice reached the age of 9–10 months rather than
testing the effect of the diets on time of death.

DHA is the in vivo activating ligand for RXR (14) and PPARg
[reviewed in (9)]. RXR belongs to the nuclear hormone receptor
(NHR) ligand-activated transcription factor family, of which it
is an obligatory component, forming heterodimers with additional
members of the NHR family, including PPARg. We demonstrate
here that activation of PPARg2 but not PPARg1, can significantly
enhance a-Syn oligomerization. This result suggests that RXR
acts together with PPARg2 to influence a-Syn oligomerization.
However, the NHR heterodimer that is specifically involved in
a-Syn oligomerization in vivo has yet to be determined. Moreover,
the mechanism of action by which the NHRs are involved in a-Syn
oligomerization is still unknown. Nevertheless, the involvement of
RXR and PPARg in a-Syn oligomerization discovered here adds
to earlier evidence from numerous laboratories that brain lipid
metabolism has a role in a-Syn pathogenesis.

The finding that PPARg2, but not PPARg1, is involved in
enhanced a-Syn oligomerization is interesting in light of a recent
report suggesting a role for PPARg2 in longevity (1). The activation
of NHRs such as PPARg may therefore link aging and neurodegen-
eration, including aging and a-Syn neuropathology.

The lowering effect of the low-DHA diet on a-Syn pathogenesis
raises questions concerning the mechanisms involved in the
accumulation of a-Syn pathology. Specifically, do low DHA levels
prevent the accumulation of toxic a-Syn forms or rather affects its
conformation, making it more available for degradation. An addi-
tional question concerns the activity of NHRs in lowering a-Syn
oligomerization in the presence of low brain DHA. Specifically, are
different NHR involved in enhanced and reduced a-Syn oligomers
levels?

In this study we have utilized a transgenic mouse model, overex-
pressing the mutant A53T a-Syn form, to in vivo examine the
effects of brain DHA levels on a-Syn neuropathology. Elevated
DHA levels have similarly enhanced human wt a-Syn oligomeriza-
tion in cellular models. As a-Syn oligomers precede aggregation
and inclusion formation (2), it is plausible to suggest that wt and
A53T a-Syn respond to DHA in similar mechanisms.

The results presented herein suggest that elevated brain DHA
levels accelerate mechanisms of a-Syn neuropathology. In con-
trast, a growing number of reports on wild-type mice describe
various beneficial effects attributed to elevated PUFA and specifi-
cally, higher dietary DHA, on several aspects of brain structure and
function, including neurodegeneration [for review, see (50)]. It is
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Figure 7. Activated retinoic X receptor (RXR) enhances a-Synuclein
(a-Syn) oligomerization in brain slices of A53T a-Syn mice. Transverse
slices (300 mm) of A53T a-Syn mouse brain (8 months old) were placed
in a chamber containing oxygenated (95% O2/5% CO2) artificial cere-
brospinal fluid (ACSF) at room temperature for 1 h. Slices were then
incubated at 33°C for 6 h in oxygenated ACSF containing the indicated
compounds. The slices were then collected and processed for a-Syn
oligomer detection by Western blotting as in Figure 5. A representative
blot, mean � standard deviation (SD) of n = 3–6 repeats. *, Kruskal–
Wallis P < 0.05.
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therefore important to emphasize that similar to these reports, we
also observed beneficial effects with the high-DHA diet in ntg
mice. Specifically, enhanced synaptic number, represented by syn-
aptophysin staining, was observed in the ntg mice (Figure 3B).
Nevertheless, this beneficial effect could not overcome the adverse
increase in a-Syn expression in the A53T a-Syn tg mouse brains.
We found a lower signal for synaptophysin in young, nonsymptom-
atic A53T a-Syn than in ntg mouse brains, a result that represents
synaptic loss in this transgenic mouse model. Importantly, further
reduction in synaptophysin signal is associated with regional accu-
mulations of a-Syn pathology. Specifically, we quantified the effect
of dietary DHA in two brain regions, the brain stem and cortex,
following 95 � 5 or 230 days feeding. We detected higher levels of
pathogenic a-Syn accumulations and in accord, lower synapto-
physin signal in the brain stem but not the cortex of A53T a-Syn
mice fed with the high-DHA diet for 95 � 5 days relative to those
fed with the low DHA diet (Figures 2K and 3B). However, follow-
ing 230 days of diet, both a-Syn accumulations and synaptophysin
levels were different in brain stem as well as in cortex of mice
fed with the high- than the low-DHA diet. This result suggests that
a-Syn pathogenic levels are strongly associated with synaptic loss.
In this regard it is important to note that our finding concerning

a deleterious role for DHA in a-Syn pathogenesis is not supported
by epidemiology.

Recently, the neuroprotective effects of n-3 PUFA were dem-
onstrated in 1-methyl-4-phenyl-1,2,3,6-tetrahydrpyridine (MPTP)
models of PD. Specifically, DHA was shown to have a neuropro-
tective effect on DA-related motor function in a nonhuman
primate model (42). Furthermore, a 10-month-long diet enriched
with n-3 PUFA prior to MPTP treatment was shown to protect
against MPTP-induced loss of TH-positive neurons and against
MPTP-induced decrease in dopamine (4). While this study
emphasizes the general neuroprotective effects of n-3 PUFA
observed in ntg mice and various neurodegenerative models, it is
important to note that this model does not involve any a-Syn
cytopathology.
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