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INTRODUCTION

Over the recent years, increasing evidence has suggested that cho-
lesterol, or cholesterol metabolism, plays a role in some neurode-
generative disorders, including Alzheimer’s disease (AD). The first
evidence came from clinical and epidemiological studies, showing
that patients with elevated plasma cholesterol levels have increased
susceptibility to AD (18, 36, 41) and that the incidence of AD is
higher in countries with high fat and high calorie diet (20). The
relation between hypercholesterolemia and AD or mild cognitive
impairment has been confirmed repeatedly (9, 22, 25). Several
studies have shown that the use of statins, drugs that inhibit the
cholesterol synthesis, decreases the prevalence (19, 51) and the
progression (43) of AD. In addition, polymorphisms in genes,
involved in the transport or in the metabolism of cholesterol, have
been suggested as putative risk factors for AD. The presence of the
E4 isoform of the apolipoprotein E (ApoE), the main cholesterol
transporter in the body, is the major known risk factor for this
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Abstract

Growing evidence strongly suggests that high fat diet (HFD) has an important role in some
neurodegenerative disorders, including Alzheimer’s disease (AD). To identify new cellular
pathways linking hypercholesterolemia and neurodegeneration, we analyzed the effects
of HFD on gene expression in mouse brain. Using cDNA microarrays and real time
RT-PCR, we found that HFD has a mild, but significant effect on the expression of several
genes. The altered genes include molecules linked to AD pathology and others of potential
interest for neurodegeneration. We further investigated the effect of HFD on the activity-
regulated cytoskeleton-associated protein (Arc). Expression of Arc was decreased in cere-
bral cortex and hippocampus of HFD-fed animals. From the known regulatory mechanisms
of Arc expression, HFD reduced N-methyl-D-aspartate receptor (NMDAR) activity, as seen
by decreases in tyrosine phosphorylation of NMDAR2A and levels of NMDAR1. Addition-
ally, we demonstrated that 27-hydroxycholesterol, a cholesterol metabolite that enters the
brain from the blood, decreases Arc levels as well as NMDAR and Src kinase activities in rat
primary hippocampal neurons. Finally, we showed that Arc levels are decreased in the cortex
of AD brains. We propose that one of the mechanisms, by which hypercholesterolemia
contributes to neurodegenerative diseases, could be through Arc down-regulation caused by
27-hydroxycholesterol.

disease (6). Moreover, polymorphisms in receptors for the uptake
of cholesterol, such as low-density lipoprotein receptor-related
protein and the very-low-density lipoprotein receptor (53), as well
as in enzymes that regulate the cholesterol catabolism such as
Cyp46 (50), have been associated with an increased risk for AD.
Furthermore, a number of studies suggest that cholesterol regulates
the production of amyloid beta (AP), the major constituent in
amyloid plaques and central to the pathogenesis of AD. High cho-
lesterol promotes while low cellular cholesterol reduces A pro-
duction both in vitro and in vivo (31).

An unsolved paradox is how high serum cholesterol influences
AD pathology, knowing that cholesterol metabolism in the central
nervous system is regulated independently and separately from
blood cholesterol metabolism, and that the cholesterol in the brain
is separated from the blood by the blood—brain barrier (BBB) (5).
Metabolites of cholesterol such as 24S-hydroxycholesterol and
27-hydroxycholesterol (27-OH) can pass the BBB, and a large
amount of 27-OH is taken up from the blood, acting as an important
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link between extra-cerebral and intra-cerebral pools of cholesterol
(17). However, the mechanisms by which hypercholesterolemia
could contribute to neurodegenerative disorders are currently
unknown.

In this study, we have used gene expression arrays to scrutinize
the effects of high fat diet (HFD) on gene expression in the mouse
brain, with the aim of identifying new cellular pathways linking
hypercholesterolemia and neurodegeneration. Among the genes
with altered expression, we have further focused on investigating
the effects on activity-regulated cytoskeleton-associated protein
(Arc). Arc is a key molecule for maintenance of synaptic potentia-
tion and long-term consolidation of memory (15, 29), and it has
been shown to decrease in tangle-bearing neurons in the AD brain

(12).

MATERIAL AND METHODS

Animals

Five-to-six-week-old mice (strain C57BL/6) were purchased from
B&K (Sollentuna, Sweden). The animals were housed in groups
of five with 12-h light/dark cycle and fed with normal chow diet
(ND) or an HFD containing 21% fat and 0.15% cholesterol
(R638, Lactamine, Sweden) for 9 months. Ethical consent was
received from the regional ethical committee for animal studies.
In order to monitor the effect of the diet in blood, we analyzed the
levels of plasma lipids after 18 weeks of treatment. At this time,
the plasma levels of cholesterol, high-density lipoproteins and
low-density lipoproteins were approximately doubled in HFD-fed
animals as in controls (data not shown). Different sets of animals
were used in each experiment and analysis technique.

RNA extraction

Five animals per group were sacrificed by decapitation and the
brains immediately frozen on dry ice and subsequently stored at
—70°C. Total RNA was extracted from one hemisphere using the
RNeasy lipid tissue mini kit from Qiagen (Palo Alto, CA, USA),
following the manufacturer’s instructions. In addition, total RNA
was extracted from a pool containing the cerebellum from all
animals and was used as a common control for the microarray
hybridizations. The RNA sample from each animal was analyzed
individually against the common control. The expression ratios
obtained were used to analyze differential gene expression between
HFD and ND animals.

cDNA microarrays

DNA microarrays built with 70-oligomer gene-specific oligo-
nucleotide probes (Operon, Huntsville, AL, USA) were obtained
from the Royal Institute of Technology (Stockholm, Sweden).
Four males were analyzed with a microarray, containing 15 000
gene probes (Mus musculus, AROS V2.0 set from Operon Bio-
technologies GmbH, Cologne, Germany) spotted in duplicate.
One male and five females were analyzed with a microarray, con-
taining 27 000 gene probes (Mus Musculus, AROS V4.0 from
Operon). Total sample RNA (5 ug) was treated with DNase |
(Promega, SDS, Sweden), according to the manufacturer’s
instructions, and was labeled by reverse transcription (RT) in the
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presence of Cy5-CTP, using the Pronto labeling kit (Corning,
NY, USA). An equal amount of control reference RNA (Strat-
agene, CA, USA) was labeled with Cy3-CTP, mixed with the
Cy5-labeled target, purified and mixed with 40 uL of the hybrid-
ization buffer supplied by the Pronto System (Corning, NY,
USA). The labeled probe mix was added to the array and placed
in a sealed hybridization chamber (Corning, NY, USA) for
15-18 h at 65°C, after which the array was washed and dried. The
arrays were scanned immediately using a GenePix scanner (Axon
Instruments, Union City, CA, USA). Image analysis was per-
formed using the GenePix Pro 6.0 software (Axon Instruments,
Union City, CA, USA). Automatic flagging was used to localize
absent or very weak spots, which were excluded from analysis.
Fluorescence (Cy5/Cy3) ratios were normalized as described pre-
viously (13), using the Locally Weighted Scatter Plot Smoother
(LOWESS) method in the Statistics for Microarray Analysis
(SMA) package (http://www.bioconductor.org). Identification of
differentially expressed genes was performed using the Signifi-
cance Analysis for Microarrays (SAM) statistical technique (47).
A ¢q value was assigned for each of the detectable genes in the
array. This value measures the lowest false discovery rate at
which differential expression of a gene is considered significant.
Genes, which differences in expression showed a g value > 24%,
were not selected for further analysis. Further statistical analyses
of differential expression were performed with Student’s #-test,
and a P<0.05 was considered significant (see Supplementary
Material for complete list of genes). A total of 10 microarray
experiments were performed, five for male and five for female.
Two chips in each group were performed in a dye swoop manner.

Real-time RT-PCR

To validate the microarray data, five genes (Arc, Ppp2rlb, Ace, Avp
and Hmgcs2) were analyzed using real-time quantitative RT—
polymerase chain reaction (QRT-PCR). Total RNA was reverse-
transcribed, using an oligo-dT primer and the SuperScrip™
II RT enzyme (Invitrogen, Carlsbad, CA USA). For each gene,
three animals per group were analyzed, and each gene expression
value was calculated as the mean of the three independent measure-
ments. For relative qRT-PCR, synthesized cDNA was amplified
with target gene-specific primers using an ABI PRISM 7700
Sequence Detection System (Applied Biosystems, Foster City, CA,
USA). The following conditions were used: heat activation of DNA
polymerase for 15 minutes at 95°C, 42 cycles of PCR: 95°C for
30 s, 55°C for 30 s, 72°C for 40 s and a final incubation at 72°C for
10 minutes. For each PCR product, melting curves were deter-
mined, according to the manufacturer’s instruction (ABI PRISM
7700 sequence Detection System), ensuring specific amplification
of the target gene. Quantitative values were obtained as the thresh-
old PCR cycle number (Cf), when the increase in the fluorescent
signal of the PCR product showed exponential amplification.
Expression of 36B4 mRNA was used as an internal standard, as
this gene is known to demonstrate low variability and high repro-
ducibility. The relative transcription level of each gene was
calculated, using the 274" method, where AACt = (Clirget gene —
Ct3684)1rD — (Cliarget gene — Ctzepa)np (27). The mean of the results
was obtained after the 2744 calculations of cDNA for each sample
in triplicate, and the relative transcription levels were expressed as
mean * standard deviation (SD).

Brain Pathology 19 (2009) 69-80

© 2008 The Authors; Journal Compilation © 2008 International Society of Neuropathology


http://www.bioconductor.org

Mateos et al

Table 1. Primary antibodies used in the experiments.

Antibody Company

Arc (H-300)
Arc (for immunohistochemistry)
NMDAR1 (mouse)

Santa Cruz Biotechnology, CA, USA
Synaptic system GmbH, Germany
BD Bioscience Pharmingen, UK

NMDART (rat) Chemicon International Inc., CA, USA
NMDAR2A (p-Y1325) Abcam, UK

Active Src Biosource Europe, Belgium

GIuR1 Chemicon International Inc., CA, USA
GluR2 Chemicon International Inc., CA, USA

Actin Sigma Aldrich, MO, USA
NeuN Chemicon International Inc., CA, USA

Immunoblotting

Four animals per group were sacrificed by decapitation and the
brains immediately frozen on dry ice and stored at —70°C. Each
brain was homogenized in a buffer containing 40 mM Tris-HCl
(pH 6.8), 1% NP-40, a protease inhibitor cocktail (Sigma-Aldrich,
Saint Louis, MO, USA) and phosphatase inhibitors (20 mM
B-glycerophosphate, 2 nM okadaic acid, 50 mM NaF, 1 mM
Na;VO,). Protein levels in the cell extracts were quantified using
the BCA protein assay kit (Pierce, Rockford, IL, USA). Equal
amounts of protein were separated using 10% acrylamide gel, and
the proteins transferred to a nitrocellulose membrane (Schleicher
& Schuell, Germany). Incubation with primary antibodies (see
Table 1) was performed overnight at 1:1000 dilution, followed by
incubation with anti-rabbit or anti-mouse immunoglobulin G (IgG)
at 1:2000 dilution (Amersham Biosciences, Little Chalfont, UK).
Immunoreactivity was detected by the ECL detection system
(Amersham Biosciences, Little Chalfont, UK). Some immunoblots
were stripped using Restore™ Western Blot Stripping buffer
(Pierce, Rockford, IL, USA) at room temperature for 15 minutes,
and then re-blotted with other antibodies. The relative density of
the immunoreactive bands was calculated from the optical density
(OD) multiplied by the area of the selected band using Image SXM
program (University of Liverpool, United Kingdom).

Immunohistochemistry

For immunohistochemistry, 13 animals were used, five mice on ND
and eight on HFD. All of the animals were anaesthetized with
sodium chloral hydrate (40 mg/100 g, intraperitoneally) and
perfused transcardially with 20 mL of 0.1 M phosphate-buffered
saline (PBS) followed by 60 mL 4% paraformaldehyde in 0.1 M
PBS, pH 7.4. After perfusion, the animals were decapitated and the
brains removed and post-fixed in the same fixative for 8 h and then
soaked in 10% sucrose in 0.1 M Sérensen phosphate buffer, pH
7.4, until the brains were cut on a cryostat. 14-um-thick coronal
sections were collected at two levels: bregma = —1.82-2.80 mm,
according to the Franklin and Paxinos’ atlas (10). The tissue
sections were kept at —20°C until staining. Heat-induced epitope
retrieval was performed by microwaving the sections in 0.01 M
citrate buffer, pH 6.0, at 80°C for 13 minutes. Unspecific binding
was blocked with 5% normal goat serum (Sigma-Aldrich, St.
Louis, MO, USA) in PBS for 10 minutes before overnight incuba-
tion with the anti-Arc antibody (see Table 1) at +4°C. Cy3-
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conjugated goat-anti rabbit IgG (Jackson ImmunoResearch, West
Grove, PA, USA) was used for detecting the primary antibody
(1:1000 dilution). Cell nuclei were stained with DAPI (Sigma-
Aldrich, St. Louis, MO, USA). Arc staining was assessed on two
slides per animal, collected at the levels indicated above. The
pattern of Arc immunostaining in the cortex allows dividing the
structure into superficial (II-11I), and deep (V—VI) layers, separated
by a band of discontinuity. The Arc-positive cells in the cortex were
counted within arbitrarily delineated rectangles that span, but do
not go beyond the limits of the layer. A minimum of three rectangu-
lar areas were counted per slide and per group of layers. The results
were computed as number of Arc-positive cells per square millime-
ter and expressed as mean = SD.

In the dentate gyrus (DG), for measuring relative the intensity of
staining, OD was measured using ImagelJ 1.38 by manually delin-
eating the cell bodies staining positively for Arc and normalizing
the average OD to a number of similarly measured areas with
background only in the vicinity of the granule cell layer. A
minimum number of four Arc-positive cells and five background
regions per slide were analyzed. The Arc-positive cells were
counted in the outer (ob) and inner (ib) blade separately. Statistical
analyses were performed on the average number of Arc-positive
cells per slide, and on an asymmetry index, calculated as the per-
centage difference between cell counts in ob and ib: (No, — Nip)/
(Nob + Nib) x 100.

27-hydroxycholesterol treatment of rat primary
hippocampal neurons culture

Hippocampeal tissue from 16-day-old Sprague-Dawley rat embryos
were homogenized in serum-free neurobasal medium with supple-
ment of 2% B27 (Invitrogen). Cells from each embryo were seeded
separately in dishes, pre-coated with 0.17 mg/mL poly-D-lysine
MW 300 000 (Sigma-Aldrich, St. Louis, MO, USA) in PBS. The
culture medium was changed every fourth day. Ten-day-cultured
neurons were treated with 1 uM 27-OH for 24 h. This concentra-
tion of 27-OH is similar to that found in mammalian brain (16).

Cells were collected and lysed in lysis buffer (S0 mM Tris-HCI,
150 mM NaCl, 2 mM ethylenediamine tetraacetic acid, 2 mM
ethyleneglycol tetraacetic acid, 1% Triton-X100) containing a pro-
tease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA) and
phosphatase inhibitors (20 mM B-glycerophosphate, 2 nM okadaic
acid, 50 mM NaF, 1 mM Na;VO,). Immunoblotting was performed
as described for the mouse brain extracts above.

Brain samples and tissue preparation

Post-mortem brain material was obtained from the Huddinge Brain
Bank (Karolinska university Hospital, Sweden) with approval by
the Human Ethics Committee of Karolinska University Hospital.
The AD cases met the clinical diagnosis of probable AD (Diagnos-
tic and Statistical Manual of Mental Disorders-IV, DSM-IV crite-
ria), as well as definitive AD after Consortium to Establish a
Register for Alzheimer’s Disease neuropathological criteria (33).
For immunoblotting, samples from temporal cortex from five
AD brains (two males and three females, 84 * 10 years old) and
four controls (four males, 66 £ 7years old) were used. The brains
had a post-mortem delay between 8 and 34 h. Brain samples were
sonicated in a buffer consisting of 50 mM Tris-HCI (pH 7.4) and
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1 mM ethylenediamine tetraacetic acid, with freshly added pro-
tease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA) and
phosphatase inhibitors (20 mM B-glycerophosphate, 2 nM okadaic
acid, 50 mM NaF, | mM Na;VO,).

Statistical analysis

Analyses of differences of data from immunoblotting and immuno-
histochemistry were carried out with the Mann—Whitney U-test, as
samples required non-parametric statistics when checked by the
Shapiro—Wilk’s test. A value of P < 0.05 was considered statisti-
cally significant in all analyses.

RESULTS

HFD affects gene expression in mouse brain

To investigate the contribution of HFD to neurodegeneration, we
used cDNA microarrays to monitor the effects on expression of
thousands of genes in parallel. HFD was found to induce mild
changes in gene expression in the mouse brain in terms of number
of regulated genes and the extent of the expression changes regis-
tered. The used selection criteria were based in the SAM analysis
and the fold change of differential expression. Values with a
q >24% and a fold change between 1.3 and 0.8 (corresponding
with log, transformed values of 0.4 and —0.4) were not considered.
Statistical analysis of the changes seen in the selected genes was
performed by Student’s #-test. A P-value < 0.05 was considered
significant. Using these criteria, among the 15 000 genes exam-
ined, we observed significant changes in only in 37 genes (22
up-regulated and 15 down-regulated) in male. The alterations in
gene expression ratio changes ranged from 2.36 to 0.24. In female,
a high variability was noted, resulting in the absent of significant
changes after SAM analysis. Table 2 shows the list and values of
genes with significant expression changes in male, together with
the values for these genes seen in female. Missing values corre-
spond to probes that provide insufficient signal for quantization or
where there is insufficient number of replicates for statistical analy-
sis. The complete list of genes with expression changes that were
significant in the student’s #-test (P < 0.05) regardless of the SAM
value can be seen in Tables S1 (for male) and S2 (for female).

We used the category assignments in the gene ontology system
(http://www.geneontology.org) to functionally characterize the
identified genes with altered expression because of HFD included
genes involved in apoptosis (13.5%), lipid and cholesterol metabo-
lism (2.7%), inflammation and defense responses (8.1%), regula-
tion of transcription (13.5%), signaling (32.4%), structural
function (5.4%), proteolysis (8%) or other functions (16.2%).

It is notable that a number of genes of key importance for
cholesterol homeostasis in the brain, such as ApoE, HMG-
CoA-reductase, Srebplc, Srebp2, Cyp46al, Cyp27al, Cyp7bl,
Abcal and Abcgl, were not affected by the diet.

Real-time RT-PCR analysis of selected genes

To confirm the findings from the microarray analysis, we selected
five genes of interest and measured their expression changes in
RNA samples from a new set of animals.
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Some of the selected genes have been linked to AD, including
the protein phosphatase 2 regulatory subunit A beta isoform
(Ppp2rlb) (49), Arc (12) and the neurohypophyseal hormone
arginine-vasopressin (Avp) (23). The mitochondrial 3-hydroxy-
3-methylglutaryl-coenzyme A synthase 2 (Hmgcs2), an enzyme
involved in brain cholesterol metabolism found to be altered by
dietary fat in several brain regions in a previous study (7), was also
included in our confirmatory study. In addition, we decided to
analyze by RT-PCR the expression of the angiotensin-converting
enzyme (Ace), a molecule of reported importance in AD (2, 4, 21),
which values were very close to the criteria for significance in the
microarray analysis (Fold change 1.33; P = 0.05).

In agreement with the microarray data (Table 2), relative qRT-
PCR using specific primers showed decreased transcription of Arc
and Ppp2rlb and increased transcription of Ace, Avp and Hmgcs2
genes upon HFD (Figure 1B).

HFD decreases Arc protein levels in brain

We found the down-regulation of Arc of special interest. Arc is
expressed predominantly in cortical and hippocampal glutaminer-
gic neurons and it is required for the maintenance of long-term
potentiation (LTP) and for memory consolidation (15, 26, 28, 45).
It has been shown that Arc levels are increased during learning and
memory training (48). In contrast, a decrease in Arc expression was
found in AD brains (12) and in transgenic mice over-expressing
human amyloid precursor protein (APP) (37).

Immunoblot analysis of mouse brain homogenates showed
that protein levels of Arc were reduced in HFD animals, to
approximately 66% of controls (Mann—Whitney U-test, P < 0.05)
(Figure 2A).

Immunohistochemistry of the mouse brain revealed abundant
neuronal staining for Arc in hippocampal and cortical areas
(Figure 2B and C). In the cerebral cortex, the number of Arc-
positive cells was significantly lower in HFD mice, both in the deep
(V=VI) and the superficial (II-1II) layers (Figure 2B). In DG, no
significant differences were found in the number of Arc-positive
neurons between ND and HFD animals but the intensity of the
staining was significantly lower in animals on HFD (Mann—
Whitney U-test, P < 0.05) (Figure 2C). Analysis of the ib and ob of
the DG showed that the number of Arc-positive neurons was higher
in the ob than in the ib in both ND and HFD animals (Wilcoxon
test, P < 0.05). In the ib, the number of Arc-positive neurons was
higher in animals fed with HFD as compared with those fed with
ND (6.8 £ 2.0 vs. 4.3 = 1.5, Mann—Whitney U-test, P < 0.05).
However, the index of asymmetry between the two blades in the
HFD group was half as big as that in the ND group (28.8 = 19.4%
vs. 57.8 = 11.6%, Mann—Whitney U-test, P < 0.05) (Figure 2C).

HFD decreases N-methyl-D-aspartate receptor-1
levels and tyrosine phosphorylation of
N-methyl-D-aspartate receptor-2A in brain

Arc expression has been shown to be regulated positively by
N-methyl-D-aspartate receptor (NMDAR) (46) and negatively by
a-amino-5-hydroxy-3-methyl-4-isoxazole propionic acid receptor
(AMPAR) activities (40). As shown in Figure 3, analysis of
NMDARI showed significantly lower levels in the brains of HFD
animals (Mann—Whitney U-test, P < 0.05). A significant decrease
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Table 2. Genes with altered expression in response to high fat diet.

Arc Down-Regulation by High Fat Diet and 27-Hydroxycholesterol

Name gene Male Female Function
Fold change  P-value Fold change P-value
Up-regulated
S100 calcium binding protein A8 2.37 0.131 0.80 0.569 Inflammation and defense
Neutrophilic granule protein 2.07 0.034 Inflammation and defense
Arginine vasopressin 1.94 0.016 Hormone activity
Pro-melanin-concentrating hormone 1.88 0.013 Signaling
Plexin C1 1.67 0.019 1.08 0.644 Multi-cellular organismal development
Cortistatin 1.58 0.018 Hormone activity
3-hydroxy-3-methylglutaryl-Coenzyme A synthase 2 1.54 0.004 Cholesterol metabolism
CD24a antigen 1.54 0.009 Structural membrane
DNA primase p58 subunit 1.51 0.061 Regulation of transcription
Insulin-like growth factor binding protein 7 1.49 0.003 Signaling
Bradykinin receptor beta 1.48 0.026 0.92 0.649 Signaling
Regulator of G-protein signaling 11 1.47 0.049 Signaling
Spermatogenesis-associated factor 1.43 0.002 Signaling
Ceruloplasmin 1.43 0.044 Apoptosis
Interleukin 17 receptor 1.42 0.001 Signaling
Aldo-keto reductase family 1 member B3 (aldose 1.38 0.021 0.95 0.428 Apoptosis
reductase)
DNA primase p49 subunit 1.38 0.035 Regulation of transcription
Hspa12b heat shock protein 12B 1.37 0.017 Genetic susceptibility to atherosclerosis
TRAF2 and NCK interacting kinase 1.34 0.011 Signaling
Glucocorticoid modulatory element binding protein 1 1.34 0.022 Apoptosis
Interferon induced transmembrane protein 3 1.34 0.014 0.65 0.531 Inflammation and defense
Kctd6 potassium channel tetramerisation domain 1.32 0.007 Signaling
containing 6
Down-regulated
Src homology 3 domain-containing guanine nucleotide  0.75 0.015 Regulation of transcription
exchange factor
Sox11 SRY-box containing gene 11 0.74 0.000 Regulation of transcription
Peptide N-glycanase homolog (S. cerevisiae) 0.73 0.000 1.82 0.394 Proteolysis and Ubiquitin cycle
Uridine monophosphate synthetase 0.72 0.021 UMP biosynthesis process
Guanine nucleotide binding protein beta 5 0.72 0.011 1.12 0.612 Signalling
Fbxo30 F-box protein 30 0.72 0.008 0.99 0.960 Proteolysis and Ubiquitin cycle
Apaf1 apoptotic peptidase activating factor 1 0.70 0.016 Apoptosis
Max binding protein 0.70 0.032 0.74 0.129 Apoptosis
Fndc3b fibronectin type Il domain containing 3B 0.67 0.034 Fat cell diferentiation
Ppp2r1b protein phosphatase 2 (formerly 2A), 0.65 0.038 Signalling
regulatory subunit A
Calpain 10 0.62 0.008 1.22 0.326 Proteolysis and Ubiquitin cycle
Arl4d ADP-ribosylation factor-like 4D 0.61 0.008 0.69 0.049 Signalling
Hepatocyte growth factor 0.58 0.011 0.70 0.096 Signalling
Homeo box C4 0.27 0.001 Regulation of transcription
Activity regulated cytoskeletal-associated protein 0.24 0.042 0.60 0.126 Cytoskeleton

in tyrosine 1325 phosphorylation of the NMDAR2A subunit was
also found in the brain of HFD-fed animals compared with controls
(Mann—Whitney U-test, P <0.01). No significant changes were
found in the levels of the AMPAR GluR1 or GluR2 (Figure 3).

27-hydroxycholesterol induces similar effects
in rat hippocampal neurons than HFD in
mouse brain

As the BBB is impermeable to cholesterol but not to 27-OH (17),
we next used primary cultures of rat hippocampal neurons to inves-

Brain Pathology 19 (2009) 69-80

tigate if this cholesterol metabolite could affect Arc or NMDARSs.
Treatment with 27-OH (1 uM, 24 h) resulted in a significant
decrease in Arc protein levels to 6% of control (Mann—Whitney
U-test, P<0.01) (Figure4). Re-blotting of the membranes
revealed that 27-OH caused a decrease in NMDARI levels (to 33%
of control; Mann—Whitney U-test, P < 0.05) and in the tyrosine
1325 phosphorylation of NMDAR2A (to 40% of control; Mann—
Whitney U-test, P < 0.05). Immunoblotting of NeuN (a structural
protein of nuclear membrane) was used for normalization, as treat-
ment with 27-OH also induced a significant increase in actin
expression (data not shown).
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A

Figure 1. Differential expression of selected
genes in mRNA level by qRT-PCR. A. Primers
used in gRT-PCR analysis. B. Comparison of
transcription levels of five selected genes (Arc,
Ppp2rib, Ace, Avp and Hmgcs2) in the brain of
mice fed with high fat diet (HFD) and normal
diet (ND). Transcription levels were normalized
to the level of 36B4 mRNA. The ratio of relative
transcription of each gene was calculated as

Primer name Sequence
36B4 Forward 5 GAGGAATCAGATGAGGATATGGGA 3’
36B4 Reverse 5" AAGCAGGCTGACTTGG TTGC 3’
ARC Forward 5 AGCCAGGAGAATGAC ACCAG 3’
ARC Reverse 5 GGCAGCTTCAGGAGAAGAGA 3
PPP2r1b Forward 5 GTCTGCAT GTGGCTTGTTCA 3’
PPP2r1b Reverse 5 TGGTGTATCATCCGAGCAGA 3
ACE Forward 5 GGACTTCTACAACGGCAAGG ¥
ACE Reverse 5 ATACTGGATGTGGCCCA TTT 3’
AVP Forward 5 GCCTACATCCTCTGCT GGAC ¥
AVP Reverse 5 AGCTGTTCAAGGAAGCCAGT 3
HMGCS2 Forward 5 CCCCTGAGGAATTCACAGAA 3
HMGCS2 Reverse 5" GCATCTCATCCACTCGTTCA 3
B 1,61
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)

oZ

=)

oL

o8]

2 8

E ~

0]

4

Arc Ppp2rib  Ace Avp

27-hydroxycholesterol decreases Src kinase
activity in rat hippocampal neurons

Tyrosine phosphorylation of NMDAR2A is mediated by Src (24), a
tyrosine kinase which activity has been shown to be modulated by
cholesterol metabolites in some models (35). We next investigated

Figure 2. High fat diet (HFD) decreases Arc protein levels in mouse
brain. A. Immunoblot of brain homogenates from mice fed with normal
diet (ND) or HFD probed using anti-Arc antibodies. Histogram shows
data normalized as ratio to actin levels (showed in Figure 3), and
expressed as percentage of values for ND fed animals. Bars represent
means = SD (¥*P < 0.05). B. Arc immunofluorescence in the cerebral
cortex of mice fed with ND or HFD. Histogram shows the quantification
Arc-positive neurons (mean = SD) in superficial layers (lI-lll) and deep
layers (V-VI) calculated as number of Arc-positive cells per square milli-
meter. A significant decrease of Arc positive neurons was found in
both areas (Mann-Whitney; *P < 0.05). Cortical layers are identified by

Hmgcs2

274¢  where AACt= (Ctirget gene — Claopa)iirp —
(Cliarget gene — Clzsealnp. The mean of the results
was obtained after the 27%*“ calculations of
cDNA for each sample in triplicate. Data are
shown as means of relative transcription
levels = SD.

the effects of 27-OH in Src activity in rat primary hippocampal
cultures. Figure 5 shows the same blot than Figure 4 stripped
and probed with anti-active-Src antibodies. Quantification of the
immunoreactivity data showed that 27-OH treatment significantly
decreased the levels of active Src (to 31% of control; Mann—
Whitney U-test, P < 0.05) (Figure 5).

Roman numbers (II-VI); Abbreviation: CC = corpus callosum. Scale bar
100 um. C. Arc immunofluorescence in dentate gyrus (DG) of mice fed
with ND or HFD. Histograms show the intensity of Arc immunofluores-
cence or the asymmetry index of Arc staining in DG blades. Staining
intensity was determined normalizing the average optical density of Arc
immunofluorescence to the background in the vicinity of each positive
neuron. The asymmetry index was calculated as the percentage
difference between cell counts in the outer (ob) and inner (ib) blades:
(Nob — Nio)/(No» + Nip) x 100.  Bars represent means = SD  (Mann—
Whitney; *P<0.05 compared with controls). Coronal sections were

collected at bregma —1.80 mm. Nuclei are stained with DAPI.
»
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Figure 3. N-methyl-D-aspartate receptor-1 (NMDAR1) levels and
tyrosine phosphorylation of NMDARZ2A are decreased in the brain of
high fat diet (HFD) fed animals. A. Immunoblots of brain homogenates
from mice fed with normal diet (ND) or HFD probed using antibodies
against NMDART, tyrosine 1325 phosphorylated (p-Y1325) NMDAR2A
and the a-amino-5-hydroxy-3-methyl-4-isoxazole propionic acid receptor
subunits GIuR1 and GIuR2. Three animals are analyzed from each group.
B. Quantification of NMDART, p-Y1325 NMDAR2A, GIuR1 and GIluR2
levels in ND and HFD mice. Values were normalized as ratio to actin
levels, and expressed as percentage of values for ND animals. Bars
represent means * standard deviation (Mann-Whitney; **P < 0.01 and
*P < 0.05 compared with controls).

Arc levels are decreased in AD brain

A previous report showed that Arc mRNA was decreased in CA1
tangle-bearing neurons in AD (12). We next analyzed the Arc
protein levels in cortical samples from AD and control brains. As
shown in Figure 6, levels of Arc were reduced in AD, to approxi-
mately 72% of control brains (Mann—Whitney U-test, *P < 0.05).
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DISCUSSION

Accumulating data support the association between high choles-
terol in blood and neurodegenerative processes such as AD.
However, the mechanisms behind this effect are intriguing and very
little is known about the effects that dietary high fat intake may
cause in the brain. In this study, we show that long-term HFD has a
mild, but significant effect on the expression of several genes in the
mouse brain. Using cDNA microarrays, we found that HFD altered
the expression of 37 of the 15000 analyzed genes in male. To
notice is that most of these changes in expression were small. In
female, a high variability was found resulting in the absence of
significant changes for the same selection criteria used in male. It is
possible that this high variability derives from the hormonal varia-
tions associated to the estrous cycle. Future studies using larger
number of female animals in the different stages of the estrous
cycle would be required to measure the changes in gene expression
induced by long-term HFD. The genes found to be regulated by
HFD in male are involved in different cellular processes and
several of them have been previously linked to AD pathology. The
changes in three of the genes up-regulated by HFD (Ace, Avp and
Hmgcs2) and two of the down-regulated (Ppp2rlb and Arc) genes
were confirmed by qRT-PCR independently in a different set of
animals. Polymorphisms in the ACE gene are known susceptibility
factors for AD (21) and both levels and activity of ACE have been
shown to be increased in different areas of the AD brain (2, 4). Avp
has been shown to be increased in the temporal lobe and reduced
in the cerebellum of AD and Down’s syndrome patients (23).
Ppp2rlb is a regulatory subunit of the protein phosphatase 2A, a
key molecule in the dephosphorylation of tau and has been shown
to be decreased in the AD brain (49). A decrease in Arc mRNA
levels was also seen in a previous study in CAl tangle-bearing
neurons in the AD brain (12). On the basis of the results described,
it is tempting to speculate that the alteration in these genes might
be part of the mechanisms by which hypercholesterolemia could
contribute to AD.

We further investigated the effects of HFD on Arc protein
levels. Arc is an immediate early gene that is required for the
stabilization of activity-dependent plasticity and long-term
memory formation (38). We demonstrated that long-term HFD
decreased the number of Arc-positive neurons in cerebral cortex.
In DG, we observed that HFD reduced the intensity of Arc stain-
ing and also changed the pattern of Arc expression, reducing the
ratio of expression between ob and ib. It had been suggested that
different hippocampal regions could have specialized roles in
memory function (3). In a previous report, differences in excit-
ability and fiber sprouting between DG blades were induced by
kainic acid in a rat model of epilepsy (42), suggesting that DG
blades have different roles in activating the hippocampus. There-
fore, it is possible that both the decrease in Arc expression and
the change in Arc expression pattern seen in DG of HFD-fed
animals might have functional consequences.

Arc expression has been shown to be regulated by two major
mechanisms: (i) by glutamate-gated ion channels, positively by
NMDAR (46) and negatively by AMPAR (40); and (ii) by Brain-
derived neurotrophic factor (BDNF), in a manner that depends on
the activation of extracelullar regulated kinase (ERK1/2) (52). We
next investigated which of these mechanisms could mediate the
down-regulation of Arc by HFD. Increased activity of NMDAR
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involves changes in the number and the phosphorylation state of
NMDAR (24). NMDAR mediated Ca** influxes trigger LTP by a
mechanism involving the phosphorylation of NMDAR2A by Src
tyrosine kinase (14). Therefore, increased tyrosine phosphoryla-
tion of NMDAR2A subunit reflects an enhancement in NMDAR
activity. We found that HFD decreases the amount of tyrosine 1325
phosphorylation of NMDAR2A, as well as the levels of NMDAR1
in mouse brain. In contrast, no changes were found in AMPAR,
suggesting that a loss of balance between these receptors could
induce Arc down-regulation after treatment with HFD. In agree-
ment with our results, a previous report has shown that long-
term cholesterol-enriched diet reduces the ratio of activation
of NMDAR over AMPAR, and induces learning deficits in old
animals (8).

Furthermore, BDNF activation of Mitogen-Activated Protein
Kinase (MAPK) signaling has been shown to regulate Arc

Brain Pathology 19 (2009) 69-80

(p-Y1325)

expression (52). In a previous study we showed that HFD does not
alter ERK1/2 phosphorylation (39), indicating that the HFD effects
on Arc are independent of this regulatory mechanism.

The mechanisms by which activation of NMDAR and MAPK
regulate Arc are not completely known. Activation of these signal-
ing cascades in excitatory synapses has been shown to induce early
growth response (Egr) transcription factor (11, 34), and Arc is a
target gene regulated by Egr (1). Two of the Egr, Egrl and Egr4
were down-regulated (with fold changes of 0.71; P=0.03 and
0.74; P =0.04, respectively) upon long-term HFD (Table S1).
However, the role of Egr genes in the regulation of Arc protein
levels in this model remains to be investigated.

As the brain cholesterol is separated from the blood cholesterol
by the BBB (5), it is intriguing that high serum cholesterol levels
influence the prevalence of AD. Metabolites of cholesterol, such as
24S-hydroxycholesterol and 27-OH, can pass the BBB, and there is
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Figure 5. 27-hydroxycholesterol (27-OH) decreases Src kinase activity
in rat primary hippocampal neurons. Immunoblot of cell extracts from rat
primary hippocampal neurons treated with 27-OH (1 uM; 24 h) probed
using antibodies against active Src kinase. Histogram shows the quanti-
fication of the O.D. data normalized as ratio to NeuN levels (shown in
Figure 4), and expressed as percentage of values for control samples.
Bars represent means = standard deviation of three animals per group
(Mann-Whitney; *P < 0.05 compared with controls).
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Figure 6. Decrease of Arc levels in Alzheimer’s disease (AD). Immuno-
blot of cortical homogenates from AD and control cases were probed
using anti-Arc antibodies. Total staining of proteins by Ponceau was used
as a loading control. Histogram shows data expressed as percentage of
values for control brains. Bars represent means * standard deviation
(Mann-Whitney U-test; *P < 0.05).
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a large up-take of 27-OH from the blood to the brain (17). In view
of the high correlation between cholesterol and 27-OH in the circu-
lation, it seems likely that the flux of 27-OH across the BBB is
increased in the hypercholesterolemic state (30). We hypothesized
that 27-OH could be responsible for the HFD-induced down-
regulation of Arc. Using primary cultures of rat hippocampal
neurons, we demonstrated that 27-OH treatment reduced the levels
of Arc, NMDARI1 and tyrosine-phosphorylated NMDAR2A, sup-
porting this hypothesis. In addition, we showed that 27-OH
decreased the activity of Src kinase. Src has been demonstrated
to modulate NMDA-dependent LTP by phosphorylation of
NMDAR2A subunit and rapid insertion of new NMDA channels at
synaptic sites (14). It has been previously shown that Src activity
can be regulated by cholesterol metabolites in glycosphingolipid-
rich membranes of endothelial cells (35). In this model,
cholesterol-epoxide and 7o-hydroxycholesterol decreased while
7-ketocholesterol enhanced Src activity. Our results suggest that
27-OH is a negative regulator of Src in neurons and, as a conse-
quence, of NMDAR activity and Arc expression. The level of
27-OH used in these experiments is similar to that of the mamma-
lian brain (16).

We showed that Arc levels are decreased in the temporal cortex
of AD brains. This is in agreement with previous findings showing
reduced Arc mRNA in CA1l tangle-bearing neurons (12) and in
transgenic mice models for AD (37). Moreover, AB-peptide was
found to attenuate NMDA-dependent signaling (44), on which Arc
expression depends. Because neuronal Arc expression is intimately
involved in the modification of synapse and the consolidation of
memory (15), a decrease of Arc levels could contribute to the
impairment of memory seen in AD.

In view of our results, Arc could be involved in mechanisms
responsible for the association of high blood cholesterol with this
disorder. In agreement with this idea, it has been reported that mice
on long-term HFD failed to perform an operant bar-pressing task,
indicating a significant impairment to procedural learning and con-
solidation processes (32). Furthermore, brain of deceased patients
with AD, as well as APP-transgenic mice, have significantly higher
levels of 27-OH than control brains (16). Arc down-regulation, as
result of hypercholesterolemia, could result in synaptic impairment
of neuronal populations, involved in memory, thereby contributing
to AD pathology. Additionally, it is possible that in AD individuals
with high blood cholesterol, the memory deficits would occur
earlier, exposing this subgroup to be detected in epidemiological
studies.

In summary, we have shown that HFD induced mild but signifi-
cant changes on gene expression in the mouse brain. From the
genes with altered expression, we demonstrated that Arc protein
levels were decreased in cerebral cortex and DG of HFD-fed
animals. HFD also induced a decrease in NMDAR activity in
mouse brain that might account for the effects seen on Arc. We
demonstrated that the cholesterol metabolite 27-OH reduced Arc
levels, as well as NMDAR and Src activities in rat hippocampal
neurons in vitro. In addition, we showed that Arc levels are
decreased in AD brains. Our results suggest that high cholesterol
diet may be a negative additive factor in several pathways involved
in AD pathology, including the disruption of Arc. A feasible link
between 27-OH and Arc down-regulation could be part of the
mechanisms behind the association between hypercholesterolemia
and AD.
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