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Abstract: Alzheimer’s disease (AD) is the most common neurodegenerative disorder characterized by the presence
of extracellular plaques of β-amyloid peptides and intracellular tangles of hyperphosphorylated tau proteins in the
brain. The vast majority of cases are late onset AD (LOAD), which are genetically heterogeneous and occur sporadically. High blood cholesterol is suggested to be a risk factor for this disease. Several neuropathological changes of
LOAD can be reproduced by supplementing a rabbit’s diet with 2% cholesterol for 12 weeks. Accumulating data in
the literature suggest that microRNAs (miRNA) participate in the development of AD pathology. The present study
focuses on the survey of changes of miRNA expression in rabbit brains during the progression of AD-like pathology
using microarray followed by Taq-Man qRT-PCR analyses. Out of 1769 miRNA probes used in the experiments, 99
miRNAs were found to be present in rabbit brain, 57 were newly identified as miRNAs from rabbit brain. Eleven
miRNAs showed significant changes over AD-like pathology progression. Among them, the changes of miR-125b,
miR-98, miR-107, miR-30, along with 3 members of the let-7 family were similar to those observed in human AD
samples, whereas the expression patterns of miR-15a, miR-26b, miR-9 and miR-576-3p were unique to this rabbit
LOAD model. The significant up regulation of miR-26b is consistent with the decrease of leptin levels in the brains of
cholesterol fed rabbit model for AD, confirming that miR-26b is indeed regulated by leptin and that both leptin and
miR-26b may be involved in cholesterol induced AD-like pathology.
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Introduction
Alzheimer’s disease (AD) is a progressive neurodegenerative disorder that manifests clinical
symptoms of cognitive impairment and dementia. Pathologically, AD is characterized by the
accumulation of extracellular β-amyloid plaques, composed of Aβ peptide, and intracellular neurofibrillary tangles, containing aggregated and hyperphosphorylated Tau protein [1].
Early onset Alzheimer’s disease, also known as
familial AD (FAD) can be triggered by genetic
factors such as mutations on three different
genes APP, PSEN 1 and PSEN 2 [2]. However
90-95% of the cases are late onset Alzheimer’s
disease (LOAD), which are genetically heterogeneous and occur sporadically [3]. Much of
our understanding of disease progression of

AD has been driven by studies of animal models, which enable controlled studies of physiopathology and biomarker identification, as well
as allow for the differentiation between causes
and consequences. For many years, transgenic
rodents have been used as the main model for
AD in pre-clinical studies; however, their lack of
correct APP protein sequence and the cleavage
enzymes to trigger the formation of Aβ peptide
render them unsuitable as natural models for
LOAD. Recent clinical trials in human seem to
imply that Aβ-dependent signalling pathways
are insufficient to cause the severe neurodegeneration and dementia seen in AD patients
[4-6]. Since altered cholesterol metabolism has
been linked to increased Aβ production and AD
pathogenesis and hypercholesterolemia is an
early risk factor for AD [7-10], rabbits fed a cho-
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Table 1. Experimental design for two-colour microarray experiment
Control vs. Treated group 1
Cy3
Cy5
T2
C2
T2
C4
C2
T4
T4
C4
T4
C6
C4
T6
T6
C6
T6
C8
C6
T8
T8
C8
T8
C10
C8
T10
T10
C10
T10
C12
C10
T12
T12
C12
T12
C2
C12
T2

Control vs. Treated group 2
Cy3
Cy5
T12
C6
T12
C1
C2
T1
T10
C1
T10
C2
C4
T6
T8
C2
T8
C3
C6
T5
T6
C3
T6
C4
C8
T4
T4
C4
T4
C5
C10
T3
T2
C5
T2
C6
C12
T2

C corresponds to the control group. T represents the treated
groups. The number next to C and T corresponds to the weeks
of cholesterol treatment.

lesterol-enriched diet have been employed to
model LOAD. Rabbits naturally produce cleavage enzymes for Aβ peptide and the rabbit Aβ
peptide sequence is identical to human.
Studies by several groups demonstrate that
when rabbits are fed a diet supplemented with
2% cholesterol alone, or 1% cholesterol plus
trace amounts of copper in drinking water, they
develop full-blown AD pathology. This includes
cortical Aβ deposits and tangles, and up to
twelve other pathological markers also seen in
human AD brains [11-16].
MicroRNAs (miRNAs) are small non-coding
functional RNAs of approximately 22 nucleotides that down-regulate gene expression posttranscriptionally [17]. This is achieved by inhibiting translation initiation or degradation of
their respective mRNA via the binding of the
miRNAs to the 3’ untranslated region (UTR) of
their target genes [18]. The interaction between
a miRNA and its target mRNA does not require
perfect sequence complementarity. Therefore,
a single miRNA has the potential to regulate
many mRNAs and one mRNA can be regulated
34

by numerous miRNAs [19]. It is estimated that
30 to 60% of all protein coding genes can be
regulated by miRNAs, depending on the developmental, cellular and physiological context
[20, 21]. Approximately 70% of presently identified miRNAs are expressed in the brain in a spatially and temporally controlled manner [22].
In the past few years a number of published
reports have linked aberrant expression and
dysfunction of brain enriched miRNAs to the
development of neurodegenerative diseases,
such as Alzheimer’s disease and Parkinson’s
disease [23, 24]. While some miRNA profiling
experiments have shown a trend towards the
identification of AD or neurodegenerative disease-signature miRNA set, others demonstrate
that aberrant regulation of miRNA-dependent
gene expression is involved in molecular events
responsible for Aβ production [24-26]. Global
miRNA profiling was performed on AD transgenic mice and mouse hippocampal neurons treated with Aβ peptide [27, 28]. These studies
found several dysregulated miRNAs were similarly shown to be affected in human AD brains,
suggesting that miRNA changes equally occur
in transgenic AD disease models, yet some
miRNA changes are also specific to these
mouse paradigms [29]. In the present study, we
aimed to identify aberrant expression of
microRNAs during the progression of Alzheimer’s disease in this rabbit LOAD model. The
miRNA microarray analyses and subsequent
qRT-PCR experiments were performed on small
brain RNA samples from control and cholesterol treated rabbits. Data analysis revealed that
11 microRNAs showed differential expression
between the control and the cholesterol-treated group during the 12 week period and 5
changed miRNAs appeared to be unique to this
LOAD model.
Materials and methods
Experimental animals and laboratory procedures
Male New Zealand white rabbits were used in
this study (2 year old, weighing 3-4 kg). Animals
were randomly assigned to two different
groups. Group 1 was fed normal chow. Group 2
was fed chow supplemented with 2% cholesterol (Harlan Teklad Global Diets, Madison, WI).
Diets were kept frozen at -10°C to reduce the
risk of oxidation. The animals were allowed
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Table 2. MiRNAs in rabbit brain found during the present
study
Species
Homo sapiens
Homo sapiens
Mus musculus / Rattus norvegicus
Homo sapiens / Mus musculus / Rattus norvegicus
Homo sapiens / Mus musculus / Rattus norvegicus
Homo sapiens / Mus musculus
Homo sapiens
Homo sapiens / Mus musculus / Rattus norvegicus
Homo sapiens / Mus musculus / Rattus norvegicus
Homo sapiens / Mus musculus / Rattus norvegicus
Homo sapiens / Mus musculus / Rattus norvegicus
Homo sapiens
Mus musculus
Homo sapiens / Mus musculus / Rattus norvegicus
Homo sapiens / Mus musculus / Rattus norvegicus
Homo sapiens
Mus musculus
Homo sapiens / Mus musculus
Homo sapiens / Mus musculus / Rattus norvegicus
Homo sapiens
Mus musculus
Homo sapiens
Homo sapiens / Mus musculus / Rattus norvegicus
Mus musculus / Rattus norvegicus
Homo sapiens / Mus musculus / Rattus norvegicus
Homo sapiens / Mus musculus / Rattus norvegicus
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens / Mus musculus / Rattus norvegicus
Homo sapiens / Mus musculus
Mus musculus
Homo sapiens
Mus musculus / Rattus norvegicus
Homo sapiens / Mus musculus / Rattus norvegicus
Homo sapiens
Homo sapiens / Mus musculus / Rattus norvegicus
Homo sapiens
Homo sapiens
Homo sapiens / Mus musculus / Rattus norvegicus
Homo sapiens / Mus musculus / Rattus norvegicus
Homo sapiens / Rattus norvegicus
Homo sapiens / Mus musculus / Rattus norvegicus
Homo sapiens / Mus musculus / Rattus norvegicus
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
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microRNA
miR-1246
miR-1826
let-7a
let-7f
miR-9
miR-34b
let-7a
let-7c
let-7b
let-7d
miR-26b
miR-665
miR-883a-5p
miR-124
let-7e
miR-1255a
miR-883b-5p
miR-668
miR-24-1*
miR-923
miR-503*
miR-1827
miR-128
miR-672
miR-26a
miR-125b-5p
miR-888*
miR-939
miR-933
miR-370
let-7g
miR-715
miR-630
miR-325
miR-126
miR-549
miR-98
miR-576-3p
miR-1236
miR-29a
miR-130b
miR-363*
miR-423-3p
let-7i
miR-1259
miR-638
miR-23b
miR-1249

water filtered through activated carbon filters. One control and two cholesterol-treated rabbits were euthanized with ear intravenous injection
of euthasol at 2, 4, 6, 8, 10 or 12
weeks of diet regiments. At necropsy, animals were perfused with
Dulbecco’s phosphate-buffered saline at 37°C and the brains were
promptly removed. Frontal Cortex tissue was then dissected for further
analysis. All animal procedures were
carried out in accordance with the
U.S. Public Health Service Policy on
the Humane Care and Use of Laboratory Animals and were approved
by the Institutional Animal Care and
Use Committee at the University of
North Dakota.
Microarray production
The miRCURY LNATM microRNA probe
set, version 11, containing 1769
ready-to-spot human, mouse & rat
probe and 10 different spike-in
microRNAs (Exiqon, Denmark) were
printed onto epoxysilane coated
Nexterion® slide E (Schott North
America, KY, USA) using a NanoPlotter (NP2.1, GeSiM, Germany).
The LNATM probes were resuspended
in 2X Nexterion spotting buffer, spotted at 8 ± 2°C and a relative humidity of 50%. After printing, the slides
were left in the printer for 2 hours.
The slides were then incubated at
42°C and 50% humidity for overnight
before storage in a desiccator until
use. The spotted probe set on the
slide was verified by hybridizing a
sample slide with Cy3-9mer (QIAGEN,
Valencia, CA). Missing or low density
spots, due to low probe concentration were flagged.
MicroRNA microarray analysis
Small RNA isolation was performed
after the extraction of the total RNA
from 18 frontal cortex samples. This
was carried out using the mirVana™
miRNA Isolation Kit according to the
manufacturer’s instruction (Ambion,
TX, USA). The quality of large and
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Homo sapiens / Mus musculus / Rattus norvegicus
Homo sapiens
Homo sapiens
Homo sapiens / Mus musculus / Rattus norvegicus
Homo sapiens / Mus musculus / Rattus norvegicus
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens / Mus musculus / Rattus norvegicus
Homo sapiens
Mus musculus
Homo sapiens
Homo sapiens / Mus musculus / Rattus norvegicus
Homo sapiens / Mus musculus / Rattus norvegicus
Homo sapiens / Mus musculus / Rattus norvegicus
Mus musculus / Rattus norvegicus
Homo sapiens
Homo sapiens
Mus musculus
Homo sapiens / Mus musculus / Rattus norvegicus
Homo sapiens
Homo sapiens / Mus musculus
Mus musculus / Rattus norvegicus
Homo sapiens
Homo sapiens
Homo sapiens
Mus musculus
Mus musculus / Rattus norvegicus
Homo sapiens
Mus musculus
Homo sapiens / Mus musculus / Rattus norvegicus
Homo sapiens / Mus musculus / Rattus norvegicus
Mus musculus
Homo sapiens
Homo sapiens / Mus musculus / Rattus norvegicus
Homo sapiens / Mus musculus
Homo sapiens
Homo sapiens
Homo sapiens / Mus musculus / Rattus norvegicus
Homo sapiens / Mus musculus / Rattus norvegicus
Homo sapiens
Mus musculus
Homo sapiens / Mus musculus / Rattus norvegicus
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens / Mus musculus / Rattus norvegicus
Homo sapiens
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miR-24
miR-1264
miR-432
miR-21
miR-296*
miR-519d
miR-1308
miR-935
miR-1290
miR-1237
miR-299
miR-32*
miR-712*
miR-518b
miR-138
miR-138*
miR-204
miR-322
miR-943
miR-625*
miR-547
miR-129
miR-1227
miR-615-5p
miR-23b
miR-765
miR-576-5p
miR-582-5p
miR-327
miR-483
miR-885-5p
miR-466d-5p
miR-223
miR-218
miR-294
miR-636
miR-365
miR-15a
miR-550
miR-1281
miR-30c
miR-7a
miR-664
miR-698
miR-361
miR-483-3p
miR-1248
miR-18b*
miR-486-5p
miR-34a
miR-223*

small RNAs was verified by electrophoresis with 15% acrylamide gel.
Extracted small RNAs (250 ng per
sample) from control or cholesterol
treated rabbit brains were labeled
with Cy3 or Cy5 fluorescent dye
using Flashtag RNA labeling kit
(Genisphere, PA, USA). The Cy3 and
Cy5 labeled samples were mixed
pair-wise and hybridized to the miRCURY™ LNA arrays in a manner that
results in an equal number of data
set for each dye and each sample. A
total of 36 different microarrays
were performed for this experiment
(Table 1). The hybridization was performed using a SlideBooster SB400
hybridization station at 56°C. The
slides were washed twice in 2X
SSC/0.2% SDS/0.1 mM DTT buffer
at 56°C for 5 min, twice in 1X
SSC/0.1 mM DTT at room temperature for 2 min, followed by a final
wash in 0.1X SSC at room temperature for 2 min. The slides were then
scanned for the fluorescence intensities using a GenePix 4200A Scanner.
Data analysis and normalization
Data extraction and image analysis
were performed using GenePix Pro
software (Axon Instruments, Molecular Devices Corp. USA). The resulting data was processed by applying
a local background subtraction. Only
Cy3-labelled data were used for further analysis (Cy5-labelled data was
not used due to low dye intensity).
Replicate spots from the same array,
from the control groups and from the
two different treated groups of the
same week of cholesterol treatments were averaged. For a microRNA to be considered as present in
rabbit brain, the following criteria
need to be fulfilled: the signal to
noise ratio needed to be more than 2
and 60% of the pixels of the spot
intensity had to be higher than 2
standard deviations above background. It also required 12 or more
readings from the 108 data points. A
list of microRNAs showing significant
differences between control and
Am J Neurodegener Dis 2014;3(1):33-44
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Table 3. Newly identified miRNAs in rabbit brain
Species
Homo sapiens
Homo sapiens
Homo sapiens / Mus musculus / Rattus norvegicus
Homo sapiens
Mus musculus
Homo sapiens
Mus musculus
Homo sapiens / Mus musculus
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens / Mus musculus / Rattus norvegicus
Homo sapiens / Mus musculus
Mus musculus
Homo sapiens
Mus musculus / Rattus norvegicus
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens / Mus musculus / Rattus norvegicus
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Mus musculus
Homo sapiens
Mus musculus / Rattus norvegicus
Homo sapiens
Homo sapiens
Mus musculus
Homo sapiens
Homo sapiens / Mus musculus
Mus musculus / Rattus norvegicus
Homo sapiens
Homo sapiens
Homo sapiens
Mus musculus
Mus musculus / Rattus norvegicus
Homo sapiens
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miRNA
mir-1246
mir-1826
mir-9
mir-665
mir-883a-5p
mir-1255a
mir-883b-5p
mir-668
mir-923
mir-1827
mir-888*
mir-939
mir-933
mir-370
let-7g
mir-715
mir-630
mir-325
mir-549
mir-576-3p
mir-1236
let-7i
mir-1259
mir-638
mir-23b
mir-1249
mir-1264
mir-519d
mir-1308
mir-935
mir-1290
mir-1237
mir-712*
mir-518b
mir-322
mir-943
mir-625*
mir-547
mir-1227
mir-615-5p
mir-23b
mir-765
mir-576-5p
mir-582-5p
mir-327
mir-483
mir-885-5p

treated group after cholesterol treatment were collected after normalization with an algorithm called Cyclic
Loess using the Limma package in
Bioconductor. The default parameters were used during this normalization. A p value of less than 0.05 and a
minimum intensity threshold requirement of 8 (from a 16 pixels scanning)
for at least one data point were used
to generate such a list.
Quantitative RT-PCR
The RT-PCR experiments were performed on miRNA samples at 4 weekintervals during the time course, consisting of the existing two samples for
each time point used from the microarray experiments and three additional control and cholesterol treated
samples for each time point, except
the 8 week cholesterol treatment
(with 2 left, one 8 week animal died
during treatment). Small RNA samples (10 ng) were converted to single
strand cDNA using TaqMan microRNA
reverse transcription kit according to
manufacturer’s instructions (Life
Technologies, Carlsbad, CA). Real
time PCR amplifications of miRNAs
were accomplished by using TaqMan
2X universal PCR master mix and
Applied Biosystems 7500 fast realtime PCR system (Applied Biosystems
Inc. Foster City, CA). Three separate
qRT-PCR runs with three replicate on
each sample were performed and the
ploted data represent averaged values of the qRT-PCR readouts. The
control and selected microRNA
assays and related reagents were
from Life Technologies. U47 and U48
snRNAs were used to normalize
miRNA expression.
Results
Novel microRNAs in rabbit brain
Since miRNAs are highly conserved
not only in phylogenetically related
species but also among distanced
species [30, 31], we were able to use
the probe set from human, rats and
mice to analyze the expression of
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terol treatment. Data analysis revealed that 21 microRNAs showed
changes in expression between the
control and the treated groups. These
results are represented as a heatmap of the log2 ratio of the treated
versus the control group (Figure 1).
Seven miRNAs showed trend of
upregulation. Among them, three
miRNAs from the let-7 family were
notably upregulated after 8 weeks of
cholesterol treatment. Six miRNAs
After comparing the miRNAs found in our study with the miRNAs previously
appeared to have bi-phasic changes
reported in the rabbit brain (Li 2010, Liu 2010), 57 novel miRNAs were
in expression; decreased in earlier
identified.
time points, but become upregulated
in 8 and 12 week samples. Five miRmiRNAs in rabbit brain. Although rabbits
NAs were down regulated in most treated sam(Oryctolagus cuniculus) are widely used in medples; all of them were significantly decreased in
ical research and safety test of consumer prod12 week cholesterol treated samples, when
ucts because of its genetics and physiological
the AD pathology and neurodegeneration had
similarity to human, its miRNA repertoire is still
become apparent [11-15]. Three miRNAs
absent in miRBase. Therefore, our first task
showed up and down variations throughout the
was to use the data from the microarray analycholesterol treatment. We were not certain
sis to identify the microRNAs found in the rabbit
whether these changes were random animal
brain. For a miRNA to be listed as detectable in
variations or bona fide differences, thus decidrabbit brain, it must meet the following criteria:
ed to include them in the heatmap, pending
1). signal to noise ratio must be higher than 2,
Q-PCR verification.
2). at least 60% of the pixels intensity had to be
Quantitative RT-PCR validation of candidate
greater than 2 standard deviations above backmiRNAs
ground, 3). it also required 12 or more valid
readings from all data points. Following the
The expression levels of all 21 changed miRapplication of these criteria, a total of 99
NAs, putatively identified by microarray experimicroRNAs were identified (Table 2). After comments, were verified by TaqMan based quantiparing the 99 microRNAs from the present
tative RT-PCR (qRT-PCR) analysis using prestudy with the microRNAs reported to be found
designed TaqMan microRNA assays that are
in rabbit brain by Li et al. [30] and Liu et al. [31],
universal to human, rat and mouse. Of all the
57 microRNAs were identified as novel microRmiRNAs tested by qRT-PCR, assay mixture for
NAs present in rabbit brain (Table 3). Several
miR-1827, miR-519d and miR363* did not promiRNAs, miR146a, mir146b, miR101, miR106
duce any amplification product. This is likely
and miR107 that were detected in rabbit brain
due to base pair mismatches between the rabpreviously [31] did not show any signals passed
bit miRNAs and those of human/rat/mouse.
the selection criteria in our experiments, due to
MiR-128, miR-124, miR-138, miR-204, miR935,
low oligo concentration of these spots on the
miR-26a and miR-130b did not show significant
slides, which were flagged by quality control
changes. The qRT-PCR results of miR-1246 had
test.
large variation among animals in the same
treatment group, which make the interpretation
MicroRNAs expression profile during the time
of the results impossible. Six miRNAs were concourse of Alzheimer’s disease progression defirmed to be genuinely upregulated. MiR-125b,
fined by microarray analysis
let-7a and miR-98 were upregulated 12 weeks
In order to identify differentially expressed
after cholesterol treatment (Figure 2A-C), while
microRNAs during the progression of Alzheilet-7e and miR-30C showed up regulation in
mer’s disease, we examined the expression
both 8 and 12 weeks samples (Figure 2D and
profiles of miRNA at two-week intervals during
2E). Let-7b however, started to increase as
early as 4 weeks after treatment, agreeing with
the course (spanning 12 weeks) of the cholesHomo sapiens / Mus musculus / Rattus norvegicus
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Mus musculus
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
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mir-223
mir-636
mir-550
mir-1281
mir-664
mir-698
mir-483-3p
mir-1248
mir-486-5p
mir-223*
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Figure 1. Heatmap of expression profile of miRNAs in rabbit brain during the progression of Alzheimer’s disease.
After feeding rabbits with diets supplemented with 2% cholesterol over a period of 12 weeks, small RNAs were
extracted from their cortex and studied by microarray analysis. Up regulated microRNAs are shown in red and down
regulated miRNAs are shown in green. The different intensities of the colours are proportional to the log2 of the ratio
of the miRNAs between the treated and control samples. The column labeled C represents the average of all the
control samples. The columns labeled T represent the average of the two treated samples. The number next to T corresponds to the weeks of treatment. 21 miRNAs showed changes in expression between the control and the treated
groups. >1 is more than 2 fold up, <-1 is more than 2 fold down relative to control. The control is 0 in all cases.

the microarray results (Figure 2F). In the group
of miRNAs showed bi-phasic expression pattern by microarray analysis, miR-9, miR-15a
and miR-26b were confirmed to first decrease
in the 4 weeks treated samples and then
became upregulated in 12 week treated samples (Figure 3A-C). One miRNA, miR-576-3p
was confirmed to be gradually down regulated
starting 4 weeks after cholesterol treatment
(Figure 4A). Previous reports indicate that miR146b and miR-107 are down regulated in
human AD brains and the decrease of miR-107
may accelerate disease progression through
regulation of BACE1 [26, 32]. Unfortunately the
microarray hybridization signals for these miRNAs were not reliable due to poor spotting qualities. We therefore used TaqMan qRT-PCR
assays to assess the expression levels of these
miRNAs in our rabbit model. Our results showed
that miR-146b did not change its expression
level significantly, whereas miR-107 did show a
gradual decrease from 4 to 12 weeks after
treatment (Figure 4B).
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Discussions
MiRNAs suppress gene expression by selectively binding to the 3’ non-coding region of
specific mRNAs through base-pairing. As a
result, miRNAs play an important role in the
regulation of a significant part of the transcriptome by targeting mRNAs encoding signaling
proteins, enzymes and transcription factors. In
order to identify critical factors and pathways
playing roles during AD-like pathology development in the rabbit LOAD model, our group is in
the process of developing a rabbit-specific oligo
nucleotide DNA microarray for the profiling of
the time-course cholesterol treated rabbit brain
tissues. While this study is still ongoing, we
decided to take advantage of the evolutionarily
conserved characteristics of miRNA by using
existing human, rat and mouse miRNA-LNA
probe set to profile for the changes of miRNA
expression in this rabbit LOAD model. It is
hoped that the identification of differentially
expressed miRNAs from the same tissue samples will help us discover deferentially
Am J Neurodegener Dis 2014;3(1):33-44
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Figure 2. q-RT-PCR results of miRNAs up regulated after cholesterol treatment. miRNAs were extracted from the
cortex of control and cholesterol treated rabbits. The Taq-Man qRT-PCR experiments were performed on miRNA
samples at 4 week-intervals during the time course (n=4 for 8 week cholesterol treated and n=5 for all other time
points). Each treated group was measured against the control group, set at 100%. Percentage of each treated group
was calculated by mean 100x 2-ΔCt, where ΔCt is the cycle number difference between treated group and the control
group. The qRT-PCR experiments were performed in triplicate for each sample. Asterisks indicate a significant difference (** - p<0.01, * - p<0.05). A. qRT-PCR results of miR-125b-5p. B. qRT-PCR results of let-7a. C. qRT-PCR results
of miR-98. D. qRT-PCR results of miR-30c. E. qRT-PCR results of let-7e. F. qRT-PCR results of let-7b.

expressed target mRNAs regulated by these
miRNAs.
In this study, we found 99 miRNAs in the rabbit
brains hybridized with the LNA probe set.
Among them, there are a number of known
brain-expressed miRNAs, such as, miR-30c,
miR-124, various let-7s, miR-125b, miR-21,
miR-24, miR-26a, etc [31]. We found 57 new
miRNAs have never been reported previously in
rabbits. After further validation of our results by
RT-PCR and sequencing of the miRNAs generated in this study, a total of 99 miRNAs can be
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deposited into the miRBase as miRNAs from
rabbit brain, which will benefit future miRNA
studies.
The present study demonstrated that 11 miRNA
changed their expression levels during the
course of LOAD development. Some of them
were known to be involved in human AD; other
miRNAs have been newly identified in this rabbit model by our study. Our results are consistent with previous reports that miR-98, Let-7e
and b were upregulated in AD mouse model
and miR-30C and 125b were similarly shown to
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Figure 3. q-RT-PCR results of miRNAs showed bi-phasic changes after cholesterol treatment. miRNAs were extracted
from the cortex of control and cholesterol treated rabbits. The Taq-Man qRT-PCR experiments were performed on
miRNA samples at 4 week-intervals during the time course (n=4 for 8 week cholesterol treated and n=5 for all
other time points). Each treated group was measured against the control group, set at 100%. Percentage of each
treated group was calculated by mean 100x 2-ΔCt, where ΔCt is the cycle number difference between treated group
and the control group. The qRT-PCR experiments were performed in triplicate for each sample. Asterisks indicate a
significant difference (** - p<0.01, * - p<0.05). A. qRT-PCR results of miR-9. B. qRT-PCR results of 15a. C. qRT-PCR
results of miR-26b.

lary tangle counts [33].
However, the expression patterns of miR-9, miR-15a and
miR-26b were unique to this
LOAD model, where they
were first slightly down regulated and became markedly
up regulated at the end point
(12 week cholesterol treatment). In human AD brains,
miR-9 was reported up [34]
or down [32, 35], whereas
miR-15a and miR-26b were
only reported to be down
regulated in human AD Brain.
One possibility for this discrepancy is that the present
Figure 4. q-RT-PCR results of miRNAs down regulated after cholesterol treatment. miRNAs were extracted from the cortex of control and cholesterol treatstudy includes a wide timeed rabbits. The Taq-Man qRT-PCR experiments were performed on miRNA
course of AD progression,
samples at 4 week-intervals during the time course (n=4 for 8 week cholesterthe chosen time points may
ol treated and n=5 for all other time points). Each treated group was measured
not match the disease stagagainst the control group, set at 100%. Percentage of each treated group was
es of those AD patients used
calculated by mean 100x 2-ΔCt, where ΔCt is the cycle number difference between treated group and the control group. The qRT-PCR experiments were
in previous studies. MiRperformed in triplicate for each sample. Asterisks indicate a significant differ106b, previously shown to
ence (** - p<0.01, * - p<0.05). A. qRT-PCR results of miR-576-3p. B. qRT-PCR
be down-regulated in human
results of miR-107.
AD brains [32], did not
change in the rabbit brains
be affected in human AD brains [32, 33]. The
throughout the course of the cholesterol treatexpression levels of Let-7e and miR-125b were
ment, whereas miR-576-3p was found to be
shown to be positively correlated to neurofibrilspecifically down regulated during the progres41
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sion of AD in our rabbit models, suggesting the
existence of distinct pathophysiology in this
LOAD model.
The gradual down regulation of miR-107
throughout the time course is particularly interesting, because not only is miR-107 also
decreased in human AD and AD Tg mice brains,
playing a role in cytoskeletal pathology in AD
[36, 37], but also predicted to play a role in the
regulation of acetyl-CoA and lipid metabolism
[38]. Although miR-107 is located within the
intron of the pantothenate kinase 1 gene
(PANK1), miR-107/PANK1 levels have not been
correlated. It is therefore tempting to speculate
that the gradual down regulation of miR-107 in
the rabbit brain is triggered by the high cholesterol diet. It would be interesting to investigate
whether miR-107 down regulation is linked to
historical high blood cholesterol levels and
ApoE alleles in AD patients. Similarly, miR-26b
has been linked to obesity-related inflammation responses and insulin resistance [39].
Leptin, an adipocytokine involved in cell survival and learning has been reported to negatively
regulate miR-26b expression [39]. Furthermore,
our previous study on leptin in the rabbit LOAD
model demonstrated that cholesterol metabolism and leptin are tightly associated [40]. High
cholesterol diet and cholesterol metabolite,
oxysterol 27-OHC, reduce leptin expression levels and treatment with leptin reverses the
increase in Aβ and phosphorylated tau levels.
Our present result of marked upregulation of
miR-26b is consistent with our previous data on
12 week cholesterol treated rabbits, where the
levels of leptin are reduced by approximately
80%; here, miR-26b is up regulated by nearly
77%.
In a recent report, Chen and colleagues demonstrated that mir-107 modulates the stability of
let-7 family by binding to the conserved internal
loop region sequence, leading to the let-7
miRNA degradation [41]. Mir-107 promotes
tumor progression by targeting the let-7 miRNAs in mice and human. In the present study,
we found the members of let-7 family up regulated in rabbits fed with high cholesterol diet.
The expression patterns of Let-7b and 7e
appeared in opposite trends as that of miR107, and let-7a is also up regulated in 12 week
cholesterol treated rabbits. It is conceivable
that the accumulation of the let-7 family members are at least in part due to decreased levels
of miR-107 in this rabbit LOAD model.
42

In conclusions, we have identified 11 microRNAs differentially expressed the cholesterol
treated rabbit brains. Among them, 6 miRNAs
were also previously reported to be involved in
Alzheimer’s disease, suggesting that there exist
similar pathological mechanisms between this
rabbit LOAD model and human AD development. Five changed miRNAs were unique to this
model. The most intriguing finding is the changes of miR-26b, whose up regulation is completely consistent with the decrease of leptin
levels in the cholesterol treated rabbit brain.
This result confirms that miR-26b is indeed regulated by leptin and both may be involved in
cholesterol induced AD-like pathology. Future
work on target identification of these unique
miRNAs will help understand molecular mechanisms of cholesterol related AD development.
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