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}l-‘i:g#re 6. Premature death and reduced body weight in homozygous Lgi/“****

“ rats. (A) Body weight was comparable for Lgi!™ ™ (n=6). Lgil "

(n=17) and Lgi/”*FR (4 =5) animals at birth. The body weight of
Lgi I rats became reduced with respect to Lgil ™" and Lgir*"
rats after P10. (B) Photography shows Lgil™**®"** s smaller than
Lgil =" and Lgil™™* littermates at P14. (C) The Kaplan—Meier survival
curves of Lgil™t (n=10), Lgil™"™* (n=10) and Lgi™*HI"
(n = 10) rats from PO to P17. All Lgi/=* % s had died at P17,

and extracellular Lgil. While cortical tissue from patients is
not available, we speculate that ADLTE-causing missense
mutations might also lead to instability in vivo, causing a hap-
loinsufficiency. We note such a deficiency in Lgil occurs in
patients with limbic encephalitis and seizures. in which the
immune-mediated disruption of LGI1 results in hyperexcit-
ability (11).

While focal epilepsies are often associated with brain
lesions, we observed no major abnormality in the brain morph-
ology of Lgi/-mutant rats. although subtle changes could not
be ruled out at this level of analysis. Moreover, we found no
obvious defect in neuritic outgrowth or neuronal life-span in
cortical cultures from Lgi/-mutant rats. contrary to previous
reports, suggesting that Lgil may promote neurite outgrowth
(25,32). We thus conclude that ADLTE pathogenesis due to
the L385R mutation in Lgil may involve a hyperexcitability

due 1o altered neuronal network activity rather than abnormal
dendritic development.

The phenotype of Lgi/-mutant rats possessed similarities to
the ADLTE syndrome. Epileptic seizures, associated with cor-
tical and hippocampal ictal epileptiform activity, emerged at
P10 in homozygous Lgil“**FL3%% bups. Frequent and
severe seizures led to death of the animals around PI3.
Lgil™ "**® rats, which carry a heterozygous missense muta-
tion recapitulating the human genetic cause, did not generate
seizures spontaneously but were highly susceptible to audio-
genic seizures, as patients with LGI/ mutations (seizures may
be triggered by noises or voices) (6). In addition, we showed
that rat audiogenic seizures responded to the same drugs as
used in the human: they were suppressed by two antiepileptic
drugs, carbamazepine and phenytoin, that target voltage-gated
channels, but also by levetiracetam which anticonvulsant activ-
ity is mediated through interaction with the synaptic vesicle
protein 2A (SV2A)(33,34). Since Lgil co-immunoprecipitates
with several other neuronal vesicle-related proteins (35), this
latter pathway involving SV2A might be promising for prevent-
ing seizures in this syndrome. As expected. ethosuximide, a first
choice drug for absence seizures, did not prevent audiogenic
seizures. This rat model thus permitted more detailed studies
on audiogenic seizures and tests on antiepileptic molecules.
As SV2A, Lgil may point toward novel antiepileptic therapies
for drug-resistant patients.

The phenotype of Lgi/-mutant rats and Lgi/ knockout mice
that we generated (20) were comparable with a clear gene
dosage relation between Lgil and epileptic syndromes:
severe early onset spontaneous seizures without gross brain
anatomical abnormalities occurred in homozygous animals.
and a high susceptibility to audiogenic seizures in aduli het-
erozygous animals. Spontaneous seizures shared similar
features: age at onset (P10), duration and behavioral manifes-
tations consisting of wild running followed by tonic and/or
clonic events, ictal epileptic activities present in both the
hippocampus and the cortex and seizure severity causing
animals to fail to gain weight by P10 and die prematurely a
week after seizure onset. We note, however, that spontaneous
events were more [requent in Lgi/-mutant rats (~8/h) than in
Lgil™"™ mice (~1-2/h). In our previous study, we concluded
that seizures probably originated in the hippocampus of
Lgil™ — mice since hippocampal ictal activity preceded cor-
tical discharges. Seizures may also be initiated in the hippo-
campus of Lgil-mutant rats, although we have no direct
evidence on this point. We note the striking restricted time
window (P10) when seizures emerge in both Lgi!"' mice
and Lgi/-mutant rats. The timing of seizure onset was not
exactly correlated with that of Lgil expression. Lgil expres-
sion preceded seizure onset both in mice, in which it was
detected at E9.5 in the primitive eye (19) or E16 in whole
brain lysate (20), and in rats, in which we show an expression
as early as PO in brain lysate (Supplementary Material,
Fig. 2S). Most probably, onset of seizures is related to the
period of brain developmental changes, common to rats and
mice, embracing maturation of excitatory synapses of the cortex
and hippocampus and/or the switch in the polarity of GABAer-
gic signaling by inhibitory interneurons (36). This natural
history of seizures beginning within the 3 first weeks of life,
followed by death shortly after, is common to several epileptic
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Table 1. Audiogenic seizures

Genotype Prime stimulation Target stimulation Antiepileptic drugs Number of rats
Total Mo seizure Wild running only Wild running + GTCS

330 4 11 1 1] 0
o 4 o 14 0 10 4
+/L385R + 15 15 0 0
+/L385R + -+ 22 0 0 22
+ + . Carbamazepine 3 3 0 0

} Phenytoin 2 2 0 ]
+ + + Carbamazepine 6 6 0 0

- Phenytoin 4 4 0 0

+ + Levetiracetam 4 3 1 0
+ + Ethosuximide 4 0 0 4
e + Saline solution 3 ] 0 5

Prime stimulation at age P16 was applied as follow: 120 dB. 10 kHz for 5 min. Target stimulation at 8 weeks of age was performed as follow: 120 dB. 10 kHz for
I min. Antiepileptic drugs (20 mg’kg) were injected intraperitoneally 30 min before auditory stimulation.
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Figure 7. Susceptibility to audiogenic \L]?I.IIE‘: (A) Primed rats were tested at § weeks for audiogenic seizures with a stimulus of 10 kHz. I‘[J tIB applied for
| min. GTCSs were induced in all Lgil™ rats but in only 28% nf!w!' " rats. an The time to onset of wild running was shorter in Lgi/ ™ R rats than in
Leil* ™ rats. (C) The duration of wild running was shorter in Lgil ™% R than in Lgilt = rats. (D) The duration of GTCS was not significantly different between
Lgi ™R (g = 22) and Lgil (n=4). "*P < 0.01 and P < 0.05 by Student’s r-test.

mice model including . TDHL. (32), ADAM22™ 7 (37). Lgil protein, revealing a major finding that L385R-Lgil
Kvi.17'7 (38) and Senal™ ~ (39) mice. protein is unstable in vivo, explaining the severe epileptic

In conclusion, we report a unique and original rat model of  phenotype of Lgi/-mutant rats. We speculate that the overall
Lgil-related epilepsies, which is complementary to knockout  similar phenotype observed in homozygous Lgi/-mutant rats
mice. It gave us the opportunity to better understand the con- (L385R-Lgil) and Lgi/™" mice (the absence of Lgil) is
sequences of missense mutations on the fate of the mutant due to the rapid degradation of Lgil-L385R leading to a
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rat during an audiogenic seizure. Traces of typical cortical and hippocampal EEG responses to auditory stimuli from an

8-week-old Lgi? ™" rat. Behavioral changes were correlated with EEG events: |, wild running; 2, tonic attack; 3, clonic convulsions; 4, immobility: 3, al-
ternative knee bending exercise. Movement artifacts are present on the EEG signal during the wild running phase and mostly suppressed in the second tonic
phase. Rhythmic low-voltage slow activities were observed in the third clonic phase, in cortex and hippocampus. They decreased in the fourth immobility
phase and were suppressed in the final phase until the end of the stimulus. Cx. cortex: Hp. hippocampus.

haploinsufficiency equivalent to a gene knockout. Thanks to this
model. we also investigated the consequences of Lgil-
deficiency on the neuronal and neurite outgrowth. Finally, the
heterozygous Lgil****® rats allowed us to initiate pharmaco-
logical studies on their sound-induced seizures, which replicate
the auditory triggering of seizure in the human.

MATERIALS AND METHODS
ENU mutagenesis in rats

ENU mutagenesis and screening protocols using MuT-
POWER in rats have been described (29). The sperm
archive KURMA has been deposited in the National BioRe-
source Project-Rat in Japan (NBRP-Rat: www.anim.med.
kyoto-u.ac.jp/nbr). Primers were designed to amplify by
PCR the exonic region of the rat Lgil gene from ~50bp
flanking each intron (Supplementary Material, Table SI). Se-
quencing was performed with BigDye terminator mix, fol-
lowed by the protocol for the Applied Biosystems 3100

DNA Sequencer. Lgi/-mutant rats were recovered from
frozen sperm by intracytoplasmic sperm injection.

Animals

mikyo

Lgil-mutant rats (strain name, F344-Lgi/ ) were deposited
in NBRP-Rat (N 0656). They were kept and bred at the Insti-
tute of Laboratory of Animals, Graduate School of Medicine,
Kyoto University, in air-conditioned rooms under a 14 h light/
10 h dark cycle. Animal care and experiments were conformed
to the Guidelines for Animal Experiments and were approved
by the Animal Research Committee of Kyoto University.

Genotyping of Lgil-mutant rats

Exon 8 of Lgil was amplified by PCR with Ex8-1 primers
(Supglememary Material, Table S1) usinfg the Ampdirect
Plus® PCR buffer (Shimadzu) and FTA~ card for blood
samples. PCR products were then sequenced with BigDye ter-
minators mix.



Western blots

Littermate rat P5, P9 and P12 pups were decapitated; whole
brains were quickly removed and lysed in 3 m urea, 2.5%
dodécylsulfate de sodium. 50 mm Tris. 30 mm NaCl buffer
(total brain homogenates). For synaptic fractions. brains of lit-
termate rats were homogenized in 50 mm Tris, 5 mm acide
éthylene diamine tétraacétique 120 mv NaCl with complete
inhibitor cocktail, spun for 1 h at 165000 x ¢ and pellets
resuspended with 1% Triton X-100. Total protein concentra-
tions were determined by the bicinchoninic acid assay
method (Pierce). Twenty-five micrograms of each sample
was separated on 10% Tris-glvcine polyacrylamide gels
were analyzed by western blot with the following antibodies:
rabbit polyclonal anti-Lgil antibody (ab30868; 1 pg/ml:
Abcam), goat polyclonal anti-Lgil antibody (sc-9583; 1 g/
ml; Santa Cruz) and rabbit anti-actin antibody (1/1000,
Sigma Aldrich).

Cell culture and transfection

Drs K. Senechal and J. Noebels kindly provided the mouse
WT Lgil ¢DNA with a Flag-tag at the N terminus.
Lgil-E383A and Lgil-L385R were generated using the Quik-
Change® Site-Directed Mutagenesis Kit. COS7 cells were
cultured in Dulbecco modified Eagle’s minimal essential
medium containing 10% fetal bovine serum. penicillin and
streptomycin. Transient transfections were performed using
Lipofectamine™ 2000 according to instructions (Invitrogen),
followed by a 14-16-h incubation in serum-free media.
Cells and media were analyzed
24-36h afler wansfection. Cell lysates and conditioned
media were prepared as described (14) and analyzed by
western blot.

Neuronal cultures

Primary cortical and hippocampal cultures were prepared from
the brains of 10 individual rat embryos at E19. Neurons were
dissociated using the Nerve-Cell culture system and were
plated at 10” cells/ml in neuron culture medium (Sumitomo
Bakelite Co.) on 35-mm poly-L-lysine coated dishes. Each
culture was derived from a single embryo. Cultures were
daily observed for 21 days. Neuronal outgrowth was imaged
and measured automatically using Imagel.

Quantitative RT-PCR

Whole brains were removed from P9 rats (Lgi/™ ™, n=5;
Lgil*R g =7, Lgi PP RR 4 = 5) and stored in RNA-
later™ solution (Applied Biosystems). Total RNA was isolated
with RNeasy Miniprep columns (Qiagen) and contaminating
DNA was depleted using RNase-free DNase. First-strand
c¢DNA was synthesized from 5 pg of total RNA by oligo
dT-primed reverse transcription (ThermoScript™ Reverse
Transcriptase, Invitrogen). Quantitative PCRs were performed
as triplicates using the QuantiFast Multiplex PCR Kit (Qiagen)
with predesigned probes for rat Lgi/ (QuantiFast Probe
Assays) and peptidylprolyl isomerase A (PPIA) as a reference
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gene included in all multiplex PCRs. The error bars of the
quantitative PCR represent SDs of triplicates.

Brain histochemistry

g™ (=1, Lo a2y and Lgti™ P TEaR
(n=1) litermates aged P12 were deeply anesthetized with
sodium pentobarbital (50 mg/kg by intraperitoneal injection).
Brains were removed, fixed in Bouin’s fixative and embedded
in paraffin. Morphological changes were evaluated from
hematoxylin and eosin-stained, 4-p.m thick paraffin sections.

Animal surgery and intracranial EEG recordings

Cortical EEG was recorded from Lgil“****¥*R p10 rats
(during 3 continuous hours) and Lgi/'"" and Lgil™ "%
rats aged 8 weeks. Rats were anesthetized with an intraperito-
neal injection of sodium pentobarbital (40 mg/kg) and
the heads were fixed in a stereotaxic instrument.
One-mm-diameter screw electrodes were implanted into the
epidural space of the left frontal cortex. A reference electrode
was fixed on the frontal cranium. For hippocampal EEG,
0.2-mm-diameter stainless-steel electrodes were implanted in
the hippocampus (3.8 mm caudal, 2.0 mm lateral to the
bregma and 2.2 mm from the cortex surface). A miniature
plug was positioned and fixed on the midline of the skull to
provide electrical connections. After 1-h recovery period for
P10 rats and l-week recovery period for 8-week-old rats,
animals were placed in a shielded box (40 x 40 x 40 cm’)
and the EEG signals were amplified with a sampling rate of
0.5-100 Hz with a 8-channel sysiem (MEG-6108; Nihon
Kohden) and recorded (RTA-1100; Nihon Kohden) under
free-moving conditions. The signals were stored in a computer
for analysis (ML845; PowerLab). Behavioral changes were
simultaneously observed with video recording.

Acoustic stimulation

The testing apparatus consisted of a 17 x 25 x 13-cm” plastic
cage placed inside a larger sound-proof box. Acoustic stimula-
tion was administered from a loudspeaker (JBL Professional)
centrally placed on the cover of the cage. Tone bursts were
delivered by a sound stimulator (DPS-725, Dia Medical
System Co.) and the signal was amplified using a power amp-
lifier (D75-A, Amcron). Lgil ™" and Lgil™"* littermate
rats were exposed individually to intense auditory stimulation
after 1-min habituation. Priming stimulation was performed in
P16 rats with a sound stimulus of 120 dB at 10 kHz for 5 min.
Target stimulation consisted of a 120-dB sound stimulus at
10 kHz for [ min at 8 weeks (40). The onset, latency and dur-
ation of wild running and GTCS were measured from video
records.

Antiepileptic drugs administration

Antiepileptic drugs (Sigma-Aldrich) were administrated intra-
peritoneally 30 min before target stimulation with therapeutic
range (20 mg/kg). Carbamazepine and ethosuximide were first
dissolved in polyethylene glycol 400 then in water. Phenytoin
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was first'dissolved in 0.5 N NaOH and then diluted with saline
solution. Levetiracetam was dissolved in saline solution.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at //MG online.
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To establish low density lipoprotein receptor (LDLR) mutant rats as a hypercholesterolemia and athero-
sclerosis model, we screened the rat LDLR gene for mutations using an N-ethyl-N-nitrosourea mutagen-
esis archive of rat gene data, and identified five mutations in its introns and one missense mutation
(478T > A) in exon 4. The C160S mutation was located in the ligand binding domain of LDLR and was

Keywords: revealed to be equivalent to mutations (C160Y/G) identified in human familial hypercholesterolemia
EE}'{'}R . (FH) patients. The wild type, heterozygous, and homozygous mutant rats were fed a normal chow diet
Rals-mutagenems or a high fat high cholesterol (HFHC) diet from the age of 10 weeks for 16 weeks. The LDLR homozygous

mutants fed the normal chow diet showed higher levels of plasma total cholesterol and LDL cholesterol
than the wild type rats. When fed the HFHC diet, the homozygous mutant rats exhibited severe hyper-
lipidemia and significant lipid deposition from the aortic arch to the abdominal aorta as well as in the
aortic valves. Furthermore, the female homozygous mutants also developed xanthomatosis in their paws.
In conclusion, we suggest that LDLR mutant rats are a useful novel animal model of hypercholesterolemia

Hypercholesterolemia
Atherosclerosis

and atherosclerosis.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Cardiovascular disease, which is the leading cause of mortality
in developed countries, is mainly caused by atherosclerosis. It is
widely accepted that hypercholesterolemia, and especially an
increase in the serum concentration of low density lipoprotein
cholesterol (LDL-C), is a major risk factor for atherosclerosis in hu-
mans. The LDL receptor (LDLR) plays a key role in LDL metabolism,
which involves the endocytosis and degradation of LDL and mainly
occurs in the liver [1]. Therefore, LDLR dysfunction leads to the
retention of LDL-C in the circulating blood and lipid deposition in
the vascular walls, eventually causing atherosclerosis. Actually,
familial hypercholesterolemia (FH) patients with defective LDLR
display high plasma levels of LDL-C and are at significant risk
of developing cardiovascular disease [2,3]. Likewise, LDLR knock-
out mice [4], LDLR mutant mice [5], and Watanabe heritable hyper-
lipidemia (WHHL) rabbits [6] have been established and widely
used as well-validated animal models of hypercholesterolemia
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tical Research Division, Takeda Pharmaceutical Company Ltd., 26-1, Muraokahis-
ashi 2chome, Fujisawa, Kanagawa 251-8555, Japan. Fax: +81 4 6629 4438,
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0006-291X/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
doi:10.1016{j.bbrc.2012.01.067

and atherosclerosis. However, there have been no reports of rat
hypercholesterolemia and atherosclerosis models that display
LDLR dysfunction, and furthermore, only two hyperlipidemicfath-
erosclerotic rat models have been reported, Dahl salt-sensitive
hypertensive CETP transgenic (Tg[hCETP|DS) rats [7] and JCL:LA-
cp rats [8].

Rat species have been widely used for various physiological
studies because they are large enough to allow surgical operations
to be performed on them and to allow evaluations of their cardio-
vascular function. In addition, it is possible to obtain larger biolog-
ical samples from rats than from mice [9]. The strong reproductive
performance of rats also results in a lower breeding cost, and they
require less space than rabbits. Furthermore, there are many estab-
lished rat metabolic disease models, which develop hypertension,
obese, diabetes, hyperlipidemia, and combinations of these dis-
eases [10,11], which are also major risk factors for atherosclerosis.
Thus, a rat model would be an attractive option for investigating
not only the interaction between metabolic disease and atheroscle-
rosis but also their effects on cardiovascular outcomes.

In this study, we screened LDLR mutant rats as a novel hyper-
cholesterolemia and atherosclerosis model using a gene-driven
N-ethyl-N-nitrosourea (ENU) mutagenesis archive of the F344/NSlc
rat genome, the Kyoto University Rat Mutant Archive (KURMA)
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[12]. The KURMA is composed of sperm and DNA samples from
more than 5000 G1 rats, and the number of G1 sperm and DNA
samples has been increasing, which has allowed us to identify
mutations in a wide variety of genes [12]. Previously, KURMA
projects have efficiently produced a variety of rat mutants by
combining a high-throughput screening technique and the intracy-
toplasmic sperm injection (ICSI) technique [13-15]. The present
study will show that the LDLR mutant rat is a novel animal model
of hypercholesterolemia, aortic atherosclerosis, and xanthoma that
develops similar symptoms to FH patients.

2. Materials and methods

All animal care procedures and experiments conformed to the
Guidelines for Animal Experiments at Kyoto University and were
approved by both the Animal Research Committee of Kyoto
University and the Experimental Animal Care and Use Committee
of Takeda Pharmaceutical Company Limited.

2.1. Establishment of LDLR mutant rats

A total of 4608 DNA samples from ENU-mutagenized F344/Slc
rats (Japan SLC Inc.), which were obtained from the KURMA, were
screened with 14 primer sets, which were designed to amplify all
exons and some introns of the rat LDLR gene (GenBank ID:
300438) (Supplementary Table 1). The protocols used for MuT-
POWER screening of the KURMA were described previously [12].
Then, rats carrying a mutation in the LDLR gene were produced
by the ICSI of frozen sperm into the eggs of female F344/NSlc rats
[12]. The LDLR mutant rats will be deposited in the National
BioResource Project — Rat in Japan and will be available from the
Project (http://www.anim.med.kyoto-u.ac.jp/nbr).

2.2. Animals

ENU-mutagenesis of the samples in the KURMA usually intro-
duces a few hundred random mutations per genome in rats [12].
Therefore, male rats carrying the LDLR gene mutation were back-
crossed three times with female F344/NSlc rats to remove the
residual mutations induced by ENU. The N3F1 littermates of the
wild type, heterozygous, and homozygous mutants were obtained
by cross breeding them with their N3 littermates and were used to
validate the effect of the LDLR gene mutation. Furthermore, F344/
NSlc rats, the original rat strain used to produce the KURMA, were
compared with wild type rats to confirm the effect of off-target
mutations in LDLR mutant rats. All rats were housed in a room
under controlled temperature (23 °C), humidity (55%), and lighting
conditions (lights on from 7:30 am to 7:30 pm) and were fed a
normal chow diet (CE2 diet, CLEA Japan) or a high fat high choles-
terol (HFHC) diet (Research Diet, D12336) from the age of 10 weeks
for 4 months and were allowed free access to water.

Genotyping of the T478A mutation was performed using allele
specific PCR based TagMan assays (forward primer: 5'-TGCTCACT
TCCGCTGCAA-3', reverse primer: 5'-GCAGGCCCACAGGCT-3', FAM
reporter: CTCCTCTTCCTGCATCC, VIC reporter: CCTCTTCCAGCATCC)
designed by Applied Biosystems, according to the manufacturer's
protocol on a 7900HT Fast Real-Time PCR system (Applied
Biosystems).

2.3. Plasma lipids profiles

Blood samples were collected from the tail vein with EDTA
(Wako Pure Chemicals) used as an anticoagulant. Plasma high
density lipoproteins (HDL) were fractionated by precipitation
using a commercially available kit (Wako Pure Chemicals). Then,

plasma total cholesterol, HDL cholesterol (HDL-C), and the triglyc-
eride (TG) level were measured using enzymatic assay reagents
(Wako Pure Chemicals). The plasma lipoprotein profiles of pooled
plasma samples from the rats in each group (n=7) were analyzed
by an online dual enzymatic method for the simultaneous quanti-
fication of cholesterol by high-performance liquid chromatography
(HPLC) (Skylight Biotech Inc.).

2.4. Atherosclerotic lesion analysis

Twenty-six-week-old rats, which were fed the normal chow
diet or the HFHC diet from the age of 10 weeks, were sacrificed,
and their hearts and aortas were fixed in 10% neutral formaldehyde
solution after the removal of connective tissue. The aorta was
opened longitudinally, stained with oil red O, and imaged using a
digital camera. The oil red O-positive area was calculated using
Image-Pro Plus™ (Media Cybernetics) and was expressed as a
percentage of the total surface area. For the evaluation of cross
sections of the aortic sinus and abdominal aorta, 100-um cross
sections of the aortic roots were prepared at the position of the
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Fig. 1. Establishment of LDLR mutant rats. (A) Schematic diagram showing the
ligand binding domain of the LDLR. The C160S mutation was located in the ligand
binding domain of the LDLR. {B) Sequencing of the LDLR gene of the F1 mutant rats
confirmed that the C160S mutation was present,
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Fig. 2. Plasma lipids (A: Total cholesterol, B: Triglyceride, C: HDL-c) concentrations in the F344, wild type, and heterozygous (hetero) and homozygous (homo) mutant rats
fed the normal chow or HFHC diet. The asterisks indicate a significant difference at ‘P <0.05 or ' P <0.01 compared with the wild type.

aortic valves using a cryostat and stained with hematoxylin and
eosin (H and E) or oil red O.

2.5. Quantitative real time PCR

Twenty-six-week-old rats were sacrificed after being fed the
normal chow diet for 16 weeks, and the total RNA in their liver
was extracted with the ISOGEN kit (NipponGene). The RNA was
treated with DNase | (Wako Pure Chemical). Then, first-strand
cDNA was synthesized using the SuperScript 11l ¢cDNA synthesis
kit (Invitrogen). We carried out real-time quantitative PCR to as-
sess the mRNA expression levels of LDLR and glycerol-3-phospa-
hate dehydrogenase (GAPD) in the liver using the 7900HT Fast
Real-Time PCR system with commercial Tagman probe kits, Tag-
Man Gene Expression Assays (GenBank ID: 300438 and 24383,
respectively), and Tagman Universal PCR Master Mix (Applied Bio-
systems), according to the manufacturer's instructions. GAPD was
used as a housekeeping reference gene.

2.6, Statistical analysis

Statistical significance was determined using the Student's
t-test for comparisons between two groups or Dunnett's test for
comparisons of plasma lipid levels and atherosclerotic lesion areas
among the littermates of the LDLR mutant rats. All data are shown
as the mean + standard error (SEM). "P<0.05 and P < (0.01 were
defined as significant.

3. Results
3.1. Establishment of LDLR mutant rats

By screening all the exons and some of the introns of the LDLR
gene using about 5000 DNA samples from the KURMA, five muta-
tions were identified in its introns and one missense mutation
(478T > A) was found in exon 4 (Supplementary Table 2). This
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478T > A missense mutation resulted in the amino acid substitu-
tion of the 160th cysteine for serine. The 160th cysteine was lo-
cated in the cysteine-rich ligand binding domain of the LDLR
(Fig. 1A). Rats carrying this mutation were produced using the cor-
responding frozen sperm. The missense mutation was confirmed to
be present in these animals, which were F1 hybrids between F344/
NSIc and G1 donor rats (Fig. 1B). Expression analyses showed that
the hepatic expression of LDLR mRNA in the homozygous mutant
was not significantly altered compared with that in their wild type
littermates (F344 100 £ 14, Wild type 72 + 9, Homo 67 + 7, Hepatic
mRNA levels of LDLR quantified by real-time quantitative PCR in
male rats fed a normal chow diet for 4 months (n = 6). The results
are expressed as relative values compared to GAPD mRNA expres-
sion. The values are shown as the mean + SEM.). No prominent
behavioral abnormalities, appearance defects, or reproductive
problems were observed in the LDLR mutant rats.

3.2. Plasma lipids profiles

The LDLR homozygous mutants fed the normal chow diet
exhibited higher total plasma cholesterol levels and an increased
LDL cholesterol fraction compared with the wild type rats (both
sexes). (Figs. 2A and 3A), whereas no significant difference in plas-
ma total cholesterol and TG levels was observed between the wild
type and F344 rats. But, compared with the female wild type rats,
the female F344 rats showed significantly decreased plasma HDL-C
levels only in the normal diet-fed conditions (Fig. 2C). In the rats
fed the HFHC diet for 4 months, the homozygous mutants exhib-
ited markedly increased plasma total cholesterol levels compared
with the wild type rats (both sexes) (Fig. 2A), and the intermediate
fraction between VLDL and LDL was the most common type of lipo-
protein in the LDLR homozygous mutant rats (Fig. 3B).

Regardless of their diet conditions and genotype, the female
mutant rats showed severe hypercholesterolemia compared to
the male rats (Fig. 2A), and the male mutant rats exhibited no sig-
nificant alterations in their plasma HDL-C levels in either diet con-
ditions, whereas the female homozygous mutant rats showed
significantly decreased plasma HDL-C levels compared with those
of the wild type rats in the normal and HFHC diet-fed conditions
(Fig. 2C). Furthermore, there was no significant difference in plas-
ma TG levels among either genotype of either sex in the normal
chow diet-fed conditions, whereas the homozygous mutant rats
fed the HFHC diet showed significantly increased plasma TG levels
compared with the wild type rats, especially the female rats
(Fig. 2B), indicating that a sex difference in plasma lipid metabo-
lism existed in the LDLR mutant rats.

3.3. Atherosclerotic lesions and xanthoma

Both the male and female LDLR homozygous mutants fed the
HFHC diet for 4 months showed lipid deposition from the thoracic
to abdominal aorta (Fig. 4A and B). The female homozygous mu-
tants showed more severe aortic atherosclerotic lesions than the
male homozygous mutant rats. The female F344 and wild type rats
also showed slight lipid deposition in the aorta, while no lesions
were detected in the male F344 or wild type rats (Fig. 4A and B).

A histological examination of the abdominal aortae of the fe-
male rats maintained on the HFHC diet for 4 months showed slight
lipid deposition in the vascular endothelium (Fig. 4C). Histological
sections of the aortic sinuses of the male and female homozygous
LDLR mutant rats fed the HFHC diet demonstrated lipid deposition
(Fig. 4D).

The female homozygous mutants also exhibited xanthoma in
their hind paws, while no xanthoma was observed in the male
homozygous mutants (Fig. 4E).
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Fig. 3. Lipoprotein profiles of male LDL receptor mutant rats. Pooled plasma
samples from male wild type and homozygous mutant rats (n=7) were fraction-
ated by HPLC, and their cholesterol levels were determined by an online dual
enzymatic method. The rats were fed the normal chow (A) or HFHC diet (B) for
4 months,

4. Discussion

Although LDLR mutant mice harboring the C699Y mutation in
the LDLR have previously been generated by ENU-mutagenesis
[5], we were the first to establish LDLR mutant rats carrying the
amino acid substitution C160S in the ligand binding domain of
LDLR by ENU-mutagenesis. In this study, the LDLR mutant rats dis-
played hypercholesterolemia, aortic atherosclerosis, and xantho-
matosis in their limbs, which are typical phenotypes of human
FH patients, LDLR knockout mice, and WHHL rabbits.

The C160S mutation in the rat LDLR, which was detected by
KURMA screening, was located in exon 4 of the LDLR genome,
within the ligand binding domain of the LDLR protein, which con-
sists of seven successive cysteine-rich repeats. This cysteine muta-
tion is expected to affect the conformation of the LDLR protein by
breaking the S-S bond of cysteine. The hepatic expression of LDLR
mRNA in the homozygous mutant was not significantly altered
compared with that of its wild-type littermates, and similar results
were obtained for LDLR protein expression in the liver (data not
shown). Therefore, an impairment of the LDL catabolic activity of
the LDLR might cause the hypercholesterolemia observed in LDLR
mutant rats. Actually, the mutation of the 160th cysteine of the
LDLR possessed by the LDLR mutant rats is comparable to the
C160S mutation found in human FH patients [16].
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Fig. 4. Atherosclerotic lesions and xanthoma in 26-week-old LDLR mutant rats maintained on the HFHC diet for 4 months. The filled triangles show oil-red O stain positive
areas. (A) Aortic atherosclerotic lesions in the wild type and homozygous mutant rats {both sexes). (B) Aortic atherosclerosis lesion area in male and female rats. The asterisk
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mutant rats. (D) Histological sections of the aortic valves from wild type rats and homozygous mutant rats (both sexes). (E) Xanthoma of the hind paws in female homozygous

mutant rats.

Unlike FH patients and other LDLR deficient animals including
LDLR knockout mice [4] and WHHL rabbits [17], the LDLR mutant
rats exhibited significant sex differences in the severity of their
dyslipidemia and atherosclerosis. The female homozygous mutant
rats showed plasma total cholesterol levels that were approxi-
mately three times higher than those of the male homozygous mu-
tants and exhibited more severe atherosclerosis and xanthoma
than the male homozygous mutants. Generally, female rats secrete
more VLDL than male rats [18-20], but this is not the case for
C57BL mice [21]. A previous study also showed that the micro-
somal triglyceride transfer protein (MTP) expression levels of male
Sprague Dawley rats were about 40% lower than those of female

rats [22]. MTP is crucial for the assembly and secretion of apolipo-
proteinB (apoB)-containing lipoproteins. Heterozygous MTP
knockout mice, which display a 50% reduction in their MTP expres-
sion, demonstrate decreased secretion and plasma levels of
apoB-containing lipoproteins [23,24]. Therefore, the observed sex
difference in the blood lipid profiles of the LDLR mutant rats might
depend on their MTP expression levels.

However, in the HFHC diet conditions, the male homozygous
mutant rats showed significantly more severe atherosclerotic le-
sions (P < 0.05) than the female wild type rats, which showed com-
parable plasma total cholesterol and HDL-C levels to the male
homozygous mutant rats. Previous studies suggested that estrogen
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plays a protective role against the progression of atherosclerosis
independently of plasma cholesterol levels in humans and mice
[25]. Therefore, it is suggested that the atherosclerotic lesion area
might have been affected by sex-hormones in the female F344 rats.
Furthermore, the male homozygous mutant rats showed higher
plasma TG levels than the female wild type rats in this study
(P <0.05). Ovariectomized mice also showed increased numbers
of atherosclerotic lesions and higher plasma TG levels than
sham-operated mice, although there was no significant difference
in plasma cholesterol levels between them [26]. Therefore, it is
suggested that estrogen has direct or indirect anti-atherogenic ef-
fects on plasma TG levels in female F344 rats.

In humans, atherosclerotic lesions are frequently observed in
the abdominal aorta and coronary arteries [27], but Jackson et al.
found that small rodent models such as mice and rats suffer from
the limitation that they usually develop atherosclerotic lesions in
non-coronary vessels [28]. Actually, the LDLR mutant rats also
exhibited significant atherosclerotic lesions in their thoracic and
abdominal aorta, but no lesions in their coronary arteries in the
present experimental conditions (data not shown). However, some
rat atherosclerosis models such as Tg[hCETP|DS rats [7] and
JCR:LA-cp rats [8], which display multiple risk factors for cardio-
vascular events, including dyslipidemia, hypertension, obesity,
and diabetes, exhibit atherosclerotic lesions in their coronary
arteries and myocardial infarction. Therefore, LDLR mutant rats,
which develop multiple diseases associated with cardiovascular
events, might be a novel cardiovascular model that develop athero-
sclerosis in their coronary arteries.

This study is the first report about LDLR mutant rats, which
spontaneously develop dyslipidemia, atherosclerosis, and xan-
thoma. Compared with mice and rabbits, rats are a more appropri-
ate size for various physiological studies. Therefore, LDLR mutant
rats would be a useful animal model for studying lipid metabolism,
atherosclerosis, and cardiovascular disease.
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