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Abstract

Cellular prion protein (PrPC) is a host protein anchored to the outer surface of neurons and, to a lesser
extent, to lymphocytes. The transmissible agent (PrPs), the causative agent for scrapie, is believed to
be a modified form of PrPC. However, the role of PrP¢ in normal, uninfected animals remains
unknown. Here, we describe a novel mouse model for dilated cardiomyopathy (DCM), which was
observed during the development of prion-agent-susceptible transgenic mice (Tg mice). Tg mice were
shown to selectively express scimitar-horned oryx (Oryx dammah) PrP (OrPrP) in their tissues, as
demonstrated through RT-PCR for mRNA, Western blotting, and immunohistochemistry. High
levels of OrPrP expression were observed in the heart, medium levels in the skeletal muscle, low
levels in the brain, and barely detectable levels in the lung, liver, spleen, kidney, and thymus.
Electrocardiogram (ECG) findings showed significantly prolonged cardiac muscle contraction, with
abnormalities in the QRS interval. Additionally, histological analysis showed multiple
intracytoplasmic vacuolation in the heart muscle. Furthermore, an abnormal ECG waveform of was
observed in Tg mice following atropine injection. These mice may provide a new model for analyzing
experimental DCM. Besides, the Tg mice showed higher expression levels of OrPrP in the heart
muscle following increased Doppel (Dpl) gene expression. Overexpression of Dpl gene may occur in
the myocardium, controlled by OrPrP. These findings suggest that higher expression of OrPrP and
Dpl gene in the heart may cause cardiac abnormalities. In the histopathological studies of
myocardium, the cytoplasmic vacuolation of muscle fibers were seen both in Tg(OrPrP)Prnp** and
Tg(OrPrP)Prnp®° mice, but not in C57BL/6] mice.

Keywords: cardiomyopathy; Doppel-gene; prion protein; prionoid; scimitar-horned oryx (Oryx
dammah); transgenic mouse

1. Introduction

In transmissible spongiform encephalopathies (TSE), such as scrapie or bovine spongiform
encephalopathy (BSE) in animals and Creutzfeldt-Jakob disease (CJD) in humans, the prions appear
to be devoid of nucleic acid and are identical to the scrapie isoform of the prion protein (PrP%), a
modified form of the normal cellular isoform PrP (PrPc) [1,2]. PrP¢ may play physiological roles, as
its gene expression has been observed in the brain and other tissues of all mammals. Additionally,
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PrPc is believed to convert to PrPs during the course of prion infection through a posttranslational
mechanism. However, the role of PrPC¢ in uninfected animals is poorly understood. Notably, a
previous study reported that PrP¢ overexpression results in the formation of PrPS-like abnormal
lesions [3]. The study found that uninoculated older mice expressing high copy numbers of murine
PrP developed truncal ataxia and tremors. This suggests that elevated PrP expression is associated
with neurologic disease. Therefore, higher PrP expression levels may lead to tissue abnormalities and
vacuolation.

Cardiomyopathy manifests as dyspnea, cardiac failure, or sudden death, causing serious
morbidity and mortality. Furthermore, although cardiomyopathy has several possible triggers, such
as viral infections or alcohol abuse, multiple causes are expected. Clinical features and molecular
genetic studies on cardiomyopathy indicate various possible genetic causes of this disease; however,
the causative genes and pathogenesis are poorly understood [4]. The lack of a suitable animal model
has severely limited physicians’ ability to understand the causes and mechanisms of this disease and
to develop novel, more effective treatments. Therefore, the animal cardiomyopathy model is highly
valuable for understanding the pathological process and developing novel therapies as well as
pharmacological interventions [5]. Additionally, the association between prion disease and
cardiomyopathy has not been reported in the literature and remains unclear. There is a report that
shows PrPs growth in skeletal muscle of hamsters orally infected with scrapie [6]. However,
cardiomyopathy and neuromuscular abnormalities may coexist [7]. Furthermore, neurodegenerative
diseases, such as Friedreich’s ataxia (FA) and Parkinson’s disease (PD), are frequently associated with
cardiomyopathy [8]. Here we describe a novel mouse model for cardiomyopathy, which was
observed during the development of a prion agent sensitive transgenic mouse. Particularly, it was
expected that the Tg mice express scimitar-horned oryx PrP (OrPrP) ubiquitously, including in nerve
cells, immune cells, and skeletal muscles, using the 3-actin promoter.

2. Materials and Methods
2.1. Mice

Rikn Prnp® mice were provided from RIKEN and crossed with Tg(OrPrP)Prnp** mice to obtain
Tg(OrPrP), devoid of the mouse (Mo) PrP gene. Briefly, the entire PrP open reading frame (ORF) and
3’—end of the second intron were replaced with the pgk-neo gene cassette. Prnp®° mice showed no
obvious behavioral changes at a young age, although they showed neurophysiological disorder and
ataxia when they aged [9]. C57BL/6] (B6) mice were used to have the results of untreated control mice.

2.2. Total DNA Isolation and Non-Radioactive Southern Blot Screening of Transgenes

A tail snip from a living mouse was used for genomic DNA extraction. After cutting off 1-2 cm
tail clips from the mouse, the tail was incubated in tail lysis buffer containing 50 mM Tris-HCI (pH
8.0), 1 % sodium dodecyl sulfate (SDS), 100 mM ethylenediaminetetraacetic acid (EDTA) (pHS.0), 100
mM NaCl and 2 mg/ml proteinase K for about 5 hours (hr) at 55 °C to digest it. After phenol
chloroform extraction, the aqueous phase was transferred into a new tube and mixed with an equal
volume of isopropanol by inverting several times. DNA was resolved with Tris-EDTA (TE) and
determined DNA concentration and purity by measurement of absorbance at 260 nm and 280 nm.

DNA (20 pg) for Southern blots was first cut with restriction enzymes, BamHI and EcoRI and
electrophoresed using 1.0 % agarose gel. After electrophoresis, the gel was depurinated by soaking it
for 10 minutes (min) in 50 mM HCl. DNA was transferred to the nitro-cellulose filter (Hybond N*) by
traditional capillary blotting. The blot was prehybridized for 30 min and hybridized overnight at
60 °C in hybridization buffer, 5xsaline-sodium citrate (55C), 0.1 % SDS, 5 % dextran sulphate, 0.5 %
blocking reagent (Amersham Corp., U.K.) and 15 ng/ml of Fluorescein-dUTP (FI-dUTP) (Amersham
Corp., UK\) labeled probe by using a rolling bottle incubator. After hybridization, the blot was
washed with wash solution, 0.5x55C and 0.1 % SDS three times for 30 min at 60 °C. For detecting the
probe-target hybrids, the horseradish peroxidase (HRP) conjugated anti-fluorescein antibody was
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used. Detective reaction was performed using an enhanced chemiluminescence (ECL) detection
system according to the manufacture’s instruction (Amersham Corp., U.K.).

2.3. Total RNA Isolation and Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) of OrPrP mRNAs

Frozen tissues were homogenized in TRIzol Reagent (Life Technologies, Rockville, MD). The
total RNA was extracted according to the manufacturer’s specifications, precipitated, and dissolved
in RNase-free water. First-strand cDNA was synthesized from 1 pg of total RNA using avian
myeloblastosis virus (AMV) Reverse Transcriptase (Promega, Madison, WI). Taqg DNA polymerase
was used for second-strand cDNA synthesis and DNA amplification [10]. Primer sets were as follows:
The PCR product with primer specific to OrPrP cDNAs were forward 5'-
AGAATTCATGGTGAAAAGCCACATAGGCA-3' and reverse 5-
TCGCTCCATGATCTTGATGTCAGT-3' consisting of 0.6kb. Briefly, typical RT-PCR conditions were
as follows: 37 °C for 60 minutes (min) (reverse transcription), 95 °C for 3 min (AMYV inactivation and
RNA / cDNA / hybrid denaturation), 32 cycles at 94 °C for 30 seconds (sec) (denaturation), 60 °C for
30 sec (annealing), 72 °C for 1 min (extension), 1 cycle at 72 °C for 20 min (final extension), and a final
soak at 4 °C.

2.4. RT-PCR of Doppel (Dpl) mRNAs

Total RNA was isolated from brain and heart of Prnp**, Prnp®° and Tg(OrPrP)Prnp®° mice. Total
RNA isolation and condition of reagents was carried out as described previously [11]. Primer sets
were as follows: The PCR product with primer specific to Dpl cDNAs were forward 5'-
GCGTCGACCGCCACCATGAAGAACCGGCTGGGTACATGG-3' and reverse 5'-
CTCGTCGACCTCTGTGGCTGCCAGCTTCATTGA-3' consisting of 591 base pair (bp). RT-PCR
conditions were as follows: 37 °C for 60 min (reverse transcription), 95 °C for 10 min (AMV
inactivation and RNA / cDNA / hybrid denaturation), 35 cycles at 94 °C for 30 sec (denaturation),
62 °C for 30 sec (annealing), 72 °C for 2 min (extension), 1 cycle at 72 °C for 7 min (final extension),
and a final soak at 4 °C.

2.5. Immunoprecipitation

The brains were homogenized and centrifuged at 1200 rpm for 5 min in sterile phosphate-
buffered saline (PBS), and the resultant supernatant was precleared by centrifugation at 20,000xg for
60 min at 4 °C. For detection of PrP, monoclonal 6H4 (10 ug) mouse antibody (Prionics AG,
Switzerland) was added to the samples and incubated with the samples at 4 °C for 1 hr. The antigen-
antibody complexes were collected on Protein G beads (Amersham Pharmacia Biotech). After the
supernatant was discarded, and the beads were washed three times with immunoprecipitation wash
buffer (1 % Triton X-100, 0.5 % bovine serum albumin (BSA), 1 mM phenylmethylsulfonyl fluoride
(PMSF) in PBS), the beads were mixed with SDS-sample buffer and boiled for 5 min. By Western
blotting, the precipitated PrP> were analyzed by 12 % polyacrylamide gels, followed by transfer to
Polyvinylidene Difluoride (PVDF) membranes (Amersham Pharmacia Biotech) before detection by
polyclonal P8 rabbit antibody directed against 92-109 mouse PrP sequence (1:2000 dilution) and anti-
rabbit IgG horseradish peroxidase. The blot was developed using an ECL detection system
(Amersham Corp., U.K.).

2.6. Electrocardiographic (ECG) Patterns in Tg Mice

ECG recording was performed as described previously [12]. ECG parameters (PR, QRS, and QT
time) were obtained using an ML846 PowerLab System (AD Instrument, Dunedin, New Zealand).
For the atropine treatment, 30 weeks old Tg(OrPrP)Prnp®° (n = 3) and B6 (n = 3) mice were injected
with atropine (4 mg/kg intraperitoneal injection [i.p.]) and evaluated by ECG 5 minutes later.
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2.7. Hematoxylin and Eosin (H&E) Staining and Immunohistochemistry

Tissue was fixed embedded in paraffin, and 7 um thick sections were cut. Serial sections were
subjected to H&E staining and immunohistological staining for polyclonal a-PrP (P8) rabbit antibody
diluted at 1:200.

2.8. Footprint

The hind feet of 15 months old PrP+*, Prnp® and Tg(OrPrP)Prnp® mice were dipped in ink and
mice prompted to walk on the filter paper.

3. Results

Tg mice were used in this study. In a study by Prusiner et al., each pathogen from BSE and
scrapie, variant CJD (vC]JD) was introduced into Tg mice using the bovine PrP gene, with incubation
periods of approximately 200 days [13]. The study found that the three types of pathogens were
identical. Furthermore, Collinge et al. used a human PrP gene-transfected mouse model. In these
human prion gene TG mice, vCJD appeared at approximately 220 days [14]. Using various animal
prions, the incubation period of Tg mice is often shortened or prolonged. This species-barrier
phenomenon of the PrP gene is not well studied.

It is well established that wild ruminants such as greater kudu (Tragelaphus strepsiceros) and oryx
(Oryx dammah) have shorter incubation periods compared to livestock ruminants such as sheep and
cattle; and disease progression following incubation is rapid [15,16]. Studies have reported notable
species-level differences in the incubation time of prion diseases. To study disease progression in
farm cattle, animals are neonatally infected. Sheep scrapie shows an incubation period of 3648
month following experimental infection. Cattle experimentally infected with BSE agent show an
incubation period of 36-72 months. Disease incidence occurred at 30-48 months of age for sheep
scrapie, and 60-80 months for BSE. However, in oryx, disease incidence occurred at 30 months. The
incubation period is assumed to be 21 months [15,16]. The incidence age of oryx is very early
compared to cattle and sheep. Transmissibility of spongiform encephalopathy and incubation period
are controlled by differences in the amino acid sequence of PrP. The gene encoding prion protein has
been detected in many vertebrates, such as humans, sheep, cattle, mice, hamsters, oryx, and fishes. In
mammals, over 90% amino acid sequence homology has been observed among species [9-11,17-19].
This suggests the presence of critical amino acid sequences controlling incubation periods and the
age of incidence in OrPrP.

Transgenic technology is useful for analyzing the normal function of PrP and genetically
contrasting susceptibility to agents. Although the chicken (-actin promoter and CMV enhancer are
known to direct widespread gene expression, the transgene expression is not always ubiquitous [20].

3.1. Effect of PrP Genes in Tg Mice

A restricted pattern of OrPrP expression in the heart was observed at higher levels, medium
levels in skeletal muscle, and lower levels in the brain. These expression patterns suggest that the
localization of transgene expression may lead to sudden death of these mice (Figures 1 and 2).
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Figure 1. Scheme of transgene construct of OrPrP gene. (a) An EcoRI fragment of OrPrP ¢cDNA indicates the
closed bar was inserted into the EcoRI site of the pCAGGS expression vector [9,56-60]. The ATG start codon and
TAG stop codon are indicated. A fragment containing human cytomegalovirus immediate early (CMV-IE)
enhancer, chicken -actin promoter, rabbit 3-globin splicer, OrPrP cDNA, rabbit 3-globin 3’ untranslated region,
and polyadenylation [poly(A)] signal was isolated from the vector at a HindIII-Sall site. The HindIIl and Sall sites
are shown by arrow. The hybridization probe (a 640 bp cDNA) used for Southern blot analysis is also shown.
Based upon the DNA sequence [9,10], four lines were generated by microinjection of the construct containing
the hybrid promoter plus a 1.0 kb cDNA including the OrPrP open reading frame (ORF). These mice expressed
OrPrP containing a nerve cell, an immunity cell, and skeletal muscles by using B-actin promoter [56,58]. (b) In
screening of transgene by Southern blot analysis, we have identified four Tg strains carrying oryx PrP gene. An
834 bp band (Lane 1,2,3,4) and 920 bp band (Lane 5,6,7,8) were identified by digestion of restriction enzyme
BamHI and EcoRI, respectively. Lane 1 and 5, #34Tg(OrPrP)Prnp** mouse genomic DNA. Loading is 20 pg. Lane
2 and 6, #36Tg(OrPrP)Prnp*, 20 pg. Lane 3 and 7, #42Tg(OrPrP)Prnp**, 20 pg. Lane 4 and 8§,
#50Tg(OrPrP)Prnp*”, 20 pg.

Figure 2. Characterization of transgenic mice expressing OrPrP. In our studies, Tg(OrPrP)Pmp** mice were mated to
Prnp” mice to obtain animals carrying the OrPrP on a murine Prnp knockout genotype. (a) Expression of the OrPrP
mRNA by RT-PCR analysis. OrPrP mRNA was detected in the heart, skeletal muscle, and brain, but not detectable in
the lung, liver, spleen, kidney, and thymus. No band was observed without reverse transcriptase in each tissue. The
size marker (in kb) of OrPrP mRNA observed in brain, heart and skeletal muscle was 0.6-kb. (b) Immunoprecipitation
of OrPrP in the brain, heart, and skeletal muscle from the Tg(OrPrP)Prnp® mice [60-62]. OrPrP levels in the heart

(Lane 4) were compared with the brain (Lane 1). Precipitation of total brain and heart homogenates from the
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Tg(OrPrP)Prnp®° mice showed higher levels of OrPrP expression in the brain and was detectable in the heart. Distinct
bands corresponding to OrPrP showed equivalent size of the 31-kilodalton protein in the brain and heart. No bands
are seen in the brain and heart from the Prnp” mouse brain (Lane 3) and heart (Lane 6). Wild type B6 mice showed
distinct band in the brain (Lane 2) and heart (lane 5). Numbered arrows indicate molecular size markers (kilodaltons).

To detect weak pathological alterations, ECGs from 20- to 70-week-old Tg(OrPrP)Prnp® mice were
analyzed. Notably, abnormal electrocardiographic patterns were observed in Tg(OrPrP)Prnp® mice;
cardiac muscle contraction was significantly prolonged with an abnormal QRS interval (data not
shown). The mice showed multiple intracytoplasmic vacuolations and elongation of muscle fibers in
the heart muscle, and scar formation of muscle fibers was also observed. Abnormalities in the QRS
waveform suggest that the excitability transfer into the ventricle from the atrium was blocked by injury
caused by intracytoplasmic vacuolation. The intracytoplasmic vacuolation of the heart muscle was
observed in both Tg(OrPrP)Prmp** and Tg(OrPrP)Prnp®° mice (data not shown). Overexpression of
OrPrP may cause intracytoplasmic vacuolation of the heart muscle. Although abnormalities in the heart
muscle were detected in 30-week-old Tg(OrPrP)Prnp®°mice, other organs such as the brain, lung, liver,
spleen, skeletal muscle, thymus, and kidney did not show any abnormalities (Figures 3 and 4).

[weeks] 20 30 40 50 60 70
R

C57BL/6] P ‘ ‘a—\q/v ‘.4(_ J
QT
s

7 s o s

Tg(OrPrP)Prnp ﬂ—ﬂ(r 5 - ‘% SIS W *ﬁ'\f-ﬂ‘mv
0.01 sec

Figure 3. Alterations in electrocardiographic patterns in the 20 to 70 weeks old Tg(OrPrP)Prnp®° mice [12]. ECGs
in lead II recorded from the Tg(OrPrP)Prnp®° mice at 20, 30, 40, 50, 60, and 70 weeks old. ECG and pulse rate
traces from 30 weeks old (n = 5) and 40 weeks old (n = 5) Tg(OrPrP)Prnp®° mice were distinguishable from the
control B6 mice. The QRS complex showed that the durations of the R wave were significantly abnormal in 30
weeks old (n =5) and 40 weeks old (n = 5) Tg(OrPrP)Prnp®° mice, but the duration of the PQ interval was not.
However, normal waveforms were seen with 20 weeks old (n = 10) Tg(OrPrP)Prnp®® mice. The notch in the R
waves in the QRS complex was observed after 50 weeks old (n = 5), 60 weeks old (n =5), and 70 weeks old (n =
5) Tg(OrPrP)Prnp®° mice. The P waveform of the PR interval reversed in 70 weeks old Tg(OrPrP)Prnp®° mice
(first arrow). However, this change was not observed in younger Tg(OrPrP)Prnp®° mice. All arrows indicate the
abnormal waveform (R and P waveform) of ECG in Tg(OrPrP)Prnp®° mice.

Figure 4. Spongiform cardiomyopathy in 30 to 60 weeks aged Tg(OrPrP)Prnp®° mice. Mild vacuolation was seen
in the heart muscle of 30 (a) and 40 (b) weeks old Tg(OrPrP)Prnp®° mice. (c¢) Vacuolation in the atrium area of
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the heart muscle of 60 weeks old Tg(OrPrP)Prnp®° mice. No inflammatory lesion was observed. H&E staining,
Magnifications: (a) x400; (b) x400; (c) x200.

These results show that age-related intracytoplasmic vacuolation of muscle fibers in
Tg(OrPrP)Prnp®° mice affected the amplitude of the QRS wave in ECGs, resulting from a loss of the
electromotive force of the heart muscle. Although abnormal QRS waves can appear in ECGs, none of
the Tg(OrPrP)Prnp®° mice exhibited the corresponding cardiac symptoms, such as heart failure or
death. Previous studies provide an alternate perspective on cardiomyopathy for these findings,
suggesting a genetic disorder in genes encoding proteins. Furthermore, the studies found that the
hearts of young mice (6 weeks old) did not show any gross histological abnormalities, whereas those
of older mice (over 20 weeks old) showed abnormalities such as fiber disarray and hyperdynamic
contraction. Comparable results were obtained in the present study using ECGs and histopathology.
All the older mice with histologic abnormalities showed delated cardiomyopathy (DCM),
macroscopically. Atropine sulfate inhibits actions of acetylcholine at postganglionic parasympathetic
neuroeffector sites. Atropine is primarily used to increase the heart rate in bradycardias. For another
application, atropine is known as an indicative method of subtle change in heart muscle. In
Tg(OrPrP)Prnp® mice, an abnormal waveform of ECG was observed after atropine injection. These
results suggest that Tg(OrPrP)Prnp®° mice are a useful model for understanding the causes and
mechanisms of weaker forms of cardiomyopathy. Abnormal tissue in the heart of mice with PrP
overexpression was not reported before. ECG waves were not confirmed in these PrP overexpressed
mice (Figure 5).

Tg(OrPrP)Prnp™ C57BL/6]
a b

Figure 5. Abnormal waveform of ECG in Tg(OrPrP)Prnp®° mice after atropine injection [12]. (a) Thirty-week
aged Tg(OrPrP)Prnp®° (n = 3) and B6 (n = 3) mice were injected with atropine (4 mg/kg i.p.) and evaluated by
ECG 5 minutes later. Arrows indicate the abnormal waveform, which is located on the QRS complex duration

and P wave duration. (b) B6 control mice showed normal waveform in the same condition.

3.2. Phenotypic Rescue of Dpl-Induced Ataxia by Co-Expression of OrPrP

Dpl mRNA levels were elevated in the brains of Prnp® mice, which developed ataxia and
Purkinje cell loss [9]. Using RT-PCR, Dpl mRNA was observed in the brain and heart of Prnp® and
Tg(OrPrP)Prnp® mice; however, its expression was not detectable in wild-type B6 (Prnp**) mice
(Figure 6a). Notably, Dpl mRNA levels of Tg(OrPrP)Prnp®° mice were enhanced in the heart muscle
compared to Prnp® mice. A weak signal of Dpl mRNA was detected in the heart muscle of Rikn
Prnp® mice (Figure 6a).

Prnp®° mice exhibited no symptoms until approximately 10 months of age, when they began to
develop pronounced behavioral disorders. Prnp% mice showed a coarse tremor and a staggering gait
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followed by paresis of the hind legs. Furthermore, Prnp® mice were unable to walk straight and showed
a generally reduced step length compared with Tg(OrPrP)Prnp® and Prnp*+ mice (Figure 6b).

Histological examination of 15-month-old mice showed that Prp®?, but not Tg(OrPrP)Prnp?°
and Prnp** mice, showed considerable pathological changes in the cerebellum (Figure 7a—c). No
significant pathological abnormalities were detected in the brains of elderly Tg(OrPrP)Prnp®° mice.
However, compared with Prnp** mice, limited neurodegeneration was observed in the cerebellar
Purkinje cells of Tg(OrPrP)Prp® mice (Figure 7a,c). The intensity of pathological change was weaker
compared with Prnp% mice (Figure 7b,c). These results suggest that the protective effect of OrPrP
may be present in the cerebellum of 15-month-old Tg(OrPrP)Prnp®° mice. In all experiments,
comparable results were obtained in littermates from two surviving founders.

In the histopathological studies of myocardium, the cytoplasmic vacuolation of muscle fibers
were seen both in Tg(OrPrP)Prnp*+ and Tg(OrPrP)Prnp®° mice, but not in B6 mice. In all experiments,
the same results were obtained in littermates from two survived founders. Although the
abnormalities in heart muscle were seen in 30 weeks old Tg(OrPrP)Prnp® mice, other organs such as
brain, lung, liver, spleen, skeletal muscle, thymus and kidney did not show any abnormality

Prap™® Prop™* Te(OrPrP)Prnp™

B

H

B

H

B

H

n""”“"’

Prnp™® Prnp** Tg(OrPrP)Prnp™
15 months 15 months 15 months
o - P
] %
3 #
v %
. "'
v
¥ #*
& 3
’ Y
, a
L
€ s i

Figure 6. (a) Dpl mRNA expression by RT-PCR. Dpl mRNA was seen in the brain and heart of Prnp®° (Lane 1,
2) and Tg(OrPrP)Prnp®° (Lane 5, 6) mice, but expression was not detectable in Prnp** (Lane 3, 4) mice. The size
marker (in bp) of Dpl mRNAs observed in the brain and heart was approximately 591 bp. Abbreviations: B,
Brain; H, Heart. (b) Footprints of 15 months old Tg(OrPrP)Prnp®° (Lane 3), Prnp®° (Lane 1) and Prnp** (Lane 2)
mice. The posterior footpads of these mice were dipped in ink and the mice were allowed to walk on the filter
paper. Prnp®? mouse is droopy due to low tonus and has bedraggled fur, perhaps because of deficient grooming.
However, the Tg(OrPrP)Prnp®° mouse, by re-introducing OrPrP as well as Prnp**, was able to walk straight and
show a normal step length.
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Prop** Prnp™® Tg(OrPtP)Prnp®®

b

Figure 7. Histological examination of the brains from 15 months old Tg(OrPrP)Prnp®°, Prnp®° and Prnp** mice.
(a) No significant pathological changes were apparent in the cerebellar Purkinje cells from Prnp** mice.
Abbreviations: GCL, Granular Cell Layer; PC, Purkinje Cell; MCL, Molecular Cell Layer. (b) Prnp®® mice showed
a widespread loss of cerebellar Purkinje cell at this age. (c) No significant pathological abnormalities were
apparent in the brains from the elderly Tg(OrPrP)Prnp®° mice. However, compared with Prnp** mice, limited
neurodegeneration was seen in the cerebellar Purkinje cells of the Tg(OrPrP)Prnp® mouse. Since similar lesions
were seen in Prnp” mice more severely, the protective effect of OrPrP may be present in this old
Tg(OrPrP)Prnp®° mice. Arrows indicate the Purkinje cell. H&E staining. Magnifications: (a), x400; (b), x400; (c),
x400.

4. Discussion

These results show that age-related intracytoplasmic vacuolation of muscle fibers in
Tg(OrPrP)Prp® mice affected the amplitude of the QRS wave in ECGs, resulting from a loss of the
electromotive force of the heart muscle. Although abnormal QRS waves can appear in ECGs, none of
the Tg(OrPrP)Prnp® mice exhibited the corresponding cardiac symptoms, such as heart failure or
death. Previous studies provide an alternate perspective on cardiomyopathy for these findings,
suggesting a genetic disorder in genes encoding proteins [5,21]. Furthermore, the studies found that
the hearts of young mice (6 weeks old) did not show any gross histological abnormalities, whereas
those of older mice (over 20 weeks old) showed abnormalities such as fiber disarray and
hyperdynamic contraction. Comparable results were obtained in the present study using ECGs and
histopathology. The transgenes (OrPrP) expressed at high levels in the heart and skeletal muscle,
perhaps because the chicken (3-actin promoter was efficient in mouse myoblast as reported previously
[22]. Several previous studies suggest that higher level of transgene expression in the heart was seen
without detectable ill effects even with minor cardiac pathology [23]. Ma et al. showed that wild-type
PrP¢ showed neurotoxicity upon accumulation in the cytosol [24]. Misfolded PrP molecules were
retrogradely transported to the cytosol for degradation by the proteasome [25]. Small amounts of
OrPrP may be toxic to heart muscle. Proteosomal degradation prevents the toxic effects of OrPrP
following its accumulation. However, when the ability of the proteasome to degrade PrP is
compromised due to aging, the increase in cytosolic PrP can damage heart muscle. Aging effects in
transgenic mice is also demonstrated in this report [9,26]. A weak signal of Dpl mRNA was detected
in the heart muscle of Rikn Prnp? mice. Dpl mRNA levels of Tg(OrPrP)Prnp® mice were enhanced
in the heart muscle compared to Prnp® mice. We still do not know the precise mechanisms of Doppel
function in the heart muscle, whether this molecule is cytotoxic or not.

Previous studies have demonstrated that Rikn Prnp®°mice develop widespread loss of cerebellar
Purkinje cells at 60 weeks of age, accompanied by progressive ataxia [27]. However, mating Prnp**
mice with Rem0 and Ngsk lines of PrP knockout mice resulted in a phenotypic rescue of the ataxic
syndrome, although Dpl expression levels remained unchanged [28]. Notably, similar results were
obtained in this study using OrPrP. Prnp?° mice expressing high Dpl mRNA levels were mated with
Tg(OrPrP)Prnp** mice to obtain Tg(OrPrP) mice devoid of the mouse (Mo) PrP gene. No significant
ataxia was observed. Weak pathological abnormalities were detected in the cerebellar Purkinje cells
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of Tg(OrPrP)Prnp® mice. In all cases, expression of OrPrP prevented clinical symptoms in
Tg(OrPrP)Prnp®° mice. These findings demonstrate that ataxic Prnp®° mice were rescued by OrPrP
expression, implying that OrPrP was also expressed in nerve cells. These results suggest that
Tg(OrPrP)Prnp® mice may serve as a novel model to elucidate pathogenesis caused by expression of
normal PrP in nerve cells and heart muscles.

myfb expression promotes the conversion of embryonal stem cells to myogenic cells [29]. Ectopic
expression of bovine MyoD in the heart muscle of Tg mice activated certain muscle-specific skeletal
sarcomeric genes, resulting in embryonic lethality with severe cardiac abnormalities. These fetal
cardiac muscles were heterogeneous for the transgene. Similar phenomenon may develop with oryx
Prnp expression in the heart muscle of transgenic mice [9]. Myogenic stem cells develop into cardiac
or skeletal muscles. To understand this process, Tg mice with bovine myf5 (bmyf5) transfection in the
stem cells were used [29]. Results showed that ectopic expression of bmyfb activated a skeletal genome
program compatible with normal cardiac function. Cardiac and skeletal muscle cells developed from
the same myogenic stem cells, sharing common structural features. Several isoforms of proteins were
co-expressed from the same sarcomeric component. These myogenic stem cells eventually
differentiate into skeletal or cardiac muscle. These expression patterns are restricted and distinctive.

Tg mice transfected with the bmyfb gene were studied in the myocardium. Heterozygous mice
transfected with bmyfb survived to adulthood. However, with aging, the heterozygous mice showed
severe pathology and abnormalities on ECG readings. Ectopic expression of bmyfb activates a skeletal
muscle program compatible with normal murine cardiac function in younger ages.

Tg overexpression of CaMKIIdc in the heart causes dilated cardiomyopathy with reduced
contractile function, implying that aberrant signaling kinase expression can induce cardiac pathology
[30]. Furthermore, overexpression of desmocollin-2 (DSC2) in cardiomyocytes induces severe cardiac
dysfunction, including fibrosis, necrosis, and calcification, suggesting structural protein alterations
as a cause of cardiomyopathy [31].

Tg overexpression of Gaq in the heart increases susceptibility to contractile dysfunction and
cardiomyopathy in mice, possibly due to the sensitivity of G-protein signaling to transgene dosage
[32]. Furthermore, a truncated troponin T transgene model shows that altered sarcomeric protein
function can cause familial hypertrophic cardiomyopathy (FHC) characteristics [33]. Moreover,
cardiomyocyte-specific overexpression of lysyl oxidase-like 1 (LOXL1) induces cardiac hypertrophy
and interstitial fibrosis, indicating another mechanism by which extracellular matrix modifier genes
lead to cardiomyopathy [34].

Tg and knock-in mouse models targeting desmosomal proteins such as PKP2 and DSC2 mimic
arrhythmogenic cardiomyopathy. These studies suggest that cell to cell adhesion systems are
important in maintaining cardiac integrity [35,36].

FHC is a genetic disorder resulting from mutations in the genes encoding sarcomeric proteins
[37,38]. A mouse model of FHC was generated by introducing an Arg403 to GIn replacement in the
alpha cardiac myosin heavy chain (MHC) gene. This mouse model may help define the cause of FHC.
Histological observations of myocardiopathy were more apparent in males than in females and
appeared by ages. Ten female alpha MHC sup403/+ mice (two 15 weeks old, one 31 weeks old)
showed no cardiomyopathy, whereas all male alpha MHC sup403/+ mice showed cardiomyopathy
with myocyte disarray. Myocyte hypertrophy, injury, and fibrosis were observed more frequently in
30-week-old alpha MHC sup403/+ mice than in 15-week-old alpha MHC sup403/+ mice.

Background genotypes and physiological activity of the phenotype were assessed using a Tg
mouse model for FHC. Geister-Lawrance et al. showed that both factors affected the clinical
progression of FHC [40]. Male mutant mice showed histological alterations earlier than female mice.
Phenotypic differences between male and female inbred mice are genetically influenced. Therefore,
they propose that other genes could influence the phenotype of the R403Q myosin mutation. These
mice may help define therapeutic targets for FHC and other cardiomyopathies [38].

Using the same R403Q myosin mutation mouse model, physiological aspects of the myocardium
were further analyzed [39]. An alteration in the excitation—contraction system in the myocardium
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was observed. Associated changes in intracellular Ca? were observed. Defective myofilament
structure may cause the differences in intracellular Ca?* distribution.

There is a correlation between human immunodeficiency virus (HIV) infection and the
development of myocardial dysfunction in human patients [40]. Potential mechanism includes direct
effects of HIV proteins (gp120 and Tat), and indirect effects of cytokines, autoimmunity, or
antiretroviral cytotoxicity [40]. Tg mice expressing the HIV Tat protein showed cardiomyopathy.
Under 3 months of age, heart rate was significantly lower in Tg mice (591 + 47 bpm) than in control
mice (FVB) (716 + 45 bpm). Weak bradycardia and depression of systolic and diastolic function were
observed in mice after the expression of HIV Tat [40]. These results show that HIV proteins may
directly contribute to myocardial dysfunction. However, this theory does not exclude other
possibilities such as the effects of cytokines, nutrition, or co-infection with other pathogens.

The World Health Organization (WHO) surveys viral infections related to cardiovascular
disease globally [41]. During 1975-1985, Coxsackie B viruses (CVB) were identified as the biggest
contributors to cardiovascular diseases (34.6 per 1,000), followed by influenza B (17.4 per 1,000),
influenza A (11.7 per 1,000), Coxsackie A (9.1 per 1,000), and cytomegalovirus (8.0 per 1,000) [42].
Acute CVB infection in humans and mice causes rapid and severe myocarditis. Humans may
experience chronic infection and may recover fully. After recovery, they may develop DCM [41].

Typically, infectious virus progeny and viral proteins cannot be detected in patients with DCM
through virus isolation and immunohistochemistry. In contrast, Tg mice expressing Coxsackievirus
B3 (CVB3) genomes show abnormal excitation—contraction coupling in pressure-overload models of
cardiomyopathy [43,44]. According to Wesley, cardiomyopathy is induced in Tg mice through
transfection of CVB3 genomes without the production of infectious virions. This disease is similar to
human DCM [43]. Further experiments are necessary to clarify the specific viral gene regions that
affect myocyte function. Viral proteinases may play a major role in both acute and chronic disease.

Epstein-Barr virus nuclear antigen-leader protein (EBNA-LP) is required for highly efficient B
lymphocyte transformation by the viral genome. Here, Tg mice carrying an EBNA-LP cDNA
construct were produced. In the construct, the widely expressed metallothionein promoter was used
[45]. EBNA-LP was expressed in several organs, such as liver, kidney, heart, lung, and spleen. From
4 months to over a year of age, Tg mice developed symptoms such as congenic heart failure.
Fibrillation was not apparent on electrocardiographs. However, a reduction in T-wave amplitude
was observed, suggesting abnormal ventricular repolarization. Subsequently, a high frequency of
dilated heart failure was unexpectedly observed [45]. The disease produced as a result of EBNA-LP
expression in Tg mice shows similarities to human congenic heart failure or DCM. This report
suggests that EBNA-LP of Epstein—Barr virus could induce heart failure in mice [45].

Tg models of cardiomyopathy using viral genomes are relevant for understanding the
pathogenesis of human cases. The results obtained are valuable for developing novel therapeutic
strategies for the treatment and prevention of human cardiomyopathy.

Tg mice developed necrotizing myopathy involving skeletal muscles through the
overexpression of the PrP gene derived from hamster or sheep [46]. Tg mice using Prnp showed
muscle-specific expression with extremely limited regulation by doxycycline (DOX) [47]. This DOX-
induced expression was strictly limited to skeletal muscles. The Tg mice showed a myopathy
characterized by an increased variation in the size of myofibers [44]. These typical lesions of
myofibers showed nuclei located inside the cytoplasm. Endomysial fibrosis was observed without
intracytoplasmic inclusions or rimmed nuclei. No evidence of neurogenic disorder was observed.

Suardi et al. reported another pattern of prion induced myopathy in experimental and natural
bovine amyloid spongiform encephalopathy (BASE). Several different skeletal muscles (M.
longissimus dorsi, M. intercostalis, and M. gluteus) from BASE cases carried infectivity; however, the
spleen, cervical lymph nodes, and kidneys from BASE cases did not show infectivity [48].

Variety of prion diseases showed PrPrs deposition in skeletal muscles. These include natural
cases of atypical scrapie in sheep, chronic wasting disease in deer, and their experimental infections
in mice and hamsters [49-51]. These reports agreed that PrPre in murine muscle tissue is associated
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with terminal nerve endings. In Suardi’s report, however, cattle naturally affected with BASE showed
PrPrs deposition in the cytoplasm of skeletal muscle [50], not related to terminal nerve endings. The
authors conducted bioassays in Tg mice overexpressing bovine PrP (Tgbov XV) and found infectivity
in a variety of muscle samples from cattle with natural and experimental BASE. Although their report
did not show any involvement of cardiomyocytes, more studies are needed, especially in the final
stages of experimental BASE in transgenic mice (Tgbov XV). Apparently, prion agents replicate in
skeletal muscle myocytes. Prion gene mRNA levels increased in cardiac myocytes in Tg mice.

In the terms of its role in neurotoxicity and male fertility, Dpl has recently emerged as a potential
regulator of vascular biology. Chen et al. showed that endothelial Prnd/Dpl is selectively expressed
in angiogenic central nervous system (CNS) endothelial cells and is required for proper brain vessel
morphogenesis and blood-brain barrier (BBB) formation [52], suggesting that Dpl plays a role in
endothelial signaling pathways to regulate angiogenesis with barrier maturation. In other study, Dpl
in tumor endothelial cells has been shown to promote pathological angiogenesis, and
pharmacological targeting of the Dpl/VEGFR2 axis selectively suppresses tumor vascularization
without affecting normal endothelial cells [53].

Future studies would be required for fully addressing Dpl in terms of prion-related
cardiomyopathy. Comparative analyses of Prnd polymorphisms and Dpl expression in human
cardiomyopathy cohorts, together with experimental modulation of Prnd in our Tg(OrPrP)Prnp®°
mice, could contribute to understand whether Dpl play as role of modulator for cardiac disease. Such
studies would compensate the recent information from the studies on Prnd variants in companion
animals and livestock, which have already revealed species-specific associations between Prnd
polymorphisms, and prion disease susceptibility [54,55]. Insights of comparative genetic knowledge
on Prnd together with endothelial and myocardial Dpl function might establish a framework link of
prion protein family proteins in the terms of vascular homeostasis and cardiomyopathy.

5. Conclusions

Neurodegenerative diseases, such as FA and PD, are frequently associated with
cardiomyopathy. We describe a novel mouse model for cardiomyopathy, which was observed during
the development of prion agent sensitive Tg mice. Specifically, it was expected that these mice express
OrPrP ubiquitously, including in nerve cells, immune cell, and other cells using the 3-actin promoter.
Tg mouse models are an important resource for the development of cardiac pharmaceuticals for
humans and animals. These mice are useful in safety testing before identifying effective measures for
humans with underlying heart diseases. To identify new drugs, we require Tg mice, which show
abnormal ECG waves. PMDs have been the focus of traditional studies on prion diseases.
Understanding aggregation-induced toxicity, abnormal topology or altered trafficking are likely to
be a major focus in future prion studies.
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