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Abstract(DCM) 

Cellular prion protein (PrPC) is a host protein anchored to the outer surface of neurons and, to a lesser 
extent, lymphocytes. The transmissible agent (PrPSc) responsible for scrapie is believed to be a 
modified form of PrPC. However, the physiological role of PrPC in normal, uninfected animals 
remains unknown. Here, we describe a novel mouse model of dilated cardiomyopathy (DCM) 
observed during the development of prion agent-susceptible transgenic (Tg) mice. These Tg mice 
selectively express scimitar-horned oryx (Oryx dammah) PrP (OrPrP) in their tissues, as demonstrated 
by RT-PCR for mRNA, Western blotting, and immunohistochemistry. High levels of OrPrP 
expression were detected in the heart, moderate levels in skeletal muscle, low levels in the brain, and 
barely detectable levels in the lung, liver, spleen, kidney, and thymus. Notably, electrocardiogram 
(ECG) analysis revealed that cardiac muscle contraction was significantly prolonged, with 
abnormalities in the QRS interval. Additionally, histological examination showed multiple 
intracytoplasmic vacuolations in the heart muscle. These findings suggest that high expression of 
OrPrP in the heart may contribute to cardiac abnormalities. Furthermore, an abnormal ECG 
waveform was observed in these Tg mice following atropine injection. This mouse model may 
provide a valuable tool for studying experimental DCM. 

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

1. Introduction 

Transmissible spongiform encephalopathies (TSEs), such as scrapie or bovine spongiform 
encephalopathy (BSE) in animals and Creutzfeldt-Jakob disease (CJD) in humans, are associated with 
the prion protein (PrP) isoform known as scrapie prion protein (PrPSc), a modified form of the normal 
cellular prion protein (PrPC) [1,2]. PrPC appears to have physiological roles, as its gene expression has 
been observed in the brain and other tissues of all mammals. It is believed that PrPC converts to PrPSc 
during prion infection through a posttranslational mechanism. However, the function of PrPC in 
uninfected animals remains unclear. Interestingly, one study reported that overexpression of PrPC 
leads to the formation of PrPSc-like abnormal lesions [3]. According to this report, uninoculated older 
mice expressing high copy numbers of murine PrP developed truncal ataxia and tremors, indicating 
that the elevated PrP expression is associated with neurological disease. Therefore, if PrP expression 
levels are high, it is possible that tissue abnormalities and vacuolation of the tissue may occur. 
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Cardiomyopathy presents with dyspnea, cardiac failure, or sudden death. Although various 
triggers, such as viral infections and alcohol abuse, have been implicated in the development of 
cardiomyopathy, multiple etiologies are often involved. Clinical and molecular genetic studies have 
revealed a wide range of potential genetic causes for this disease; however, its pathogenesis remains 
poorly understood [4]. The absence of a suitable animal model has significantly hindered physicians' 
ability to elucidate the underlying causes and mechanisms of cardiomyopathy and to develop more 
effective treatments. Therefore, an animal model of cardiomyopathy is invaluable for understanding 
the pathological processes and for developing novel therapies and pharmacological interventions [5]. 
Additionally, the relationship between prion disease and cardiomyopathy remains unclear. One 
study reported the accumulation of PrPSc in skeletal muscle of hamsters orally infected with scrapie 
[6]. Cardiomyopathy and neuromuscular abnormalities may simultaneously coexist [7]. Moreover, 
neurodegenerative diseases such as Friedreich's ataxia and Parkinson's disease are frequently 
associated with cardiomyopathy [8]. Here, we describe a novel mouse model of cardiomyopathy that 
was observed during the development of a prion agent-sensitive Tg mouse. Notably, these mice were 
engineered to ubiquitously express scimitar-horned oryx (Oryx dammah) PrP (OrPrP) in nerve cells, 
immune cells, and other cell types using the β-actin promoter. 

2. Development of Cardiomyopathy in Tg Mice 

2.1. Evolutionary Aspect of the PrP Gene 

Tg mice were used in this study. According to Prusiner et al., each pathogen from BSE, scrapie, 
and variant Creutzfeldt-Jakob disease (vCJD) was transmitted to Tg mice expressing the bovine PrP 
gene, with incubation periods of approximately 200 days [9]. The Tg mouse study suggests that these 
three pathogens are identical. Additionally, Collinge et al. reported using Tg mice transfected with 
the human PrP gene; in these mice, vCJD appeared after about 220 days [10]. Depending on the prion 
strain, the incubation period in Tg mice can be either shortened or prolonged. This species barrier 
phenomenon related to the PrP gene remains poorly understood. 

It is known that wild ruminants such as the greater kudu (Tragelaphus strepsiceros) and scimitar-
horned oryx (Oryx dammah) have shorter incubation periods compared to livestock ruminants such 
as sheep and cattle, and their disease progression after incubation is rapid [11,12]. Species differences 
in the incubation time of prion diseases have been reported. On farms, animals are typically infected 
neonatally. Sheep scrapie exhibits an incubation period of 36 to 48 months following experimental 
infection. Experimentally infected cattle with the BSE agent show an incubation period of 36 to 72 
months. The age of disease onset is 30 to 48 months in sheep scrapie and 60 to 80 months in BSE. 
However, in oryx, disease was observed at approximately 30 months of age, with an incubation 
period estimated at 21 months [11,12]. The age of disease onset in oryx is considerably earlier 
compared to cattle and sheep. The transmissibility of spongiform encephalopathies and their 
incubation periods are influenced by differences in the amino acid sequences of the prion protein 
(PrP). The gene encoding PrP has been identified in many vertebrates, including humans, sheep, 
cattle, mice, hamsters, oryx, and fish. Among mammals, there is more than 90% amino acid sequence 
homology [13–16]. It is possible that specific critical amino acid sequences in oryx PrP control the 
incubation period and age of disease onset. 

2.2. Effect of PrP Genes in Tg Mice 

Transgenic technology is useful for analyzing the normal function of PrP and genetically 
contrasting susceptibility to various agents. Although the chicken β-actin promoter and CMV 
enhancer are known to drive widespread gene expression [17,18], transgene expression is not always 
ubiquitous [18]. According to our results, OrPrP expression was highest in the heart, moderate in the 
skeletal muscle, and lowest in the brain. These expression patterns suggest that the localization of 
transgene expression may contribute to the sudden death of mice (Figures 1 and 2). 
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Figure 1. Scheme of transgene construct of OrPrP gene. (a) The EcoR I fragment of OrPrP cDNA indicates the 
closed bar was inserted into the EcoR I site of the pCAGGS expression vector [15,17,64–68]. The ATG start codon 
and TAG stop codon are indicated. A fragment containing human cytomegalovirus enhancer, chicken β-actin 
promoter, rabbit β-globin splicer, scimitar-horned oryx PrP cDNA, rabbit β-globin 3’ untranslated region, and 
polyadenylation [poly(A)] signal was isolated from the vector at a Hind III-Sal I site. The Hind III and Sal I sites 
are shown by arrows. 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 ORF (Figure 1a). These mice expressed OrPrP 
containing a nerve cell, an immunity cell, and skeletal muscles by using the β-actin promoter [64,66]. In screening 
of transgene by Southern blot analysis, an 834 bp band was identified by digestion of restriction endonuclease, 
Bam HI (Figure 1b). (b) By Southern blotting, we have identified four Tg strains carrying the oryx PrP gene. An 
834 bp band was identified by digestion of restriction enzyme Bam HI. Lane 1, the #34Tg(OrPrP)Prnp0/0 mouse 
genomic DNA. Loading is 20 µg. Lane 2, #36Tg(OrPrP)Prnp0/0, 20 µg. Lane 3, #42Tg(OrPrP)Prnp0/0, 20 µg. Lane 
4, #50Tg(OrPrP)Prnp0/0, 20 µg. 

 

Figure 2. Characterization of Tg mice expressing OrPrP. In our studies, Tg(OrPrP)Prnp+/+ mice were mated to 
Prnp0/0 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 the brain, heart and skeletal muscle was 
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0.6kb. (b) Immunoprecipitation of OrPrP in the brain, heart, and skeletal muscle from the Tg(OrPrP)Prnp0/0 mice 
[67–70]. OrPrP levels in the heart (Lane 4) were compared with the brain (Lane 1). Precipitation of total brain 
and heart homogenates from the Tg(OrPrP)Prnp0/0 mice showed higher levels of OrPrP expression in the brain 
and was detectable in the heart. Distinct bands corresponding to OrPrP showed equivalent sizes of the 31-
kilodalton protein in the brain and heart. No bands are seen in the brain and heart from the Prnp0/0 mouse brain 
(Lane 3) and heart (Lane 6). Wild-type C57BL/6J (B6) mice showed a distinct band in the brain (Lane 2) and heart 
(Lane 5). Numbered arrows indicate molecular size markers (kilodaltons). 

The transgene (OrPrP) was expressed at high levels in the heart and skeletal muscle, likely 
because the chicken β-actin promoter is highly efficient in mouse myoblasts, as previously reported 
[19]. Several studies have suggested that elevated transgene expression in the heart can occur without 
detectable adverse effects, although minor cardiac pathology may be present [20]. To detect subtle 
pathological changes, the author analyzed electrocardiograms (ECGs) from Tg(OrPrP)Prnp0/0 mice 
aged 20 to 70 weeks. Interestingly, abnormal electrocardiographic patterns were observed in these 
mice; cardiac muscle contraction was significantly prolonged, accompanied by an abnormal QRS 
interval. Histological examination revealed multiple intracytoplasmic vacuolations and elongation of 
muscle fibers in the heart, along with scar formation in muscle tissue. Based on the observed QRS 
waveform abnormalities, it is inferred that excitability transfer from the atrium to the ventricle was 
impaired, likely due to injury caused by intracytoplasmic vacuolation. Intracytoplasmic vacuolation 
of the heart muscle was also detected in both Tg(OrPrP)Prnp+/+ and Tg(OrPrP)Prnp0/0 mice (data not 
shown). Overexpression of OrPrP may induce intracytoplasmic vacuolation in cardiac muscle. 
Although heart muscle abnormalities were evident in 30 weeks old Tg(OrPrP)Prnp0/0 mice, other 
organs—including the brain, lung, liver, spleen, skeletal muscle, thymus, and kidney—showed no 
abnormalities. Ma et al. demonstrated that wild-type PrPC exhibits neurotoxicity when accumulated 
in the cytosol [21]. Misfolded PrP molecules are retrogradely transported to the cytosol for 
degradation by the proteasome [22]. Small amounts of OrPrP may be toxic to cardiac muscle; 
proteasomal degradation mitigates this toxicity by clearing accumulated OrPrP. However, when 
proteasomal degradation capacity declines with aging, increased cytosolic PrP accumulation may 
damage the heart muscle. Aging effects in Tg mice are also documented in this report [15,23] (Figures 
3 and 4). 

 

Figure 3. Alterations in electrocardiographic patterns in the 20 to 70 weeks old Tg(OrPrP)Prnp0/0 mice [71]. ECGs 
in lead II recorded from the Tg(OrPrP)Prnp0/0 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)Prnp0/0 mice were distinguishable from the 
control C57BL/6J (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)Prnp0/0 mice, but the duration of the PQ interval 
was not. However, normal waveforms were seen with 20 weeks old (n=10) Tg(OrPrP)Prnp0/0 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)Prnp0/0 mice. The P waveform of the PR interval reversed in 70 weeks old Tg(OrPrP)Prnp0/0 mice 
(first arrow). However, this change was not observed in younger Tg(OrPrP)Prnp0/0 mice. All arrows indicate the 
abnormal waveform (R and P waveform) of ECG in Tg(OrPrP)Prnp0/0 mice. 
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Figure 4. Spongiform cardiomyopathy in 30 weeks old to 60 weeks old Tg(OrPrP)Prnp0/0 mice. Mild vacuolation 
was seen in the heart muscle of 30 weeks old (a) and 40 weeks old (b) Tg(OrPrP)Prnp0/0 mice. (c) Vacuolation in 
the atrium area of the heart muscle of 60 weeks old Tg(OrPrP)Prnp0/0 mice, showing dilated cardiomyopathy. 
No inflammatory lesion was observed. HE staining, magnifications: (a) x400; (b) x400; (c) x200. 

These results suggest that intracytoplasmic vacuolation of muscle fibers in aged mice affects the 
amplitude of the QRS wave in the ECG, likely due to a loss of the electromotive force of the heart 
muscle. Although abnormal QRS waves can appear in ECGs, none of the Tg(OrPrP)Prnp0/0 mice 
exhibited cardiac symptoms such as heart failure. Some previous studies offer alternative 
interpretations of cardiomyopathy related to these findings, suggesting a genetic disorder involving 
genes encoding specific proteins. Furthermore, in this study, the hearts of young mice (6 weeks old) 
showed no gross histological abnormalities, whereas older mice (over 20 weeks old) exhibited 
abnormalities such as fiber disarray and hyperdynamic contraction. Similar results were observed in 
our ECG analyses and histopathological examinations. All older mice with histological abnormalities 
displayed dilated cardiomyopathy (DCM) macroscopically. Atropine sulfate inhibits the actions of 
acetylcholine at postganglionic parasympathetic neuroeffector sites. It is primarily used to increase 
heart rate in cases of bradycardia. Additionally, atropine serves as an indicative tool for detecting 
subtle changes in heart muscle function. In Tg(OrPrP)Prnp0/0 mice, an abnormal ECG waveform was 
observed following atropine injection. These results suggest that Tg(OrPrP)Prnp0/0 mice are a 
valuable model for studying the causes and mechanisms underlying milder forms of cardiomyopathy. 
Abnormal tissue in the hearts of mice overexpressing PrP has not been previously reported. 
Additionally, ECG waves were not detected in these PrP-overexpressing mice [15] (Figure 5). 

 

(a) (b) 

Figure 5. Abnormal waveform of ECG in Tg(OrPrP)Prnp0/0 mice after atropine injection [71]. (a) 30 weeks old 
Tg(OrPrP)Prnp0/0 (n=3) and B6 (n=3) mice were injected with atropine (4 mg/kg i.p.) and evaluated by ECG 5 
minutes later. In Tg(OrPrP)Prnp0/0 mice, abnormal ECG waveforms were observed. Arrows indicate the 
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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. 

2.3. Compatible Transgene Expression in the Heart or Skeletal Muscle 

myf5 expression promotes the differentiation of embryonal stem cells into myogenic cells [24]. 
Ectopic expression of bovine MyoD in the heart muscle of Tg mice activated certain skeletal muscle-
specific sarcomeric genes, resulting in embryonic lethality accompanied by severe cardiac 
abnormalities. These fetal cardiac muscles exhibited heterogeneity in transgene expression. A similar 
phenomenon may occur with OrPrP expression in the heart muscle of Tg mice [15]. Myogenic stem 
cells can differentiate into either cardiac or skeletal muscle cells. To investigate this process, Tg mice 
were generated with bovine myf5 (bmyf5) transfected into stem cells [24]. The results demonstrated 
that ectopic expression of bmyf5 activated a skeletal muscle gene program that was compatible with 
normal cardiac function. Both cardiac and skeletal muscle cells developed from the same myogenic 
stem cells, sharing common structural features. Multiple isoforms of proteins were co-expressed from 
the same sarcomeric components. Ultimately, these myogenic stem cells differentiate into either 
skeletal or cardiac muscle cells. These expression patterns are both restricted and distinctive. 

Tg mice transfected with the bmyf5 gene were studied in myocardium. Heterozygous mice with 
bmyf5 survived to adulthood. However, as these heterozygous mice aged, they exhibited severe 
pathology and abnormalities in their ECG waveforms. Ectopic expression of bmyf5 activates the 
skeletal muscle program, which is compatible with normal murine cardiac function at younger ages.  

Tg overexpression of CaMKIIδc in the heart causes DCM characterized by reduced contractile 
function, indicating that aberrant expression of signaling kinases can induce cardiac pathology [25]. 
Additionally, overexpression of desmocollin-2 (DSC2) in cardiomyocytes leads to severe cardiac 
dysfunction, including fibrosis, necrosis, and calcification, suggesting that alterations in structural 
proteins contribute to cardiomyopathy [26].  

Tg overexpression of Gαq in the heart increases susceptibility to contractile dysfunction and 
cardiomyopathy in mice, likely due to the sensitivity of G-protein signaling to transgene dosage [27]. 
Additionally, a truncated troponin T transgene model demonstrates that altered sarcomeric protein 
function can induce characteristics of familial hypertrophic cardiomyopathy (FHC) [28]. Furthermore, 
cardiomyocyte-specific overexpression of lysyl oxidase-like protein-1 (LOXL1) promotes cardiac 
hypertrophy and interstitial fibrosis, suggesting another mechanism by which extracellular matrix 
modifier genes contribute to cardiomyopathy [29].  

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 for maintaining cardiac integrity [30,31]. 

FHC is a genetic disorder caused by mutations in genes encoding sarcomeric proteins [32,33]. A 
mouse model of FHC was developed by introducing an Arg403, which leads to Gln replacement in 
the alpha cardiac myosin heavy chain (MHC) gene. This mouse model may help to elucidate the 
cause of FHC. Histological observations revealed that cardiomyopathy was more pronounced in 
males than in females and became more apparent with age. Among 10 female alpha MHC sup403/+ 
mice (including two at 15 weeks old and one at 31 weeks old), no cardiomyopathy was observed. In 
contrast, all male alpha MHC sup403/+ mice exhibited cardiomyopathy characterized by myocyte 
disarray. Myocyte hypertrophy, injury, and fibrosis were more frequently observed in 30 weeks old 
alpha MHC sup403/+ mice compared to 15 weeks old counterparts. 

Background genotypes and physiological activity of the phenotype were assessed using a Tg 
mouse model for FHC. Geister-Lawrance et al. demonstrated that both factors influenced the clinical 
progression of FHC [33]. Male mutant mice exhibited histological alterations earlier than female mice. 
Phenotypic differences between male and female inbred mice are genetically influenced. Based on 
this, they suggest that other genes may modulate the phenotype of the R403Q myosin mutation. 
These mice could help identify therapeutic targets for FHC and other cardiomyopathies [33]. 
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Using the same R403Q myosin mutation mouse model, the physiological aspects of the 
myocardium were further analyzed [34]. Alterations in the excitation-contraction system of the 
myocardium were observed, along with associated changes in intracellular Ca2+ levels. Defective 
myofilament structure may contribute to the altered intracellular Ca2+ distribution. 

2.4. Myocardial Expression of Viral Genes 

There is a correlation between human immunodeficiency virus (HIV) infection and the 
development of myocardial dysfunction in human patients [35]. The potential mechanisms reported 
include the direct effects of HIV proteins (gp120 and Tat) and indirect effects mediated by cytokines, 
autoimmunity, or antiretroviral drug cytotoxicity [35]. Tg mice expressing the HIV Tat protein 
exhibited cardiomyopathy. In mice younger than 3 months, the heart rate was significantly lower in 
Tg mice (591 ± 47 bpm) compared to control mice (FVB strain) (716 ± 45 bpm). Mild bradycardia and 
impairments in both systolic and diastolic functions were observed in mice expressing HIV Tat [35]. 
These results suggest that HIV proteins may directly contribute to myocardial dysfunction. However, 
these hypotheses do not exclude other possible factors, such as the effects of cytokines, nutritional 
status, or co-infection with other pathogens. 

The World Health Organization (WHO) has conducted global surveys on viral infections related 
to cardiovascular disease [36]. Between 1975 and 1985, Coxsackievirus B (CVB) was identified as the 
leading cause of cardiovascular diseases, with an incidence rate of 34.6 per 1,000, followed by 
influenza B (17.4 per 1,000), influenza A (11.7 per 1,000), Coxsackievirus A (9.1 per 1,000), and 
cytomegalovirus (8.0 per 1,000) [37]. Acute CVB infection in humans and mice causes rapid and 
severe myocarditis. While humans may experience chronic infection and potentially full recovery, 
some develop DCM after recovery [36]. 

Infectious viral progeny and viral proteins are usually undetectable in patients with DCM using 
virus isolation and immunohistochemistry techniques. Conversely, Tg mice expressing 
Coxsackievirus B3 (CVB3) genomes exhibit abnormal excitation-contraction coupling, similar to that 
observed in pressure overload models of cardiomyopathy [38,39]. According to Wesley, 
cardiomyopathy is induced in Tg mice by transfection of CVB3 genomes without production of 
infectious virions. This disease closely resembles human DCM [38]. Further studies are needed to 
identify the specific viral gene regions that affect myocyte function. Viral proteinases may play a 
significant role in both acute and chronic disease processes. 

Epstein-Barr virus nuclear antigen leader protein (EBNA-LP) is essential for the highly efficient 
transformation of B lymphocytes by the viral genome. Tg mice carrying an EBNA-LP cDNA construct 
were generated. In this construct, the widely expressed metallothionein promoter was used [40]. 
EBNA-LP was expressed in multiple organs, including the liver, kidney, heart, lung, and spleen. 
Between the ages of 4 months and over one year, the Tg mice developed symptoms such as congestive 
heart failure. Fibrillation was not evident in the electrocardiograms; however, a reduction in T-wave 
amplitude was observed, suggesting abnormalities in ventricular polarization. Subsequently, a high 
incidence of dilated heart failure was unexpectedly observed [40]. The disease induced by EBNA-LP 
expression in Tg mice shares some similarities with human congestive heart failure or DCM. This 
study suggests that EBNA-LP of Epstein-Barr virus may induce heart failure in mice [40]. 

Tg models of cardiomyopathy using viral genomes are relevant to understanding the 
pathogenesis of human cases. Derived results are valuable to develop the new therapeutic strategies 
for treatment and prevention of human cardiomyopathy. 

2.5. Skeletal Muscle Expression of PrP Genes 

Tg mice developed necrotizing myopathy involving skeletal muscle due to overexpression of 
the PrP gene derived from hamsters or sheep [41]. Tg mice expressing Prnp exhibited muscle-specific 
expression with highly restricted regulation by doxycycline (DOX) [42]. This DOX-regulated 
expression was strictly limited to skeletal muscles. The Tg mice displayed myopathy characterized 
by increased variation in myofiber size [42]. Typical lesions in the myofibers included centrally 
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located nuclei within the cytoplasm. Endomysial fibrosis was observed without intracytoplasmic 
inclusions or rimmed nuclei. No evidence of neurogenic disorder was detected. 

Suardi et al. demonstrated a distinct pattern of prion-induced myopathy in both experimental 
and natural cases of bovine amyloid spongiform encephalopathy (BASE). Several skeletal muscles, 
including the M. longissimus dorsi, M. intercostalis, and M. gluteus, from BASE-affected cattle contained 
infectivity. However, the spleen, cervical lymph nodes, and kidneys from these cases did not exhibit 
infectivity [43]. 

Various prion diseases have demonstrated PrPres deposition in skeletal muscles. These diseases 
include natural cases of atypical scrapie in sheep, chronic wasting disease in deer, and their 
experimental infections in mice and hamsters [44–46]. These studies agree that PrPres in murine 
muscle tissue is associated with terminal nerve endings. However, in Suardi’s report, naturally BASE-
affected cattle exhibited PrPres deposition in the cytoplasm of skeletal muscle cells [43], which was not 
related to terminal nerve endings. They conducted bioassays using Tg mice overexpressing bovine 
PrP (Tgbov XV) and detected infectivity in various muscle samples from cattle with both natural and 
experimental BASE. Although their report did not indicate involvement of cardiomyocytes, further 
studies are necessary, particularly during the final stages of experimental BASE in Tg mice (Tgbov 
XV). Apparently, prion agents are replicating in skeletal muscle myocytes. Prion gene mRNA levels 
were elevated in the cardiac myocytes of Tg mice, as shown in the following table (Table 1). 

Table 1. Involvement of genes implicated in transgenic murine cardiomyopathy. 

Genome Family Viruses Viral genomes Animal genomes References 
Viral RNA Retroviridae 

Picornaviridae 
HIV 
Coxsackie B3 

Tat 
CVB3△VP0 (cDNA 
mutant) 

 [35] 
[38] 

Viral DNA Herpesviridae Epstein-Barr EBNA-Leader protein  [40] 
Host DNA    Oryx Prnp 

Bovine myf5 
Murine CaMKIIδc 
Murine desmocollin-2 
Murine heart Gαq 
Murine truncated troponin T 
Murine lysyl oxidase-like 
protein-1 
Murine truncated PKP2 
Murine R403Q myosin 
mutation 

[15] 
[24] 
[25] 
[26] 
[27] 
[28] 
[29] 
[30] 

[33,34] 

Viral or host genomes are inducing cardiomyopathy in Tg mice similarly. 

2.6. BSE-Induced Abnormal Heart Rate and Bradycardia 

In cattle infected with BSE, abnormalities were observed in electrocardiographic signals using a 
novel microprocessor-controlled device (NeuroScope, Pontoppidan, Denmark) [47]. This device 
provides physiological information regarding the central control of heart rate online and in real time. 
Increased cardiac vagal tone was assessed using the mean index of parasympathetic activity (CIPA). 
This value ranged from 60 to 140 in infected cattle, compared to CIPA values in 15 healthy cattle 
(mean 6.0 ± 3.2, range 2.5–15.2) [48]. They suggest that this device may offer a practical test to provide 
useful information for the ante-mortem diagnosis of BSE. 

Cows suspected of BSE were evaluated using auscultation with a portable cardiac monitor 
[47,48]. Bradycardia was observed in BSE-suspected cows, which were later pathologically confirmed. 
Disturbances in heart rhythm were frequently evident in some cases exhibiting clinical signs of BSE 
[48,49]. The most typical finding was a low heart rate (60–80 beats per minute). Tachycardia was 
observed as a result of stress, fear, or excitation in the animals [49]. Healthy cows deprived of food 
also exhibited bradycardia. Administration of pharmacological doses of atropine indicated that the 
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bradycardia associated with BSE was mediated by increased vagal influence. These results suggest 
that cardioinhibitory reflexes in the caudal brainstem are functionally altered by the disease.  

Bradycardia and its reversal by atropine generally indicate a disturbance in the central 
cholinergic nervous system in BSE [49]. Similar involvement of this CNS region has been observed in 
Alzheimer’s disease (AD) and Down’s syndrome, two human conditions that, like BSE, are 
characterized by the formation of amyloid deposits in the CNS. Increased pupillary sensitivity to 
tropicamide has also been reported in AD [50,51] and forms the basis of a proposed diagnostic test 
for both clinical and preclinical stages of the disease [49]. Further clinical observations are needed in 
human AD, bovine BSE, and cardiomyopathy. 

3. Discussion and Future Directions 

Neurodegenerative diseases are sometimes associated with cardiomyopathy [7,8]. Protein 
misfolding disorders (PMDs) are a group of diseases characterized by misfolding, aggregation, and 
accumulation of at least one protein or peptide in tissues [52]. PMDs include several 
neurodegenerative disorders such as AD, Parkinson’s disease (PD), Huntington’s disease (HD), and 
TSE, as well as systemic disorders like familial amyloid polyneuropathy and type 2 diabetes [52–55]. 

Aggregation of α-synuclein has been linked to neurodegenerative diseases, especially PD [54], 
because α-synuclein maintains transmissibility after serial passage [55]. α-Synuclein is well-studied 
in Tg mouse models. Aggregation of α-synuclein induced by brain homogenate requires the presence 
of the human mutant form of α-synuclein in the mouse genome [55]. At this stage, PD mice exhibit 
partial neurological disorders like those observed in human patients [52]. 

The complicated results from PD, multiple system atrophy (MSA) studies suggest that α-
synuclein aggregates are heterogeneous among diseases. They differ from the original diseases in cell 
types—neuronal inclusion bodies in dementia with Lewy bodies and PD, or glial inclusions in MSA. 
Additionally, they differ in their potential for further propagation in mouse cell types [54,56]. The 
toxicity of early aggregates has also been demonstrated in PD [57]. In early-onset parkinsonism, the 
loss of nigral and locus coeruleus neurons occurs in the absence of Lewy bodies [58–63]. In the early 
phase, Tg mice exhibited substantial motor deficiencies and loss of dopaminergic neurons. During 
the same phase, PD mouse models also showed nonfibrillar α-synuclein deposits in various brain 
regions. If this PD model also exhibits cardiomyopathy, it could open a new field in PD research. 
Further studies are necessary.  

These studies using PMDs genomes will be more promising when employing Tg mouse models 
to develop new therapeutic strategies for the treatment of cardiomyopathy. 

4. Conclusions 

Neurodegenerative diseases, such as Friedreich's ataxia (FA) and PD, are frequently associated 
with cardiomyopathy. We describe a novel mouse model for cardiomyopathy, which was developed 
during the creation of prion agent-sensitive Tg mice. Specifically, these mice were designed to express 
OrPrP ubiquitously—including in nerve cells, immune cells, and other cell types—using the β-actin 
promoter. Tg mouse models are valuable resources for developing cardiac pharmaceuticals for both 
humans and animals. These mice are also useful for safety testing prior to identifying effective 
treatments for humans with underlying heart diseases. These Tg mice, which exhibit abnormal ECG 
waves, are still needed for drug screening. Traditional studies on prion diseases have focused on 
protein misfolding disorders. Future prion research is more likely to concentrate on understanding 
aggregation-induced toxicity, abnormal protein topology, and altered intracellular trafficking. 
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