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Cardiac dysfunction in the R6/2 mouse model of Huntington’s disease
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Recent evidence suggests that mutant huntingtin protein-induced
energetic perturbations contribute to neuronal dysfunction in Hun-
tington’s disease (HD). Given the ubiquitous expression of huntingtin,
other cell types with high energetic burden may be at risk for HD-
related dysfunction. Early-onset cardiovascular disease is the second
leading cause of death in HD patients; a direct role for mutant
huntingtin in this phenomenon remains unevaluated. Here we tested the
hypothesis that expression of mutant huntingtin is sufficient to induce
cardiac dysfunction, using a well-described transgenic model of HD
(line R6/2). R6/2 mice developed cardiac dysfunction by 8 weeks of age,
progressing to severe failure at 12 weeks, assessed by echocardiogra-
phy. Limited evidence of cardiac remodeling (e.g. hypertrophy,
fibrosis, apoptosis, 3, adrenergic receptor downregulation) was
observed. Immunogold electron microscopy demonstrated significant
elevations in nuclear and mitochondrial polyglutamine presence in the
R6/2 myocyte. Significant alterations in mitochondrial ultrastructure
were seen, consistent with metabolic stress. Increased cardiac lysine
acetylation and protein nitration were observed and were each
significantly associated with impairments in cardiac performance.
These data demonstrate that mutant huntingtin expression has potent
cardiotoxic effects; cardiac failure may be a significant complication of
this important experimental model of HD. Investigation of the potential
cardiotropic effects of mutant huntingtin in humans may be warranted.
© 2006 Elsevier Inc. All rights reserved.
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Introduction

Huntington’s disease (HD) is a devastating genetic disease,
characterized primarily by a progressive loss of cognitive and motor
function, leading to severe patient disability and death (Bates et al.,
2002). HD is caused by the mutation of a single ubiquitously
expressed gene product of unknown function, the huntingtin protein,
which contains an expanded polyglutamine repeat domain in HD
patients (Huntington’s Disease Collaborative Research Group,
1993). The mechanisms by which mutant huntingtin causes cellular
dysfunction and death remain undefined; recent evidence has
implicated metabolic and energetic dysfunction in HD neurons
(including mitochondrial effects) (Brennan et al., 1985; Browne
et al., 1997; Koroshetz et al., 1997; Brouillet et al., 1999; Sanchez-
Pernaute et al., 1999; Schapira, 1999; Tabrizi et al., 1999; Ferrante
et al., 2000; Jenkins et al., 2000; Tabrizi et al., 2000; Andreassen
et al., 2001b; Panov et al., 2002; Panov et al., 2003; Choo et al.,
2004; Brustovetsky et al., 2005; Milakovic and Johnson, 2005;
Panov et al., 2005; Seong et al., 2005; Benchoua et al., 2006;
Squitieri et al., 2006). Biochemical and imaging studies in both HD
patients and mouse models demonstrate reduced mitochondrial
complex activities and altered metabolic substrate distributions
(N-acetylaspartate, lactate, phosphocreatine) in the basal ganglia
(Brennan et al., 1985; Browne et al., 1997; Sanchez-Pernaute et al.,
1999; Schapira, 1999; Tabrizi et al., 1999; Jenkins et al., 2000;
Schapiro et al., 2004; Jenkins et al., 2005; Reynolds et al., 2005;
Tsang et al., 2006). Despite increased food intake, HD patients can
exhibit weight loss (Djousse et al., 2002; Hamilton et al., 2004;
Trejo et al., 2004) and weight loss is a characteristic of transgenic
mouse models of HD (Bates et al., 1998; Li et al., 2005; Stack et al.,
2005). Agents that boost mitochondrial efficiency (e.g. creatine,
coenzyme Q) are under investigation as potential therapeutic
strategies in HD patients (Koroshetz et al., 1997; Matthews et al.,
1998; Ferrante et al., 2000; Huntington’s Disease Study Group,
2001; Andreassen et al., 2001b; Schilling et al., 2001; Ferrante et
al., 2002; Dedeoglu et al., 2003; Tabrizi et al., 2003; Verbessem et
al., 2003; Ryu et al., 2005; Tabrizi et al., 2005; Hersch et al., 2006;
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Smith et al., 2006; Stack et al., 2006). While these studies strongly
suggest that metabolic dysfunction may contribute to mutant
huntingtin-mediated cell death, they fail to explain why the
ubiquitous expression of mutant huntingtin has cytotoxic effects
primarily in neurons (i.e. mutant huntingtin expression occurs in
most cell types, not just neurons at risk). Indeed, levels of huntingtin
expression do not directly correlate with neuronal vulnerability,
with relatively resistant corticostriatal neurons and striatal choli-
nergic interneurons expressing high levels of huntingtin and
vulnerable striatal projection neurons expressing variable levels of
huntingtin (Fusco et al., 1999). Current hypotheses include loss of
brain-derived neurotrophic factor synthesis by corticostriatal
neurons, the high metabolic demand of neurons relative to other
non-excitable cell types, or the slow turnover of neurons, as
terminally differentiated cells, allowing for greater accumulation of
huntingtin protein relative to other cell types (Bowling and Beal,
1995; Davies et al., 1999; Zuccato et al., 2001). Skeletal muscle
cells (another differentiated excitable cell type with high metabolic
demand) from HD patients demonstrate many of the same energetic
disturbances evident in HD striatal neurons (Arenas et al., 1998;
Sathasivam et al., 1999; Lodi et al., 2000; Luthi-Carter et al., 2002;
Orth et al., 2003; Ribchester et al., 2004; Schapira and Lodi, 2004;
Saft et al., 2005; Strand et al., 2005; Gizatullina et al., 2006). These
findings raise the possibility that the ubiquitous expression of
mutant huntingtin may place other cell types that are under high
metabolic demand at risk.

While HD has been considered primarily a neurological disease
state, multiple epidemiological studies have shown that cardiac
failure is the second leading cause of death in HD patients (Chiu and
Alexander, 1982; Lanska et al., 1988; Sorensen and Fenger, 1992).
Cardiac failure is implicated as the cause of death in over 30% of
HD patients, compared to less than 2% of age-matched non-HD
patients in the general population (Chiu and Alexander, 1982;
Lanska et al., 1988; CDC/NCHS and AHA, 1988-94). Energetic
dysfunction and metabolic injury are causative factors in both acute
and progressive cardiac disease states, and many of the same
energetic changes that occur in HD neurons (mitochondrial
dysfunction, altered substrate distributions) are typically seen in
failing cardiac myocytes (Ingwall, 1993; Paolisso et al., 1994;
Francis et al., 1995; Katz, 1998; Vogt and Kubler, 1999). However,
the mechanisms of cardiac failure remain largely unstudied in both
clinical settings and experimental models of HD. Here we tested the
hypothesis that expression of the mutant huntingtin protein leads to
cardiac dysfunction in a highly relevant animal model of HD, the
R6/2 transgenic mouse. Further mechanistic studies assessed the
HD heart for histopathological evidence of cardiac failure,
determined the intra-cardiomyocyte distribution of mutant hunting-
tin, and investigated mechanistic roles for protein acetylation and
protein oxidation in the development of HD-related cardiac failure.

Methods
The R6/2 transgenic mouse model of Huntington’s disease

Male R6/2 mice (expressing exon 1 of the human huntingtin
gene with an expanded CAG repeat, repeat length n~150) and
wildtype littermate controls were bred in our animal facility
(Mangiarini et al., 1996). Breeder pairs were obtained from
Jackson Laboratories (Bar Harbor, ME). Genotyping by polymer-
ase chain reaction was conducted at 6 weeks of age to determine
study groups. Mice (1215 per group) were studied at 8, 10, and 12

weeks for the functional experiments, then tissues were collected at
12 weeks for histological experiments. All animal procedures are
in accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals and have been approved by
the Institutional Laboratory Animal Care and Use Committee of
The Ohio State University.

Murine echocardiography

At 8, 10, and 12 weeks of age, in vivo cardiovascular
performance was assessed in R6/2 mice and littermate controls
(n=12-15 for each group) using a Sonos 5500 echocardiography
unit (Hewlett-Packard, Andover, MA), as previously described
(Weinstein et al., 2000; Mihm et al., 2001a; Mihm et al., 2002). Mice
were anesthetized by halothane inhalation (~1% halothane in 95/5%
oxygen/CO,). Parameters were determined using the American
Society for Echocardiography leading-edge technique in blinded
fashion. These parameters allowed the determination of left
ventricular (LV) fractional shortening (FS) by the equation: FS=
[(LVIDd—-LVIDs)/LVIDd] x 100%, where LVID refers to the LV
internal dimension at diastole (d) and systole (s). Ascending aortic
flow waveforms were recorded using a continuous wave Doppler
flow probe oriented in a short axis, suprasternal manner. Velocity—
time integrals (VTI) were calculated from these waveforms. After
sacrifice, aortic root cross-sectional area was measured and cardiac
output was calculated by the equation: CO=heart rate x VTI x aortic
cross-sectional area. As a measure of ventricular diastolic function,
transmitral flow waveforms were also recorded, using continuous
wave Doppler oriented in the parasternal, long axis position,
collecting E wave (passive ventricular filling) and A wave
(component of ventricular filling attributable to atrial contraction)
waveforms. Peak transmitral flow, VTI, and acceleration/decelera-
tion slopes were determined for each waveform. Where E and A
waveforms were not baseline resolved, E wave slopes were
extrapolated from the upper 2/3 of the waveform (from apex toward
baseline). Intra- and inter-observer variability for these measure-
ments were 3% and 5% respectively. All systolic and diastolic
parameters were analyzed by a blinded observer.

Cardiac immunohistochemistry

Following functional analyses, hearts were rapidly excised and
bisected equatorially just distal to the mitral valves then formalin-
fixed and paraffin embedded by standard protocols (Weinstein
et al., 2000; Mihm et al., 2002). Left ventricular tissues were
prepared as 5 um cross-sections and mounted on slides for
histological and immunohistochemical analysis, as we have
previously described (Weinstein et al., 2000; Mihm et al., 2002).
General cardiac morphology and extent of cardiac fibrosis
deposition were assessed using Masson’s Trichrome stain with a
kit-based approach (Sigma Chemical). Immunohistochemical
studies were conducted to measure cardiac levels of B;-adrenergic
receptor, protein ubiquitination, protein 3-nitrotyrosine formation,
lysine acetylation, and expanded protein-bound polyglutamine
repeat domains (>37 repeats recognized as a indirect measure of
mutant huntingtin). Antibodies employed for these studies were
anti-f;-adrenergic receptor (1:800 dilution, Research Diagnostics);
anti-protein—ubiquitin (1:8000 dilution, Dako Corp.); anti-protein—
3-nitrotyrosine (1:800 dilution, Upstate Biotechnology); anti-
acetyl-lysine (pan-antibody for protein-bound acetylated lysine,
1:4000 dilution, Upstate Biotechnology); and anti-polyglutamine
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Fig. 1. Echocardiographic evidence of decreased cardiac performance in HD mice. HD mice and littermate controls (CTRL) were serially assessed for systolic
and diastolic cardiac performance at 8, 10, and 12 weeks of age by non-invasive echocardiography. (A) Representative M-mode images of control and HD
cardiac left ventricles at 12 weeks of age. HD mice demonstrated significantly diminished anterior and posterior wall motion compared to littermate controls. (B)
Selected systolic (LV fractional shortening, cardiac output) and diastolic (transmitral E/A ratio) cardiac performance indicators from HD mice and littermate
controls at 8, 10, and 12 weeks. *p<0.05 from control values at equivalent time point.

(Trottier et al., 1995) (1C2, 1:2000 dilution, Chemicon Interna-
tional). Diaminobenzidine (0.06% w/v, DAKO) was used to
provide visualization of immunoreactivity, with methyl green
counterstaining. As staining controls for each antibody, serial 5 pm
cross-sections were treated with the identical staining protocol,
substituting an equivalent concentration of non-immune IgG for
the primary antibody to demonstrate antibody specificity.

Cardiac left ventricular tissue samples were also prepared for
electron microscopic immunocytochemistry from R6/2 and
littermate control animals following echocardiographic assessment
at 12 weeks, as we have previously described (Mihm et al., 2002).

Studies to evaluate the heart for development of myocyte DNA
fragmentation (preliminary marker of myocyte apoptosis) were
conducted by a kit-based histological approach (FragEL DNA

Fragmentation Detection Kit, Oncogene Research), as we have
previously described (Mihm et al., 2000).

Image capture and digital image analysis

Left ventricular images were captured using a Polaroid digital
camera (Polaroid) and transferred into research-based digital image
analysis software (Image Pro Plus, Media Cybernetics). Multiple
images were captured around each ventricular cross-section, under
identical lighting and optical settings, so as to encompass the entire
cross-section available. Digital imaging approaches for Trichrome
staining provided quantitative measures of fibrosis in each cross-
section, expressed as percent of total tissue area stained blue. Extent
of immunoreactivity for immunohistochemical studies was deter-

Table 1
Echocardiographic cardiac performance parameters for R6/2 mice and littermate controls

8 weeks 10 weeks 12 weeks

CTRL HD CTRL HD CTRL HD
Heart rate (beats per minute) 498+43 458+26 500+34 482422 488+27 467+15
LVIDs (cm) 0.161+0.005 0.158+0.004 0.165+0.009 0.189+0.007 * 0.142+0.008 0.176+0.008*
LVIDd (cm) 0.312+0.007 0.310+£0.006 0.304+0.010 0.305+0.007 0.303+0.013 0.286+0.008
Peak aortic flow (cm/s) 118.8+4.2 106.1£4.8 117.2£3.9 104.5£4.4* 126.2£7.7 78.9£2.3%
Aortic VTI (cm) 6.2+0.18 4.55+0.18 5.55+0.18 4.60+0.34* 6.26+0.30 3.86+0.20*
Aortic acceleration 5060.5+417.8 5082.8+464.6 4378.9+351.9 4190.0+£449.3 5652.7+514.0 3493.7+295.3*

slope (cm/s?)

Aortic deceleration 2530.0+331.9 2375.3+£287.7 2415.2+177.9
slope (cm/s?)

E wave VTI (cm) 3.04+0.20 2.09+0.10* 3.21+0.18

E wave acceleration 5914.5+378.0 4770.0+452.2* 6282.2+388.2

slope (cmV/s?)
E wave deceleration
slope (cmy/s?)

3306.6+257.3

3997.3+224.7

A wave VTI (cm) 1.21+0.07 2.04+0.07*

A wave acceleration 1958.3+332.1 1400.0+£91.3
slope (cm/s?)

A wave deceleration 973.0+£68.6 1088.3+£32.2

slope (cm/s?)

3246.5+235.7

0.86+0.05

1391.0+164.4

875.8+73.2

2153.0+164.2

2.20£0.25*
3581.6+482.1*

1767.0+329.8*

1.18+0.11*
929.0+£117.7*

616.3+54.1*

2910.3+200.2

3.80+0.39
7397.2+271.4

3672.7+409.1

1.23+£0.15
1841.4+310.6

1053.6+81.0

1405.2+69.7*

2.30+0.07*
5577.2+194.7*

2521.3+249.6*

1.88+0.22%*
1794.1+218.9

1278.3+192.5

* p<0.05 versus littermate control.
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Fig. 2. Limited evidence of cardiac structural remodeling in HD mice.
Following functional analyses, hearts were prepared for histopathological
studies and stained with Masson’s Trichrome (myocardium=red, nuclei=
black, collagen/fibrosis=blue). All data are from animals sacrificed at 12
weeks of age. (A) Representative photomicrographs of Masson’s Trichrome
staining at 12.5 and 200x magnifications. Myocardial cross-sectional areas
from HD mice were smaller than littermate control (CTRL) hearts and
demonstrated equivalent and limited evidence of interstitial fibrosis. (B)
Heart weights (normalized to tibial length) for HD mice were significantly
decreased relative to littermate controls. HD hearts demonstrated significant
LV chamber dilation, determined by lumenal/myocardial area ratios. No
increases in interstitial fibrosis were detected as both endocardial (inner 50%
of myocardium) and epicardial (outer 50% of myocardium) Trichrome
staining were under 2% of total tissue area. *p<0.05 versus control values at
equivalent time point.

mined by measuring optical density of diaminobenzidine signal in
each tissue. Integrated optical densities were determined for each
image as a measure of staining intensity, and values were averaged
for each heart to provide a measure of antigen prevalence at each
time point. Intra- and inter-observer variability for this procedure
was each less than 2% (Mihm et al., 2000, 2001a, 2002; Weinstein et
al., 2000).

TUNEL-positive nuclear counts were performed using an auto-
mated quantification approach. Images were background corrected,
and positive nuclei were color segmented and then gated based on
size, then automated nuclear counts for TUNEL-positive nuclei were
performed, and expressed as a percentage of DNAse positive control.

Electron micrographs (55,000% magnification) were scanned
using an HP Scanjet 6200c capable of 1290x960 resolution and

transferred into research-based digital image analysis software
(Image Pro Plus, Media Cybernetics). Images were calibrated and
myofibrillar, mitochondrial and nuclear structures were delineated,
and their areas were calculated. Gold particles were counted and
normalized as a function of area. Intra-observer and inter-observer
variabilities were each <2%. Mitochondrial morphology was also
evaluated as a measure of mitochondrial health, using a
quantitative digital image analysis approach, as we have previously
described (Joshi et al., 2000).

Data handling

Significant differences were determined by two-tailed Student’s
t-tests or one-way analyses of variance, with post hoc Newman—
Keuls tests to evaluate significant comparisons. p<0.05 described
statistical significance.

Results

HD (R6/2) mice characteristically lose weight as they age, and,
as expected, the HD mice used in the present study exhibited less
weight gain compared to littermate controls (CTRL) (8 weeks:
27.2+40.5 vs. 23.7+1.1 g; 10 weeks: 28.2+1.1 vs. 24.0+1.1 g; 12
weeks: 30.0+1.3 vs. 22.1+1.2 g, CTRL vs. HD, p<0.05 at each
time point studied), but tibial lengths were not significantly
different at sacrifice (17.5£0.8 vs. 17.7+1.3 mm at 12 weeks,
CTRL vs. HD, p=NS). R6/2 and littermate control mice were
studied longitudinally at 8, 10, and 12 weeks using echocardio-
graphy, under light inhalation anesthesia. Left ventricular wall
motion during systole was severely diminished in HD mice
compared to littermate controls (Fig. 1A, representative M-mode
images shown from HD and control mice at 12 weeks). Fractional
shortening was significantly impaired at 10 and 12 weeks of age in
HD mice compared to controls (Fig. 1B). Cardiac output was
reduced by 50% by 12 weeks (Fig. 1B). Alterations in cardiac
output were caused by the progressive decrement in stroke volume
(determined from aortic flow per beat) observed in HD mice as
there were no differences in heart rate in HD versus control mice at
any time point studied (p=NS, Table 1). Transmitral flow
velocities were also altered in HD hearts as E/A ratio was
significantly decreased at all time points studied (Fig. 1B),
resulting from significant decreases in passive ventricular filling
(E wave flow and E wave VTI, Table 1) and significant increases in
atrial-mediated LV filling (A wave flow and A wave VTI, Table 1).
These changes were not explained by age-related effects as
littermate controls did not show age-dependent decreases in any
parameter studied (8 vs. 12 week data, p=NS, Table 1).

Heart weights were significantly reduced at 12 weeks in HD
mice compared to littermate controls (Fig. 2B) and exhibited LV
dilation compared to CTRL (Fig. 2B). LV dilation was not
accompanied by changes in relative Trichrome staining for cardiac
fibrosis (Fig. 2B), immunohistochemical staining for f3;-adrenor-
eceptor (Fig. 3A, p=NS), or TUNEL-positive nuclei (Fig. 3B).

An antibody raised against an expanded poly-glutamine repeat
sequence was used as an indirect marker of the mutant huntingtin
protein (Trottier et al., 1995), and immunohistochemical studies
were conducted at the light microscopy (400%) and the electron
microscopy (42,500-55,000x) levels. Control tissues exhibited
negligible staining, but positive staining was significantly elevated
in HD hearts (Fig. 4A, 400x%). Both cytosolic and nuclear staining
were evident, and staining prevalence was equivalent throughout
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Fig. 3. Cardiac (3,-adrenergic receptor densities and myocyte apoptotic events were not altered in HD mice. Following functional analyses, hearts were assessed
for B-adrenergic receptor densities and DNA nicks by immunohistochemical methods. All data are from animals sacrificed at 12 weeks of age. (A)
Representative photomicrographs from anti-3;-adrenergic receptor labeling (400%). No significant differences were observed between HD hearts and littermate
controls by optical density analysis. (B) TUNEL staining was employed as an indirect marker of apoptotic events. TUNEL-positive nuclei (brown nuclei) were
counted by an automated digital imaging approach and expressed as a percentage of DNAse positive control (maximal nuclear staining) from serial sections.
Percentages of total nuclei that were TUNEL-positive were not significantly different between treatment groups.

the epicardial and endocardial areas of each cardiac cross-section.
Representative electron photomicrographs are shown from long-
itudinal sections of cardiomyocytes from a control and HD mouse
at 12 weeks of age (Fig. 4B, 42,500x). Digital image analysis
demonstrated the nucleus to be the predominant site of poly-
glutamine staining, with staining density increased 5-fold in HD
hearts versus CTRL (Fig. 4B). Mitochondrial localization was
significantly increased in HD hearts as well (p<0.05 at 12 weeks),
with negligible staining in the cardiac myofibrils.

Cardiac cross-sections were also assessed for evidence of
myocyte post-translational protein modifications that have been
implicated in HD neuronal pathogenesis. HD hearts exhibited
significant increases in both cytosolic and nuclear prevalence of
protein—ubiquitin, which has been shown to associate with
intranuclear mutant huntingtin aggregates in HD neurons (Fig.
SA). These increases did not functionally correlate to left
ventricular fractional shortening measures (Spearman’s non-
parametric correlation, p=NS). Protein acetylation was also
assessed in situ, using a pan-antibody for protein acetylation (i.e.
not selective for single histone or p53 acetylation sites) (Fig. 5B).
Protein acetylation was significantly increased in HD hearts at 12
weeks, and extent of lysine acetylation was significantly correlated
to fractional shortening (Fig. 5B, left panel). Similarly, protein
tyrosine nitration was increased in HD hearts relative to controls,
and a significant negative correlation was observed between
cardiac protein nitration and left ventricular fractional shortening
(Fig. 5C, left panel).

Mitochondrial areas and roundness were assessed in the same
electron micrographs that were used to determine mutant
huntingtin distributions, representative micrographs of mitochon-

dria from control and HD cardiac myocytes at 12 weeks of age are
shown in Fig. 6. Healthy normal mitochondria generally present as
elliptical, with uniform optical densities under electron micro-
scopic observation. HD mitochondria demonstrated a more circular
appearance, with a disruption of their uniform densities (Fig. 6, left
panels). Although mitochondrial areas were not significantly
different between groups, digital imaging parameters that describe
the elliptical versus circular shape of the mitochondria were
significantly different between control and HD hearts. Both
mitochondrial aspect ratio (major axis/minor axis, collapses to
1.0 for a perfect circle) and mitochondrial roundness (perimeter”/
2m*area, collapses to 1.0 for a perfect circle) were significantly
decreased in HD hearts relative to controls at 12 weeks, consistent
with the loss of normal mitochondrial appearance in situ.

Discussion

Over 30,000 Americans are currently diagnosed with HD, and at
present, no fully effective symptomatic treatment or cure exists.
Although its most prominent effects manifest as neurodegenerative
events in striatal and cortical neurons, mutant huntingtin protein is
expressed throughout the body (Strong et al., 1993), and the
systemic effects of mutant huntingtin remain largely unstudied.
While broncho-pneumonia is the leading recognized cause of death
in HD patients, a review of available epidemiological studies
indicates that cardiac failure is a commonly cited cause of mortality
in this patient population as well (Chiu and Alexander, 1982; Lanska
et al., 1988; Sorensen and Fenger, 1992). A recent report has shown
that the mitochondrial complex II inhibitor, 3-nitropropionic acid,
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Fig. 4. Nuclear and mitochondrial residence of mutant huntingtin in R6/2 mice. Following functional analyses, cardiac tissues were prepared for both light
microscopy and electron microscopy immunohistochemistry. All data are from animals sacrificed at 12 weeks of age. (A) Representative photomicrographs from
anti-polyglutamine staining (antibody raised against poly-glutamine repeats >37, 400x). Increased prevalence of the expanded polyglutamine sequence was
visualized in both cytosolic and nuclear spaces. Total cardiac polyglutamine prevalence was significantly elevated in HD hearts by optical density analysis. (B)
Immunogold electron microscopy for intracellular distributions of mutant huntingtin. Immunohistochemistry was conducted as above, with a gold-colloid
secondary antibody (10 nm particles, visualized as electron dense circles under tunneling electron microscopic examination). Images of myocytes with
longitudinal orientation were captured, and nuclear, mitochondrial, and myofibrillar areas were delineated and calibrated, then positive copies for the expanded
polyglutamine sequence were counted and expressed per nuclear, mitochondrial, or myofibrillar area. Mean data are represented in histogram format. *p<0.05

versus littermate control.

causes a dramatic cardiac failure phenotype, at doses that are also
used to produce neurological deficits modeling HD (Gabrielson et
al., 2001). These data suggest that mutant huntingtin may have
cardiotropic effects, however, the cardiospecific activities of mutant
huntingtin remain completely undefined.

Here we used a well-established mouse model of HD, the R6/2
transgenic mouse, to test the hypothesis that expression of the
mutant huntingtin protein can cause altered cardiac performance in
vivo. The R6/2 afforded several advantages in these studies,
including a well-described neuropathology and the direct evaluation
of the cardiac response to only the (human) mutant huntingtin
protein itself (Mangiarini et al., 1996; Carter et al., 1999). We used
echocardiography to study cardiac function over the same time
course in which neurological deficits typically become manifest in
this mouse model (Carter et al., 1999). The use of this important
diagnostic tool provided an array of clinically relevant performance
indicators of systolic and diastolic function. HD mice presented with
multiple systolic and diastolic performance deficits, detectable as
early as 8 weeks, and progressing to 50% reduction in cardiac output
by 12 weeks of age. The magnitude of these changes was consistent

with moderate to severe cardiac failure in mice—expression of
mutant huntingtin resulted in the rapid development of significant
and substantial cardiac contractility impairments, over the same time
course in which neurological impairments have been described in
this model. The magnitude of these changes matches or surpasses
those that we have observed with these same methods in other
murine models of severe cardiac disease, including retrovirus
induced cardiac injury, doxorubicin-related cardiac toxicity, and
cocaine-induced cardiac injury, such that HD-related cardiac disease
may be a significant source of mortality in this animal model
(Weinstein et al., 2000; Mihm et al., 2002). This is an important
consideration, given that mortality is often employed as a therapeutic
endpoint for neurological benefit in the R6/2 mouse (Ferrante et al.,
2000; Andreassen et al., 2001a; Schiefer et al., 2002). These data
provide first-time evidence that mutant huntingtin can have
significant cardiotoxic effects and are consistent with the hypothesis
that HD-related cardiac failure may be directly related to the
ubiquitous expression of the mutated gene product.

Given the parallel time courses of these cardiac changes and the
development of neurological deficits, the use of cardiovascular
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Fig. 5. Alterations in protein post-translational modifications in HD hearts. Following functional analyses, hearts were assessed for protein—ubiquitin, lysine
acetylation, and protein—nitrotyrosine formation by immunohistochemical methods. All data are from animals sacrificed at 12 weeks of age. (A) Representative
photomicrographs from anti-ubiquitin staining (400x). Increases in cytosolic and nuclear staining were observed in HD hearts. These changes were not
significantly correlated to alterations in fractional shortening in these same mice (Spearman’s non-parametric correlation). (B) Protein lysine acetylation was
assessed using a pan-antibody to acetylated lysine. Nuclear as well as cytosolic increases in acetylated-lysine were observed in HD hearts, and optical densities
for cardiac lysine-acetylation were significantly negatively correlated to LV fractional shortening in these same mice. (C) Protein—3-nitrotyrosine (protein—3NT)
was also increased in cardiac cross-sections from HD mice relative to controls. Staining was predominantly observed in cardiac myocytes themselves and was
widespread throughout the myocardium. Extent of cardiac protein—3NT formation was significantly correlated to alterations in fractional shortening in these

same mice. *, p<0.05 versus littermate control.

performance indicators as “state biomarkers” of disease progres-
sion may warrant consideration and study. The absence of
convenient or reliable biomarkers of disease progression represents
a significant unmet need with respect to HD patient care and the
rational development of therapeutic strategies. The highly
quantitative nature of cardiac performance indicators and their
convenient and routine clinical application may represent sig-
nificant advantages as potential state biomarkers of HD progres-
sion, relative to currently employed methodologies. Evidence that
HD patients exhibit changes in heart rate variability that correlate

to some aspects of the Unified Huntington’s Disease Rating Scale
is consistent with the potential value of this approach (Sharma
et al., 1999).

These functional investigations were followed by pilot histo-
pathological investigations, determining the localization of mutant
huntingtin in the cardiac myocyte and assessing changes that are
traditionally associated with classical settings of heart failure or with
neuronal changes reported to occur in HD. The trafficking of mutant
huntingtin in HD neurons has been extensively studied, and the
presence of intranuclear poly-glutamine-rich aggregates has been
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described in a variety of cell types, in both experimental models as
well as HD patients (Davies et al., 1997; DiFiglia et al., 1997). The
possibility for differential mutant huntingtin localizations in
myocytes versus neurons is a potentially important consideration
since myofibrils constitute the majority of cardiac myocyte
volume (60-70%), and these structures are absent in neurons.
We found that the predominant localization of mutant huntingtin
in the R6/2 mouse was nuclear, approximately 6- and 12-fold
higher than mitochondrial and myofibrillar densities, respectively.
Increased nuclear and mitochondrial polyglutamine densities in
HD hearts are consistent with findings in R6/2 neurons. The
localization of mutant huntingtin in a “minority” of the total
myocyte area suggests that mutant huntingtin may be selectively
trafficked in cardiac myocytes and implicates cardiac mitochon-
dria and nuclei as potential sites of mutant huntingtin-mediated
toxicities. Interestingly, although immunoprevalence of ubiquiti-
nation was elevated in HD myocytes relative to control, this
presence was not correlated to changes in cardiac function. Since
protein ubiquitination can be useful as an indirect marker of
aggregate formation in HD (Davies et al., 1998; Kuemmerle et al.,
1999; Martin-Aparicio et al., 2001), cardiac functional changes in
this model may not be directly caused by the formation of mutant
huntingtin aggregates.

Although HD was associated with significant LV chamber
dilation, HD hearts did not demonstrate evidence of hypertrophic
remodeling, fibrosis deposition, changes in ;-adrenergic receptor
densities, or TUNEL-positive nuclei (as an indirect marker of
increased apoptosis), which are commonly seen in more traditional
(particularly ischemic) settings of cardiac disease (Francis et al.,
1995; Braunwald et al., 2000). Therefore, myocardial apoptosis
and overt cardiac remodeling are apparently not operable
mechanisms of cardiac dysfunction in the HD mouse. These data
are consistent with contractility impairments at the level of the
cardiac myocyte driving cardiac functional impairment rather than
global pump performance alterations secondary to perturbations in
cardiac structure—the absence of these commonly seen cardiac
structural and biochemical alterations is unusual with this degree of
cardiac functional impairment, although the rapid time course of
functional decline in this model may be a contributing factor.

In addition to defining the intracellular distributions of mutant
huntingtin in the cardiac myocyte, our electron microscopy studies
allowed us to examine the effect of mutant huntingtin expression
on mitochondrial morphology. We have previously developed a
digital imaging approach to quantitatively assess mitochondrial
morphology, as a histological measure of mitochondrial health
(Joshi et al., 2000). Mitochondria from HD myocytes exhibited
morphological changes that are indicative of mitochondrial
dysfunction, including a loss of elongated shape (critical for the
maintenance of high surface area/volume ratios) and a general
diffusion of mitochondrial densities under electron microscopic
examination. These changes represent the first indication that
cardiac mitochondrial health and functionality may be impaired in
the R6/2 mouse and are consistent with previous reports describing
energetic deficiencies in neurons from both patients and the R6/2
mouse (Bowling and Beal, 1995; Gu et al., 1996; Sawa et al., 1999;
Panov et al., 2002; Panov et al., 2003; Brustovetsky et al., 2005;
Milakovic and Johnson, 2005; Panov et al., 2005; Saft et al., 2005;
Benchoua et al., 2006; Gizatullina et al., 20006).

Post-translational protein modifications have been implicated in
the pathogenesis of HD, as well as many other neurological and
cardiac diseases. Mutant huntingtin has been shown to modulate
histone acetylation patterns in the Drosophila model of HD, and
this may play a mechanistic role in the neuronal degeneration
observed (Steffan et al., 2001). We observed significant increases
in nuclear protein acetylation in HD hearts, and the extent of
cardiac protein acetylation was correlated to the extent of cardiac
dysfunction (in contrast to the result seen with protein ubiquitina-
tion). A limitation to this approach is that the pan-antibody did not
identify the specific protein targets involved; as a result, it is
difficult to directly relate these observations in cardiac myocytes to
those that have been described in HD models for histone tails H3
and H4 in neurons. However, these data demonstrate that protein
acetylation patterns are dramatically altered in the HD heart, that
these changes predominate in the myocyte nucleus, and that these
changes are strongly associated with the functional deficits that
occur. HD hearts also exhibited significant increases in cardiac
protein nitration. Protein nitration is a selective oxidative
modification of tyrosine residues mediated by reactive nitrogen
species, a particularly reactive sub-family of biological oxidants
(Beckman and Koppenol, 1996), and has been shown to occur in a
number of neurodegenerative disease states, including HD
(Bowling and Beal, 1995; Browne et al., 1999; Tabrizi et al.,
1999; Tabrizi et al., 2000). Additionally, we and others have shown
that protein nitration occurs in a wide array of acute and chronic
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cardiovascular disease states and often correlates to the severity of
cardiac disease (Weinstein et al., 2000; Mihm et al., 2001b; Mihm
and Bauer, 2002; Mihm et al., 2002; Turko and Murad, 2002). As
we have observed in other settings of decompensated cardiac
failure, HD hearts had significantly elevated protein nitration,
which was negatively correlated to cardiac performance, suggest-
ing that RNS formation and attendant protein oxidation may have
deleterious effects on cardiac contractility in this setting. We have
shown that increases in cardiac protein oxidation often occur
secondarily to energetic dysfunction, which is consistent with the
metabolic hypothesis of HD (Bowling and Beal, 1995). Taken in
total, these preliminary data suggest that select protein modifica-
tions are influencing the rapid and severe cardiac functional
deficits seen in the HD heart—this hypothesis is also currently
active in HD neurological research as well. The specific myocyte
protein targets involved and whether these activities are resulting in
changes in cardiac energetics and/or gene expression are currently
not known, and these experiments are currently underway in our
laboratories.

The R6/2 mouse is generally considered one of the more
aggressive models of HD, given the truncated fragment of
huntingtin that is expressed, the high number of glutamine repeats,
and the rapid onset of symptoms. Additionally, a previously
recognized aspect of the R6/2 model is the tendency of these mice
to develop symptoms of diabetes mellitus, including elevations in
fasting plasma glucose, decreased insulin production, and
increased circulating glucagon levels (Hurlbert et al., 1999)
(interestingly, an increased incidence of diabetes has been
suggested to occur in the human HD population as well (Podolsky
et al., 1972; Farrer, 1985)). Because diabetes mellitus is well-
established as an independent risk factor for cardiovascular disease,
this aspect of the R6/2 model is a limitation to the current study
design. However, hyperglycemia associated with the R6/2 mouse is
likely to have only a limited influence on the alterations in cardiac
performance observed, for the following reasons: (1) the develop-
ment of detectable hyperglycemia occurs late (after detectable
deficits in cardiac performance) in the time course of the R6/2
mouse, and only moderate hyperglycemia (fasting plasma
glucose=211+19 mg/dl) (Hurlbert et al., 1999) has been
described. (2) The time course of HD related cardiac failure is
much more rapidly progressive (2—4 weeks) than that generally
observed in chemically and genetically induced rodent models of
diabetic cardiomyopathy. (3) The limited degree of hyperglycemia
observed in the HD mouse is generally associated with only mild
cardiac impairment in rodent models of diabetic cardiomyopathy.
More moderate models of HD are currently available—cardiac
functional studies in some of these models would add important
insights with respect to the broader implications of these findings
and time course relative to neurological deficits, as well as the
impact of hyperglycemia on the potential cardiac complications of
HD.

In summary, expression of the mutated huntingtin protein is
sufficient to cause the rapid development of severe cardiac systolic
and diastolic impairments in mice by mechanisms that more
closely resemble mutant huntingtin-related cellular dysfunction
than hallmark cardiac failure pathways. Although further experi-
mental studies are clearly required, these data provide first-time
evidence that the cardiotropic effects of mutant huntingtin must be
considered in the assessment of experimental models of HD and
that further consideration of this phenomenon in humans may be
warranted.
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