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Age-dependent Dystrophin Loss and Genetic
Reconstitution Establish a Molecular Link Between
Dystrophin and Heart Performance During Aging

DeWayne Townsend', Michael Daly’, Jeffrey S Chamberlain? and Joseph M Metzger!

"Department of Integrative Biology and Physiology, University of Minnesota, Minneapolis, Minnesota, USA; 2Department of Neurology,
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The aging-related decline in cardiac function is an impor-
tant public health problem. The molecular basis of age-
dependent loss of cardiac function is largely unknown and
there are no effective therapies addressing this important
form of heart disease. This study evaluates the role of the
cytoskeletal protein dystrophin in the process of normal
cardiac aging. Here, we show that the cytoskeletal pro-
tein dystrophin in the hearts of old mice is significantly
decreased to a level of 36% that of young mice, whereas
other key members of the dystrophin complex are
unchanged. Age-dependent decreased ejection fraction
was rescued by systemic delivery of an adeno-associated
viral vector harboring a functional micro-dystrophin cas-
sette (48.9 £ 2.5% in untreated aged vs. 61.6 £ 7.4% in
treated aged mice, compared to 67.1 + 2.6% in young
mice). These data provide the first direct evidence that
decreased dystrophin levels are an important modulator
of cardiac function in the aged heart.
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INTRODUCTION

The molecular processes of aging are complex and incompletely
understood. Regardless of the mechanism, aging at the cell, tissue,
organ and organism levels is associated with a decline in function.
While all body systems are affected, the loss of heart function is of
particular importance. Heart disease is the leading cause of death
in the United States.! Furthermore, as the demographics of the
nation’s populace shift toward the elderly, age-related heart disease
is increasingly contributing to death and morbidity of millions
of people. Understanding the basic processes and consequences
of myocardial aging will facilitate the development of specific
therapies designed to counteract the age-related decline in cardiac
function. Compared to young hearts, old myocardium displays
declines in both systolic and diastolic performance.? These deficits
are also evident in isolated cardiac myocytes.® These functional
losses undoubtedly result from disruption of a large number of
processes within the cardiovascular system, including changes in
the properties of the vasculature and the myocardium itself.*

In addition to cardiac senescence, or perhaps because if it,
age is an independent risk factor for heart failure." Reductions
in cardiac function observed in the senescent heart mirror those
observed in failing myocardium.” During the development of
heart failure many aspects of myocardial biology are disturbed.
Among these is the loss of dystrophin from cardiac myocyte
membranes.® Furthermore, the proteolytic degradation of dystro-
phin in the heart by enteroviruses is implicated in the pathophys-
iology of viral myocarditis.” Dystrophin is a large cytoskeletal
protein that forms a mechanical connection between the internal
cytoskeleton and the extracellular matrix.®*° This connection is
mediated through interactions with a complex of glycoproteins
that span the sarcolemmal membrane and bind directly to lami-
nin." Dystrophin is thought to buffer the sarcolemmal membrane
from the forces generated by the underlying sarcomeres and in
the absence of dystrophin the sarcolemmal membrane becomes
unstable.!!

The global loss of dystrophin results in Duchenne muscular
dystrophy (DMD), a progressive X-linked disease of skeletal and
cardiac muscle that is uniformly fatal.” Cardiac specific loss of
dystrophin results in X-linked dilated cardiomyopathy,'? a dis-
ease characterized by a severe early onset heart failure. Female
carriers of mutant dystrophin have approximately half the nor-
mal levels of dystrophin and are at increased risk of developing
significant and progressive cardiac disease during their life-
times.”*""* These genetic diseases demonstrate that the absence of
dystrophin in the heart is sufficient to cause significant cardiac
disease and failure.

The role of dystrophin loss in the pathophysiology of heart
failure in aging is not clear. Loss of dystrophin is correlated with
symptoms of heart failure, but its function in the pathophysi-
ology of disease remains undefined. Functional similarities
between senescent and failing hearts raise the possibility of
shared molecular underpinnings. The present study provides the
first direct evidence of the loss of dystrophin protein, but not
closely associated dystrophin binding partners, in the senescent
rodent heart. Importantly, evidence of causality is provided by
reconstitution of dystrophin via gene delivery of a highly func-
tional micro-dystrophin leading to improved cardiac hemody-
namic performance in the aged heart.
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Dystrophin as a Mediator of Cardiac Aging

a © b
© 1.5
Dystrophin |I——— 2o
3 §1.0-
Na-K £2
ATPase | — g9
§505- *
AL
Ponceau S S q 00
— LN e

Young Old

Cc Young

Figure 1 Quantification of dystrophin levels in membrane prepa-
rations from young and old mouse hearts. (a) Representative blot
demonstrating dystrophin (C-terminal) and Na-K ATPase expression.
(b) Summary of blot quantification, dystrophin levels from old hearts
are 36% that of young hearts. Data is from 9 young hearts and 17 old
hearts. (c) Immunofluorescent assessment of dystrophin subcellular
localization in young versus old hearts. Bar represents 100um, *Indicates
a significant difference of P < 0.0001 by t-test.
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RESULTS
The loss of dystrophin accompanies many forms of acquired and
inherited cardiac disease. To determine whether this pathway is
evident in the senescent heart, dystrophin levels were determined
in microsomal membranes isolated from both young and aged
hearts by quantitative western blotting. Full-length dystrophin
protein was significantly reduced in the myocardium of old ani-
mals to a value of 36% of that observed in young animals (P <
0.0001) (Figure 1). There was no evidence of degradation prod-
ucts of dystrophin, suggesting that the protein is either completely
degraded or being produced at a lower rate than in young myo-
cytes. In old myocytes, the residual dystrophin remained properly
localized to the membrane (Figure 1c). This loss of dystrophin
appears to be selective as levels of the closely associated o- and
B-dystroglycan were maintained in the aged heart (Figure 2).
Assessment of cardiac function revealed significant elevations
in left ventricular end-diastolic pressures in aged mice. This dia-
stolic dysfunction was accompanied by significant reductions in
heart rate and in measures of systolic function (Figure 3; Table 1).
The maximum rate of pressure development, stroke work index,
cardiac index, and ejection fraction were all significantly depressed
in aged mice (Table 1). All of these parameters could potentially
be affected by a reduction in dystrophin, which places a large met-
abolic load on already poorly functioning cardiac myocytes, by
destabilizing the cellular membranes."
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Figure 2 Western blotting following administration of AAV-p-dystrophin (AAV-p-Dys). Representative blot demonstrating the expression of both
(@) full-length dystrophin (C-terminal directed antibody) and (b) truncated dystrophin (N-terminal directed antibody). The dystrophin associated (c)
a-dystroglycan (0-DG) and (d) B-dystroglycan (3-DG) are over expressed in samples from mice receiving AAV-p-Dys. (e,f) Quantification of (e) a-DG and (f)
B-DG levels, data from 5 to 13 hearts. *Indicates significant difference from young samples (P < 0.05, one-way analysis of variance, Dunnett’s post-test).
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Figure 3 Hemodynamic assessment of old mice ten weeks after
administration of AAV-p-dystrophin (AAV-p-Dys). (a) Representative
pressure-volume loops from injected (Oldp-Dys, gray) and uninjected
(Old, black). (b) Summary of the end-systolic volumes and (c) ejection
fraction derived from pressure-volume analysis of cardiac function. Data
from 6 to 30 mice, *Indicates significant difference from young (P < 0.05,
one-way analysis of variance, Dunnett’s post-test).

To test for the first time whether dystrophin deficiency has a
direct effect depressing hemodynamic performance in the aging
heart, we utilized a systemic in vivo gene transfer approach to
replace the missing dystrophin with a highly functional truncated
form of dystrophin; p-dystrophin (u-Dys)."* Ten weeks following
intravenous administration of AAV-p-Dys to 23-month-old mice,
heart muscle membrane composition was assessed. Microsomal
membranes from these injected mice revealed the expression of
the truncated dystrophin (MW =137 kD; Figure 2b). Compared
to age matched untreated mice, there was no significant differ-
ence in the amount of full-length dystrophin present in the
AAV-u-Dys treated hearts. Results showed significant increases
in o-sarcoglycan and o- and B-dystroglycan, the central com-
ponents of the dystrophin associated glycoprotein complex, sug-
gesting that the total dystrophin level (full length plus p-Dys)
following AAV-p-Dys administration is increased (Figure 2c-f
and Supplementary Figure S1).

Real-time hemodynamic assessment of old mice receiving
AAV-p-Dys was performed utilizing pressure-volume loop analy-
sis (Table 1). The age-dependent decrease in ejection fraction
(young mice versus untreated old mice; P < 0.0001) was corrected
by u-Dys gene delivery in old mice Figure 3. Ejection fraction, a
measure of global heart function, is influenced by both vascular
function and myocardial contractility. It is likely that these effects
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Table 1 Summary of hemodynamics derived from young mice, old
mice, and old mice treated with AAV-u-dystrophin (AAV-u-Dys)

old
Young Old AAV-u-Dys
Systolic parameters
End-systolic pressure 104.8 £2.7 96.3+3.2 93.9+4.6
(mmHg)
Maximum dP/dt 12,065£381  8575+441* 8,127 +526*
(mm Hg/s)
Diastolic parameters
End-diastolic 333+22 36.1+£2.6 309+2.1
volume (ul)
End-diastolic 9.18 £0.42 12.01 £0.59*  12.98 £0.85*
pressure (mm Hg)
Minimum pressure 5.71+0.39 8.26 £0.61* 9.36 +0.84*
(mm Hg)
Minimum dP/dt —11,286 =389 —8,927 £452*  -9,604 £ 859
(mm Hg/second)
Global cardiac parameters
Heart rate (bpm) 6137 571+ 10* 576+ 6
Cardiac output 13,923 £ 897 10,480 £958* 11,187 =694
(ul/minute)
Cardiac index 552 +37 289 £ 30* 332£29%
(u/minute/g)
Stroke work 1,883 + 124 1,406 £ 150* 1,412+ 124
(mm Hg-ul)
Stroke index 0.895£0.054  0.504£0.052*  0.576 £0.050*
(mm Hg-ul/g)
Preload recruitable 88.8+4.9 77.4%+53 85.6+9.2
stroke work
Heart weight (mg) 120£5 172+ 4 165+ 5
HW:BW ratio (mg/g) 4.70£0.08 4.72£0.15 4.87£0.23

HW:BW, heart weight:body weight.
*Indicates significant difference from young mice; one-way analysis of variance,
Dunnett’s post-test, P < 0.05.

are mediated primarily by changes within the cardiac myocytes, as
AAV shows particular tropism for this tissue.'>™

DISCUSSION

This study demonstrates for the first time that levels of dystrophin
protein in the aged heart are significantly lower in comparison to
the myocardium of young mice. The correlation of decreased dys-
trophin expression and reduced cardiac function in the aged heart
does not, in itself, demonstrate cause and effect. Accordingly, a
main finding of this study is demonstrating a significant improve-
ment in ejection fraction in old mice following the cardiac expres-
sion of a micro-dystrophin molecule by systemic gene delivery.
Considering that gene delivery was initiated in old animals (23
months) that already had age-related cardiac dysfunction,’ we
take the micro-dystrophin functional improvement as evidence of
areversal, at least in part, of age-dependent hemodynamic deficits.
The results of this gene replacement experiment further indicate
that the loss of dystrophin is at least one of the key components of
age-related cardiac dysfunction.
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We found that dystrophin content in the hearts of old mice
is reduced to nearly one third that observed in young controls.
A partial loss in dystrophin is also present in female carriers of
mutated dystrophin alleles. Female carriers of Duchenne muscular
dystrophy mutations have a greater risk of developing severe car-
diac disease during their lifetime."*"* In mice, mdx carriers have a
50% reduction in dystrophin content." Despite the similar reduc-
tions in total dystrophin observed here, the distribution of dys-
trophin is quite different in mdx carriers and aged mouse hearts.
Carriers of mutated dystrophin alleles demonstrate a mosaic pat-
tern of dystrophin expression, due to X-chromosomal inactiva-
tion. In mice, this results in a heart with about half of the myocytes
with no dystrophin and the other half with a full complement of
dystrophin.'® In contrast, the reduction of dystrophin protein with
aging is characterized by an apparent uniform dystrophin stain-
ing throughout the myocardium, suggesting that all of the cardiac
myocytes have reduced dystrophin content. We hypothesize that
this global reduction in myocyte dystrophin content results in all
cells having increased susceptibility to membrane damage.

In the absence of dystrophin, the sarcolemma of cardiac myo-
cytes is highly susceptible to mechanical stress leading to mem-
brane instability. It is hypothesized transient micro-tears in the
sarcolemma during stress allows, among other things, calcium to
traverse the membrane.!' We propose that the partial loss of dys-
trophin in the aged heart causes a degree of membrane instability
paralleling what is observed in the completely dystrophin deficient
heart. In the aged heart, we propose that calcium overload/meta-
bolic stress resulting from membrane instability causes dysfunc-
tion in both systolic and diastolic myocardial performance. This
process, in conjunction with other aging-related deficits in the
myocardium,'*"" results in the poor contractile function observed
in the senescent heart. We further propose that the expression
of u-Dys in old myocardium works in tandem with residual
full-length endogenous dystrophin to reinforce the connection
between the internal cytoskeletal network and the membrane
by increasing the expression of dystrophin associated glycopro-
tein complex. The increased frequency of contacts between the
cytoskeleton and the extracellular matrix would be expected to
improve membrane stability, thus reducing the metabolic stress
placed on the senescent myocyte, allowing it to regain calcium
homoeostasis and improve contractile function.

Micro-dystrophin expression in old hearts did not fully
normalize hemodynamic performance to that found in young
mice, specifically diastolic function remains poor in old mice
with or without p-dystrophin treatment. This is likely due to the
combination of the multiple processes involved in age-related
decline in cardiac function, the noted decreases in function
between micro- and full-length dystrophin, and the relatively
short duration of treatment.'*? This report represents the first
evidence that reductions in dystrophin content significantly
contribute to myocardial senescence. The mechanism underlying
this loss of dystrophin is unknown. Previous studies have
shown that dystrophin transcript levels are reduced suggesting
a transcriptional mechanism,” although increased degradation
of the dystrophin protein cannot be ruled out. This study also
demonstrates the effectiveness of gene transfer utilizing adeno-
associated viral (AAV) vectors in old animals. Previous studies
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have used adenoviral vectors to produce short-term (<1 week)
gene transfer in old rats.”>» In comparison, the current study
utilizing AAV, the exogenous p-Dys gene product was expressed
for 10 weeks. The prolonged expression provided by AAV was
likely an important factor contributing to the recovery of cardiac
function observed in this study.

The restoration of dystrophin expression in the aged myocar-
dium is a new molecular intervention that restores, at least in part,
systolic function of the senescent heart. These results suggest that
stabilizing dystrophin levels is important for maintenance of car-
diac function during aging. This can be done either by reintroduc-
ing dystrophin, as done in this study, or by preventing the initial
loss of dystrophin. While the process of cardiac aging is complex,
and it is unlikely that any single process will completely restore
heart function, these results underscore the importance of dystro-
phin to cardiac function and its therapeutic potential.

MATERIALS AND METHODS

Animals. Mice of both sexes were either obtained from Jackson Labs (Bar
Harbor, ME) and housed locally or obtained through National Institute of
Aging aged mouse colony. The genetic background of the mice was either
C57BL/6 or C57BL/10. Previous studies have found no significant hemo-
dynamic differences between these two closely related mouse strains.
Mice were grouped into young (10 C57BL/6 and 20 C57BL/10) and old
(17 C57BL/6 and 17 C57BL/10), with average ages of 4.3 0.1 months and
22.9 + 0.5 months, respectively.

Virus production and delivery. AAV vectors pseudotyped with the AAV6
capsid and carrying a truncated dystrophin construct (u-Dys) were gen-
erated and purified using methods previously described.'***” Briefly,
HEK293 cells were transfected with genomic (pAAV-CMV-uDys) and
packaging plasmids.”* Pseudotyped AAV6 viruses were purified via hepa-
rin affinity column. Twenty three-month-old mice were anesthetized and
injected intravenously with 1E12 vector genomes in a final volume of 300 ul.
A cohort of control 23-month-old animals was injected with the same vol-
ume of saline. The hemodynamic properties of these saline injected mice
were not significantly different from noninjected aged mice, so these data
were merged into a single control group. Ten weeks following the injection
catheter based hemodynamic measurements were performed.

Western blotting. Crude microsomal preparations were isolated from
hearts were subjected to sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis and western blot analysis as outlined previously."* The antibod-
ies utilized in this study were anti-dystrophin (C-terminal, 1:1000; Abcam,
Cambridge, MA), anti-human dystrophin (N-terminal, 1:100; DY10
Vector Labs, Burlingame, CA), anti-o-dystroglycan (1:1,000, ITH6C4;
Millipore, Billerica, MA), and anti-Na-K ATPase (1:10,000, 0.-F6 from the
Developmental Studies Hybridoma Bank developed under the auspices
of the NICHD and maintained by The University of Iowa, Department
of Biology, Iowa City, IA). Secondary antibodies labeled with infra-red
fluorophores were used to quantify protein levels using an Odyssey scan-
ner (Li-Cor, Lincoln, NE). The intensity of dystrophin was normalized to
the Na-K ATPase to control for differences in loading. To control for inter
blot variability, samples were further normalized to dystrophin levels from
young on the same blot.

Immunofluorescence. Hearts were flash frozen in OTC and 7 um sections
were cut on a cryostat. Sections were washed with phosphate-buffered
saline to remove residual OTC (Tissue-Tek, Torrence, CA) and subjected
to standard immunofluorescent methodologies. Dystrophin was detected
utilizing a polyclonal antibody from Abcam (1:100).
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Hemodynamics. Mice were induced and maintained at a surgical plane
of anesthesia with isoflurane delivered in 100% oxygen. Mice were ven-
tilated and a thoracotomy performed to expose the heart. A 1.4 Fr Millar
PV catheter (Millar Instruments, Houston, TX) was inserted through an
apical stab into the left ventricular cavity. Absolute volumes were calibrated
utilizing a hypertonic saline injection and a Lucite cuvette. Data were col-
lected and analyzed by a Ponemah acquisition device and the LV Pressure
and Volume analysis modules (DSI, St Paul, MN). Procedures performed
in this study were reviewed and approved by the institutional animal care
and use committee.

SUPPLEMENTARY MATERIAL

Figure S1. Western blotting following administration of AAV-u-
dystrophin shows markedly increased expression in o-sarcoglycan
levels compared to untreated aged mouse hearts.
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