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Advanced heart failure (HF) is the leading cause of death in
developed countries. The mechanism underlying the progression
of cardiac dysfunction needs to be clarified to establish approaches
to prevention or treatment. Here, using TO-2 hamsters with he-
reditary dilated cardiomyopathy, we show age-dependent cleav-
age and translocation of myocardial dystrophin (Dys) from the
sarcolemma (SL) to the myoplasm, increased SL permeability in situ,
and a close relationship between the loss of Dys and hemodynamic
indices. In addition, we observed a surprising correlation between
the amount of Dys and the survival rate. Dys disruption is not an
epiphenomenon but directly precedes progression to advanced HF,
because long-lasting transfer of the missing �-SG gene to degrad-
ing cardiomyocytes in vivo with biologically nontoxic recombinant
adenoassociated virus (rAAV) vector ameliorated all of the patho-
logical features and changed the disease prognosis. Furthermore,
acute HF after isoproterenol toxicity and chronic HF after coronary
ligation in rats both time-dependently cause Dys disruption in the
degrading myocardium. Dys cleavage was also detected in human
hearts from patients with dilated cardiomyopathy of unidentified
etiology, supporting a scheme consisting of SL instability, Dys
cleavage, and translocation of Dys from the SL to the myoplasm,
irrespective of an acute or chronic disease course and a hereditary
or acquired origin. Hereditary HF may be curable with gene
therapy, once the responsible gene is identified and precisely
corrected.

Despite the steady progress of pharmaceutical therapy, it is
still difficult to completely prevent heart failure (HF) from

proceeding to an advanced stage. Cardiac transplantation is the
last choice to save the patient at the end stage, and this treatment
entails many sociomedical problems. An alternative strategy for
therapy is urgently required (1, 2). Primary or secondary deg-
radation of dystrophin (Dys) might be of great significance in
determining the cause of HF. Muscular dystrophy results in HF,
and poor outcome in patients and animal models is associated
with genetic mutations of Dys or the sarcoglycan (SG) complex
(1–6). In the present study, we examined the following phenom-
ena: (i) the time course of the hemodynamics with biventricular
catheterization under stable anesthesia (7) until the TO-2 ani-
mals started to show overt HF and cardiac death; (ii) in situ
sarcolemma (SL) stability by double fluoromicroscopy for the
entry of an SL-impermeable dye, Evans blue dye (EB), into
cardiomyocytes (8) and immunostaining of Dys or �-SG; (iii)
Western blotting of Dys and protein quantification; (iv) the
correlation between limited proteolysis of Dys and hemodynam-
ics; and (v) in vivo gene transduction in TO-2 hamsters. We also
evaluated pathological features in rats with acute and acquired
HF due to isoproterenol (Isp) toxicity (9) and in humans with
advanced dilated cardiomyopathy (DCM).

Materials and Methods
Experimental Animals, the rAAV Vector Gene Construct, and in Vivo
Gene Delivery. Male F1B (control) and TO-2 hamster strains were
obtained from Bio Breeders (Watertown, MA), and rAAV�lacZ
vector alone or a mixture of recombinant adenoassociated virus
(rAAV)�lacZ and rAAV��-SG was intramurally injected into
the cardiac apex of the 5-week-old hamsters (7). pW1, an rAAV
plasmid containing lacZ or a 1.2-kb fragment of �-SG cDNA
flanked by inverted terminal repeats of the AAV genome,
pHLP19, a helper plasmid with rep and cap genes, and pladeno-1,
a plasmid harboring the adenovirus E2A, E4, and VA genes, were
used for rAAV�lacZ or rAAV��-SG production. pWSG with a
�-SG expression cassette driven by a cytomegalovirus (CMV)
promoter was used for rAAV��-SG production (7, 8). Under
open chest surgery with constant-volume ventilation, rAAV�
lacZ alone or a mixture of rAAV�lacZ and rAAV��-SG was
intramurally injected into the cardiac apex twice (each injection
was 15 �l, for a total of 8.4 � 1010 and 6 � 1010 copies for lacZ
and �-SG, respectively).

Morphological and Immunological Analyses. A polyclonal, site-
directed antibody to �-SG was prepared at a high titer, by using
a synthetic peptide with a sequence deduced from the cloned
cDNA as a specific epitope (4). Monoclonal antibodies to Dys
and to the transgene of lacZ (�-galactosidase) were obtained
from NovoCastra (Newcastle, U.K.) and Funakoshi (Tokyo).
The density of antibody-specific bands for the rod domain of Dys
was measured within a linear intensity range for the applied
amount of protein, after Western blotting of whole-heart ho-
mogenates, by 5–15% SDS�PAGE. For the Isp study, 10–20%
SDS�PAGE was used to detect degradation products of both
Dys and �-SG. To simultaneously monitor Dys disruption, SL
fragility in situ, and expression of the �-SG transgene, double
fluoromicroscopy was used to detect immunostaining of Dys
with a FITC-labeled antibody specific to the rod domain of Dys,
the entry of membrane-impermeable EB into cardiomyocytes,
and immunostaining of �-SG with a rhodium isothiocyanate
(RITC)-labeled specific antibody by using a Nikon Diaphot or a
Leica (Heidelberg, Germany) TCS SL confocal microscope.
Where indicated, the Dys immunoproduct in the SL and myo-
plasm was semiquantified on cardiomyocytes, with or without
transduction of �-SG in the same observation field.

Abbreviations: HF, heart failure; Dys, dystrophin; SG, sarcoglycan; SL, sarcolemma; EB,
Evans blue dye; Isp, isoproterenol; DCM, dilated cardiomyopathy; rAAV, recombinant
adenoassociated virus; LVP, left ventricular pressure; EDP, end diastolic pressure; CVP,
central venous pressure.
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Hemodynamic Studies and Statistical Analyses. Peak left ventricular
pressure (LVP), left ventricular end diastolic pressure (EDP), its
first derivative (dP�dt), and central venous pressure (CVP) were
measured under stable anesthesia (7, 8). All values were ex-
pressed as the mean � SE and evaluated by paired Student’s t
test, ANOVA, and correlation analyses. A P value of �0.05 was
considered significant.

Results and Discussion
Progression of DCM to Advanced HF in TO-2 Hamsters. Control F1B
hamsters showed growth-dependent increases in the peak LVP,
the maximum rate of LVP (dP�dtmax), and the minimum rate of
LVP (dP�dtmin, Table 1). In contrast, TO-2 hamsters persistently
demonstrated systolic failure characterized by reduced LVP,
dP�dtmax, and blunted dP�dtmin. Congestive HF was documented
by increased left ventricular EDP and CVP. These signs became
aggravated between 25 and 40 weeks of age, when the rate of
cardiac death sharply increased (see below). The EDP and CVP
reached levels 9.5 and 3.3 times higher, respectively, than those
at 5 weeks of age.

Translocation of Dys from the SL to the Myoplasm During DCM
Progression. Cardiac samples from TO-2 hamsters revealed time-
dependent pathological features at each age (Fig. 1). After 5
weeks, double fluoromicroscopy showed that Dys was neatly

arranged on the SL, and EB administered i.v. before killing the
animals did not enter the myoplasm, indicating that the integrity
of the SL was well preserved. After 25 and 40 weeks, the Dys on
the SL became blurred, and some cardiomyocytes demonstrated
a shift of Dys from the SL to the myoplasm. We refer to this
phenomenon as ‘‘translocation’’ of Dys. These cardiomyocytes
matched exactly with cells that took up EB (within ovals),
denoting that the SL of the translocated cells leaked the exog-
enously applied dye.

Cleavage of Dys in Hamster Heart and in the Hearts of Humans with
DCM. Western blotting of the myocardial homogenate with an
antibody specific to the rod domain of Dys showed characteristic
features (Fig. 2a Left). Normal hearts at 5 weeks of age showed
a band at 430 kDa corresponding to normal Dys, and the staining
intensity was preserved up to 40 weeks of age. Striking differ-
ences were observed in TO-2 hamsters, although at 5 and 15
weeks of age the staining pattern did not differ from that of the
F1B heart. However, at 25 weeks of age, extra bands were
detected between 60 and 200 kDa (Fig. 2a Left), and the intensity
of the Dys 430-kDa band started to decline. The intensity of this
band was markedly reduced between 25 and 40 weeks of age,
whereas the intensity of the 60-kDa band increased, mirroring
the Dys band (Fig. 2b). The period of significant Dys cleavage
matched exactly the periods when Dys translocation became

Table 1. Cardiac hemodynamics with progression of HF

Strain Age, weeks LVP, mmHg
dP�dtmax,

mmHg�sec
dP�dtmin,

mmHg�sec EDP, mmHg CVP, mmHg

F1B 5 82.9 � 1.2 4,385 � 91 �4,503 � 208 3.1 � 0.6 1.70 � 0.53
15 132.9 � 5.5† 8,188 � 743† �7,188 � 971† 1.8 � 1.5 0.78 � 0.50
25 132.5 � 6.9 6,709 � 188 �6,513 � 602 1.7 � 2.7 0.46 � 0.21
40 125.1 � 9.6 7,063 � 290 �7,180 � 576 1.6 � 0.9 �0.62 � 0.32

TO-2 5 83.0 � 2.1 4,599 � 192 �5,175 � 233* 1.9 � 0.3* 2.82 � 0.17*
15 100.2 � 4.7*† 4,645 � 637* �3,664 � 378*† 8.8 � 1.9*† 2.70 � 0.87*
25 87.9 � 8.3* 5,240 � 388* �3,171 � 80* 12.8 � 1.6* 3.12 � 0.88*
40 80.0 � 2.8* 4,283 � 97* �3,120 � 145* 18.0 � 1.4*† 9.35 � 1.35*†

Hemodynamic indices measured under stable anesthesia (7, 8): LVP, its maximum derivative (dP�dtmax) and minimum derivative
(dP�dtmin), EDP, and CVP, in control (F1B strain) and hereditary DCM (TO-2 strain) hamsters. Each value is shown as the mean � SE (n �
4–8 hamsters in each group). * and † indicate statistical significance (P � 0.05) compared with the F1B strain and the preceding age,
respectively.

Fig. 1. Age-dependent translocation of Dys and increased permeability of the SL during HF progression in TO-2 hamsters. Double fluoromicroscopy for
detection of a FITC-labeled antibody to the rod domain of Dys and entry of membrane-impermeable, fluorescent EB, at 5, 25, and 40 weeks of age (w).
Cardiomyocytes demonstrating a shift of Dys from the SL to the myoplasm are shown in ovals. (Bar � 40 �m.)
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evident (Fig. 1) and when the animals started to die of congestive
HF (ref. 8 and Fig. 2b). The intensity of the faint 160-kDa band
did not change throughout the study and appeared to be
unrelated to the progression of HF.

Similar cleavage of Dys was confirmed in hearts from patients
with DCM of unidentified etiology who had undergone cardiac
transplantation (Fig. 2a Right). The topological shift of Dys was
also documented in samples of advanced stage DCM (unpub-
lished data). Accordingly, the translocation was common to both
animal models and patients with DCM. Other antibodies to the
C or N terminus of Dys did not clearly recognize the cleavage
product (data not shown). At present, we do not know the reason
for this discrepancy in human cases of advanced HF showing
selective cleavage of Dys at the N terminus (10).

Relationship of Dys Cleavage to Hemodynamics and the Lifespan of
Hamsters. Surprisingly, the amount of Dys or its 60-kDa-band
degradation product in TO-2 animals very closely correlated
with the hemodynamic indices that characterize the progression
of HF. The Dys amount was positively correlated with the
systolic index [peak LVP, coefficient of regression (r) � 0.998
and P � 0.0004], and negatively correlated with the diastolic
parameters (EDP, r � 0.996 and P � 0.0005; CVP, r � 0.954 and
P � 0.002). The intensity of the 60-kDa band showed a clear
negative correlation with the LVP (r � 0.961, P � 0.002) and a
positive correlation with the EDP (r � 0.954, P � 0.002) and

CVP (r � 0.996, P � 0.0005). These highly significant regression
coefficients for correlation of the amount of Dys with systolic or
diastolic performance support a tentative role for Dys in trans-
mitting an effect through the actin–myosin linkage to the
extracellular matrix. It is also noteworthy that no correlation was
found between the amounts of Dys or the 60-kDa band and the
dP�dtmax or dP�dtmin value (data not shown), both of which are
regulated by Ca2� handling (11) and the energetics of cardiac
muscle cells (12). It should be emphasized that a distinct
relationship was found between the amount of Dys or the 60-kDa
band and the survival rate of the TO-2 animals over time (Fig.
2b Lower). It is possible that these immunological and hemody-
namic data could be biased, because �30% of the TO-2 hamsters
died of HF (Fig. 2b Lower), and we could only use the survivors
in the analysis.

Effect of Long-Lasting Gene Therapy on Dys Localization. The final
evidence that the disruption of Dys is not an epiphenomenon in
HF but is actually caused by a loss of �-SG is provided by the
double immunostaining of Dys and �-SG in TO-2 hearts with or
without local gene transfection in vivo (Fig. 3a). In control F1B
hearts, both proteins were equally expressed on the SL (data not
shown). In contrast, the TO-2 heart did not express �-SG (13).
As described above (Fig. 1), Dys staining became blurred with
age, and some cardiomyocytes revealed Dys translocation (14).
Gene delivery of normal �-SG in vivo, by means of a nonpatho-
genic and long-lasting rAAV vector (7, 8), was used to locally
express the �-SG transgene, and this gene therapy completely
ameliorated Dys translocation in the same cardiomyocytes for up
to 35 weeks (Fig. 3a Left). In contrast, nontransfected cells

Fig. 2. Cleavage and reduction of cardiac Dys during DCM progression in
hamsters and humans. (a Left) Control (F1B strain) or DCM (TO-2 strain)
hamsters at 5, 25, and 40 weeks of age (w). (a Right) Normal human myocar-
dium (N1 and N2) and DCM hearts (D1, D2, and D3) at the time of cardiac
transplantation. A solid arrow at 430 kDa and several dotted arrows denote
the original Dys and its degradation products, respectively, after 5–20%
SDS�PAGE of whole-heart homogenates. (b) Time course of the survival rate
of control (F1B; Upper) or DCM (TO-2; Lower) hamsters (E) and the density of
immunoreactive bands specific to the rod domain of Dys at 430 (■ ), 60 (F) or
160 (Œ) kDa. * and # indicate a significant difference, compared with the
control F1B strain and the preceding age, respectively.

Fig. 3. (a) Double immunostaining of �-SG (rhodamine isothiocyanate) and
Dys (FITC) of TO-2 hamster hearts 35 weeks after local �-SG gene transfection
in vivo (8). Arrows indicate cardiomyocytes where dystrophin was translo-
cated from the SL to the myoplasm. (Bar � 40 �m.) (b) Assessment of Dys
translocation (FITC) and SL fragility in situ (EB entry) 16 h after the adminis-
tration of Isp at a high dose (10 mg�kg i.p.) in Wistar rats (15). Arrows indicate
cardiomyocytes where dystrophin was translocated from the SL to the myo-
plasm. (Bar � 40 �m.) (c) Western blotting of Dys (Left) and �-SG (Right) from
the same rat heart homogenate sample after gradient 10–15% SDS�PAGE of
the control (C) and 4, 8, 12, 16 and 18 h after Isp treatment. Arrows indicate
uncleaved Dys (430 kDa) and Dys degradation products (Left) or �-SG (Right).
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showed translocation of Dys in the same sample (indicated by
arrows in Fig. 3a Right). This finding specifically eliminates the
possibility that Dys disruption resulted from the parallel devel-
opment of HF, because Dys translocation was restricted to
cardiomyocytes that did not express the �-SG transgene. Fur-
thermore, the amount of Dys estimated in situ by densitometry
of immunofluoromicroscopic images in cardiomyocytes indi-
cated a 1.22 � 0.13 fold (P � 0.01) preferential localization of
Dys on the SL of �-SG-transfected cells (n � 70 cells per group).

Effect of Isp on SL Permeability, and Shift and Cleavage of Dys and
�-SG. A toxic dose of Isp (10 mg�kg i.p.) causes acute HF and
morphological deterioration in normal rats (9). Pathological exam-
ination has shown time-dependent degradation of Dys and apo-
ptosis of cardiomyocytes from 4 to 18 h after Isp was administered
(15). Confocal microscopy of cardiomyocytes in the same obser-
vation field showed translocation of Dys (indicated by arrows in Fig.
3b Left) and entry of the SL-impermeable EB into the myoplasm
of cardiac muscle cells. The shift of Dys was selectively detected 16 h
after Isp treatment only in cardiomyocytes where EB had entered
the myoplasm (Fig. 3b Right). Western blotting revealed time-
dependent cleavage of Dys, showing degradation fragments be-
tween 60 and 200 kDa (Fig. 3c Left). In contrast, �-SG was not
hydrolyzed at all (Fig. 3c Right). Immunohistology confirmed that
�-SG did not shift from the SL but remained localized on the SL
(data not shown). The effect of high-dose Isp, a �-adrenergic
agonist, was similar to that observed in a DCM mouse with a
protein kinase A knock-in gene (16). To verify the therapeutic
effect of gene therapy in a �-adrenergic agonist�protein kinase
A�phospholamban system, the pharmacological action (17, 18) and
the disease prognosis need to be precisely examined, because an
improvement in hemodynamics does not always prolong the life-
span of the animal (19).

The limited hydrolysis of Dys, common to the models of acute
and chronic diseases in the present study, suggests a role for
calpain, because cardiomyocytes contain an appreciable amount
of this protein (20), and intracellular Ca2� handling is modified
in failing hearts (21, 22). Neither a specific inhibitor for calpain
nor a calpain knockout animal is currently available to test this
hypothesis. �-Adrenergic agonists induce Ca2� overload in
cardiomyocytes by increasing Ca2� uptake (23). In addition, Dys
and �-, �-, and �-SG, but not �-SG, are hydrolyzed by the

endogenous protease (24) or isolated calpain in vitro (25, 26).
The preferential breakdown of these proteins, but not �-SG, in
three HF models, i.e., TO-2 hamster hearts (13), Isp-treated rat
hearts (Fig. 3b), and viable cells at the end stage of myocardial
infarction (26), might be accompanied by substantially enhanced
activity of m-calpain over its endogenous inhibitor, calpastatin.
The expression of m-calpain in TO-2 hearts markedly exceeded
that of calpastatin during the progression of HF (data not
shown). These results may imply that the balance between
calpain and calpastatin will shift in a calpain-dominant manner.
Furthermore, dot hybridization analyses revealed no increment
of mRNA of each DAP component under these HF conditions,
suggesting that compensatory biosynthesis did not occur in the
case of DAP.

A Scheme for the Progression of HF to an Advanced Stage. The clinical
link between excess stimulation with catecholamines and myocar-
dial damage has been confirmed by the therapeutic success of
�-adrenergic antagonists in TO-2 hamsters (27) and humans (28,
29). The cleavage of Dys has also been documented after entero-
virus infection, resulting in DCM-like HF (30). These pathological
findings present a paradigm in which cardioselective cleavage of
Dys may lead to progression of HF to an advanced stage (Scheme
1). Scheme 1 does not exclude the involvement of a protease
cascade, as seen through the activation of a calpain-like homologue
in neuronal degeneration in Caenorhabditis elegans (31), or involve-
ment of the ubiquitin�proteasome system (32) in the loss of Dys.
More definite evidence is required to precisely determine the
causative factor(s). This common pathological process, irrespective
of the hereditary or acquired origin and the chronic or acute course
of the disease, suggests a strategy for the treatment of advanced HF
through interruption of the vicious circle by either gene therapy or
drug treatment.
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