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Abstract

Duchenne muscular dystrophy is a fatal progressive disease of both cardiac and skeletal muscle 

resulting from the mutations in the DMD gene and loss of the protein dystrophin. Alpha-

dystrobrevin (α-DB) tightly associates with dystrophin but significance of this interaction within 

cardiac myocytes is poorly understood. In the current study the functional role of α-DB in 

cardiomyocytes and its implications for dystrophin function are examined. Cardiac stress testing 

demonstrated significant heart disease in α-DB null (adbn−/−) mice, which displayed mortality and 

lesion sizes that were equivalent to those seen in the dystrophin-deficient mdx mouse. Despite 

normal expression and subcellular localization of dystrophin in the adbn−/− heart, there is a 

significant decrease in the strength of dystrophin's interaction with the membrane-bound 

dystrophin-associated glycoprotein complex (DGC). A similar weakening of the dystrophin-

membrane interface was observed in mice lacking the sarcoglycan complex. Cardiomyocytes from 

adbn−/− mice were smaller and responded less to adrenergic receptor induced hypertrophy. The 

basal decrease in size could not be attributed to aberrant Akt activation. In addition, the 

organization of the microtubule network was significantly altered in adbn−/− cardiac myocytes, 

while the total expression of tubulin was unchanged in the adbn−/− hearts. These studies 

demonstrate that α-DB is a multifunctional protein that increases dystrophin's binding to the 

dystrophin-glycoprotein complex, and is critical for the full functionality of dystrophin.
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1. INTRODUCTION

Duchenne muscular dystrophy (DMD) is a devastating disease of striated muscle resulting 

from the deficiency in the protein dystrophin. Currently, there is no cure available for DMD 

patients and they eventually succumb in their second or third decade of life. 

Cardiomyopathy is a significant component of DMD in the majority of patients [1-4] and 

there is evidence that prophylactic treatment of the cardiac disease limits the dystrophic 

process in both skeletal and cardiac muscle [5]. Dystrophin is a large cytoskeletal protein 

that binds to the sarcolemma through interactions with a complex of membrane-bound 

glycoproteins consisting of the heterodimeric dystroglycan, the four proteins of the 

sarcoglycan complex, and sarcospan. This glycoprotein complex functions to serve, in part, 

as a link between dystrophin and the extracellular matrix [6-8]. Dystrobrevin (DB) and 

syntrophin are cytosolic proteins that tightly bind to dystrophin and its associated 

glycoproteins. Dystrobrevin was first identified in Torpedo californica's electric organ as a 

dystrophin-associated protein [9, 10]. Later, the association with dystrophin was mapped to 

a coiled-coil motif that is present in the C-terminal region of both proteins [11-14]. Two 

distinct genes encode for α- and β-DB. α-DB is predominantly expressed in the striated 

muscle and is alternatively spliced into several isoforms, of which α-DB-2 and -3 are the 

predominant forms present in the heart [15-17]. α-DB-2 localizes to the sarcolemma and, 

along with α-DB-1, is concentrated at neuromuscular junctions in skeletal muscle [15]. The 

role of the α-DB-3 isoform is unique from the longer isoforms in that it contains neither 

dystrophin nor syntrophin binding domains.

Although a mutation in the α-DB gene has been associated with left ventricular 

noncompaction [18], the precise function of α-DB in the heart remains unknown. Studies 

from brain and skeletal muscle demonstrate that α-DB interacts with a variety of binding 

partners, suggesting that it functions as a molecular scaffold for signaling molecules. 

Furthermore, α-DB has been shown to biochemically stabilize the dystrophin-glycoprotein 

complex (DGC) associations in skeletal muscle, although no functional consequence of the 

absence of α-DB was detected [19]. Previous studies with skeletal muscle demonstrated that 

α-DB is localized to the membrane via its interaction with both dystrophin and the 

membrane-bound sarcoglycan (SG) complex [11, 20]. Furthermore, truncated forms of 

dystrophin that lack the α-DB binding domain but do restore the SG complex also restore α-

DB localization to the membrane [21, 22]. These data taken together provide support for 

physiologically relevant interaction between the SG complex and α-DB, providing a 

potential mechanism by which α-DB may mechanically strengthen dystrophin's interaction 

with the membrane [19]. α-DB has been documented to bind to a variety of other proteins 

including syntrophin, a signaling adapter protein that associates with many signaling 

proteins including neuronal nitric oxide synthase [23, 24].

In human patients with genetic disruptions of dystrophin, localization of α-DB to the 

membrane is significantly reduced. Similar results are obtained in patients with disruption of 

the SG complex [14]. In mouse models, the loss of dystrophin decreases the sarcolemma 

localization of α-DB isoforms 1 and 2 but the loss of sarcoglycan does not affect the 

localization in mice [20, 25, 26]. It is important to note that the immunofluorescent detection 
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of a protein near the sarcolemma does not provide information about its biochemical 

stability within the subsarcolemmal compartment.

The skeletal muscle phenotype of α-DB null mouse (adbn−/−) includes abundant central 

nuclei, inflammatory cell infiltration, and fibrosis, although generally not as severe as that 

seen in the dystrophin null (mdx) mouse [27]. The functional role of α-DB in the heart is 

even less well understood, with mild patchy fibrosis being the only evidence of disease [27]. 

Here we show that the absence of α-DB results in a heart that is highly susceptible to injury 

during cardiac stress and provide further evidence that this susceptibility occurs secondarily 

to a weakening of dystrophin's interaction with the membrane-bound DGC, resulting in the 

significant loss of membrane integrity. The studies presented here also provide evidence that 

α-DB is an important modulator of cardiac myocyte hypertrophy and microtubule structure. 

We conclude that α-DB is an important anchor enhancing dystrophin's binding to the DGC 

and we propose that including the dystrobrevin binding domain will significantly improve 

the functionality of truncated dystrophin constructs designed for virus-mediated therapy for 

DMD.

2. MATERIAL AND METHODS

2.1 Animals

Control (C57BL/6J control for adbn−/−, C57BL/10SnJ control for mdx), mdx (C57BL/10 

ScSn-Dmdmdx/J) and β-SG null (B6.129-Sgcbtm1Kcam/1J) mouse colonies were 

established at the University of Minnesota from breeding pairs obtained from Jackson 

Laboratories (Bar Harbor, ME, USA). Adbn−/− [27] maintained on C57BL/6J background 

mouse colonies were established from breeding pairs obtained from Dr. Jeffrey Chamberlain 

(University of Washington). The mice were fed standard chow diet ad libitum and were 

housed in a room with 12-hour light and dark cycles. Unless stated otherwise, mice between 

4-7 months were studied. The University of Minnesota Institutional Animal Care and Use 

Committee approved all animal procedures.

2.2 Chronic isoproterenol stress

Wild type (C57BL/10) (n=9), adbn−/− (n=12) and mdx (n=12) mice received isoproterenol 

hydrochloride (10 mg/kg) intraperitoneally three times a day for four days and two doses on 

the 5th day. This isoproterenol stress test was optimized in pilot studies and the 10 mg/kg 

dose clearly delineated a significant survival difference between C57BL/10 and mdx mice. 

Animals were monitored and the time of death was recorded. Hearts were harvested, snap 

frozen, and processed for immunochemistry at the end point of the study, which was 

determined by the time of death or the end of the experimental protocol (5 days; 14 doses 

total). Kaplan-Meier method was used to create survival curves, followed by a Log-rank 

(Mantel-Cox) test to determine differences in survival (Prizm, Graph Pad, La Jolla, CA).

Similarly, a low-dose isoproterenol stress test was performed by administering 3 mg/kg of 

isoproterenol hydrochloride three times a day (5 days; 14 doses total) to wild type 

(C57BL/6) (n=4) and adbn−/− (n=4). At the end of the study, hearts were snap frozen and 

processed for immunofluorescence.
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2.3 Histopathology, cell size and immunofluorescence of whole heart sections

Frozen hearts were embedded in Tissue-Tek O.C.T. Compound (Andwin Scientific, 

Woodland Hills, CA). Tissue blocks were cut into 7 μm-thick sections and probed with 

antibodies against dystrophin 1:100 (Abcam, ab15277, Cambridge, MA) and laminin 1:1000 

(Sigma, L9393, St. Louis, MO) according to a standard staining protocol. Secondary 

antibodies (Invitrogen, Carlsbad, CA) were used to visualize dystrophin and laminin (goat 

anti-rabbit Alexa-488) and endogenous mouse IgG (goat anti-mouse Alexa-594). Stained 

sections were mounted using ProLong Gold Antifade Reagent (Invitrogen).

Images of whole heart sections were acquired on a Zeiss Axio Imager M1 microscope 

(Zeiss, Thornwood, NY) using AxioVision software (Zeiss) or a Nikon AZ100 Motorized 

Fluorescence Microscope (Nikon, Melville, NY). Measuring the levels of IgG infiltration 

into individual cardiomyocytes was used to assess the loss of myocardial membrane 

integrity. Starting in the upper left hand corner of the section non-overlapping 10x images 

were collected processing left to right across the section. When the right edge of the section 

was reached the field of view was moved vertically to begin collecting non-overlapping 

images right to left. This pattern was continued until the bottom of the section was reached. 

Only the edges of the tissue and laminin staining provided cues for image collection, the 

presence or absence of a lesion had no effect on which images were collected. The series of 

collected images included samples from the majority of the myocardial tissue. All 

subsequent image analysis was performed in a blinded fashion. Collected images were 

separated into IgG and laminin images, a threshold was set in the IgG channel that 

optimized the labeling of IgG positive areas. Total myocardial area was calculated using a 

threshold of the laminin staining that included the baseline autofluorescence. The percentage 

of myocardial tissue positive for IgG was calculated by dividing the number of pixels in the 

thresholded IgG channel by the number of pixels of myocardial tissue. This analysis was 

performed using ImageJ [30].

The calculation of in vivo cross-section myocyte area was performed using cardiac sections 

of either untreated hearts or hearts that were subjected to a low-dose, non-lethal, 

isoproterenol challenge. Using laminin immunofluorescence to define the edge of the 

myocytes, cross-sectional area was calculated using GNU Image Manipulation Program 

(GIMP). For the comparison of only two groups a t-test was used. Multiple comparisons 

used a one-way ANOVA followed by a Tukey's post-hoc analysis.

Some sections were stained with hematoxylin and eosin using standard staining procedures. 

Images were evaluated for evidence of myocardial injury.

2.4 Isolation of mouse cardiomyocytes

Isolation of mouse cardiomyocytes was modified from a previously published procedure 

[31]. Hearts were excised from animals anesthetized with sodium pentobarbital and their 

ascending aorta was cannulated and mounted on a perfusion aperture to allow perfusion of 

coronary vasculature. Hearts were perfused for 4 min with cell isolation buffer that 

contained (in mM): 113 NaCl, 4.7 KCl, 1.2 MgSO4, 0.6 NaH2PO4, 0.6 KH2PO4 10 2,3- 

butanedione monoxime, 30 taurine, and 20 glucose. Subsequently, cell isolation buffer 

Strakova et al. Page 4

J Mol Cell Cardiol. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



containing 620 U/ml collagenase, 0.015 mg/ml DNase I, and 0.104 mg/ml protease XIV was 

perfused for 10 minutes. Digested hearts were triturated in the collagenase-containing buffer 

to free individual myocytes. Cardiomyocytes were plated on laminin-coated glass slides 

(Millicell EZ slide, Millipore, Millipore Billerica, MA) in M199 media (Sigma, St. Louis, 

MO) containing 0.02% BSA and 5% fetal bovine serum.

2.5 Primary cardiomyocytes immunofluorescence and cell size

Immunofluorescence—Freshly isolated adult mouse cardiomyocytes were fixed with 

2% paraformaldehyde, blocked with 0.1 M glycine to quench free aldehyde groups, 

permeabilized with 0.5% Triton X-100, incubated with 1% sodium borohydrate to limit 

auto-fluorescence and blocked with 20% goat serum. Primary antibody against α-tubulin 

(1:200, Millipore, 05-829, clone DM1A) or α-actinin (1:500, Abcam, ab9465 [EA-53]) and 

secondary anti-mouse antibody (1:300) conjugated to Alexa Fluor-488 (Molecular Probes, 

Grand Island, NY, A11029) were used. Slides were mounted using ProLong Gold Antifade 

Reagent (Invitrogen) and imaged on a Zeiss LSM 510 Meta confocal microscope (Zeiss). To 

achieve uniform evaluation, the middle Z-plane of each cell was imaged with a 63x oil 

immersion objective and contrast and brightness were adjusted using ImageJ software [30]. 

Images are representative of n≥3 mice per genotype, and 10 cells were evaluated per mouse.

Cell size—C57BL/6 and adbn−/− derived cells were plated into 6-well tissue culture dishes 

and imaged on an Olympus IMT-2 (Olympus, Center Valley, PA) with 20× objective. Cell 

length and width was measured using Image J [30]. Each cardiomyocyte was regarded as an 

individual measurement for statistical analysis. A t-test was used to determine differences 

between the two genotypes.

2.6 Microtubule directionality

Microtubule organization was analyzed using texture detection technique (TeDT) [32]. 

Confocal images of cardiomyocyte α-tubulin immunofluorescence were analyzed. Analysis 

required selection of cellular regions that were representative of the α-tubulin staining. 

Selections were made as large as possible, but areas around the nucleus were avoided 

because they display characteristic perinuclear organization that is distinct from the 

sacromeric microtubule network. A two-way ANOVA was used to assess the statistical 

differences between the directionality histograms of C57BL/10 vs. adbn−/− and C57BL/10 

vs. mdx.

2.7 Immunoprecipitation

Frozen hearts were pulverized and solubilized in homogenization buffer (1% Digitonin, 

0.05% NP-40, 150 mM NaCl, and 50 mM Tris, pH 7.4) in the presence of proteases 

inhibitor cocktail (Roche Diagnostics, Indianapolis, IN) [33]. The following procedures 

were performed at 4°C. Homogenates were solubilized by gentle shaking for 1 h, 

centrifuged at 16,100xg for 99 min and the supernatant was pre-cleared with protein G 

agarose beads (Cell Signaling, Danvers, MA) for 1h. Protein concentration of the 

homogenate was adjusted (0.8 μg protein/μl) and antibody against dystrophin (Abcam, 

ab15277) was added. Following an overnight incubation, protein G agarose beads were 

added for 1 h, washed in the homogenization buffer without digitonin and proteins were 
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eluted by boiling with reducing sample buffer for western blot analysis. Control (data not 

shown) immunoprecipitations without addition of anti-dystrophin antibody or in the 

presence of unrelated antibody were performed to determine specificity of the interaction. 

Furthermore, each an immunoprecipitation reaction blot was probed for the presence of α-

actinin, which was present in the homogenates but absent from the eluted fractions.

2.8 WGA assay

Dystrophin's association with the DGC was assessed by isolating glycoprotein from heart 

homogenates by wheat germ agglutinin (WGA) pull down, as described previously [19]. 

Hearts were solubilized in homogenization buffer (HB; 50 mM Tris-HCl, 500 mM NaCl, 1 

mM digitonin, and protease inhibitors). Solubilized homogenates were centrifuged at 

20,000xg for 20 min at 4°C and supernatant was incubated with WGA beads (Vector 

Laboratories, Burlingame, CA) for 2 hours at 4°C. Following several washes to remove 

nonbound proteins and proteins that weakly associate with glycosylated WGA-binding 

proteins, sample buffer was added and WGA-bound proteins were eluted by boiling. 

Western blot was used to quantify proteins eluted from the beads. Primary antibodies against 

dystrophin (Abcam, ab15277) and β-dystroglycan (Vector Laboratories, VP-13205) and 

secondary antibodies goat anti-mouse (Molecular Probes, A21109) and goat anti-rabbit both 

conjugated to Alexa Fluor-680 (Molecular Probes, A21058) were used. Fluorescent signals 

were scanned using Odyssey Imaging System (Li-Cor, Lincoln, Nebraska). Dystrophin's 

association with DGC was determined as the ratio of fluorescence intensities of dystrophin 

to β-dystroglycan in the same WGA-elution. A one-way ANOVA with Tukey post-test was 

used to determine statistical difference.

2.9 Tissue and cell homogenates

Frozen hearts were pulverized and solubilized in 1 ml of homogenization buffer that 

consisted of 50 mM Tris (pH 7.4), 1 mM EDTA, 588 mM KCl, 1 mM DTT, 1% Triton 

X-100, and protease inhibitors and incubated for 2 hours at 4°C with gently rocking. 

Homogenates were diluted 1:1 in homogenization buffer without KCl and centrifuged at 

14,000×g for 10 min at 4°C. The supernatant was aliquoted and stored at -80 °C until 

analyzed.

3. RESULTS

3.1 Cardiac role of dystrobrevin revealed by chronic cardiac stress testing

Invasive cardiac catheterization of adbn−/− mice reveals normal hemodynamic function at 

baseline and following acute dobutamine administration (Supplemental Table 1). To further 

assess the functional cardiac reserve in adbn−/− mice, a chronic high-dose isoproterenol 

stress test (30 mg/kg/day) was performed. This five-day protocol is well tolerated by wild 

type mice, but both adbn−/− and mdx mice display significant mortality (Fig. 1). The loss of 

membrane integrity is a prevalent consequence of cardiac stress in the absence of dystrophin 

in the mdx heart [28, 34] and this isoproterenol challenge results in significant IgG 

infiltration into cardiomyocytes in mdx hearts. It is important to note that there are relatively 

low levels of myocardial injury evident in untreated mice of the ages used in the current 

study (Fig. 2). Interestingly, despite expressing normal levels of full-length dystrophin, 
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adbn−/− hearts display a level of injury similar to that seen in mdx hearts (Fig. 2). This data 

suggests that disruption of the membrane is also a fundamental feature of cardiac damage in 

the adbn−/− heart. Importantly, there is no significant post-mortem IgG infiltration observed 

in hearts up to 16 hours after death with the carcass kept at room temperature (data not 

shown), validating the utility of this assay to understand the cause of death in this survival 

assay. In animals that survive long enough to develop it, fibrosis and scar tissue are present 

in all genotypes. These changes were more prevalent in animals with longer survival times 

(Fig. 3A and Supplemental Fig. 1), consistent with these animals having sufficient time to 

develop an organized area of fibrosis. These mature lesions also display an increase in 

CD11b positive cells (Supplemental Fig. 2), indicating an increase in macrophage 

infiltration. Importantly, the isoproterenol stress testing has no effect on dystrophin 

localization (Fig. 3B).

3.2 Alpha-dystrobrevin significantly contributes to anchoring dystrophin to the 
sarcolemma, by strengthening the interaction with the DGC

Given dystrophin's proposed role as a mechanical buffer, we next investigated the strength 

of its association with DGC in the absence of α-DB. It is important to note that changes in 

whole cell β-DG, and trends for reduced dystrophin and β-SG are observed in the absence of 

α-DB (Fig. 4A&B), but the ratio of dystrophin to β-DG in homogenates is constant across 

genotypes. Wheat germ agglutinin (WGA) pull-down assays were performed to determine 

the ratio of dystrophin:β-DG in WGA-bound fractions as a measure of dystrophin's 

interaction with the membrane-bound DGC. In this assay, glycosylated proteins (such as the 

DGC) and proteins that tightly associate with these glycosylated proteins are pulled down, 

whereas weakly associated proteins are washed away. These studies demonstrate that WGA 

enriched membranes derived from adbn−/− hearts contain significantly less dystrophin 

relative to β-DG (30 ± 15% of control values; Fig. 4C and 4D); the remaining dystrophin is 

found in non-eluted fractions. Previous studies have shown that α-DB interacts with the 

transmembrane sarcoglycan complex [20]. We hypothesized that the sacroglycan complex 

would be essential for α-DB to improve the strength of dystrophin's binding to the DGC. To 

test this, β-SG null hearts, in which all components of the sarcoglycan complex are markedly 

reduced, were used to assess the role of the sacroglycan complex on dystrophin binding to 

the membrane-bound β-DG. Similar to adbn−/−, WGA-enriched membranes from β-SG null 

hearts contain a significantly lower dystrophin:β-DG ratio (29% ± 2% of control; Fig 4C and 

4D). To further assess the role of α-DB in mediating the interaction between dystrophin and 

the membrane-bound DGC, dystrophin was immunoprecipitated and the levels of β-DG 

were assessed. In wild type hearts β-DG is readily detected in the eluted fraction. In 

agreement with the WGA data, the levels of β-DG present in the eluted fractions from either 

adbn−/− or β-SG null hearts are almost undetectable (Fig. 4E and 4F). These data support a 

model where α-DB strengthens dystrophin's association with the sarcolemma by serving as a 

link between dystrophin and the sarcoglycan complex. Importantly, this weakened 

interaction between dystrophin and the membrane had no effect on the subcellular 

localization of dystrophin in the heart (Fig. 5A). Furthermore, visualization of the Z-disc 

protein α-actinin shows normal sarcomere organization in both adbn−/− and mdx mice (Fig. 

5B) indicating that at 4-7 months of age the organization of the sarcomere is not visibly 

affected. Additional studies of one-year-old adbn−/− mice reveal very little evidence of 
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myocardial lesions (data not shown). This is in contrast to mdx mice, which display 

significant cardiac lesions by one year of age.

3.3 Abnormal cardiac size in adbn −/− mice

In humans, mutation in the α-DB gene has been associated with left ventricular non-

compaction and congenital heart disease [18]. Morphometric analysis of adbn−/− hearts do 

not show any evidence of left ventricular non-compaction (Supplemental Fig. 3). 

Comparison of the heart to body weight ratio of wild type and adbn−/− mice reveals that the 

relative size of the hearts of adbn−/− mice is significantly smaller than that of wild type 

hearts (Fig. 6A). Measurements of in situ cardiomyocyte cross-sectional areas and the 

longitudinal areas of isolated cardiomyocytes demonstrate that adbn−/− derived cells are 

significantly smaller than myocytes from wild type hearts (Table 1 and Fig. 6B-D). 

Quantitative analysis of the key regulator of cardiomyocyte size, phospho-Akt (Thr308 and 

Ser473) does not reveal any differences in the basal state of phosphorylated (activated) Akt 

in untreated abdn−/− mice (Supplemental Fig. 4). Chronic administration of a low dose of 

isoproterenol (3 mg/kg) that does not cause mortality in adbn−/− mice results in significant 

levels of hypertrophy in wild type hearts, but this hypertrophic response is significantly 

attenuated in adbn−/− myocytes (Fig. 6C,D).

3.4 Microtubule network organization and density in adbn −/−

In skeletal muscle, the absence of dystrophin results in the disorganization of the cortical 

microtubule network and increased tubulin expression [35-37]. While the microtubular 

disorder in skeletal muscle may be secondary to fiber regeneration, it is also present in the 

myocardium during the later stages of the disease progression [38]. Cardiomyocytes derived 

from older mdx mice show increased α-tubulin expression and microtubule network density 

[38]. We see similar results in old (>10 months) but not in adult (<7 months) mdx mice 

(Supplemental Fig. 5). Interestingly, analysis of α-tubulin confocal images reveals a small 

increase in microtubule network density in younger adbn−/− myocytes (Supplemental Fig. 

5), suggesting that the microtubule phenotype is present earlier in adbn−/− myocytes 

compared to mdx, although strain effects complicate the interpretation of these results. 

Importantly, both mdx and adbn−/− hearts express normal levels of total α-tubulin 

(Supplemental Fig. 6). In wild type myocytes, longitudinally distributed α-tubulin fibers 

predominate the network throughout the cell. However, in adbn−/− and mdx myocytes there 

is a noticeable increase in α-tubulin fibers oriented orthogonally to the long axis of the cell 

(Fig. 7A). The overall organization of microtubule network was quantified by TeDT 

analysis [32]. This analysis confirms that mdx and adbn−/− cardiomyocytes contained a 

significant increase (P<0.0001) in fibers oriented orthogonally to the longitudinal axis of the 

cell (increase encompassed approximately 80° to 110° relative to the longitudinal axis of the 

cell; Fig.7B,C).

4. DISSCUSSION

The work presented here provides evidence that α-DB significantly strengthens the 

interaction between dystrophin and the membrane-bound DGC through its interactions with 

dystrophin and the sarcoglycan (SG) complex. In the absence of α-DB or the SG complex, 

Strakova et al. Page 8

J Mol Cell Cardiol. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



dystrophin is properly localized to the sarcolemmal membrane. However, our data suggest 

that the strength of dystrophin's binding to the DGC and thus its protective action are 

suboptimal. Our results show that in the absence of α-DB or the SG complex, only 

approximately 30% of dystrophin remains strongly bound to the membrane-bound DGC, 

suggesting that α-DB mechanically reinforces dystrophin's interaction with the membrane 

by increasing its affinity to the DGC. The residual tightly bound dystrophin likely 

contributes to the normal passive properties of myocytes lacking the sarcoglycan complex 

[39]. In adbn−/− mice, this residual dystrophin binding prevents skeletal muscle dysfunction 

[19], supports normal baseline and dobutamine-stimulated cardiac function, and limits age-

related accumulation of myocardial injury. However, the significant chronic cardiac stress 

used in this study unveils a significant cardiomyopathy in adbn−/− mice resulting in severe 

sarcolemmal damage and an overall level of mortality comparable to mdx mice that 

completely lack dystrophin. We propose that the cardiac stress protocol implemented in this 

study creates significant long-lasting increases in cardiac contractility and that this sustained 

activity eventually overwhelms the weakened interaction between dystrophin and the 

membrane-bound DGC.

Our data supports a model where α-DB forms a bridge between dystrophin and the 

sarcoglycan complex. The domain through which α-DB interacts with dystrophin is a well-

defined coiled-coil domain that is present in near the C-terminal of both dystrophin and α-

DB [11]. There is evidence that α-DB interacts directly with solubilized the SG complex in 

a protein complex that includes neither dystrophin nor dystroglycan [20]. The specific 

domains mediating this binding are currently unknown. This study also provides 

experimental evidence for a potential mechanism to understand the increased functionality 

of μ- dystrophin constructs containing the α-DB binding domain in skeletal muscle [40]. 

These important studies demonstrate that inclusion of the α-DB binding domain provides 

more protection against lengthening-contractions than expression of constructs that cannot 

bind to α-DB. It is not clear if a similar improvement would be present in the heart, but 

these studies suggest that inclusion of this domain would provide additional strength to the 

binding of a μ-dystrophin construct to the DGC.

The mechanisms underlying the reduced levels of β-DG in the absence of either α-DB or β-

SG are not clear. These observations are consistent with the model described above where 

α-DB functions to stabilize the entire DGC and this destabilized DGC is more susceptible to 

degradation. The decreases in the DGC components observed in the current study are 

somewhat surprising in the myocardium where the DGC is present at normal levels in the 

absence of dystrophin [29, 41-43]. These data suggest the possibility that α-DB also has a 

role in determining the steady-state levels of the DGC complex.

The adbn−/− mouse has a reduced heart to body weight ratio and significantly smaller 

cardiomyocytes that have an attenuated response to isoproterenol-induced hypertrophy to 

the same extent as the wild type cells. Akt signaling has been implicated in the regulation of 

both physiological and pathological forms of hypertrophy, but as demonstrated here, Akt 

phosphorylation under basal conditions was unchanged in the adbn−/− hearts. This data 

suggests that α-DB has a role in both developmental and induced cardiomyocyte 
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hypertrophy. The molecular basis by which α-DB modulates cell size remains to be 

elucidated.

Alteration of the microtubule network has been associated with contractile dysfunction and, 

at least in skeletal muscle, it is becoming clear that dystrophin plays a role. Dystrophin binds 

directly to microtubule filaments and in skeletal muscle the absence of dystrophin results in 

a disorganized network containing dense foci of polymerized tubulin [37]. Here we observe 

a small increase in the density of microtubule fibers in the adbn−/− cardiomyocytes, which is 

absent from young mdx. In older mdx myocytes, significant increases in tubulin density are 

evident, consistent with previously published work [38]. These data suggest that significant 

increases in microtubular density correlates with more advanced disease and that adbn−/− 

mice develop these microtubular changes earlier than in mdx myocytes. As is observed in 

human cardiac myocytes [44], the mouse myocytes in this study display a predominance of 

microtubular fibers oriented along the longitudinal axis of the cell. The pathophysiological 

significance of the increased levels of microtubular fibers that run perpendicular to the long 

axis of the cell in the dystrophic myocytes is not clear. It is important to note that the 

changes in microtubule organization that we report here are occurring in the middle of the 

cell. Therefore, any changes in network structure are unlikely to occur secondarily to direct 

interaction with dystrophin or α-DB, but rather result from changes that affect the entire 

cell. The similar change in microtubule organization in adbn−/− and mdx is another example 

of how the cardiac disease in these two genotypes overlaps, suggesting that they share the 

same underlying pathological mechanisms. In addition to its interaction with dystrophin, α-

DB also associates with tubulin [45] in non-myocyte cells, although such interaction has not 

been reported in muscle cells. α-DB has also been shown to interact with several 

intermediate filament proteins [46, 47], the functional significance of which remains 

unclear.

This work has potential implications for the design of truncated dystrophins destined for use 

as genetic therapeutics. Virus-mediated gene therapy has the potential to restore dystrophin 

expression through tissue-specific introduction of genetic material. However, the size of the 

dystrophin transcript exceeds the capacity of the most effective viral delivery vectors and 

thus there is a need to create functional truncated dystrophin constructs. Dystrophin's 

domain structure is well characterized and several highly functional μ-dystrophins have been 

generated and evaluated [29, 48-51]. These studies demonstrate that these truncated 

dystrophins provide significant, but not complete, functional replacement of full-length 

dystrophin. An important feature of these constructs is that they all use a highly truncated C-

terminal domain of dystrophin that does not contain the α-DB binding site [48]. There has 

been one study assessing the function of a C-terminally extended μ-dystrophin, which was 

found to be superior to prior μ-dystrophin [40]. Our study provides a potential mechanism 

for the functional improvement observed in this study.

5. CONCLUSION

In summary, our data indicates that α-DB is a multifunctional protein that is involved in the 

determination of cardiomyocyte size and potentiates dystrophin function. Given that mice 

expressing full-length dystrophin, but lacking α-DB, are highly susceptible to membrane 
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damage with cardiac stress, our data demonstrate the importance of the dystrophin-α-DB 

interaction for membrane protection. Furthermore, these data suggest that genetically 

engineered dystrophin constructs containing the α-DB binding domain may also have 

increased affinity for the membrane-bound DGC, which would be expected to increase the 

functionality of the dystrophin construct.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Isoproterenol challenge causes significant membrane damage in adbn−/− mice, 

despite the presence of full-length dystrophin.

• Dystrophin's interaction with dystrophin-glycoprotein complex is weakened in 

the absence of dystrobrevin.

• Hearts and cardiomyocytes are smaller in adbn−/− mice.

• Microtubule density and orientation is affected in adbn−/− mice.

• Together these findings have significant implications for the design of truncated 

dystrophins for gene therapy.
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Figure 1. Chronic high dose isoproterenol challenge reveals heart insufficiency in adbn−/−

Survival curves of C57BL/10 (n=9), adbn−/− (n=12) and mdx (n=12) mice subjected to a 

high-dose (30 mg/kg/day) isoproterenol test. Survival curves were generated using Kaplan-

Meier method, Log-rank (Mantel-Cox) test was used to determine significant differences in 

survival from wild type; *P=0.0030: #P<0.0001.
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Figure 2. Increased IgG infiltration into dystrophic cardiac myocytes
(A-F) Representative heart sections/lesions from C57BL/10 (A.B). adbn−/− (CDI and mdx 

(E.F) mice at a baseline (A,C,E) or subjected to a high-dose isoproterenol test. Laminin is in 

green and IgG in red. The scales are equivalent and the bar represents 100 μm. (G,H) 

Quantification of myocardial injury as the amount of IgG infiltrated into cardiomyocytes at a 

baseline (G) and following isoproterenol test. Results are expressed relative to heart area. 

Results are presented as mean ± SEM (n=4-9); **P<0.005 vs. C57BL/10.

Strakova et al. Page 17

J Mol Cell Cardiol. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3. Histopatholoqical lesions and dystrophin expression in hearts following a high-dose 
isoproterenol challenge
(A) Representative heart sections from mice subjected to high-dose isoproterenol test (30 

mg/kg/day) stained with hematoxylin and eosin (H&E) show development of scar tissue in 

C57BL/10. adbn−/−, and mdx. Mice of each genotype that survived the longest are shown: 

C57BL/10 (120 h), adbn−/− (120 h). mdx (91 h). Bar represents 50 μm. (B) Representative 

images of heart sections from mice subjected to high dose isoproterenol test probed for 

dystrophin showing subcellular distribution of dystrophin in adbn−/− hearts is not different. 

Bar represents 100 μm.
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Figure 4. Alpha-dystrobrevin increases dystrophin binding to the membrane bound β-
dystroqlycan
(A) Representative western blots showing the amount of dystrophin (Dys), β-dystrogvcan 

(β-DG) and β-sarcoqlycan (β-SG) in the heart homogenates from C57BU6. adbn−/− and β-

sarcoalvcan (β-SG−/−) mice. (B) Quantification of dystrophin. β-DG and β-SG. relative to α-

actinin (n=3). (C) Representative western blot showing the amount of dystrophin and β-DG 

that was associated with wheat germ agglutinin (WGA). (D) Quantification of the 

dystrophin:β-DG ratio associated with WGA(n=4). (E) Immunoprecipitation (IP). 

Representative western blot showing the amount of dystrophin and β-DG that was pulled 

down an anti-dystrophin antibody. (F) Quantification of the β-DG:dystrophin ratio in the 

dystrophin IP (n=3). Results are presented as mean ± SEM, *P<0.05 vs. C57BL/6.
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Figure 5. Adbrr−/− hearts have normal dystrophin localization and sarcomere pattern
(A) Representative heart sections showing dystrophin expression in untreated C57BL/10, 

adbn−/−. and mdx hearts: n=3 per genotype: bar represents 100 μm; mixed gender. (B) 

Representative confocal images of primary cardiomyocytes showing expression of α-actinin 

in C57BL/10, adbn−/−, and mdx mice; bar represents 5 μm; n=2 per genotype; 10 cells 

evaluated per genotype.
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Figure 6. Adbn−/− cardiac myocytes have smaller cross-sectional area and have attenuated 
hypertrophy following chronic treatment with low-dose isoproterenol
(A)Heart to body weight ratio in C57BL/6 female (n=10) and male (n=10); adbn−/− female 

(n=6) and male (n=13) mice. (B) Longitudinal cell area (length × width) of cardiomyocytes 

isolated from C57BL/6 (n=4, 76-216 cells/heart) and adbn−/− (n=3, 81-170 cells/heart). (C) 

Quantification of cross-sectional area of in situ cardiomyocytes determined from laminin-

stained heart sections from C57BL/6 (white) and adbn−/− (grey) mice. Saline and low-dose 

isoproterenol treatment groups are shown. (D) Shows the fold increase in the cross-sectional 

area of myocytes in hearts treated with low-dose isoproterenol-treated hearts relative to 

saline-treated controls. Data are presented as mean ± SEM, * signifies difference from saline 

treated C57BL/6 (P<0.05), # indicates a significant difference from saline treated adbn−/− 

(P<0.05), *”* denotes a significant difference between indicated pairs (P<0.0001), and ‡ 

demonstrates a significant difference from C57BL/6 (P<0.05).
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Figure 7. Microtubule directionality is affected in adbn−/− cardiomyocytes
(A) Representative confocal images of α-tubulin (green) immunofluorescence in 

cardiomyocytes (n≥3 mice with 10 cells/heart). DAPI is in blue. Bar represents 20 μm. (B) 

Microtubule orientation determined by TeDT analysis; 0° is defied as the longitudinal axis 

of the cell. Note that the error bars have been omitted to clarify the overall trends. The 

dashed lines indicate the area that is detailed in (C). (C) Magnification of the highlighted 

region of the orientation analysis shown in (B), with error bars, demonstrating the 

significantly increased prevalence of orthogonally directed microtubules in both mdx and 

adbn−/− myocytes (n≥3 mice with 10 cells/hearts). *Signifies difference between C57BL/10 

and mdx. P=0.0001 and #Signifies difference between C57BL/10 and adbn−/−. P<0.0001 by 

2-way ANOVA.
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Table 1

Heart weight, body weight and cardiomyocyte dimensions.

C57BL/6 adbn−/−

Body weight females (g) 21.3 ± 0.3 22.7 ± 1.9

Heart weight females (mg) 98.0 ± 2.9 90.9 ± 5.9

Body weight males (g) 29.5 ± 0.6 35.6 ± 1.4**

Heart weight males (mg) 139.0 ± 6.8 130.7 ± 3.5

Cell width males (μm) 31.4 ± 0.4
29.6 ± 0.5

**

Cell length males (μm) 130.3 ± 1.2 130.6 ± 1.5

Heart weight, body weight: C57BL/6 females (n=10), C57BL/6 males (n=10), adbn−/− females (n=6), adbn−/− males (n=13). Cell width and 

length: C57BL/6 male (n=4, 76-216 cells/heart) and adbn−/− males (n=3, 81-170 cells/heart). Data are expressed as mean ± SEM

**
P < 0.005 vs. C57BL/6.
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