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Limb-girdle muscular dystrophy 2B, Miyoshi myop-
athy, and distal myopathy of anterior tibialis are se-
verely debilitating muscular dystrophies caused by
genetically determined dysferlin deficiency. In these
muscular dystrophies, it is the repair, not the struc-
ture, of the plasma membrane that is impaired.
Though much is known about the effects of dysferlin
deficiency in skeletal muscle, little is known about the
role of dysferlin in maintenance of cardiomyocytes.
Recent evidence suggests that dysferlin deficiency af-
fects cardiac muscle , leading to cardiomyopathy
when stressed. However, neither the morphological
location of dysferlin in the cardiomyocyte nor the
progression of the disease with age are known. In this
study, we examined a mouse model of dysferlinopa-
thy using light and electron microscopy as well as
echocardiography and conscious electrocardiogra-
phy. We determined that dysferlin is normally local-
ized to the intercalated disk and sarcoplasm of the
cardiomyocytes. In the absence of dysferlin, cardio-
myocyte membrane damage occurs and is localized to
the intercalated disk and sarcoplasm. This damage
results in transient functional deficits at 10 months of
age, but, unlike in skeletal muscle, the cell injury is
sublethal and causes only mild cardiomyopathy even
at advanced ages. (Am J Pathol 2009, 175:2299–2308; DOI:
10.2353/ajpath.2009.080930)

Plasma membrane damage in mechanically active cells
such as the myocyte is inevitable even under normal
physiological conditions.1,2 Since membranes are not
self-sealing, effective and efficient repair mechanisms
are necessary to maintain cell viability. Dysferlin plays a
central role in this active repair mechanism in skeletal
muscle. In the absence of dysferlin disruptions of the

skeletal muscle plasma membrane are not repaired lead-
ing to cell death.3 Skeletal muscle can regenerate new
cells from satellite cells but eventually even this response
is exhausted, and lost myocytes are replaced by fat and
fibrosis resulting in debilitating muscular dystrophy.

Limb-girdle muscular dystrophy type 2 B (LGMD2B),
Miyoshi myopathy, and distal myopathy of anterior tibialis
are three clinically distinct forms of muscular dystrophy
that are caused by mutations within the dysferlin (DYSF)
gene resulting in severe to complete deficiency of dys-
ferlin expression.4,5 Clinically, these dysferlinopathies
start in young adulthood with progressive muscle weak-
ness and atrophy that advances to severe disability in
older adulthood.

Dysferlin is a 273 kDa membrane-spanning protein
with multiple C2 domains that bind calcium, phospholip-
ids, and proteins to then trigger signaling events, vesicle
trafficking, and membrane fusion.6,7 The name “dysferlin”
reflects the homology with FER-1, the Caenorhabditis el-
egans spermatogenesis factor involved in the fusion of
vesicles with the plasma membrane, as well as the dys-
trophic phenotype associated with its deficiency.5 Dys-
ferlin is crucial to calcium dependent membrane repair in
muscle cells.3,8 In normal skeletal muscle, sarcolemma
injuries lead to the accumulation of dysferlin-enriched
membrane patches and resealing of the membrane in the
presence of Ca2�.3,9

While the profound effect of dysferlin deficiency in
skeletal muscle has been the subject of much investiga-
tion, the effect of dysferlin deficiency in cardiac muscle
has largely been ignored. However, in 2004, Kuru et
al10 reported on a 57-year-old Japanese woman with
LGMD2B and dilated cardiomyopathy; more recently,
Wenzel et al11 described dilated cardiomyopathy in two
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out of seven patients with LGMD2B and other cardiac
abnormalities in three of the others. These observations
suggest that dysferlin deficiency can lead to cardiomy-
opathy as well as to muscular dystrophy. However, nei-
ther the morphological location of dysferlin in the cardio-
myocyte nor the progression of the disease with age are
known.

Spontaneous mutations in the mouse are valuable re-
sources in understanding human disease processes. Ge-
netically defined mice develop dysferlinopathies closely
resembling LGMD2B, Miyoshi myopathy, and distal my-
opathy of anterior tibialis.12 In 2004, Ho et al12 identified
A/J mice as dysferlin deficient. A retrotransposon inser-
tion in the dysferlin gene was found to result in a null
allele, resulting in skeletal muscle dystrophy that shows
histopathological and ultrastructural features that closely
resemble the human dysferlinopathies of LGMD2B, Miyo-
shi myopathy, and distal myopathy of anterior tibialis.12

The onset of dystrophic features in A/J mice begins in
proximal limb muscles at 4 to 5 months of age and
progresses to severe debilitating muscular dystrophy
over several months. Ho et al12 also found that human
and murine dysferlin share very similar (approximately
90% identity) amino acid sequences. Cardiac muscle
was not included in their study.

Recently, Han et al,8 using sucrose gradient mem-
brane fractionation on homogenates of wild-type C57BL/6J
mouse heart muscle, showed that dysferlin is present in
the cardiomyocyte plasma membrane and intracellular
vesicle fractions. It was proposed that dysferlin is local-
ized to the cardiomyocyte sarcolemma and some uniden-
tified type of vesicles.8 Han et al8 in one study and
Wenzel et al11 in another study showed that the induction
of significant cardiac stress lead to cardiac dysfunction in
dysferlin-deficient mice, but to what extent dysferlin de-
ficiency causes cardiomyopathy by aging alone in pa-
tients clinically affected with the debilitating effects of
LGMD2B, Miyoshi myopathy, or distal myopathy of ante-
rior tibialis is unknown.

In this study, we used the A/J mouse model to study
the effects of aging in mice affected by genetically de-
termined dysferlin deficiency by using echocardiography
and conscious electrocardiography to determine func-
tional changes in vivo, followed postmortem by light and
electron microscopy to determine associated morpholog-
ical changes. We have determined that the normal pri-
mary location for dysferlin in the cardiomyocyte of control
A/HeJ mice is the intercalated disk (ID), and to a lesser
extent, to a distinctive transverse banding pattern within
the sarcoplasm of the cardiomyocyte. We have also de-
termined that in the dysferlin-deficient cardiomyocyte
there is evidence of membrane damage at these loca-
tions. We also present data that show functional car-
diac deficits were present in vivo at around 10 months
of age then recovered by 12 months. Histopathology
showed that under normal laboratory conditions dysferlin
deficiency causes only a mild cardiomyopathy even at
advanced ages, suggesting the possibility of dysferlin-
independent membrane repair mechanisms in cardiac
muscle that do not exist in skeletal muscle.

Materials and Methods

Animals

Both A/J and the substrain A/HeJ mice were obtained
from the Jackson Laboratory (Bar Harbor, ME). All ani-
mals were bred, housed, and maintained in a barrier
facility at the Jackson Laboratory under standard condi-
tions with a 12-hour light to 12-hour dark cycle and were
provided food (Purina LabDiet Richmond, Indiana; 6%,
autoclaved) and water ad libitum. The experimental
protocols were approved by the Jackson Laboratory
Institutional Animal Care and Use Committee, and are in
accordance with accepted institutional and governmen-
tal policies.

Histology

All mice in this study were subjected to necropsy and
histopathology. For routine histopathology and immuno-
histochemical studies cardiac and skeletal muscle tis-
sues as well as other tissues were harvested and fixed in
Tellyesniczky/Fekete fixative. Most hearts were sectioned
in either the four chamber longitudinal cut or transversely
at the equator, base, and apex. For animals to be exam-
ined by electron microscopy as well as light microscopy,
perfusion with 2% gluteraldehyde, 2% paraformalde-
hyde, and 0.5% tannic acid was followed by fixation in
Tellyesniczky/Fekete fixative overnight. Tissues were
then dehydrated and paraffin embedded for routine H&E
and Masson’s Trichrome staining.

Morphometric Assessment of Myocardial
Condition

The morphometric index most frequently assessed is
myocardial fibrosis.13 Both semiquantitative and quanti-
tative methods were used as described13,14 to report the
condition of the myocardium.

Briefly, digital photographs of the myocardium were
taken at 400� magnification on an Olympus CX41 (Olym-
pus, Center Valley, PA) microscope equipped with a
Leica DX320 (Lelca, Solms, Germany) color camera us-
ing Leica software. Color-subtractive computer-assisted
image analysis in Image J software (NIH freeware, http://
rsbweb.nih.gov.ij/) was used to quantify the percentage of
collagen as described.14 Additionally, tissues sections
were examined by a board certified veterinary patholo-
gist specializing in murine pathology (O.F.). A semiquan-
titative method was used as described13 in the assess-
ment of the condition of the myocardium and scored as
follows: 0 � normal; 1 � mild degenerative changes,
including vacuolation; 2 � moderate degenerative
changes, including widespread vacuolation with in-
creased fibrosis; and 3 � severe changes including ne-
crosis, large areas of interstitial fibrosis, and significant
loss of cardiomyocytes. The incidental occurrence of the
epicardial fibrosis/calcification lesion that is common in
A/J and other strains of mice was excluded from consid-
eration in this study.
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Immunohistochemistry

Slides of paraffin embedded sections were deparaf-
finized and rehydrated. Endogenous peroxidase activity
was blocked with 3% hydrogen peroxide. Retrievagen A
(BD Biosciences, San Diego, CA) was used per direc-
tions for antigen retrieval. Antigens were denatured with
100 mmol/L glycine in PBS then 0.05% SDS in PBS for 30
minutes at 50°C. Primary antibodies were mouse mono-
clonal anti-dysferlin (Clone Ham1/7B6) (Lab Vision/
NeoMarkers; Fremont, CA) and rabbit polyclonal to
Connexin 43/GJA1 (Abcam; Cambridge, MA). To control
for nonspecific staining mouse on mouse (MOM) (PK-
2200; Vector Laboratories; Burlingame, CA) diluent alone
was applied to control sections. Nonspecific secondary
binding was blocked and sections were developed by
using the peroxidase MOM kit (PK-2200; Vector Labora-
tories) per directions, then counterstained with Meyer’s
Hematoxalin.

Transmission Electron Microscopy

Mice necropsied for transmission electron microscopy
(TEM) were perfused with 2% gluteraldehyde, 2% para-
formaldehyde, and 0.5% tannic acid in 0.1 M cacodylate
buffer, pH 7.4. Tissues for TEM were harvested from the
left ventricle, right ventricle, and the interventricular sep-
tum, then submerged in EM fix, minced, fixed overnight,
then postfixed with 1% osmium tetroxide (0.1 M cacody-
late buffer, pH 7.4). The samples were then rinsed in the
same buffer, dehydrated in a graded series of ethanols,
and embedded in Epon Araldite resin (Electron Micros-
copy Sciences; Hatfield, PA). Ultrathin sections were
poststained with uranyl acetate followed by lead citrate.
Samples were imaged on a JEOL JEM-1230 electron
microscope (Tokyo, Japan) and images were captured
with AMT Advantage CCD 6 Mpix (Danvers, MA) and
Image Capture Engine Software version 54.4.2.236.

Assessment of Cardiac Function

In this longitudinal assessment of cardiovascular func-
tion, echocardiography and conscious electrocardio-
grams were done on groups of control (A/HeJ) and dys-
ferlin-deficient (A/J) mice at 3, 5, 8, 9, 10, 12, 14, and 16
to 18 months of age both male and female. No sex
differences were seen. Cardiac electrical activity was
recorded from conscious mice gently restrained in a
Murine ECG Restrainer plexiglas cylinder (QRS Pheno-
typing, Inc; Calgary, Canada) by using gel-foot pads
(EMPI; St Paul, MN) to collect the signal. Signal acquisi-
tion was obtained by a PowerLab ARV module version
5.5.4 and ECG analysis module for chart version 2 (AD
Instruments; Golden, CO). Mice were allowed to accli-
mate for 5 to 10 minutes after which the ECG signal was
recorded for up to 5 minutes or until a steady baseline
lead I signal was recorded for a 20 to 30 second interval.
All of the standard P, QRS, and T wave intervals and
amplitudes were measured and the signal was averaged
as described.15

Following the conscious electrocardiograms, echocar-
diography was performed on the same groups of A/J and
A/HeJ mice at these ages from 3 to 18 months. The Vevo
770 High-Frequency Ultrasound (Visualsonics; Toronto,
Ontario, Canada) was used to obtain real-time images of
cardiac function. A 30 MHz real-time microvisualization
scan head yielded ultrasonic images with an infiltration
depth of 13 mm, and a capture rate of 100 Hz. Animals
were induced individually with 5% isoflurane at 0.8 L/min
and maintained on 1 to 1.5% isoflurane at 0.8 L/min. Hair
was removed from the ventral thorax with a depilatory
cream, just before standard imaging, measurements,
and calculations were performed as described.15

Statistics

All values are presented as means � SEM. Student’s
paired t-test was applied to determine statistical signifi-
cances. P values �0.05 were considered significant. Sta-
tistical analyses were performed by using Prism software
(Irvine, CA).

Results

In the Normal Cardiomyocyte Dysferlin is
Localized to the ID and Sarcoplasm

Tissue sections of skeletal and cardiac muscle from un-
manipulated control A/HeJ and dysferlin-deficient A/J
mice were stained with anti-dysferlin antibody and horse-
radish peroxidase (HRP). In agreement with the known
localization, dysferlin staining was localized to the sarco-
lemma in skeletal muscle in control A/HeJ mice (Figure
1A). In control cardiac muscle, longitudinally sectioned
cardiomyocytes showed intense staining of the IDs (Fig-
ure 1B). Additionally, in the sarcoplasm there was stain-

Figure 1. A: In control, dysferlin-sufficient A/HeJ mice skeletal muscle dys-
ferlin is localized to lateral sarcolemma (arrow) (HRP anti-dysferlin anti-
body). B: In cardiac muscle of these same control mice, dysferlin is localized
primarily to the ID (arrow). There is also a transverse striated pattern in the
sarcoplasm (HRP anti-dysferlin antibody). C: Cross section of A/J skeletal
muscle stained for dysferlin, showing the lack of staining of the lateral
sarcolemma (HRP anti-dysferlin antibody) (arrow). D: Longitudinal section
of A/J cardiac muscle stained for dysferlin, demonstrating a lack of dysferlin
staining (HRP anti-dysferlin antibody). Original magnification, �1000.
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ing in a transverse striation pattern at regular intervals the
length of a sarcomere. Cardiomyocytes oriented in cross
section did not show dysferlin staining of the lateral sar-
colemma (data not shown). Similar staining patterns were
present at various ages and in Balb/cByJ, C57BR/cdJ,
and C57BL/6J mice (data not shown). In the dysferlin-
deficient A/J mice, staining for dysferlin was negative in
both skeletal muscle (Figure 1C) and cardiac muscle
(Figure 1D).

Routine Histopathology Shows Evidence of Cell
Injury in Cardiomyocytes of Dysferlin-Deficient
A/J Mice

Examination of H&E and Masson’s trichrome stained
hearts of 6-month-old A/HeJ mice showed normal cardi-
omyocytes (Figure 2A) and ID (arrow Figure 2C),
whereas dysferlin-deficient A/J mice showed widespread
sarcoplasmic vacuolar degeneration of the majority of
cardiomyocytes (Figure 2B), often with multiple vacuola-
tions at the ID of cardiomyocytes (arrow Figure 2B), as
well as vacuolations in the sarcoplasm (Figure 2D).

Dysferlin-Deficient Mice Do Not Have
Conduction Disturbances of Myocardium

Since vacuolar degeneration is a manifestation of cell
injury, usually due to membrane damage, and the ID is a
critical structure in the transmission of electrical impulse
from one cardiomyocyte to another, membrane damage
at this location could disrupt electrical conduction. There-
fore, ECGs were done to assess electrical conduction in
the myocardium. The following intervals were measured:
P duration (intra-atrial conduction); PR interval (intra-atrial
and atrio-ventricular conduction); QRS interval (intraven-
tricular conduction); QT interval (ventricular conduction
to repolarization of ventricle); and RR interval (length of

full cycle). Results of these ECGs indicated that none of
these intervals were significantly different in dysferlin-
deficient mice compared with controls at all age intervals
tested from 5 to 20 months (data not shown). In addition,
none of the amplitudes (P, Q, R, S, or T) were significantly
different from those of controls (data not shown).

The only parameter that was significantly different from
the controls was the increased heart rates of 12- to 16-
month-old A/J mice. This increased heart rate peaked at 14
months of age before declining thereafter (Figure 3). There
are several possible explanations for this increased heart
rate (ie, pain and/or declining cardiovascular conditioning
due to skeletal muscle disease, or an early sign of compen-
sation for reduced cardiomyocyte contractility) but it is not
reflective of a conduction disturbance.

Cardiac Function Declines Temporarily at 10
Months in Unmanipulated Dysferlin-Deficient
A/J Mice

High-frequency ultrasound was used to obtain real-time
echocardiographic images to evaluate cardiac function.
Ejection fraction (EF) and fractional shortening (FS) are
echocardiographic indicators of overall cardiac function.
EF, a measure of left ventricular function, is the percent-
age of blood that is pumped out of the ventricle with each
beat. EFs above 60% are considered normal.16 There
was no significant difference in EF between control A/HeJ
(75 to 77%) and dysferlin-deficient A/J mice (71 to 79%)
from 3 months of age to 8 months of age (Figure 4A).
After 8 months the EF of A/J mice declined significantly
until by 10 months of age it was reduced to 61%, while
A/HeJ mice retained a normal EF (82%). By 12 months of
age EF for A/J mice rebounded to 75% and remained
nearly at that level for the next 8 months. The EF of A/HeJ
mice was only slightly higher at 78% during that time.

FS is another measure of left ventricular contractility. It
is a ratio of the difference in the diameter of the left
ventricle between the contracted and the relaxed states.
It has the advantage of being a ratio of actual measure-
ments, whereas ejection fraction is a ratio of three-dimen-
sional quantities derived from two-dimensional measure-
ments. Fractional shortening values greater than 30% are

Figure 2. A: Longitudinal sections showing normal myocardium of the con-
trol A/HeJ mice had histologically normal myocardium and ID. B: Dysferlin-
deficient A/J mice develop vacuolations at the ID. C: An enlargement of
boxed area in A, the normal ID can be seen (arrow). D: An enlargement of
boxed area in B, here vacuolations can be seen at the ID (arrow) and in the
sarcoplasm not associated with the ID (arrowheads). All are H&E stained.
Original magnification: �600 (A and B); �1000 (C and D).

Figure 3. Compared with controls, dysferlin-deficient A/J mice have signifi-
cantly elevated heart rates from 12 to 18 months of age. This increased rate
peaked at 14 months then declined steadily. There were three to eight mice per
group; no sex differences were found so males and females were grouped. *P �
.0169, **P � .0027.
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considered normal.16 As with EF, both A/HeJ and A/J
mice had normal FS of 42 to 47% until 8 months of age
(Figure 4B). From 8 to 10 months of age the FS of A/J but
not A/HeJ decreased to 33%, then rebounded by 12
months of age to 42%. These data suggest that in dys-
ferlin-deficient A/J mice there is a significant deterioration
in contractility from 8 to 10 months of age, and a recovery
from 10 months of age to 12 months of age. Subse-
quently, EF and FS of A/J mice remained slightly below
that of A/HeJ mice but both continue within the range of
normal for the remainder of the study (18 months of age).

Dysferlin-Deficient A/J Mice Show
Ultrastructural Evidence of Membrane
Disruptions of the IDs

To further assess the nature of the early morphological
changes, TEM was done on A/J and A/HeJ mice begin-
ning at 5 months of age. At 5 months of age the ultra-
structure of cardiomyocytes, including the ID, was normal
in A/HeJ mice (Figure 5A) as well as A/J dysferlin-defi-
cient mice (Figure 5B). In 6-month-old A/HeJ control
mice, the IDs were normal (Figure 5C), while in age-
matched dysferlin-deficient A/J mice there were occa-
sionally cardiomyocytes that had membrane disruptions
and/or delaminations (long arrow Figure 5D) associated
with the fascia adherens (FA) portion of the substructure
of the ID. Near the ID there were also occaisonal vacu-
olations (Figure 5E). Some of these vacuolations were
dilations of the sarcoplastic reticulum while others were

mitochondria that were swollen to 5 to 10 times normal
size with destruction of the cristae (high amplitude swell-
ing). TEM also showed that there were similar vacuola-
tions between myofibrils unassociated with the ID. The
desmosomes were normal, and most gap junctions (GJ)
of dysferlin-deficient A/J mice were normal but occasion-
ally there were GJ that appeared distorted yet intact (GJ

Figure 4. A: There was a significant decrease in EF in dysferlin-deficient A/J
mice at 10 months of age followed by recovery at 12 months of age; *P � 0.0204.
B: Similarly, there was a significant decrease in FS in dysferlin-deficient A/J mice
at 10 months of age that recovered by 12 months of age. There were 3 to 14 mice
per group. Since there were no sex differences, males and females were grouped
together.*P � 0.0193.

Figure 5. TEM of unmanipulated dysferlin-sufficient A/HeJ and dysferlin-defi-
cient A/J cardiac muscle. At 5 months of age, both A/HeJ (A) and A/J mice (B)
have normal cardiomyocytes and IDs. At 6 months, as compared with the
normal A/HeJ ID (C) the GJ of the A/J mice (D) are distorted but appear to be
intact. The FA at the ends of the contractile apparatus have been pulled apart and
there is a membrane defect (arrow). Occasionally, there are vacuoles present
near the ID (E). Occasionally, necrotic cardiomyocytes were seen with vacuola-
tions at or near the ID and loss of sarcomeric structure (arrow, F). In some older
A/J mice, there was a marked reduction in the myofibril density, large accumu-
lations of mitochondria, and extracellular collagen (G). C � collagen; D �
desmosome; M � mitochondrion; GJ � gap junction and FA � fascia adherens.
Original magnification: �30,000 (A and B); �50,000 (C and D); �15,000 (E);
�12,000 (F and G).
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in Figure 5D). This is consistent with the normal electrical
conduction seen on the ECGs, and further supported by
normal connexin staining on IHC (Supplemental Figure
S1, see http://ajp.amjpathol.org).

TEM at subsequent ages (8, 10, 12, 14, and 16
months) revealed a persistence of these lesions in A/J
mice but not A/HeJ mice, and in addition they had widely
scattered individual necrotic cardiomyocytes with myelin
figures and vacuolations near the ID (Figure 5F). In the
oldest ages (12, 14, and 16 months) there were occa-
sional cardiomyocytes with decreased myofibril density,
large accumulations of degenerate mitochondria displac-
ing myofibrils, and collagen in the extracellular matrix
(Figure 5G) in both A/J mice and A/HeJ mice.

Aged Dysferlin-Deficient A/J Mice Develop Mild
Cardiomyopathy

Since one limitation of TEM is the very small sample size,
routine histopathology was used to more broadly assess the
progression of changes in the myocardia of A/J mice and
A/HeJ mice from 2 to 18 months of age. Initial examination
of H&E and Masson’s trichrome stained hearts of young (2
to 5 month old) mice revealed that both A/J mice and A/HeJ
mice had normal hearts (Figure 6, A and D) and normal
cardiomyocytes (Figure 6, B and C). Middle aged (6 month)
and aged (18 month) A/HeJ cardiomyocytes were normal
(Figure 6, F and J), whereas A/J mice often had widespread
sarcoplasmic vacuolar degeneration of cardiomyocytes, of-
ten with multiple vacuolations at the ID (Figure 6, G and K).
Subgrossly, both A/HeJ and A/J hearts appeared to remain
normal (Figure 6, E, H, I, and L).

We then used two methods to more quantitatively as-
sess the development of cardiomyopathy. The develop-
ment of cardiomyopathy is associated with an increase in
interstitial collagen (fibrosis) as the myocardium re-
sponds to the loss of cardiomyocytes. Color-subtractive

computer-assisted image analysis and Image J software
was used to quantify the percentage of collagen in the
myocardium (see Methods). This revealed no significant
difference in that both A/HeJ and A/J percentages of
collagen was about 2% at 2 months of age and gradually
increased to about 3% as they aged to 18 months of age
(Figure 6M). This suggests little or no cardiomyocyte
death in either A/HeJ mice or A/J mice.

Cardiomyopathy is also histopathologically evident as
remodeling of the ventricular walls, changes in wall and
papillary muscle thickness, degenerative changes that
range from vacuolations to necrosis of individual or groups
of cardiomyocytes, and changes in nuclear morphology, as
well as fibrosis. These more subjective changes can be
evaluated for overall significance by an experienced pathol-
ogist, so on the same group of sections used for color-
subtractive computer-assisted image analysis an experi-
enced pathologist, blinded to the identity of the tissues,
scored the sections as normal (0), mild (1), moderate (2), or
severe (3) (see Methods). In addition, the thickness of the
left ventricular wall was measured with a reticle. As shown
(Tables 1 and 2), of the 20 A/HeJ mice examined in this
group, 17 (85%) remained normal, one (5%) had mild de-
generative changes at 8 months, and two (10%) had mild
degenerative changes at 18 months. Left ventricle wall
thickness ranged from 1 to 1.6 mm. Of the 22 A/J mice
examined, all 4 at 2 months were normal, and 1 of 2 at 6
months was normal; of the 16 A/J mice 8 months or older,
only five were normal, the remaining 11 were scored as mild
(Table 1). Overall, just under half of the A/J mice were
normal, and just over half were scored as mild. None were
scored as either moderate or severe. Left ventricle wall
thickness ranged from 0.9 to 1.5 mm. These data suggest
that the cardiomyopathy of dysferlin null A/J mice under
normal laboratory conditions is mild and occurs, when it
does, primarily in middle aged to aged mice.

Figure 6. Masson’s trichrome stained sections
showing A/HeJ mice had normal cardiac subgross
morphology (A, E, I) and histologically normal myo-
cardium (B, F, J) of A/HeJ mice at 2, 6, and 18
months of age. A/J mice were normal at 2 months of
age (C, D) but showed vacuolar degeneration of
cardiomyocytes at 6 months (G), and 18 months (K),
though subgross morphology remained normal
(H, L). Original magnification: �12.5 (A, D, E, H, I,
and J); �400 (B, C, F, G, J, and K). Color-subtractive
computer-assisted image analysis and Image J soft-
ware was used to quantify percentage of collagen in
the myocardium (M). Levels were not significantly
different and both were within the range of normal.
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Discussion

In this study we used the A/J mouse model to investigate
the effects of genetically determined dysferlin deficiency
by using echocardiography and conscious electrocardi-

ography to determine functional changes in vivo, followed
postmortem by light and electron microscopy to deter-
mine associated morphological changes. We used the
A/J mouse model because it is dysferlin null, and there-
fore a more clear cut model of dysferlin deficiency than
the SJL/J mouse that is also dysferlin deficient but still
has approximately 15% of the normal levels of dysferlin,
thus introducing the complication of low levels of dysfer-
lin.17 The substrain A/HeJ mice were used as controls
since they do not have the A/J dysferlin mutation and so
have normal levels of dysferlin and, having a common
origin, are the most closely related to the A/J mice. There
are only 10 single nucleotide polymorphisms that are
different between A/J mice and the substrain A/HeJ.
A/HeJ mice have a deletion that renders them unable to
secrete complement 5, but this should have no impact on
this study. A diligent review of the Mouse Genome Infor-
matics database, JAX Mice database, JAX Genetic Qual-
ity Control database, and current literature have revealed
no other known genetic differences that would impact this
study.

These results show that in dysferlin-normal mice dys-
ferlin is primarily localized to the ID of the cardiomyocyte
and that it is also located in the cardiomyocyte sarco-
plasm in a cross-striated pattern with intervals similar to
that of Z bands. There are specialized regions of close
contact between the sarcoplasmic reticulum and the sar-
colemma on either side of the transverse tubules, which
are invaginations of the sarcolemma at the Z lines.18,19

Although protein distribution is not necessarily reflective
of protein function, this is a location that contains impor-
tant membrane proteins in calcium signaling and re-
uptake, the potential exists for a selective advantage for
a membrane repair protein such as dysferlin to be
present at this location.19 Interestingly, there was no ev-
ident staining of the lateral sarcolemma. Thus, there ap-
pears to be a different pattern of distribution of dysferlin in
the cardiomyocyte than in skeletal muscle where it is
localized to the lateral sarcolemma. There are different
kinds of forces present in the regularly contracting myo-
cardium than in the somewhat temporally unpredictable
and varied strength of contractions in skeletal muscle,
and the ID is the structure that must maintain tight contact
between cardiomyocytes as the force of contraction of
adjacent cardiomyocytes acts to pull the ID apart. Mem-
brane damage is inevitable in a kinetically dynamic mem-
branous structure such as the ID and it is reasonable that
dysferlin, the primary membrane repair protein of skeletal
muscle, should be at this location for the rapid repair of
damage to these membranes. If dysferlin is essential for
repair, the complete absence of dysferlin, as in dysferlin
null A/J mice, should then leave the ID incapable of repair
when damage occurs.

Dysferlin-deficient A/J mice developed small vacuo-
lated lesions along the ID as well as in the sarcoplasm
away from the ID that were apparent histologically in A/J
mice from 6 months of age to 18 months of age. TEM also
showed normal ultrastructure at 5 months, but by 6
months there were some membrane delaminations/dis-
ruptions and vacuolations in the dysferlin-deficient A/J

Table 1. Severity of Lesions for A/HeJ Control Mice after
H&E and Masson’s Trichrome Stained Sections
Were Examined Microscopically

Age, mo Heart Dz
Left ventricular

wall, mm

2 0 1.1
2 0 1.2
2 0 1.1
2 0 1.0
6 1 1.0
6 0 1.0
8 0 0.8
8 1 1.5
8 1 1.5
8 1 1.5

10 0 0.9
10 0 0.9
10 1 1.4
12 1 1.4
12 0 1
12 1 1.5
12 1 1
14 1 1
16 1 1
18 1 1
18 1 1.3
18 0 1.3

Severity of lesions present were graded (see Materials and Methods)
and tabulated under Heart Dz as: 0 � normal; 1 � mild degenerative
changes; 2 � moderate degenerative changes; and 3 � severe
degenerative changes. The left ventricular wall thickness was
measured in millimeters by reticle. Dz, disease.

Table 2. Severity of Lesions for Dysferlin-Deficient A/J Mice
after H&E and Masson’s Trichrome Stained
Sections Were Examined Microscopically

Age, mo Heart Dz
Left ventricular

wall, mm

2 0 1
2 0 1.1
2 0 1
6 0 1
6 0 1.1
6 0 1.5
8 0 1.5
8 0 1.5
8 1 1.5

10 0 1
10 0 1.5
12 0 1.3
12 0 1.6
12 0 1
12 0 1
16 0 1
18 0 1.5
18 1 1
18 1 1.1
18 0 1

Severity of lesions present were graded (see Materials and Methods)
and tabulated under Heart Dz as: 0 � normal; 1 � mild degenerative
changes; 2 � moderate degenerative changes; and 3 � severe
degenerative changes. The left ventricular wall thickness was
measured in millimeters by reticle. Dz, disease.
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mice. Some of these vacuolations were dilations of the
sarcoplastic reticulum while others were evident as mito-
chondria that were swollen to 5 to 10 times normal size
with destruction of the cristae (high amplitude swelling).
TEM also showed that there were vacuolations not asso-
ciated with the ID but between myofibrils possibly asso-
ciated with the transverse tubules as they traverse the
sarcomere on either side of the Z disk in close apposition
to the sarcoplasmic reticulum (dyads).19 Similar ultra-
structural lesions were present in A/J mice at 8, 10, 12,
14, and 16 months.

The ID is unique to cardiac muscle. Unlike skeletal mus-
cle where one muscle fiber runs the entire length of the
muscle, cardiomyocytes are relatively short and connect to
neighboring cells from end to end at the ID to form long
fibers. The ID has two equally important functions: one is to
physically hold the cardiomyocytes tightly together during
the forces of contraction; the second is to provide efficient
conduction of electrical impulses. Coordinated contraction
of the myocardium requires that the depolarization of one
cell result in the depolarization of neighboring cells by virtue
of current flow through the ID. Disruption of the ID would
result in cell-cell uncoupling, ECGs would then show con-
duction disturbances such as ventricular premature con-
tractions, atrioventricular block, or a widening of QRS dura-
tion, due to decreased conduction velocity.20

To determine the functional effect of these ID lesions on
the electrical conduction of the myocardium, conscious
ECGs were performed on A/J and A/HeJ control mice 5 to
20 months of age. It was found that conscious ECGs were
not significantly different in any of the durations or ampli-
tudes. These ECGs showed that there were no conduction
disturbances associated with these lesions.

These ECGs did, incidentally, show that after 1 year of
age heart rates of A/J mice were significantly elevated com-
pared with control A/HeJ mice. This maybe a compensatory
mechanism for reduced contractility; however, pain and/or
declining cardiovascular conditioning due to the skeletal
myopathy of dysferlin deficiency cannot be ruled out as
causes.

To answer the question of how the ECGs were normal
in the face of the lack of dysferlin at the ID and evidence
of vacuolations at this site, tissues were examined by
TEM. At the ultrastructural level the ID is a specialized
membranous form of the plasma membrane with exten-
sive junctional complexes arranged in transverse pli-
cated areas and longitudinally oriented straighter sec-
tions (steps and risers). There are three specialized kinds
of junctional complexes of the ID: the fascia adherens;
gap junctions; and desmosomes. Desmosomes provide
a relatively small but very strong attachment between
cells, much like a spot weld. TEM showed there were no
abnormalities of the desmosomes in this study.

GJ are distinct membranous substructures of the ID
that are regions of low resistance between cells allowing
propagation of the action potential from one cell to the
next.21 TEM revealed that in the dysferlin-deficient A/J
mice the gap junctions, despite being distorted, ap-
peared to be intact, and the central electron dense area
of connexins that lie between membranes display a nor-

mal appearance. This would explain the lack of conduc-
tion disturbances on ECG examination.

Damage revealed by TEM occurred at the FA. The FA
is the site of both the intracellular attachment of the actin
cytoskeleton of the contractile elements to the cell mem-
brane as well as attachment to the adjacent cell. This
provides efficient transmission of contractile forces but
does makes this area vulnerable to contractile stres-
ses.22,23 The plications of the FA provide a more favor-
able angle of attachment of tubular elements of the cy-
toskeleton to the cell membrane and increase the contact
area, thus reducing the force per unit area. Failure of the
FA of one cardimyocyte to adhere to the FA of the adja-
cent cardiomyocyte would result in poor force transmis-
sion and therefore to poor contractility. If the failure of the
FA includes membrane damage this would compro-
mise the integrity of the cardiomyocyte allowing the
uncontrolled influx of calcium and lead ultimately to
irreversible damage and loss of that cardiomyocyte
(for a review see Kumar et al).24

To assess overall cardiovascular function, echocardi-
ography was done on these same groups of mice at ages
ranging from 5 months to 20 months. Results showed that
there was a significant, but temporary, reduction in con-
tractility at 10 months of age. Histopathology at these
same intervals showed that morphological changes in the
heart remained mild up to 18 months of age. The transient
dip in EF and FS could be explained by increased dam-
age from cardiovascular loads associated with activity as
these mice grew older and heavier followed by decreas-
ing cardiovascular loads as the skeletal muscles degen-
erate to the point that these mice no longer tax the car-
diovascular system. The debilitating effects of severe
skeletal muscle degeneration would thus be providing
some protection to the heart against continuation of the
decline in EF and FS. If this were the only change, one
would expect that there would not be further deterioration
of EF and FS, but the improved EF and FS in these older
A/J mice suggests that there are dysferlin-independent
means of repairing damaged membranes before the on-
set of irreversible cellular damage.

It is noteworthy that our results were obtained from
unmanipulated mice living under sedentary laboratory
conditions. In 2007, two independent studies8,11 showed
that with the introduction of elevated cardiac stress, the
EF and FS were significantly reduced. In one of these
studies11 it was noted that 40% of A/J mice did not
survive beyond 3 days of a standardized regimen of
pharmacologically increased cardiac stress, although no
data on cause of death was shown. The observation that
these A/J mice died in 3 days combined with our finding
that 11⁄2-year-old A/J mice develop only mild cardiomy-
opathy suggests that more damage occurred in 3 days
as a result of moderately increased loads than occurs in
11⁄2 years under ordinary husbandry conditions.

We know that damage to the plasma membrane is not
being avoided based on the persistence of vacuolations
in many A/J mice from 6 months of age to 18 months of
age, and Han et al8 showed that troponin levels are
chronically elevated, yet older animals have nearly nor-
mal myocardia. This could be explained by the presence
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of a second repair mechanism that is activated only when
the dysferlin mechanism fails but is slower and cannot
protect against sudden widespread damage. Another
possible explanation is that, in cardiac muscle, dysferlin
plays a role in the final attachment of, or the intrinsic
strength of, the membrane repair patch. If this were the
case, in dysferlin-deficient cardiomyocytes the mem-
brane disruption may be sealed, but with a patch that is
weak, or attached weakly, but just strong enough to
restore the integrity of the cardiomyocyte in moderate
conditions. A relatively small increase in cardiac stress
could then cause a global failure of pre-existing repairs.

The presence of the vacuolated areas adjacent to the
ID may be an adaptive “make-shift” repair or may repre-
sent another, slower, cardiac specific dysferlin-indepen-
dent repair mechanism that restores the integrity of the
plasma membrane to prevent irreversible injury to the
cardiomyocyte but is not resilient enough to withstand
elevated cardiac stress.

These data suggest that without dysferlin, cardiac
muscle cells, like skeletal muscle cells, may perform
normally for a period of time but then sustain small mem-
brane defects that are not repaired normally. This dam-
age occurs at a younger age in skeletal muscle than
cardiac muscle perhaps due to differences in the rate at
which cardiac membranes are damaged, or to the pos-
sibility that there are other factors/repair mechanisms that
provide cardiac muscle with a more robust, or function-
ally redundant, membrane repair system than skeletal
muscle. The presence of demonstrable membrane dam-
age in 6-month-old dysferlin-deficient mice and persis-
tence of vacuoles at older ages is evidence that it is not
merely increased resilience that reduces the incidence of
irreversible cell damage in the cardiomyocyte.

In summary, this study has shown that dysferlin is local-
ized primarily to the ID of the cardiomyocyte, and to a lesser
extent in a cross-sarcomeric pattern in the sarcoplasm.
Light and electron microscopy show lesions at these loca-
tions in dysferlin-null A/J mice that are consistent with de-
fective membrane repair. Echocardiography shows a tran-
sient decrease in cardiac function at around 10 months of
age yet aged unmanipulated dysferlin-deficient mice
progress only to mild cardiomyopathy. The data in this
study suggest that in cardiac muscle of dysferlin-null A/J
mice membrane damage is occurring, injury to the cardio-
myocyte is evident, the repair mechanism maybe defective
and delayed, but the damage is resolved before leading to
the demise of the cardiomyocyte.

Future studies will focus on extending the search for
additional mechanisms by which cardiac muscle restores
membrane integrity without dysferlin under normal and
stressed conditions. More complete knowledge of the
means by which dysferlin-deficient mice limit cardio-
myocyte damage or employ other, perhaps slower,
pathways to repair or prevent membrane damage may
lead to therapeutic targets or genetic interventions that
could be transferable to skeletal muscle to ameliorate
the severity of skeletal muscle disease in dysferlin-
deficient patients.
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