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Aims The multi-C2 domain protein dysferlin localizes to the T-Tubule system of skeletal and heart muscles. In skeletal
muscle, dysferlin is known to play a role in membrane repair and in T-tubule biogenesis and maintenance. Dysferlin
deficiency manifests as muscular dystrophy of proximal and distal muscles. Cardiomyopathies have been also
reported, and some dysferlinopathy mouse models develop cardiac dysfunction under stress. Generally, the role
and functional relevance of dysferlin in the heart is not clear. The aim of this study was to analyse the effect of dys-
ferlin deficiency on the transverse–axial tubule system (TATS) structure and on Ca2þ homeostasis in the heart.

...................................................................................................................................................................................................
Methods
and results

We studied dysferlin localization in rat and mouse cardiomyocytes by immunofluorescence microscopy.
In dysferlin-deficient ventricular mouse cardiomyocytes, we analysed the TATS by live staining and assessed Ca2þ

handling by patch-clamp experiments and measurement of Ca2þ transients and Ca2þ sparks. We found increasing
co-localization of dysferlin with the L-type Ca2þ-channel during TATS development and show that dysferlin defi-
ciency leads to pathological loss of transversal and increase in longitudinal elements (axialization). We detected
reduced L-type Ca2þ-current (ICa,L) in cardiomyocytes from dysferlin-deficient mice and increased frequency of
spontaneous sarcoplasmic reticulum Ca2þ release events resulting in pro-arrhythmic contractions. Moreover, cardi-
omyocytes from dysferlin-deficient mice showed an impaired response to b-adrenergic receptor stimulation.

...................................................................................................................................................................................................
Conclusions Dysferlin is required for TATS biogenesis and maintenance in the heart by controlling the ratio of transversal

and axial membrane elements. Absence of dysferlin leads to defects in Ca2þ homeostasis which may contribute to
contractile heart dysfunction in dysferlinopathy patients.
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Introduction

Dysferlin, a multi-C2 domain tail-anchored protein mainly expressed
in skeletal muscle, is known for its role in Ca2þ-dependent mem-
brane repair.1,2 We and others have recently suggested that dysferlin
is required in the biogenesis and maintenance of the T-tubule system
in skeletal muscle.1,3,4 Far less is known about the function of dysferlin
in the heart muscle. Dysferlinopathy is a rare disease with an esti-
mated incidence between 1/100 000 and 1/200 000. The disease,
resulting from the lack of dysferlin protein due to recessive mutations
in the DYSF gene, is mainly considered a skeletal muscle disease be-
cause only a few patients suffer from cardiomyopathy.5,6 In those
patients, dilated cardiomyopathy and electrocardiogram abnormali-
ties have been reported.7,8 Only a few studies looked at cardiac his-
tology and found cardiac disarray and fibrosis. A large study on
cardiac function in dysferlinopathy patients evaluated 48 patients and
found prolonged QRS duration in 19 of 48 patients as well as disarray
and fibrotic areas in histological sections.5 Background conditions like
age of disease onset and disease duration varied between patients.
However, dysferlin is involved in membrane repair of cardiomyocytes
and exhibits a cytoprotective function in an experimental model of is-
chaemia/reperfusion injury.9,10 Under normal conditions, mouse
models of dysferlin deficiency show either no or only mild cardiac
phenotypes.6,11 Excessive strains such as ischaemia/reperfusion in-
jury, physical stress exercise, or b-adrenergic receptor (b-AR) activa-
tion by isoprenaline (ISO) provoke signs of cardiac dysfunction in
dysferlinopathy mice.6,9–13 Stress phenotypes show indications of
membrane damage,9,10 e. g. release of creatine kinase and Evans Blue
dye uptake and include cardiac fibrosis, reduced fractional shortening
(FS),6,11 as well as decreased stroke volume and relaxation velocity.12

Thus, systolic and diastolic cardiac functions can be altered upon
stress in dysferlin-deficient mice.

Ventricular cardiomyocytes have a tubular membrane system
which was initially thought to consist of exclusively transverse orien-
tation relative to the contractile fibres of the myocyte. In the 1970s,
axially orientated membrane structures were found in ventricular
cardiomyocytes, interconnecting transverse membranes within the
cytoplasm.14 This highly complex system of elongated membrane

tubules is termed transverse–axial tubule system (TATS).15 The car-
diac TATS is altered in heart failure (HF). The myocardium of HF
patients displayed redistribution of the TATS with dilated and mainly
longitudinally orientated tubules.16 H F is characterized by diminished
cardiomyocyte contraction resulting from uncoupling of L-type
Ca2þ-channel—Ryanodine Receptor (LTCC/CaV1.2—RyR2) dyads
and reduced systolic Ca2þ release.17 Several studies suggest that the
disturbed Ca2þ handling might result in part from the morphological
abnormalities of the TATS.18 Loss and redistribution of the trans-
verse tubules (T-tubules) starts early in compensated hypertrophy
before progression to HF.19 Ca2þ release is delayed and asynchro-
nous in cardiomyocytes from patients with HF.20

In this study, we analysed the expression of dysferlin during the de-
velopment of healthy cardiomyocytes, as well as the TATS structure
in dysferlin-deficient cardiomyocytes and the effects of dysferlin defi-
ciency on cardiac Ca2þ homeostasis. Dysferlin is expressed in cardio-
myocytes and localizes at the Z-lines and the TATS. Co-localization
analysis revealed a spatial overlap of dysferlin and LTCC during car-
diac TATS maturation. We found that the cardiac TATS is highly dis-
organized in dysferlin deficiency, including pathological axialization of
membrane structures. We identified a decreased LTCC current
(ICa,L), increased spontaneous sarcoplasmic reticulum (SR) Ca2þ re-
lease frequency and spontaneous cellular arrhythmias in dysferlin-
deficient cardiomyocytes. Importantly, myocytes from dysferlin-
deficient mice also showed impaired response to b-AR stimulation
with decreased Ca2þ transients (CaT), decreased SR Ca2þ content
and increased SR Ca2þ leak. Taken together, we suggest that dysferlin
is essential for TATS formation and maintenance, and that dysferlin
deficiency can manifest as functional Ca2þ-handling abnormalities in
the heart.

Methods

Animals
DYSF gene-deleted C57/BL6 mice, Dysftm1Kcam/Dysftm1Kcam, were kindly
provided by Professor Kate Bushby, Newcastle University, UK, with ap-
proval of the Mutant Mouse Regional Resource Centers (MMRRC), USA.
In these mice, the last three coding exons including the exon coding for
the transmembrane domain of the dysferlin gene were deleted leading to
loss of expression of the dysferlin full-length protein. Heart and body
weight was determined in mice used for Ca2þ measurements. Heart
weight/body ratio was calculated as indicator for hypertrophy. Mice were
50–60 weeks old at the time of most experiments. Wistar WI rats used
for isolation of cardiomyocytes and western blots of heart tissue were
purchased from Charles River. All animal experiments were approved by
the Niedersachsen animal review board (LAVES).

Disease models
Transaortic constriction (TAC) was done in 12 weeks old mice. The inter-
vention was performed by tying a braided 5-0 polyviolene suture (Hugo
Sachs Electronik) ligature around the aorta and a blunted 26-gauge needle
and subsequent removal of the needle. For sham controls, the suture was
not tied. To determine the level of pressure overload by aortic ligation, a
high-frequency Doppler probe was used to measure the ratio between
blood flow velocities in right and left carotid arteries. TAC mice with
blood flow gradient <60% were excluded. For echocardiography, mice
were anaesthetized by 2.4% isoflurane inhalation and ventricular measure-
ments were done with a VisualSonics Vevo 2100 Imaging System equipped

What’s new?
• Dysferlin is essential for transverse–axial tubule system (TATS)

structure in the heart and dysferlin loss leads to rearrangement
of TATS elements in a mouse model of dysferlinopathy.

• Dysferlin deficiency leads to defective Ca2þ homeostasis with
decreased L-type Ca2þ current, reduced sarcoplasmic reticu-
lum (SR) Ca2þ content, increased SR Ca2þ leak, and increased
pro-arrhythmic events.

• In our model, dysferlin is anchored to the plasma membrane
and in the TATS membrane. Dysferlin structures intracellular
membranes by binding through C2 domains, thereby shaping
the TATS structure in cardiomyocytes and supporting
functional excitation–contraction coupling. When dysferlin is
missing, TATS morphology is altered with loss of transversal
elements, explaining dysregulated Ca2þ homeostasis.
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with a MS400, 30MHz MicroScan transducer. The observer was unaware
of the genotypes and treatments. All these procedures were performed
by the SFB 1002 S01 Disease Models service unit. Myocardial infarction
(MI) was induced by ligation of the left anterior descending coronary ar-
tery of male, adult Sprague-Dawley rats and cardiomyocytes were isolated
from the left ventricle of hearts 16-week post-MI.

Isolation of mouse ventricular

cardiomyocytes
Hearts from male wild-type and dysferlin-null mice were excised after
isoflurane anaesthesia and following cervical dislocation. Cardiomyocytes
were isolated by Langendorff perfusion.21 In brief, hearts were mounted
on a Langendorff perfusion apparatus by cannulating the aorta and per-
fused with Ca2þ-free Tyrode’s solution (140 mmol/L NaCl, 5.4 mmol/L
KCl, 1 mmol/L MgCl2, 5 mmol/L HEPES, 10 mmol/L Glucose, pH 7.54)
for 6 min at 37�C. Perfusion was then switched to the same solution con-
taining 0.8 mg/ml collagenase, with perfusion continuing until the heart
became flaccid (�7–12 min). The ventricular tissue was then dispersed
and filtered. Isolated cardiomyocytes were allowed to settle for 7 min,
the supernatant was discarded and the cells were resuspended in
Tyrode’s solution containing 0.1 mmol/L Ca2þ and were settled again.
This step was repeated with isolation solution containing 0.2 mmol/L,
0.4 mmol/L, 0.8 mmol/L, and 1.6 mmol/L Ca2þ for slow Ca2þ

reintroduction.

Isolation of rat ventricular cardiomyocytes
Ventricular cardiomyocytes from 11-, 14-, 17-, 20-, 23-day-old or adult
rats were isolated by retrograde perfusion of the heart according to the
Langendorff technique after isoflurane anaesthesia and following cervical
dislocation. Hearts were perfused with 8 mL/min at 37�C. After initial
perfusion with Ca2þ-free buffer (NaCl 120.4 mmol/L, KCl 14.7 mmol/L,
KH2PO4 0.6 mmol/L, Na2HPO4 x 2 H2O 0.6 mmol/L, MgSO4 x 7 H2O
1.2 mmol/L, HEPES 10 mmol/L, NaHCO3 46 mmol/L, taurin 30 mmol/L,
butanedione monoxime 10 mmol/L, glucose 5.5 mmol/L, pH 7.4) for
2 min, hearts were digested with collagenase type II (2 mg/mL, approxi-
mately 300 U/mg) and 40mmol/L CaCl2 in perfusion buffer for 9 min at
37�C. Following perfusion, the ventricles were separated from the atria
and minced in digestion buffer. The tissue was carefully resuspended with
a 10 mL serological pipette and the digestion process was stopped by
adding stop buffer (FCS 10%, CaCl2 0.0125 mmol/L in perfusion buffer)
before resuspending again. The cardiomyocytes were washed three times
with stop buffer. Thereafter, cells were allowed to sediment by gravity
for 8 min at room temperature.

Immunofluorescence staining of mouse

cardiomyocytes
For immunofluorescence staining of cardiomyocytes, cells were seeded
on laminin-coated cover slips and incubated for 1 h at room temperature
or 30 min at 37�C. Mouse cells were fixed with ice-cold 100% ethanol at
�20�C for 20 min and washed 3� 5 min with cold PBS. Cells were incu-
bated with blocking solution (5% BSA, 0.5% Triton X-100 in PBS) for 1 h.
Rat cardiomyocytes were fixed in 4% PFA for 5 min at room temperature
and blocked in 5% horse serum and 0.2% Triton X-100 for 1 h at room
temperature. Mouse and rat cells were then incubated with the first anti-
body diluted in blocking solution at 4�C overnight. Cells were washed
with PBS 3 � 10 min, incubated with the second antibody diluted in
blocking solution for 1.5 h at room temperature and mounted with
Vectashield mounting medium. Cells were imaged by confocal micros-
copy. Dysferlin was detected by anti-dysferlin antibody (NCL-Hamlet,
Novocastra) and LTCC by anti-LTCC a1C/D/F/S (D-19, sc-10388, Santa
Cruz Biotechnology).

Membrane staining of mouse ventricular

cardiomyocytes with di-8-ANEPPS and

analysis of transverse–axial tubule system

morphology
Cells were gently resuspended in Tyrode’s solution containing 50mmol/L
di-8-ANEPPS. Cells were immediately seeded in laminin-coated micros-
copy cell dishes (m-dish, 35 mm, glass bottom, ibiTreat) and incubated for
30 min at room temperature in the dark. After washing once, cells were
imaged by a Zeiss 710 NLO laser scanning microscope equipped with a
63�/1.4 NA oil objective. Analysis and image processing was done using
Fiji (http://fiji.sc/) according to Ref.22 with minor changes: For background
subtraction, the rolling ball radius was set to 15. A ROI including intracel-
lular TATS components and excluding plasma membrane and nuclei was
set and further processed by background subtraction, contrast adjust-
ment, smoothing, and segmentation. After same threshold setting was ap-
plied to all images during analysis. Cell area, normalized skeleton length,
normalized number of structures, normalized number of branches, aver-
age branch length, and normalized number of endpoint voxels were de-
termined from binary images by the Fiji plugin Analyze Skeleton (2D/3D).
Using the Fiji plugin ‘Directionality’ the orientation of TATS components
was assessed by quantifying the amount of structures for each direction
(�45� to 134�) based on the two-dimensional skeletonized images.
Quantification data was represented as a histogram with the amount of
structures plotted against the structure direction. The amount of axial
and transversal structures was calculated as the sum of structures with
an orientation of �5� to þ5� (axial) and þ85� to þ95� (transversal).
T-tubule patterns were analysed by Fast Fourier transform (Image J) using
regions of interest from skeletonized two-dimensional images.

Dysferlin protein and mRNA expression
Eleven-week-old rats were anaesthetized by isoflurane and sacrificed by
cervical dislocation. 14-, 17-, 20-, 23-week-old rats and adult rats were
euthanized by carbon dioxide inhalation and immediate opening of the
thorax. The ventricular part of the heart was separated from the atrial
part, transferred into reaction tubes and frozen in liquid nitrogen. After
thawing on ice, the cardiac tissue was homogenized five times for 5 s.
The homogenate was centrifuged two times at 1300�g for 10 min at 4�C
and in between centrifugation steps, the supernatant was transferred into
a new reaction tube. Mouse hearts were homogenized in a hypotonic
buffer containing 10 mmol/L HEPES, 10 mmol/L KCl, 2 mmol/L MgCl2,
0.1 mmol/L EDTA, and 1 mmol/L DTT with protease inhibitors. After
10 min ice incubation, NP-40 was added to a final concentration of 1% fol-
lowed by 5 min ice incubation. Lysates were centrifuged at 4000 rpm for
5 min at 4�C. Supernatants were used for Western blot. Rat heart tissue
after MI was homogenized in RIPA buffer containing 150 mmol/L NaCl,
5 mmol/L EDTA pH 8.0, 50 mmol/L Tris, pH 8.0, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, and protease and phosphatase inhibitors.
Dysferlin was detected in homogenates of the ventricular heart tissue of
rats and mice by Western blot using anti-dysferlin antibody . Anti-
GAPDH or anti-tubulin antibody was used as loading control (G8795 or
T8203, Sigma-Aldrich).

Mouse ventricular tissue was macrodissected and used for RNA isola-
tion. RNA was isolated using NucleoSpin Tissue genomic DNA and RNA
kit (Macherey-Nagel), respectively, as described elsewhere.1 Nucleic
acid quantification was assessed using a Nanodrop photometer (Thermo
Scientific). 500 ng RNA was used for cDNA synthesis using 0.5mg
Oligo(dT)20 primer and 100 U M-MLV reverse transcriptase (Promega)
for 1 h at 42�C. Quantitative real-time PCR (qPCR) analyses were
performed with SYBR Green (Promega) on a 7900-HT Real-time
cycler (Applied Biosystems) using primers for dysferlin (for:
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CACCTTGCCTGCGATGTTTC, rev: CCAGGTTGTCGTCCACT
TCT) and Tbp (for: CCAGAACAACAGCCTTCCACC, rev: CAA
CGGTGCAGTGGTCAGAGT). Gene expression was normalized to
Tbp. Copy numbers were calculated using the SDS2.4 software with a
relative standard curve obtained using the log dilutions of cDNA of
gene of interest. All reactions were run in triplicates and normalized to
reference control genes.

Expression of dysferlin mRNA in human,

mouse, and rat
For analysis of expression of dysferlin transcripts in brain, cerebellum,
heart, kidney, liver, ovary, and testes, postnatal expression data from
Cardoso-Moreira et al.23 in these tissues were averaged and reads per ki-
lobase million values were plotted without normalization.

Simultaneous measurement of Ica,L and

intracellular Ca2þ concentrations
LTCC(ICa,L) were recorded in whole-cell ruptured-patch configuration
using voltage-clamp technique in Fluo-3 AM (ThermoFisher; 10mmol/L,
10 min loading and 30 min de-esterification) loaded cells for simultaneous
measurement of intracellular Ca2þ concentration ([Ca2þ]i). Seal-
resistances were 4–8 GX. Resistance and cell capacitance were compen-
sated. During experiments, myocytes were superfused at 37�C with a
bath solution containing (in mmol/L): CaCl2 2, glucose 10, HEPES 10, KCl
4, MgCl2 1, NaCl 140, probenecid 2; pH = 7.4. In addition, Fluo-3 was in-
cluded into the pipette solution containing (in mmol/L): EGTA 0.02, Fluo-
3 0.1 (Invitrogen), GTP-Tris 0.1, HEPES 10, potassium aspartate 92, KCl
48, Mg-ATP 1, Na2-ATP 4; pH 7.2. ICa,L was activated using a holding po-
tential of �80 mV and a 500-ms ramp pulse to �40 mV to inactivate the
fast Naþ-current followed by a depolarizing step to þ10 mV for 100 ms
(sweep interval 2 s). pClamp-Software (V10.2, Molecular Devices,
Sunnyvale, CA, USA) was used for data acquisition and analysis. Currents
are expressed as densities (pA/pF). Membrane capacitance was similar in
wild-type and dysferlin-deficient myocytes. Fluorescence was excited at
488 nm and emitted light (<520 nm) converted to [Ca2þ]i assuming

½Ca2þ�i ¼ kd
F

Fmax � F

� �

Where kd = dissociation constant of Fluo-3 (864-nmol/L), F = Fluo-3 fluo-
rescence; Fmax = Ca2þ saturated fluorescence obtained at the end of each
experiment. Drugs were applied via a rapid-solution exchange system.

Cell shortening and intracellular Ca2þ

measurements
Detection of CaT was carried out by epifluorescence microscopy (ION
OPTIX) at 37�C. The chamber was perfused with a constant flow of
80 mL/h of Tyrode’s solution with 1 mmol/L Ca2þ. Excess dye was re-
moved from the chambers and cells were stimulated at 1 Hz to achieve a
steady state. Fluo-4 acetomethyl ester (AM) was excited at 488 nm using
a 75 W xenon arc lamp on stage of a Nicon Eclipse TE 200-U inverted mi-
croscope. Emitted fluorescence at 535 nm was measured using a photo-
multiplier and shortening of the cells was measured using a sarcomere
length detection system (Ion Optix Corp, Milton, MA, USA). CaT ampli-
tudes and shortening of the cells were measured at 0.5, 1, 2, 3, and 4 Hz.
After subtraction of background fluorescence, F/F0 was calculated by di-
viding raw fluorescence (F) by baseline fluorescence (F0). For measure-
ment of SR Ca2þ content stimulation was stopped for 30 s and CaT
before and after rest were analysed (post-rest relation). For b-AR stimu-
lation protocols, cells were provided with a constant flow of Tyrode’s so-
lution with ISO (10-7 mol/L). For measurement of SR Ca2þ, stimulation

was stopped and addition of Tyrode’s solution with caffeine (10 mmol/L)
evoked Ca2þ release from the SR. Analysis of CaT and shortening was
done with IONWizard Analyze Version 5.0 (Ion Optix). Fractional Ca2þ

release (FR) was calculated as the ratio between CaT amplitude and caf-
feine transient amplitude (SR Ca2þ load) measured in the same cardio-
myocyte. Analysis of non-stimulated events was done using the following
semi-quantitative arrhythmia score: single non-stimulated event: 1 point,
bigeminy or trigeminus (coupled non-stimulated event): 2 points, couplet
(two following non-stimulated events): 3 points, triplet (three following
non-stimulated events): 4 points, salvo (four or more following non-
stimulated events): 5 points, tachycardia (non-stimulated events following
for more than 10 s): 6 points.

Ca2þ spark measurements
Cells were seeded on laminin-coated chambers and incubated for 15 min
at room temperature. Cells were then incubated with 10lmol/L of Fluo-
4 AM in the dark at room temperature. Incubation time was 20 min for
Ca2þ measurements and 7 min for spark measurements. Detection of
Ca2þ sparks was done at room temperature by laser scanning confocal
microscopy (LSM 5 Pascal, Zeiss) using a 40� oil-immersion objective.
Fluo-4 AM was excited with an argon laser at 488 nm and emitted fluo-
rescence was collected through a 515 nm long-pass filter. Cells were
measured with 0.25 Hz stimulation and after an unstimulated period of
30 s. Measurements were done in ‘line-scan’-mode with a pixel time of
0.8 ls, a scan time of 960 ls, 510 pixel per line, a pixel size of 0.1 lm, a
pixel depth of 12 bit, a scan width of 51lm (zoom factor 4.5) and 4000
lines. Analysis of spark measurements was done using Image J plug in
Sparkmaster. Ca2þ spark frequency (CaSpF) was normalized to cell width
and scan time (lm�1 *s�1). Peak of Ca2þ sparks was normalized to F/F0
(the raw fluorescence was divided by the baseline fluorescence after sub-
traction of the background fluorescence). Duration of sparks was taken
from the full-duration half maximum (FDHM) and width of the sparks
from the full-width half maximum (FWHM). The Ca2þ spark volume was
calculated from duration, width and amplitude of the sparks. Ca2þ spark-
derived SR Ca2þ leak (mmol/L cytosol/s) was calculated as following:
After calibration of F/F0 by using the equation [Ca]i = Kd (F/F0)/(Kd/[Ca]i-
rest þ 1 � F/F0) (with Kd = 1100 nmol/L and [Ca]i-rest = 100 nmol/L), Ca
spark flux (J) was calculated as J = B D[Ca2þ]*V*T-1 with B being the buff-
ering power of Fluo, V being the volume occupied by a spark, and T being
the time taken for rise of Ca2þ. The Ca2þ spark flux was integrated as a
function of time for each spark, which corresponds to the amount of
Ca2þ released by this spark. Thereafter, the sum of all Ca2þ released by
the sparks during the line scan was calculated and normalized to the cyto-
solic volume scanned during the line scan and scan time. The cytosolic
volume was calculated from cell width according to.24 For induction of b-
AR stress, the cells were provided with a constant flow of Tyrode’s solu-
tion with ISO. For calibration of Fluo-4, Fmax was measured by exposing
the cells to 10lmol/L ionomycin in presence of 10 mmol/L MnCl2 to sat-
urate fluorescence. Fmax was calculated as Fmax = 5� FMn and Fmin was cal-
culated as Fmin = 1/40 Fmax. [Ca]i was calculated using a Kd value of 864 nm
and [Ca]i was calculated as [Ca]i = Kd� (F� Fmin)/(Fmax� F).

Statistical analyses
Statistical analysis was done with Excel or GraphPad Prism 8 by Student’s
t-test or two-way analysis of variance (ANOVA) for repeated measure-
ments. When multiple cells per mouse were measured nested ANOVA
or nested T-tests were performed. Data were checked for normal distri-
bution. P-values less than 0.05 were considered statistically significant. If
not stated otherwise, data are shown as box plots with median and indi-
vidual data points (box represents the 95% confidence interval, whiskers
show minimum and maximum values).
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Results

Dysferlin localization and expression in
transverse–axial tubule system
biogenesis
Dysferlin is highly expressed in the heart in human, mouse, and rat
(Figure 1A). In the cardiac muscle, dysferlin has been found localized

at the sarcolemma (plasma membrane), the intercalated disks, and
the T-tubular membrane.11,12 We analysed dysferlin localization by
immunofluorescence in isolated cardiomyocytes of wild-type mice
with antibodies against dysferlin and the LTCC. We found that dys-
ferlin localized to TATS and co-localizes with LTCC (Figure 1B).

As dysferlin is crucial for maintenance of TATS structure, we
next aimed to study dysferlin expression during cardiac and TATS

A

C D

F

G H

E

B

Tubulin

Figure 1 Dysferlin localizes to the cardiac TATS and is up-regulated during biogenesis and regeneration. (A) Dysferlin mRNA expression in human,
mouse, and rat heart. Averages of postnatal transcript expression of between four and eight time points after birth.23 (B) Cardiomyocytes from
20 weeks old mice were stained with antibodies against dysferlin and L-type Ca2þ channel (LTCC, CaV1.2). Cells were analysed by fluorescence mi-
croscopy and z-stacks were deconvolved. Scale bar: 2.5 lm. (C and D) Dysferlin is expressed during TATS biogenesis and localizes to the developing
TATS in cardiomyocytes. Isolated ventricular rat cardiomyocytes (P, days after birth) were co-stained with antibodies against dysferlin (green) and
the LTCC (red). DAPI staining is shown in blue. Cells were imaged by confocal microscopy. Scale bar: 2.5 lm. (D) Co-localization of dysferlin and
LTCC increases during the biogenesis of the TATS. Co-localization of dysferlin and LTCC was determined by Manders coefficients M1 and M2. N = 3
mice and 15 cells per group, *P <_ 0.05. Mean ± SEM. (Student’s t-test). (E) Protein expression of dysferlin was analysed by western blot using ventricu-
lar heart muscle homogenates from rats of corresponding ages. Dysferlin expression peaks at P20. N = 3 rats per age group. (F) Dysferlin is up-regu-
lated after MI. MI was induced in rat hearts by ligation of the left coronary artery. Sixteen weeks post-MI protein levels of ventricular heart muscle
homogenates were determined and normalized to tubulin. Protein levels of MI hearts were then normalized to sham hearts. *P < 0.05, N = 4 per
group (Student’s t-test). (G and H) Dysferlin mRNA expression in ventricular heart muscle from mice 3 days (G) or 8 weeks (H) after TAC or sham
operation relative to Tbp. Dysferlin mRNA is not significantly increased after TAC. N = 7 mice. MI, myocardial infarction; TATS, transverse-axial tu-
bule system; Tbp, TATA-binding protein.
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development. Therefore, isolated ventricular cardiomyocytes from
rats of different ages were co-stained with antibodies against dysferlin
and LTCC to visualize TATS formation. Co-localization of both pro-
teins increased from postnatal day 11 (P11) to day 23 (P23), the time
slot of TATS formation and was highest in the adult rat (Figure 1C and
D). Protein levels detected in ventricular homogenates from rat
hearts of the corresponding ages showed a 7-fold increase in dysferlin
protein level from P11 to P20 and a decreased expression in adult-
hood (Figure 1E). Protein and mRNA levels in ventricular mouse
heart homogenates showed an increased expression of dysferlin
from embryonic day 14.5 (E14.5) to adulthood (Supplementary ma-
terial online, Figure S1A and B). These results indicate a convergent lo-
calization of dysferlin and LTCC during cardiac development.

During HF development a process of progressive membrane
remodelling takes place. Hence, we aimed to study if pathological car-
diac remodelling could affect not only TATS but also dysferlin.
Myocardial infarction (MI) was induced in rat hearts by ligating the left
coronary artery inducing membrane remodelling. Surprisingly, dysfer-
lin protein levels were significantly up-regulated 16 weeks after MI
(Figure 1F). In contrast, we did not find significant changes of dysferlin
mRNA in mouse hearts 3 days or 6 weeks after TAC (Figure 1G
and H).

Dysferlin is essential for transverse–axial
tubule system structure in the heart
We aimed to analyse TATS structure in the dysferlin-deficient heart
using a mouse model containing a general knockout of dysferlin.1 This
model best represents the situation of the dysferlinopathy patients.
Direct visualization of the TATS with the lipophilic dye di-8-ANEPPS
in ventricular cardiomyocytes of dysferlin-deficient mice (Figure 2A)
and structural analysis (Figure 2B–F) revealed dramatic changes in
TATS organization in these mice. The distance between transverse
TATS elements was measured after Fourier transform and shows a
reduced regularity (Figure 2B). To assess the extent of structural
changes of the entire TATS quantitatively, images were binarized and
skeletonized (Figure 2C). The membrane skeleton was used to quan-
tify the amount of membrane elements for each direction depicted as
a histogram (Figure 2D). This analysis revealed a bimodal distribution,
both, for dysferlin-deficient and control cells. However, cardiomyo-
cytes of dysferlin-deficient mice show a significant shift from trans-
verse to axial elements of TATS (axialization) (Figure 2D and E).
Further characterization of the skeletonized images revealed that
dysferlin-deficient cardiomyocytes contain less and shorter TATS
structures per cell with diminished branching compared to wild-type
cardiomyocytes (Figure 2F). Cell area and average branch length were
not different (Supplementary material online, Figure S2). Thus, loss of
dysferlin leads to dramatic reduction in the ratio of transverse and
longitudinal elements, remodelling and an overall loss of TATS struc-
tural elements.

L-type Ca2þ current is reduced in
dysferlin-deficient cardiomyocytes
As cardiac dysferlin is located in the TATS, co-localizes with LTCC
and is possibly involved in T-tubule remodelling, we tested the hy-
pothesis that loss of dysferlin affects Ca2þ homeostasis. We first mea-
sured ICa,L using whole-cell patch-clamp technique together with

simultaneous CaT measurement by epifluorescence. ICa,L density was
significantly decreased in dysferlin-deficient myocytes (ICa,L: Dysfþ/þ =
7.07 ± 0.79 pA/pF, Dysf�/� = 4.02 ± 0.82 pA/pF; Integrated ICa,L:
Dysfþ/þ = 0.11 ± 0.01 pC/pF, Dysf�/� = 0.06 ± 0.01 pC/pF, N = 12
Dysfþ/þ and 5 Dysf�/� mice) (Figure 3A and B and Supplementary ma-
terial online, Figure S3A and B) whereas amplitude, decay and time to
peak of systolic CaT remained unaltered (Figure 3C–E).

Ca2þ transients and shortening are
unchanged in dysferlin-deficient
cardiomyocytes
To analyse whether the decreased ICa,L has impact on cardiomyocyte
contraction, we studied CaT and cell shortening in intact fluo-4-
loaded isolated ventricular myocytes during field electrical stimula-
tion (0.5–4 Hz). CaT amplitude and FS of dysferlin-deficient cardio-
myocytes were not different from wild-type (Figure 4A and B). Also,
time to peak and relaxation time (RT) were not altered (Figure 4C
and D). These findings indicate no changes in cell contractility.
Biometric data of dysferlin-deficient and wild-type mice did not show
signs of overt cardiac hypertrophy (Figure 4E).

SR Ca2þ load determined by rapid application of caffeine was sig-
nificantly decreased in dysferlin-deficient cardiomyocytes compared
to wild-type cardiomyocytes (Figure 4F, H) indicating a decreased SR
Ca2þ content (Dysfþ/þ = 4.76 ± 0.35 F/F0, Dysf�/� = 3.46± 0.27 F/F0,
N = 7 mice per group). RT50 of caffeine-induced CaT in dysferlin-
deficient cells were not different from wild-type (Figure 4G and H) in-
dicating no change in sodium calcium exchanger (NCX) function if
differences are not masked by other ion channels variations.
Fractional release (FR) of SR Ca2þ in dysferlin-deficient cardiomyo-
cytes was significantly increased to 66.71 ± 3.01% compared to
54.88± 4.60% (N = 7 mice per group) in wild-type cells (Figure 4I).

Taken together, dysferlin-deficient ventricular myocytes showed
unaltered CaT amplitude and contractile function.

Beta-adrenergic stress unmasks further
Ca2þ handling abnormalities in dysferlin-
deficient cardiomyocytes
In contrast to unstressed conditions, we found a diminished enhance-
ment of CaT after b-AR stimulation with ISO in dysferlin-deficient
cardiomyocytes compared to wild-type (Dysfþ/þ = 5.15± 0.31 F/F0,
Dysf�/� = 4.35± 0.24 F/F0, N = 7 mice per group) (Figure 5A and C).
Time to peak and RTs were not significantly different after ISO treat-
ment (Figure 5B and D). SR Ca2þ load was significantly decreased in
dysferlin-deficient cardiomyocytes compared to wild-type cardio-
myocytes after b-AR activation by ISO (Dysfþ/þ = 5.58± 0.63 F/F0,
Dysf�/� = 3.98± 0.31 F/F0, N = 7 mice per group) (Figure 5E and F).
RT50 of caffeine-induced CaT in dysferlin-deficient cells after
ISO stimulation was not altered (Figure 5E and F). FR after b-AR stim-
ulation was significantly increased in dysferlin-deficient myocytes
(Dysfþ/þ = 83.33± 3.08%, Dysf�/� = 93.59 ± 2.06%, N = 7 mice per
group) (Figure 5G).

Cardiomyocytes were electrically stimulated at 1 Hz and stimulation
was then stopped for 30 s to detect post-rest cytosolic Ca2þ, a mea-
sure for SR Ca2þ loss. Post-rest CaT showed no differences between
dysferlin-deficient and wild-type cardiomyocytes (Supplementary ma-
terial online, Figure S4A and B). After b-AR stimulation, post-rest CaT
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Figure 2 Loss of transverse elements in the TATS of dysferlin-deficient cardiomyocytes. (A) Ventricular cardiomyocytes from dysferlin-deficient
(Dysf�/�) and wild-type (Dysfþ/þ) mice were isolated, stained with the membrane dye di-8-ANEPPS and analysed by confocal microscopy. Scale bar:
10lm. (B) Fourier transform of di-8-ANEPPS-stained cardiomyocytes. *P < 0.05 (nested t-test) N = 4 mice. (C–F) Analysis of tubular membrane net-
work in ventricular cardiomyocytes of dysferlin-deficient mice. The confocal image signal (A) was skeletonized (C) for subsequent detailed analysis of
membrane structures. Scale bars: 10mm. (B–D) Altered directionality of TATS in ventricular cardiomyocytes of dysferlin-deficient mice. (D and E)
Quantification of structure directionality depicted as histograms with one bar for each direction. N = 8 (Dysfþ/þ) and 5 (Dysf�/�) mice (5–20 cells/
mouse). Mean ± SEM. (D) Dysfþ/þ (green) and Dysf�/� (red). Light green boxes mark area of direction with significant differences between Dysf�/�

and Dysfþ/þ for each bin [16–24�, 64–118�. *P <_ 0.05 (nested ANOVA)]. (E) Summed amount of structures with axial (A, 0� ± 5�) and transverse (T,
90� ± 5�) orientation. ***P <_ 0.001. (F) Altered structural parameters of TATS in ventricular cardiomyocytes of dysferlin-deficient mice. The follow-
ing parameters were used to characterize the skeletonized TATS: normalized skeleton length, normalized number of structures, normalized number
of branches, and normalized number of endpoint voxels. Skeleton length, number of structures, number of branches, and number of endpoint voxels
were normalized to the cell area. N = 8 (Dysfþ/þ) and 5 (Dysf�/�) mice (5–20 cells/mouse). **P <_ 0.01, ***P <_ 0.001 (nested t-test). ANOVA, analysis
of variance; TATS, transverse-axial tubule system.
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were significantly smaller in dysferlin-deficient myocytes (Dysfþ/þ =
6.18 ± 0.45 F/F0, Dysf�/� = 4.85 ± 0.34 F/F0, N = 7 mice per group)
(Supplementary material online, Figure S4A and B).

Increased sarcoplasmic reticulum Ca2þ

leak in dysferlin-deficient cardiomyocytes
Because cardiac remodelling and loss of TATS leads to disruption of
the tight coupling between LTCC and RyR2 producing orphaned
RyR2 clusters,25 we wanted to study RyR2 function and further char-
acterize SR Ca2þ leak in dysferlin-deficiency. Ca2þ spark frequency
was significantly increased in dysferlin-deficient cardiomyocytes com-
pared to wild-type (Dysfþ/þ = 0.65 ± 0.03 100 mm�1s�1, Dysf�/� =
1.88± 0.25 100 mm�1s�1, N = 4 mice per group) (Figure 6A and B)
leading to a dramatically increased Ca2þ leak from the SR (Dysfþ/þ =
4.95� 10�5 ± 9.40� 10�6nmol/L, Dysf�/� = 1.16� 10�4 ± 2.50�
10�5nmol/L, N = 4 mice per group) (Figure 6G and Supplementary
material online, Figure S5). Spark amplitude, duration, width and dia-
stolic Ca2þ were not different in these cells (Figure 6C–F). b-AR stim-
ulation using ISO lead to increased spark duration and width (Figure
6A, D, and E) compared to ISO stimulated wild-type cells thereby fur-
ther increasing the Ca2þ leak in dysferlin-deficient cardiomyocytes
(Dysfþ/þ = 1.47 � 10�4 ± 2.27 � 10�5nmol/L, Dysf�/� = 2.82 �

10�4 ± 4.05 � 10�5nmol/L, N = 4 mice per group) (Figure 6G and
Supplementary material online, Figure S5).

To determine if this increase in Ca2þ spark frequency may lead to
arrhythmia, we analysed the occurrence of spontaneous cellular con-
tractions. We found small increase in pro-arrhythmogenic events in
dysferlin-deficient cardiomyocytes under basal conditions (score/ob-
servation time: Dysfþ/þ = 9.31� 10�4 ± 4.82� 10�4, Dysf�/� = 7.85
� 10�3 ± 4.04 � 10�3, N = 7 mice per group) but significantly in-
creased numbers after ISO treatment (Score/observation time:
Dysfþ/þ = 2.67� 10�3 ± 0.80� 10�3, Dysf�/� = 1.98� 10�2 ± 0.70
� 10�2, N = 7 mice per group) (Figure 6H and I). Increased spark fre-
quency and SR Ca2þ leak together with increased pro-
arrhythmogenic events may increase the risk of arrhythmias in
dysferlin-deficient hearts, especially under b-AR stimulation.

Discussion

Dysferlin is highly expressed in heart muscle and the symptomatic
spectrum of dysferlin deficiencies involves cardiomyopathies.2,6,9

Thus, dysferlin plays a role in cardiac health, but it is not understood
how dysferlin supports heart function and how lack of dysferlin

B

C

D

A

τ
 o

f C
aT

 (m
s)

∆[
Ca

2+
] i (n

m
ol

/L
)

systolicdiastolic

Ti
m

e 
to

 p
ea

k 
of

 C
aT

(m
s)

I C
a,

L (
pA

/p
F)

[C
a2+

] i (
nm

ol
/L

)

-80

-40

0

500ms
-80

-40

0

Dysf +/+ Dysf -/-
V M

 (m
V)

I
L,a

C
)Fp/Ap( 

[C
a2+

)
Mn( ]

E

4 
(p

A/
pF

)

100 ms

Dysf+/+Dysf -/-

200

400

600

800

200

400

600

800

-8
-6
-4
-2
0
2

-8
-6
-4
-2
0
2

In
te

gr
at

ed
 I C

a,
L (

pC
/p

F)

Dysf+/+Dysf -/-

Dysf+/+Dysf -/- Dysf +/+Dysf -/-

Dysf +/+
Dysf -/-

amplitude

Dysf+/+Dysf -/-

9

6

3

12

0

*

0.20

0.18

0.12

0.08

0.04

0

*

0

500

1000

1500

0

200

400

600

800

1000

0

100

200

300

400

0

20

40

60

80

100

Figure 3 L-type calcium current (ICa,L) and corresponding triggered Ca2þ transients (CaT) in dysferlin-deficient cardiomyocytes. (A) Top: voltage-
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contributes to heart disease. In this study, we identify altered Ca2þ

handling, especially under b-AR stimulation, in ventricular myocytes
from dysferlin-deficient mice. We show that loss of dysferlin leads to
a dramatic loss of transversal elements of the TATS (axialization) and
that, owing to its role in TATS formation and maintenance, dysferlin
is essential for excitation–contraction coupling.

In skeletal muscle, dysferlin is involved in formation of the T-tubule
system, and in muscle development and regeneration.4 In cardiac
muscle, dysferlin plays a role in membrane repair,9 but whether dys-
ferlin is involved in TATS formation and development remained an
open question. Dysferlin interacts with the LTCC and with caveolin-
3 in the cardiomyocyte, supporting a model that involves a critical
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Figure 5 Ca2þ release phenotype under beta-adrenergic stress. (A and B) Ca2þ release of cardiomyocytes from male dysferlin-deficient (Dysf�/�)
mice is significantly decreased after induction of stress by isoprenaline (ISO). Isolated cardiomyocytes were loaded with fluo-4 and treated with the
ß-AR agonist ISO (ISO, c = 10�7 mol/L) in presence of 1 mmol/L Ca2þ. (A) CaT amplitudes (left) and fractional shortening (FS) (right) at 1 Hz. Mean
ISO-induced CaT amplitude: Dysfþ/þ = 5.15± 0.31 F/F0, Dysf�/� = 4.35± 0.24 F/F0. (B) Time to peak and relaxation times (RT) of CaT amplitudes at
1 Hz. (C) Representative steady-state (1 Hz) CaT amplitudes and FS of wild-type (Dysfþ/þ) and dysferlin-deficient cardiomyocytes. (D) Time to peak
and RTs of FS at 1 Hz, N = 7 mice and >_24 cells per group. (E and F) Decreased SR Ca2þ content in dysferlin-deficient cardiomyocytes after ISO. A
10 mol/L caffeine was applied to isolated ISO-treated cardiomyocytes. (E) Steady-state and caffeine-induced CaT amplitudes (mean: Dysfþ/þ =
5.58± 0.63 F/F0, Dysf�/� = 3.98± 0.31 F/F0) of ISO-treated cells and RTs of the caffeine-induced CaT of ISO-treated cells. (F) Representative steady-
state (1 Hz) and caffeine-induced CaT amplitudes ISO-treated cells. (G) Fractional release (FR) of SR calcium content after ISO is significantly in-
creased in dysferlin-deficient cardiomyocytes. Mean FR: Dysfþ/þ= 83.33 ± 3.08%, Dysf�/� = 93.59 ± 2.06%, N = 7 mice and >_11 cells per group.
Nested t-test or nested ANOVA. *P <_ 0.05 vs. Dysfþ/þ, #P <_ 0.05 vs. Dysfþ/þþISO, †P <_ 0.05 vs. Dysf�/�. ANOVA, analysis of variance.
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function at the TATS, potentially similar to Bin1, a protein involved in
skeletal muscle T-tubule biogenesis that recruits LTCC to the cardiac
TATS and is involved in TATS morphogenesis. Our data show that
dysferlin co-localizes with LTCC in the TATS. The appearance and
formation of the tubular system correlates with dysferlin expression
and its LTCC co-localization. Possibly, also the formation of LTCC-
RyR2 couplons within these tubules correlates with dysferlin expres-
sion during postnatal development, hypothesizing a role of dysferlin
in development and maintenance of the tubule network.

Changes in TATS structure detected here resemble the changes
observed during development of HF including a global reorganization
with loss of transversal elements. We did not find increased dysferlin
expression in the pressure overload model. In contrast, the increased

expression of dysferlin after MI indicates a compensatory and proba-
bly stabilizing role for dysferlin in membrane remodelling during HF
development when membrane remodelling is remarkable.

Based on the structural and functional consequences of dysferlin
loss that we identify here, we propose a model for the function of
dysferlin and the pathophysiology of dysferlinopathy in the heart
(Figure 7). Dysferlin is a tail-anchored protein that uses its C-terminal
transmembrane domain as a membrane anchor in the TATS and in
the plasma membrane. Dysferlin also possesses seven C2-domains
that are potential Ca2þ-dependent membrane contact modules.
When analysing the skeletal muscle function of dysferlin, we found
evidence that dysferlin exerts the T-tubule morphogenic function by
directly binding to the tubule membrane.4 We here suggest that

A

F G H I

B

D E

C

Figure 6 Ca2þ leak and pro-arrhythmia in dysferlin-deficient cardiomyocytes. (A–G) Ca2þ spark measurements reveal significantly increased SR
Ca2þ leak in cardiomyocytes from male Dysf�/�mice. (A) Increased spark frequency of dysferlin-deficient (Dysf�/�) cardiomyocytes leads to a signifi-
cantly increased diastolic Ca2þ leak. Representative line scan images (DF/F0, 0.96 ms/line) of vehicle- and isoprenaline (ISO)-treated dysferlin-defi-
cient and wild-type (Dysfþ/þ) cardiomyocytes. Spark frequency (mean: Dysfþ/þ= 0.65± 0.03 100 mm�1s�1, Dysf�/� = 1.88± 0.25 100 um�1s�1) (B),
spatiotemporal properties of Ca2þ sparks, such as amplitude (C), full duration at half maximum (D) and spatial spread (full width at half maximum)
(E), diastolic [Ca2þ] (F), and diastolic SR Ca2þ leak (G). Mean SR Ca2þ leak: Dysfþ/þ = 4.95� 10�5 ± 9.40� 10�6nmol/L, Dysf�/� = 1.16� 10�4 ±
2.50� 10�5 nmol/L, Dysfþ/þ þ ISO = 1.47� 10�4 ± 2.27� 10�5nmol/L, Dysf�/� þ ISO = 2.82� 10�4 ± 4.05� 10�5nmol/L. Horizontal scale bar:
200 ms, vertical scale bar: 10lm, N >_ 4 mice and >_40 cells per group (nested ANOVA). (H and I). Pro-arrhythmogenic events in ISO-treated dysfer-
lin-deficient cardiomyocytes (see Figure 5). (H) Original traces of fractional shortening after vehicle or ISO treatment (10�7 M) at 1 Hz showing spon-
taneous cellular arrhythmias (*). (I) Arrhythmia score per observation time. Mean: Dysfþ/þ = 9.31� 10�4 ± 4.82� 10�4, Dysf�/� = 7.85� 10�3 ±
4.04� 10�3, Dysfþ/þ þ ISO= 2.67� 10�3 ± 0.80� 10�3, Dysf�/� þ ISO = 1.98� 10�2 ± 0.70� 10�2 (nested ANOVA), vertical scale bars: 0.05%,
horizontal scale bars: 2 s. *P <_ 0.05 vs. Dysfþ/þ, †P <_ 0.05 vs. Dysf�/� #P <_ 0.05 vs. Dysfþ/þ þ ISO. ANOVA, analysis of variance.
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dysferlin binding by the cardiac TATS controls the ratio of transversal
and axial TATS elements and that loss of dysferlin shifts this equi-
librium by untightening the transversal element attachment to the
plasma membrane and allowing its reorientation (Figure 7). This
reorientation and remodelling of TATS structures likely results in
disturbed microdomain Ca2þ signalling. Our model suggests that
dysferlin interacts with LTCC and contributes to the maintenance
of Ca2þ-handling. Although ICa,L was reduced in dysferlin-deficient
mice, the CaT, cell shortening and relaxation were not altered
under basal conditions explaining the rather mild cardiac pheno-
type that is observed in dysferlin-deficient mice. In contrast, the
amplification of CaT by b-AR stimulation with ISO and SR Ca2þ

load were diminished in dysferlin-deficient myocytes. This is
in agreement with studies showing that b-AR stimulation leads
to significantly blunted inotropic and lusitropic responses in
dysferlin-deficient hearts9,12 highlighting the susceptibility of
dysferlin-deficient hearts to stress.

We identified more frequent Ca2þ sparks in ventricular cardio-
myocytes of dysferlin-deficient mice and consequently an even
more pronounced SR Ca2þ leak under b-AR stimulation.
Consistently, an increased number of pro-arrhythmic events was
detected suggesting that a deficiency of dysferlin may increase the
risk of arrhythmias. Reduced CaT after stress induction together
with pro-arrhythmogenic events due to an SR Ca2þ leak suggest a
primarily proarrhythmic phenotype that might be the cause of the
decreased contractile function of the heart in dysferlinopathy.

Limitations
We would also like to reflect on the limitation of our study. (i) While
generally the dysferlin-deficient mouse used in this study reliably
models human disease with regard to the genetics (patients are often
homozygous, or compound heterozygous) and the skeletal disease
phenotype, species-specific differences between mouse and human

may hamper the translation of these finding to human disease. (ii)
Based on the CaT decay rate, we assume that SR Ca2þ buffering is
largely unaffected in dysferlin deficiency. It would be desirable, how-
ever, to study caffeine-induced NCX current that was not measured
in this study. (iii) The cardiomyocytes isolated from 1-year-old mice
used in this study reflect the phenotype in dysferlinopathy patients
with regard to late disease onset. However, the question if the car-
diomyopathy found in older dysferlinopathy patients is causally linked
to the genetic disease remains open. Also, it would be interesting to
study progression of structural alteration during disease development
in a time series experiment. (iv) We are suggesting that the TATS
morphological changes in dysferlin-deficiency are indicative of a cellu-
lar pathology and correspond to alterations in Ca2þ handling that ul-
timately lead to arrhythmogenicity. It would be rewarding, therefore,
to correlate MI and TAC TATS phenotype with dysferlin expression
and dynamics and to study TATS morphology and Ca2þ changes con-
comitantly. (v) Our results and conclusions are based on experi-
ments on isolated cardiomyocytes. Extrapolation of our findings on
the in vivo situation in mice and also in humans remains challenging.
Further studies will be required, in particular with regard to the pre-
dominantly pro-arrhythmic phenotype in dysferlin-deficient mice.

Conclusion

Taken together, dysferlin is essential for TATS structure and mainte-
nance under normal and pathological conditions thereby facilitating
proper excitation–contraction coupling and contraction. Loss of dys-
ferlin leads to a massive structural reorganization with loss and axiali-
zation of TATS elements as well as abnormal Ca2þ-handling. The
model proposed in this study could explain the structural role of dys-
ferlin for the TATS as well as the functional consequences of dysferlin
deficiency in the heart.
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Figure 7 Model: dysferlin is essential for TATS structure and facilitates EC coupling in cardiomyocytes. (A) Dysferlin is C-terminally embedded in
the plasma membrane and in the TATS membrane and structures intracellular membranes by additional binding through C2 domains. Dysferlin
shapes and maintains the TATS structure in cardiomyocytes, supporting functional EC-coupling. (B) Upon dysferlin deficiency, TATS morphology is
altered with loss of transversal elements (axialization). Consequently, LTCC and RyR2 loosen their association (non-coupled Ryr2, orphanization),
leading to a Ca2þ leak, reduced SR Ca2þ content, and increased NCX activity. Dysregulated Ca2þ signalling triggers spontaneous Ca2þ sparks and
primes the cardiomyocyte for pro-arrhythmic contractions. EC, excitation–contraction; SR, ; TATS, transverse-axial tubule system.
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Acknowledgements
The authors thank Irmgard Cierny, Marc Ziegenbein, Tobias Goldak,
Ines Müller, Timo Schulte, and Johanna Heine for technical assistance,
the SFB 1002 service unit S01 (Disease Models) for TAC experi-
ments and Eva Wagner for help with analysis of TATS orientation.
The authors thank Anna Bulankina and Fleur Mason for comments
on the manuscript.

Funding
This work was supported by grants from the Deutsche
Forschungsgemeinschaft (DFG TH1538/1-1 and TH1538/3-1 to S.T.,
KL1868/5-1 to L.K., VO1568/3-1 and IRTG1816-TP12 to N.V.), and the
Collaborate Research Council ‘Modulatory units in heart failure’ (SFB 1002/
2, TP A10 to S.T., TP C07 to L.C.Z., TP A13 to N.V., TP D04 to K.T., and
service project S01), by the Hunsmann foundation (to K.B.), by the VW
Foundation (Project 131260/ZN2921 to S.T.), by the Else-Kröner-Fresenius
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