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Coupling of excitation to Ca?* release is modulated
by dysferlin

Valeriy Lukyanenko ‘2, Joaquin M. Muriel and Robert J. Bloch

Department of Physiology, University of Maryland School of Medicine, Baltimore, MD, USA

Key points

e Dysferlin, the protein missing in limb girdle muscular dystrophy 2B and Miyoshi myopathy,
concentrates in transverse tubules of skeletal muscle, where it stabilizes voltage-induced Ca**
transients against loss after osmotic shock injury (OSI).

o Local expression of dysferlin in dysferlin-null myofibres increases transient amplitude to control
levels and protects them from loss after OSI.

e Inhibitors of ryanodine receptors (RyR1) and L-type Ca’" channels protect voltage-induced
Ca’* transients from loss; thus both proteins play a role in injury in dysferlin’s absence. Effects
of Ca*-free medium and S107, which inhibits SR Ca’" leak, suggest the SR as the primary
source of Ca’" responsible for the loss of the Ca’* transient upon injury.

e Ca’" waves were induced by OSI and suppressed by exogenous dysferlin.

e We conclude that dysferlin prevents injury-induced SR Ca** leak.

Abstract Dysferlin concentrates in the transverse tubules of skeletal muscle and stabilizes Ca**
transients when muscle fibres are subjected to osmotic shock injury (OSI). We show here that
voltage-induced Ca’" transients elicited in dysferlin-null A/J myofibres were smaller than control
A/WySn] fibres. Regional expression of Venus-dysferlin chimeras in A/J fibres restored the full
amplitude of the Ca*" transients and protected against OSI. We also show that drugs that target
ryanodine receptors (RyR1: dantrolene, tetracaine, S107) and L-type Ca’" channels (LTCCs:
nifedipine, verapamil, diltiazem) prevented the decrease in Ca>* transients in A/J fibres following
OSI. Diltiazem specifically increased transients by ~20% in uninjured A/J fibres, restoring them
to control values. The fact that both RyR1s and LTCCs were involved in OSI-induced damage
suggests that damage is mediated by increased Ca*" leak from the sarcoplasmic reticulum (SR)
through the RyR1. Congruent with this, injured A/J fibres produced Ca** sparks and Ca’"
waves. $107 (a stabilizer of RyR1-FK506 binding protein coupling that reduces Ca’" leak) or
local expression of Venus-dysferlin prevented OSI-induced Ca** waves. Our data suggest that
dysferlin modulates SR Ca?* release in skeletal muscle, and that in its absence OSI causes increased
RyR1-mediated Ca’>" leak from the SR into the cytoplasm.
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Introduction

Excitation—contraction coupling (ECC) in skeletal muscle
fibres occurs through direct mechanical coupling between
the L-type Ca** channel (LTCC), located in the membrane
of the transverse tubule (T-tubule), and the ryanodine
receptor (RyR1), the SR Ca’" release channel located
in the terminal cisternal membrane (Rios et al. 2015;
Bannister, 2016). Defective regulation of Ca’* homeo-
stasis has been considered to underlie many pathologies
of skeletal muscle (Burr & Molkentin, 2015), beginning
with the demonstration that some mutations in the RyR1
that cause malignant hyperthermia were associated with
increased Ca** leak from the SR lumen into the myoplasm
(Tong et al. 1999; Dirksen & Avila, 2004; Yang et al. 2007).
The mechanisms linking the initiation and progression of
myopathies and muscular dystrophies to changes in Ca**
homeostasis have not yet been fully elucidated, however.
Thisis especially true for the large class of diseases classified
as limb girdle muscular dystrophies (LGMD; reviewed
in Nigro & Savarese, 2014; Vissing, 2016). We have
been studying diseases of this class caused by mutations
in the human DYSF gene, which encodes the protein
dysferlin.

Dysferlinis a ~230 kDa integral membrane protein that
is missing or mutated in limb girdle muscular dystrophy
type 2B, Miyoshi myopathy and distal myopathy with
anterior tibial onset (Liu et al. 1998; Liewluck et al.
2009). Most studies of dysferlin’s function have focused
on its possible role in the repair of the sarcolemmal
membrane (Bansal et al. 2003; Bansal & Campbell, 2004;
Glover & Brown, 2007; Roche et al. 2010; Defour et al.
2014; McDade et al. 2014; Demonbreun et al. 2016)
and in membrane trafficking (Glover & Brown, 2007;
Hernandez-Deviez et al. 2008; Evesson et al. 2010; Han
et al. 2012; Oulhen et al. 2014). As dysferlin is also
expressed in monocytes (Nagaraju et al. 2008), its role
in the inflammation associated with dysferlinopathies
has also been explored (McNally et al. 2000; Rawat
et al. 2010; Farini et al. 2012; Mariano et al. 2013;
Uaesoontrachoon et al. 2013; Roche er al. 2015; Yin
et al. 2015; Urao et al. 2016). Our most recent studies
suggest that dysferlin’s role in mature skeletal muscle is
likely to be limited largely to the T-tubules, where it
concentrates (Roche et al. 2011; Kerr et al. 2013, 2014).
Given this range of possibilities, it is perhaps not surprising
that the pathophysiological events that underlie the
degeneration of muscle tissue in dysferlinopathies are still
controversial.

As noted above, dysregulation of cytoplasmic Ca’"
is a pathological feature common to many muscular
dystrophies (Burr & Molkentin, 2015). Mature, dysferlin-
null skeletal muscle is more susceptible to injury,
which leads to a reduction in the amplitude of the
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voltage-induced Ca’" transients in vitro and a prolonged
loss of contractile torque in vivo (Roche et al. 2008, 2010;
Millay et al. 2009; Kerr et al. 2013). This suggests that Ca**
signalling is also likely to be defective in dysferlinopathies.
This idea is supported by the observation that both effects
of injury are inhibited by diltiazem (Kerr et al. 2013), a
benzothiazepine that blocks LTCCs (also referred to as
dihydropyridine receptors; DHPRs) in skeletal muscle
without inhibiting their mechanochemical coupling to
ryanodine receptors (RyR1) (Gonzalez-Serratos et al.
1982; Williams, 1990; Bohle, 1992). Based on these
observations, we hypothesized that dysferlin’s primary
function at the T-tubule of mature skeletal muscle is
to stabilize the mechanisms underlying voltage-induced
Ca’* release at the triad junction (Kerr et al. 2013,2014).
In the experiments reported here, we show that the
expression of dysferlin in A/] myofibres restores the
normal amplitude of the voltage-induced Ca’" transient
and protects it against loss following injury, consistent
with this hypothesis.

We have also proposed that the dysregulation of the
Ca*" release mechanism that occurs in dysferlin-null
muscle contributes significantly to the pathophysiology
seen in dysferlinopathies. Such dysregulation most
commonly involves uncoupling the mechanochemical
links between the LTCC and the RyR1, which can lead
to increases in the cytoplasmic levels of Ca** via increased
release of Ca’" from the lumen of the sarcoplasmic
reticulum (SR) through RyRI. The increase in Ca*"
leak can be activated by a number of factors, including
higher local [Ca®*] within the SR lumen or in the
cytoplasm adjacent to the triad junction (Endo, 2009;
Lanner et al. 2010). If this mechanism contributes to the
pathophysiology of dysferlinopathy, then we would expect
to observe Ca*" release events in injured dysferlin-null
myofibres in vitro, including Ca’* waves and Ca’* sparks,
which can be suppressed by local expression of dysferlin.
Furthermore, injury leading to dysregulation of Ca**
influx should be blocked or ameliorated by drugs that
block Ca’" flux through the RyR1 as well as by drugs
that, like diltiazem, block Ca** flux through the DHPR.
Our experiments, described below, confirm these pre-
dictions in myofibres from the dysferlin-null A/J] mouse
(Ho et al. 2004; Kerr et al. 2013). We also report
the novel observation that the Ca*" waves induced in
A/] muscle fibres by osmotic shock injury (OSI) are
suppressed by the local expression of dysferlin, or by S107,
an inhibitor of RyR1-mediated Ca’" leak. Our results
support the hypothesis that a major role of dysferlin in
mature skeletal muscle is to stabilize the mechanochemical
coupling of the LTCC and RyRI1 that is essential for
normal Ca*" release and excitation—contraction coupling
(ECC).

© 2017 The Authors. The Journal of Physiology © 2017 The Physiological Society
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Methods
Ethical approval

All animal procedures were in compliance with the
Guide for the Care and Use of Laboratory Animals (NIH
publication No. 85-23, revised 1996). All experimental
protocols involving animals were approved by the
Institutional Animal Care and Use Committee of the
University of Maryland School of Medicine.

Mice

Dysferlin-null (A/]) and control (A/WySnJ, or A/W) mice
were obtained either directly from The Jackson Laboratory
(Bar Harbor, ME, USA) or from breeding colonies
maintained at the University of Maryland, Baltimore.
Mice were anaesthetized by inhalation of 2.5% isoflurane
vaporized in oxygen and killed by cervical dislocation. All
mice used for this study were 12—16 weeks of age.

Plasmid constructs and transfection

mVenus-dysferlin (N-terminal Venus) (Addgene plasmid
29768) (Covian-Nares et al. 2010) was provided by The
Jain Foundation (www.jain-foundation.org). In vivo
gene transfer via electroporation into flexor digitorum
brevis (FDB) fibres was adapted from published methods
(DiFranco et al. 2006, 2011), as described (Kerr et al.
2013). Venus-dysferlin (V-Dysf) was visualized in
cultured myofibres (see below) with a Zeiss Duo Laser
Scanning Confocal System (Carl Zeiss, Thornwood, NY,
USA), equipped with an C-Apochromat x40/1.20 W
Korr objective. The fluorescence was excited with argon
(488 nm) laser output and emitted light measured at
wavelengths of > 505 nm with the BP 505-550 filter. The
intensity of the illuminating laser intensity was attenuated
to 1%.

Isolation of myofibres from FDB muscle

Mice were anaesthetized and FDB muscles were harvested
bilaterally. Single myofibres were enzymatically isolated
in Dulbeccos’ modified Eagle’s medium and 2 mg ml™!
type II collagenase (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA) for 2 h at 37°C. Tissue was
tranferred to FDB medium (Dulbecco’s modified Eagle’s
medium with 2% BSA, 1ul ml™! gentamicin, and 1ul
ml~! fungizome), triturated, and incubated for 12-24 h.
Myofibres were plated on 96-well plates coated with
laminin (Sigma-Aldrich, St Louis, MO, USA) 1 h before
experimentation. When muscles had been electroporated,
a period of 2 weeks was allowed for recovery prior to
dissection of the FDB muscles.

Before the experiment, the fibres were washed in normal
Tyrode solution, pH 7.4, containing 140 mm NaCl, 5 mM
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KCl, 0.5 mm MgCl,, 0.3 mm NaH,PO,, 5 mm Hepes,
5.5 mM glucose, 1.8 mm CaCl,. Tyrode solution free of
Ca** was prepared without CaCl,.

Confocal imaging

Isolated FDB fibres were loaded with Rhod-2AM (Thermo
Fisher Scientific) for 45 min in the culture medium at
37°C and then washed with Tyrode solution. Trains of
voltage-induced Ca’" transients were induced by field
stimulation (1 Hz for 10 s) every 1 min for 5 min with
a custom-designed electrode/microperfusion apparatus
(gift of C. Ward, School of Nursing, University of
Maryland, Baltimore). Control experiments, done in the
presence of 50 uM N-benzyl-p-toluene sulfonamide to
inhibit contraction, gave identical results.

Rhod-2 was visualized with the Zeiss Duo confocal
microscope, as described above. The fluorescence was
excited with a 560 nm laser and emitted light measured
at wavelengths of > 575 nm with the LP 575 filter.
The intensity of the illuminating laser was attenuated to
0.5%. All perfusions and imaging were performed in the
dark. More than 90% of the myofibres of either genotype
responded to voltage pulses by generating Ca®" transients.

Line scan images were acquired in the middle of
myofibres at a rate of 1.9 ms per line with the aperture of
the confocal detector set to maximum. We used Image]
1.31v (NIH, Bethesda, MD, USA) to average the profiles
for every pixel in time and took the maximal value for
each of 10 voltage pulses to determine the mean maximal
value of the Ca?* transients, which were 225 pixels wide
under the conditions we used. The values reported were
measured as the difference between maximal fluorescence
intensity (F,) and background fluorescence (F,),
normalized to F,.

We found that the amplitudes of the Ca’* trans-
ients in electroporated myofibres are higher than those
in controls. The reasons for this are unclear and have
not been elucidated by DiFranco et al. (2011), who
studied the effects of electroporation on FDB myofibres.
We therefore analysed results from the two types of
experiments separately, with different statistical methods:
Student’s paired ¢ test for transfected cells, to compare
regions that expressed the transgene with regions that did
not, and a simple ¢ test for cells that were not transfected.

For x—y imaging, images (512 x 512 pixels, 0.18 ms per
line) were recorded for 5 s at a rate of 10 Hz.

Osmotic shock injury

Cultured FDB fibres were bathed in normal Tyrode
solution and then perfused for 45 s with a hypotonic
Tyrode solution (see above) containing 70 mm NaCl
and maintained in that solution for an additional 15 s.
Cells were then bathed in isotonic Tyrode solution for
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5 min. Optimal times for injury and recovery from OSI
were found in preliminary studies to be 1 and 5 min,
respectively, and these conditions were used in all studies
requiring OSI. Experiments were performed at room
temperature (21-23°C). Data were collected from muscle
fibres from at least three mice.

Statistical analysis

Quantitative data are shown as means = SEM. Student’s
t test was used to compare the data before and after
drug interventions. A value of P < 0.05 was considered
statistically significant.

Materials

S107 was the generous gift of ARMGO Pharma, Inc.
(Tarrytown, NY, USA). Unless specified otherwise, all
other chemicals were from Sigma-Aldrich. Antibodies to
junctophilins 1 and 2 were from Invitrogen (Carlsbad, CA,
USA) and Abcam (Cambridge, UK), respectively.

Results

Voltage-induced Ca?* transients in dysferlin-null
and control myofibres

We first examined the amplitudes of the voltage-induced
Ca*" transients in cultured FDB myofibres from
dysferlin-null A/J mice and from A/WySn] (A/W) controls
(Fig. 1A-D). The mean amplitude of the transients in A/J
fibres was ~20% less than in A/W fibres (2.0 4 0.08 vs.
2.6 £ 0.08 relative units, n = 137 for each group of
data, P < 0.001). These differences, obtained with the
Ca”*-sensitive dye, Rhod-2, are consistent with our earlier
results, obtained with Fluo-4 (Kerr et al. 2013).

We used electroporation to introduce plasmid DNA
encoding V-Dysfinto A/] myofibres to learn if the decrease
in the amplitude of the voltage-induced Ca*" transients
could be corrected by the expression of dysferlin. As
controls, we used A/] and A/W myofibres electroporated
to express Venus alone (n = 14 and n = 10, respectively).
Although Venus alone is expressed throughout the fibre
(Fig. 1E), the expression of the V-Dysf transgene was
highly localized after electroporation (Fig. 1F). Where it
was expressed, it concentrated in doublets at the level of the
A-T junction (Fig. 1F inset), consistent with our previous
results and with its presence in the T-tubules of skeletal
muscle (Roche et al. 2011; Kerr et al. 2013). We therefore
limited our analysis to regions that showed either high
Venus fluorescence or no detectable fluorescence.

Our results indicate the voltage-induced Ca** trans-
ients in the regions of A/J fibres that express V-Dysf were
~20% greater (paired ttest, n=38, P < 0.01) inamplitude
than transients in non-transfected regions of the fibres.
Comparison of the voltage-induced Ca?* transients in A/J
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fibres transfected with V-Dysf (n = 38) and in A/]J fibres
transfected with Venus (n = 27) showed a difference of
38% (Fig. 1G and H; 5.1 £ 0.27 vs. 3.2 £ 0.43 relative
units, P < 0.01). Although the amplitudes of the Ca*"
transients in electroporated fibres were higher than in
those that were not electroporated, the relative changes
in amplitudes in the two preparations were similarly
dependent on dysferlin. Thus, the effect is specific for
dysferlin.

Effects of Ca?*-channel inhibitors on voltage-induced
Ca?* transients

We next examined the effects of several different classes
of inhibitors of the LTCC (diltiazem, a benzothiazapine;
nifedipine, a dihydropyridine; verapamil, a phenylalky-
lamine) and of the RyR1 (tetracaine, an anaesthetic;
dantrolene, a derivative of aminohydantoin) on the
voltage-induced Ca’" transients of A/J and A/W myofibres
in culture. Studies of the concentration dependence of
inhibition on the amplitudes of the voltage-induced Ca**
transients by each of these drugs gave a range of values
for half-maximal inhibition, from 3 um for tetracaine
to 67 uM for diltiazem (Fig. 2). With the exception of
diltiazem (see below), each drug interacted with A/J and
A/W fibres similarly; the small differences we observed
were not statistically significant.

As the concentrations of drugs that strongly inhibited
voltage-induced Ca’* transients were well above their
physiologically effective ranges, which in skeletal muscle
are typically in the 1-10 uM range (Walsh et al. 1986;
Williams, 1990; Kerr et al. 2013), we limited our studies to
lower concentrations. Of the drugs we assayed, diltiazem at
5-10 uM was unique in its ability to increase the amplitude
of the voltage-induced Ca** transients of A/J but not A/W
fibres (Fig. 2A; increase of ~20% at 10 uMm), suggesting
that it potentiates the release of Ca’" in response to
voltage pulses, as reported (Gonzalez-Serratos et al. 1982).
Notably, this effect was not seen in A/J fibres electro-
porated to express V-Dysf (Fig. 2B). The differences in
the amplitudes of the voltage-induced Ca®" transients at 5
and 10 um diltiazem between A/] and A/W (Fig. 24A),
A/] and A/J expressing V-Dysf (Fig. 2B), and A/] and
A/] treated with diltiazem (n = 29 and n = 22 for 5
and 10 uM, respectively, P < 0.005) were statistically
significant. This suggests that the increase in amplitude
of the voltage-induced Ca”** transients in A/J fibres by
dysferlin can be at least partially mimicked by diltiazem.

Osmotic shock injury

We reported previously that injury by brief hypoosmotic
shock (OSI) led to a decrease in the amplitude of
voltage-induced Ca’* transients in A/] myofibres in vitro
that was severalfold greater than the decrease in A/W

© 2017 The Authors. The Journal of Physiology © 2017 The Physiological Society



J Physiol 595.15

fibres (Kerr et al. 2013). We used OSI to determine if
the expression of dysferlin in A/] fibres was sufficient to
protect against the loss of amplitude of the Ca’" trans-
ients. Figure 3 shows representative Ca’ " transients in A/W
(Fig. 3A and B) and A/] (Fig. 3C and D) fibres, and in A/J
fibres transfected with V-Dysf (Fig. 3E), before and 5 min
after OSIL. The recovery of voltage-induced Ca** trans-
ients in A/] fibres was significantly lower than recovery in
A/W fibres, as reported (Kerr et al. 2013). Expression of
V-Dysfin A/] fibres rendered the A/J fibres resistant to loss
of transient amplitude as A/W (Fig. 3E), but only in the
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regions of the myofibres in which V-Dysf was expressed
(Fig. 3F). Transfection of A/] myofibres with Venus alone
failed to yield any protection (Fig. 3F). This indicates that
dysferlin specifically protects A/] myofibres from the loss
of amplitude of the voltage-induced Ca>* transients that
typically occurs during and after OSIL.

Effects of inhibitors during OSI

We showed previously that treatment of A/J fibres with
10 uM diltiazem was sufficient to prevent the loss of

[Venus], AU

VICT, normalized
o
N
1

0.0 T T T T T T T 1
0 50 100 150 200
Time, ms
H
6 -
T T
4 *
5 [
>
2 4
0 _ _ _
A/W + AlJ + AlJ +
Venus Venus V-Dysf

Figure 1. Amplitude of the voltage-induced Ca?* transients in A/J and in A/W fibres with and without

transfection

A and B, representative line-scan confocal images of voltage-induced Ca?* transients (Rhod-2 fluorescence)
in A/W (A) and A/J (B) FBD fibres. Bars, 100 um (vertical) and 250 ms (horizontal). C, corresponding profiles
of voltage-induced CaZ* transients from the images A and B presented as (Fmax — Fo)/Fo. Black line, A/W:;
grey line, A/). D, averaged amplitude of voltage-induced Ca?* transients in A/W and A/J fibres, presented as
(Fmax — Fo)/Fo. Number of experiments is in white; *P < 0.001 compared to A/W. E and F, representative x—y
confocal fluorescence images of A/J FBD fibres after transfection with Venus (E) or V-Dysf (F). G, representative
profiles of voltage-induced Ca?* transients from fibre areas transfected with V-Dysf (black line) or non-transfected
(grey line). The voltage-induced Ca* transients are normalized to Fmax in the area transfected with V-Dysf.
H, averaged amplitude of voltage-induced Ca?* transients in A/W and A/) fibres presented as (Fmax — Fo)/Fo.
Number of experiments is in white; *P < 0.05 compared to V-Dysf; bars, 10 um. [Colour figure can be viewed at

wileyonlinelibrary.com]
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Figure 2. Effects of Ca?* channel inhibitors on voltage-induced Ca?* transients in A/W and A/J fibres

A, effects of diltiazem on voltage-induced Ca2* transients in A/W (black circles) and A/J (grey circles) FDB fibres. B,
effects of diltiazem on voltage-induced Ca?* transients in A/) (grey circles) fibres and A/J) muscle fibres transfected
with wild-type dysferlin (black open circles). C—F, dose-dependent effects of verapamil (C), nifedipine (D), dantrolene
(F) and tetracaine (F) on voltage-induced Ca?* transients in A/W (black circles) and A/J (grey circles) fibres. Number
of experiments are given for corresponding colour; *P < 0.05 to corresponding value at the same concentration.
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amplitude of the voltage-induced Ca*" transients caused
by OSI (Kerr et al. 2013). As LTCCs are blocked by
diltiazem, this suggested that LTCCs are involved in the
response of dysferlinopathic fibres to injury. Diltiazem can
act on channels other than LTCCs, however (Caballero
et al. 2004). To explore the mechanisms underlying
dysferlinopathy further, we examined the effects of low
concentrations of diltiazem and other Ca’" channel
blockers, which act either on the LTCC or the RyR1 of
skeletal muscle, on the response of A/] fibres to OSI.
Figure 4 shows the effects of low concentrations
of diltiazem, verapamil, nifedipine, dantrolene and
tetracaine on the loss of voltage-induced Ca®* transients
in A/J FDB fibres exposed to OSI. All the drugs completely
or nearly completely blocked the loss of the transients
at concentrations of 10 uMm or less. Notably, nifedipine
at 5 uM and verapamil at 10 uM were approximately
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as effective as diltiazem at 10 uM. In addition, 10 uMm
dantrolene (Fig. 4B) and 1 uM tetracaine (Fig. 4B) fully
protected the transients after OSI. A higher concentration
of tetracaine (10 ;M) was also protective, but because it is
itself inhibitory, it had to be washed out before recovery of
the voltage-induced Ca?* transients could be measured.
Figure 4C shows that washout of 10 uM tetracaine was
essentially accomplished by 10 min following OSI, and
that recovery of the transient amplitude was complete
and indistinguishable from uninjured A/J or injured A/W
fibres.

Our observation that inhibitors of the LTCC (diltiazem,
nifedipine, verapamil) and of the RyR1 (dantrolene,
tetracaine) protect A/J fibres from OSI-induced loss of
voltage-induced Ca’™ transients strongly suggests that the
damage caused to the voltage-induced Ca’" transients
requires both proteins.
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Figure 3. Effect of osmotic shock on Ca?t transients in FBD fibres

A, C and E, representative line-scan confocal images of voltage-induced Ca?* transients in A/W (A) and A/J (C)
FBD fibres and A/J fibres transfected with V-Dysf (E) before and 5 min after OSI. Distribution of V-Dysf, introduced
by electroporation and seen as Venus fluorescence, is shown on x—y images located on the right of panel £. B and
D, corresponding profiles of voltage-induced Ca?* transients from the images presented in A and C for pre-0SI
(black line) and 5 min after OSI (grey line). Transients are normalized to Fnax for pre-OSI conditions. F, averaged
data for recovery of Ca?* transients in FBD fibres under the different conditions used. Number of experiments in
white; *P < 0.005 compared to A/W; bars, 100 um (vertical) and 250 ms (horizontal).
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Figure 4. Effects of pharmacological agents on recovery of
voltage-induced Ca?* transients in A/J fibres after OSI

A, averaged data for recovery of Ca2* transients in FBD fibres in the
presence of 10 um diltiazem (Dilt.), 10 wm verapamil (Verap.) or

5 uM nifedipine (Nifed). B, averaged data for recovery of CaZ+
transients after OSI in FBD fibres in the presence of 10 um
dantrolene (Dantr.), 1 uM tetracaine (Tetrac.) or 10 um S107.
Number of experiments is shown in white; *P < 0.05, compared to
A/J. The two bars to the left duplicate those in A. C, averaged data
for recovery of voltage-induced Ca®* transients during wash-out of
10 uMm tetracaine for A/W (no OSI; black circles) and A/J (no OSI; grey
circles) fibres, and for A/J fibres after OSI (open circles). Data points
are means of 6-27 independent experiments.
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Effects of prevention of Ca%* leak through RyR1
with $107

As flow of Ca’* from the lumen of the SR through
the RyR1 appears to be required for the OSI-induced
loss of amplitude of voltage-induced Ca’" transients in
dysferlin-null muscle fibres, we tested the effects of S107,
which inhibits spontaneous Ca?* leak through the RyR by
stabilizing the binding of FK506 binding protein (FKBP;
Andersson et al.2012). S107 had no effect on the amplitude
of voltage-induced Ca*" transients in A/]J fibres that were
not subjected to OSI, or to A/W fibres before or after
OSI (n = 12; not shown). With A/] fibres subjected
to OSI, however, S107 added before and during injury
largely protected against the OSI-induced decrease in
amplitude of voltage-induced Ca*" transients (Fig. 4B).
These results supportarole for Ca®* leak through the RyR1
in the pathophysiology of injured dysferlin-null muscle,
consistent with our results with dantrolene and tetracaine.

Ca?*-free medium

We investigated the possible contribution of extracellular
Ca’" to the loss of amplitude of voltage-induced Ca**
transients of A/] myofibres, and the effects on A/J fibres
of OSI, by removing all the Ca’" from the Tyrode
solution bathing the myofibres. The amplitude of the
voltage-induced Ca’" transients in A/W and A/] myo-
fibres was not affected by Tyrode solution lacking Ca®",
compared to normal Tyrode solution (1.8 mm Ca?T,
n = 7 for each). Similarly, OSI had the same inhibitory
effect on the voltage-induced Ca’" transients of A/J myo-
fibres whether Ca’" was present or absent in the medium
(Fig. 5). The recovery of the transients after OSI in
Ca’ " -free Tyrode solution was 28 4= 10% (1= >5), similar to
recovery in normal Tyrode solution. These results suggest
that the influx of Ca*" from the medium into the myo-
plasm does not play a major role in the voltage-induced
Ca’* transients or in the decrease in the transients in
dysferlin-null muscle following OSI.

Ca?* waves and Ca?* sparks in A/J fibres after OSI

The minimal role for extracellular Ca*>*, and the protective
effects of S107 and the other drugs that target the LTCC
and RyR1 directly, suggest that intracellular Ca** homeo-
stasis is dysregulated in injured A/] fibres. As dysregulation
can be accompanied by Ca*" waves and Ca’" sparks,
especially in cardiac myocytes (e.g. Lukyanenko & Gyorke,
1999) but also in skeletal myofibres (Bellinger ef al. 2009;
Andersson et al. 2012), we searched for these in injured
A/] fibres. We found that 44.4% of A/] fibres (n = 27)
at 5 min after OSI demonstrated spreading waves of
Ca*". PFigure 6 shows representative confocal images of
the voltage-induced Ca** transients and Ca*" waves in

© 2017 The Authors. The Journal of Physiology © 2017 The Physiological Society
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A/] fibres before and at different time intervals after OSI.
Enlarged images of single Ca*" transients (Fig. 6, right
panels) show that even at 20 min after OSI the trans-
ients continued to be ‘wavy’ in appearance. Figure 7A and
Supplementary Video 1 show waves moving through a
region of an injured A/J fibre first in one direction and then
in the opposite direction, consistent with a coordinated
release of Ca’* over a significant volume of the fibre.

Figure 7B shows evidence for spontaneous Ca’"
sparks and Ca’" bursts in injured A/] myofibres. Sparks
occurred at the time of voltage stimulation (yellow
arrows) or spontaneously (white arrows), suggesting a
similar underlying mechanism. Some positions across
the myofibres showed repetitive Ca®" sparks. Bursts
(green arrows) are less frequent. Scans of individual
spark and burst events are shown in Fig. 7C. Although
we have not yet fully characterized these events, they
are very similar to those reported in both skeletal and
cardiac muscle cells. These events, as well as the Ca%t
waves illustrated above, indicate that control of Ca?*
release is significantly altered in injured dysferlin-null
myofibres.

Figure 8 shows that expression of V-Dysf fully protected
A/] fibres against the OSI-induced Ca’>" waves (n = 6) in
the regions where V-Dysf was expressed. Furthermore,
treatment of A/J fibres with 10 M S107 before and during
OSI reduced the number of fibres with Ca®* waves 4-fold
(to 11.1%, n=9).

Differences in Ca?* signalling in A/J muscle are not
linked to proteolysis

Elevated levels of cytoplasmic Ca®* in skeletal muscle can
activate calpain 3, leading to degradation of junctophilins
(e.g. Murphy et al. 2013). We tested the possible role of
calpains in the loss of the Ca?* transient in A/J muscle
following OSI by preincubating the fibres in 50 uM
calpeptin, a calpain inhibitor. We found no protection
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against theloss in amplitude (Fig. 9A and B). Immunoblots
further showed that both junctophilin 1 and junctophilin
2 are present at similar levels in A/J and control muscles
(Fig. 90), suggesting that differences in their degradation
do not account for the differences in the amplitudes of the
Ca*" transients before injury.

Discussion

The role of dysferlin in skeletal muscle and the
mechanisms underlying muscular dystrophies associated
with mutations in the DYSF gene have been controversial.
Our previous results showed that most of the dysferlin
present in mature skeletal muscle fibres concentrates in
the T-tubules, where it stabilizes Ca?" release at the
triad junction when muscle is injured either in vitro or
in vivo. We also found that diltiazem, which blocks the
L-type Ca*" channel (LTCC) in muscle without inhibiting
excitation—contraction coupling (Gonzalez-Serratos et al.
1982; Williams, 1990; Bohle, 1992), protects dysferlin-null
murine muscle against injury in vitro and in vivo (Kerr
et al. 2013). These results suggest that Ca*" signalling
is defective in injured dysferlin-null muscle, but the
mechanisms by which Ca®" accesses the myoplasm under
pathogenic conditions, how these conditions can lead to
long-term, possibly self-perpetuating, effects, and how
dysferlin suppresses pathology remain unknown. Here we
report studies on Ca’" release by injured dysferlin-null
muscle fibres in vitro that begin to address these questions.
We found that dysferlin itself improves Ca’" release when
it is expressed in the dysferlin-null background, and
that this increase is mimicked by low concentrations of
diltiazem. Our results further indicate that, upon injury
of dysferlin-null myofibres in culture, most of the Ca*"
that accesses the myoplasm from the lumen of the SR is
associated with Ca*" leak from the SR that is suppressed
by the expression of dysferlin. We suggest that the absence
of dysferlin leads to changes in coupling between the LTCC
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Figure 5. Effect of Ca?*-free Tyrode solution on recovery of voltage-induced Ca?* transients from OSI

in A/J fibres

A, representative line-scan confocal images of the voltage-induced Ca?* transients in A/J FBD fibres before and
after OSI in nominally Ca?*-free Tyrode solution. B, corresponding profiles of transients from the images presented
on A for pre-0SI (black) and 5 min after OSI (grey) conditions. Voltage-induced Ca?* transients are normalized to
Fmax for pre-OSI conditions. Bars, 100 um (vertical) and 250 ms (horizontal).
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and the RyR1, which can in turn contribute significantly
to the pathology of dysferlinopathies.

Role of extracellular and SR Ca%*

Our pharmacological studies with three specific inhibitors
of the LTCC, diltiazem, nifedipine and verapamil, indicate
that the LTCC plays an important role in the response of
dysferlin-null muscle to OSI (Fig. 4A). The three drugs
are chemically distinct, but they all bind at nearby sites on
the a1 subunit of the LTCC (Doring et al. 1996; Hering
et al. 1996; Peterson et al. 1997; Hockerman et al. 1997,
2000). Their binding blocks the flux of Ca** through
the channel and thereby reduces the concentration of
Ca’?* in the narrow cleft of the triad junction. In our
experiments (Fig. 2), low concentrations of these drugs
(< 10 um) do not reduce the size of the voltage-induced
Ca’*" transient, however, consistent with the idea that
they do not interfere significantly with the biomechanical
coupling of the LTCC and the RyR1 that is essential for

Figure 6. Ca?t waves in A/J fibres after OSI

V. Lukyanenko and others

J Physiol 595.15

the normal release of Ca’* required to initiate contraction
(e.g. Lamb, 1986; reviewed in Rios ef al. 2015; Bannister,
2016). Thus, their effects on control muscle are benign
under normal circumstances but are highly beneficial
in protecting dysferlin-null muscle from injury. Further
studies will be needed to determine if other drugs of
the dihydropyridine, phenyalkylamine or benzothiazepine
families, or indeed drugs of other chemical families that
target the LTCC, share these effects.

Of these drugs, diltiazem has the most distinctive
effect on dysferlin-null muscle, as it actually increases
the amplitude of the voltage-induced Ca®* transients in
uninjured, dysferlin-null muscle. The magnitude of the
increase, ~20%, is sufficient to restore the amplitude to
that of wild-type A/W muscle. Restoration of expression
of dysferlin similarly restores the magnitude of the
voltage-induced Ca?* transients to control levels while
also eliminating the stimulatory effect of diltiazem. These
results suggest that the absence of dysferlin, rather
than other minor genetic differences between A/] and
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A, representative line-scan confocal images of the voltage-induced Ca?* transients and Ca%* waves in A/J fibres
before and after OSI. Time (in minutes) after OSI is shown between panels. B, enlarged images of Ca* signals,
reoriented with the initial time of stimulation at the upper left of each panel. Bars: left panel, 100 um (vertical)
and 250 ms (horizontal); right panel, 100 ms (vertical) and 25 um (horizontal).
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A/W mice, is sufficient to reduce the amplitude of the
voltage-induced Ca’* transient, and that diltiazem can
mimic the effect of dysferlin in increasing the transient
as well as protecting against damage caused by OSI. The
effect of diltiazem also suggests that the LTCC and RyR1

in dysferlin-null muscle can be coupled biomechanically

A

Defective Ca** release in injured dysferlin-null myofibres 5201

at full efficiency without changes in gene expression, as
required in ageing muscle (Wang et al. 2002).

Consistent with our results, diltiazem at micro-
molar concentrations has previously been reported to
enhance the binding of DHPR antagonists, PN 200-110
and nimodipine, to skeletal muscle membranes in
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Figure 7. Spontaneous Ca?t waves and sparks in A/J fibres after OSI

A, representative x-y scans of confocal images of spontaneous Ca’* wave in A/J fibres after OSI as a function
of time (in seconds). Bar, 10 um. B, line-scan confocal images of the voltage-induced Ca%* transients, and
voltage-induced (yellow arrows) and spontaneous (white arrows) Ca2* sparks and bursts (green arrows) visualized
at 9 min after OSI. The arrowhead indicates a location at which sparks arise repeatedly. Bars, 20 um (vertical) and
250 ms (horizontal). C, representative Ca2*t sparks and bursts shown at higher magnification at 15 min after OSI.
On the right are plotted time-dependent changes in [Ca%*], recorded by averaging a 2 um line at sites indicated
by arrows. Bars, 10 um (vertical) and 300 ms (horizontal). [Colour figure can be viewed at wileyonlinelibrary.com]

© 2017 The Authors. The Journal of Physiology © 2017 The Physiological Society
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a stereospecific manner (Goll et al. 1983; Ferry &
Glossmann, 2016). It also increases the amplitude of
the voltage-induced Ca’" transient in frog muscles
(Gonzalez-Serratos et al. 1982). Notably, frog muscles
have not been shown to contain dysferlin. In addition,
the T-tubule system in amphibian muscles is present at
the level of the Z-disk, near the sarcoplasmic reticulum,
rather than displaced to the A-I junction, as it is in
mammalian skeletal muscle. A similar situation pertains
in mammalian heart muscle, which is spared in most
cases of dysferlinopathy (Takahashi et al. 2013; Nishikawa
et al. 2016). Both factors may contribute to diltiazem’s
enhancement of the amplitude of the voltage-induced
Ca’* transients in wild-type frog muscle but only in
dysferlin-null mouse muscle.

Although our results strongly implicate a role for the
LTCC in the response of dysferlin-null muscle fibres to
OSI, they suggest that Ca’" flux through the channel is
only a minor contributor to injury. In particular, removal
of extracellular Ca*" does not protect A/J myofibres
from loss of the Ca’" transient following OSI (Fig. 5).
Thus, Ca’" entry is unlikely to play a significant role
in the changes in the Ca’" transient induced by OSI
in the absence of dysferlin. These results also suggest
that other pathways for influx of extracellular Ca’T,
such as stretch-activated or Trp channels, are unlikely
to be involved. This is consistent with the much higher
concentrations of tetracaine needed to block Trp channels
(Zholos, 2010). Higher concentrations of tetracaine have
been used to block voltage-gated Na™ channels as well
(Tamkun et al. 1984; Brown et al. 2009; but see Aksentsev
et al. 1983; Braii et al. 1998).

The effect of nominally Ca?*-free medium on the loss
of the Ca’" transient after OSI differs from our previous
observation (Kerr et al. 2013) that extracellular Ca®* is
required for the prolonged retention of the impermeant
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Figure 8. V-Dysf suppresses the development of Ca?t waves
in A/J fibres after OSI

Representative line-scan confocal images of the voltage-induced
Ca?t transients and Ca?t waves in A/ fibres showing regional
expression of V-Dysf before and 5 min after OSI. Distribution of
V-Dysf, seen as Venus fluorescence, is shown on x—y images to the
right. Bars, 100 um (vertical) and 250 ms (horizontal). [Colour figure
can be viewed at wileyonlinelibrary.com]
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dye sulforhodamine B in the T-tubules of A/J myofibres
after OSI. We speculate that this difference is due to
differences in the requirement for Ca’" in promoting
membrane sealing (e.g. Bansal et al. 2003; McNeil et al.
2003), as distinct from maintaining mechanochemical
coupling between the LTCC and the RyR1 following injury.

As shown by Pickering et al. (2009), the aftermath of OSI
of healthy rat myofibres includes increases in cytoplasmic
Ca?* that induce Ca?* sparks. They also show that this
effect is blocked by nifedipine and tetracaine, consistent
with our current results. We propose that in the absence
of dysferlin, OSI induces a larger change in cytoplasmic
Ca’" than in healthy muscle, leading to more extensive
disruption of the mechanochemical coupling of the LTCC
to the RyR1, and accompanying decreases in the amplitude
of the Ca*" transient. The enhanced leak of Ca** from the
SR1umen through the RyR1 into the cytoplasm that occurs
upon OSI might then be sufficient to lead to the generation
of Ca?* sparks and waves. The predominant role of the
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Figure 9. Evidence against proteolysis in A/J fibres

A, representative line-scan confocal images of the voltage-induced
Ca”* transients and Ca?* waves before and 5 min after OSl in A/J
fibres pretreated for 1 h with 50 uMm calpeptin. B, averaged data for
recovery of Ca2* transients in A/) FBD fibres pretreated and not
pretreated with 50 um calpeptin in comparison to A/W FBD fibres.
Number of experiments is shown in white; *P < 0.005 compared to
A/W. Bars, 100 um (vertical) and 250 ms (horizontal). C,
representative SDS-PAGE shows amount of junctophilins 1 or 2 (JPH1
or JPH2) in A/J and A/W muscle fibres. Molecular mass markers, in
kDa, are indicated. Glyceraldehyde phosphate dehydrogenase is the
loading control, at 36 kDa.
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RyR1 and the leak of Ca*" that it mediates can account
for our results with dantrolene and tetracaine, which we
used at concentrations that do not significantly inhibit
the voltage-induced Ca*" transient in healthy myofibres
(Fig. 2). Both inhibit Ca*" flux through the RyR1 (Fruen
et al. 1997; Brum et al. 2003) and both protect A/J fibres
from the effects of OSI (Fig. 4B).

We used S107 to test this possibility further. S107
stabilizes the binding of FKBP (also known as calstabin 1)
to the RyR1, which reduces Ca’" leak through the RyR1
without inhibiting its normal biomechanical coupling to
the LTCC. It has been used by the Marks laboratory
to show that increased Ca’" leak is a significant
contributor to other forms of muscular dystrophy,
including dystrophinopathy and g-sarcoglycanopathy
(Bellinger et al. 2009; Andersson et al. 2012; see also
Takagi et al. 1992), as well as to the changes that occur in
muscle upon ageing (Andersson et al. 2011). Our finding
that S107 protects A/] muscle against the effects of OSI
(Fig. 4B) suggests that increased Ca’>" leak through the
RyR1 contributes significantly to the injury-induced loss
of amplitude of the voltage-induced Ca*" transient.

Increased RyR1 Ca?* leak cannot readily account for
all our results, however, as indicated by the effects of
diltiazem and other blockers of the LTCC, discussed above.
We speculate that the interaction of the LTCC with the
RyR1 in dysferlin-null muscle is stabilized by drugs, such
as diltiazem, that bind to the channel wall, and that
this reduces the susceptibility of RyR1 to leak following
osmotic shock injury when dysferlin is absent.

Evidence consistent with abnormal Ca?* release
and its possible role in pathogenesis

Higher than normal cytoplasmic Ca’" concentrations
in the vicinity of the triad junction can have many
potential effects that alter the activity of the RyR, including,
in cardiac muscle, Ca’>T-induced Ca**-release (CICR).
Ca** sparks and voltage-induced and spontaneous Ca*"
waves are typical of cardiomyocytes in which CICR is
dysregulated. Although it does not typically contribute
significantly to the transient in healthy skeletal muscle
(Shirokova et al. 1998; Rios et al. 2015), CICR may
play a role in caffeine-induced contractures and in some
myopathies (Endo, 2009). This possibility is consistent
with our observations of Ca’" sparks and waves and,
in rare instances, spontaneous Ca?t waves, in injured
dysferlin-null myofibres (Figs 6-8). Nevertheless, CICR
is not the only mechanism that can account for our data:
store overload-induced Ca*" release (SOICR: Jiang et al.
2008; Cully & Launikonis, 2016; Wakizaka et al. 2017, but
see Kong et al. 2007) may also do so. SOICR occurs in
skinned muscle fibres exposed to high concentrations of
Mg*" and leads to Ca*" waves that can last several seconds.
Although our observation that osmotic shock injury in
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nominally Ca*"-free solution does not protect against the
loss of the Ca®" transient is inconsistent with store over-
load, Ca** sparks and waves can be caused by SOICR
and thus are not diagnostic of any particular mechanism
underlying increased Ca’" release. We are now planning
additional experiments to determine the mechanism(s)
that contribute to the increase in Ca*" release in injured
dysferlin-null muscle.

The effect of expression of dysferlin in some regions
of the fibres, but not others, indicates that the differences
between A/J and A/W myofibres under normal conditions
(Fig. 1) and after OSI (Figs. 3 and 8) are due primarily
to the absence or presence of dysferlin, respectively.
Furthermore, they suggest that the control of Ca** leak
and its consequences in injured dysferlin-null muscle
fibres is highly localized. After electroporation, V-Dysf
tends to concentrate at one end of the transfected FDB
muscle fibre. Expression of the V-Dysf fusion protein is
apparent up to about 50 um from the end of the fibre,
with little or no detectable fluorescence in the middle of
the fibre or at the other end. This creates a heterogeneous
environment in which one part of the fibre expresses
dysferlin and behaves like A/W controls, whereas the other
part is dysferlin-null and behaves like untransfected A/J
fibres, losing amplitude and generating Ca’" waves after
OSI (Figs. 3 and 8). Thus, the leak of Ca’* during and after
injury that promotes broader Ca** dysregulation is likely
to be localized and not widespread through the myoplasm.
Future studies should reveal more details on the dynamics
of Ca** waves in A/J myofibres.

Increased Ca’* leak through the RyR1, which is
likely to be induced by osmotic shock of dysferlin-null
fibres, is thought to contribute to pathology in several
forms of muscular dystrophy caused by mutations in the
dystrophin—glycoprotein complex and other myopathies
(Bellinger et al. 2009; Andersson et al. 2012). The pathways
that lead from increased Ca*" leak to pathogenesis in
dysferlinopathies remain unknown, although, as in other
myopathies, they may involve chemical modification
of RyRl, calcium-induced proteolysis, mitochondrial
dysfunction or ER stress (e.g. Ikezoe et al. 2003; Kobayashi
et al. 2010; Andersson et al. 2012; Moorwood & Barton,
2014; Timpani et al. 2015). Ca**-induced proteolysis by
calpain 3 is an attractive possibility, as it has been shown
to occur in mdx myofibres and to be associated with
degradation of junctophilin (Murphy et al. 2013), another
triadic protein. Calpain 3 associates with and degrades
dysferlin and the RyR1 (Huang et al. 2008; Kramerova et al.
2008; Lek et al. 2013; Redpath efal. 2014), however, making
dissecting its contributions to the loss of the Ca** transient
in injured dysferlin-null muscles a challenging task. Still, as
50 uM calpeptin did not protect A/] muscle fibres against
the loss of the Ca’* transient caused by OSI, calpains
are unlikely to contribute. Furthermore, proteolysis of
junctophilin does not appear to occur to a significant
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extent in A/J] muscle, suggesting that it is not associated
with the differences in the Ca®T transients seen in A/J and
control myofibres. Our future studies will examine the
relationship of these and other possible mechanisms to
the pathophysiology of single dysferlin-null muscle fibres
that we have described here.

In conclusion, our current findings provide new
observations that link the pathogenesis seen in
dysferlinopathies to changes in Ca’" regulation. The
exact mechanisms by which dysferlin helps to regulate
Ca** homeostasis and excitation—contraction coupling in
skeletal muscle will require further study, however. We
also note that the drugs we have examined here have
the potential to benefit individuals with dysferlinopathies
by reducing the frequency of Ca*" leak and related
pathological changes in skeletal muscle.
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