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Abstract

A major contributor to contractile dysfunction in heart failure is remodelling and loss of the cardiomyocyte transverse tubular
system (t-system), but underlying mechanisms and signalling pathways remain elusive. It has been shown that dexamethasone
promotes t-tubule development in stem cell-derived cardiomyocytes and that cardiomyocyte-specific glucocorticoid receptor
(GR) knockout (GRKO) leads to heart failure. Here, we studied if the t-system is altered in GRKO hearts and if GR signal-
ling is required for t-system preservation in adult cardiomyocytes. Confocal and 3D STED microscopy of myocardium from
cardiomyocyte-specific GRKO mice revealed decreased t-system density and increased distances between ryanodine receptors
(RyR) and L-type Ca** channels (LTCC). Because t-system remodelling and heart failure are intertwined, we investigated
the underlying mechanisms in vitro. Ventricular cardiomyocytes from failing human and healthy adult rat hearts cultured in
the absence of glucocorticoids (CTRL) showed distinctively lower t-system density than cells treated with dexamethasone
(ECs, 1.1 nM) or corticosterone. The GR antagonist mifepristone abrogated the effect of dexamethasone. Dexamethasone
improved RyR-LTCC coupling and synchrony of intracellular Ca*" release, but did not alter expression levels of t-system-
associated proteins junctophilin-2 (JPH2), bridging integrator-1 (BIN1) or caveolin-3 (CAV3). Rather, dexamethasone
upregulated LC3B and increased autophagic flux. The broad-spectrum protein kinase inhibitor staurosporine prevented
dexamethasone-induced upregulation of autophagy and t-system preservation, and autophagy inhibitors bafilomycin A and
chloroquine accelerated t-system loss. Conversely, induction of autophagy by rapamycin or amino acid starvation preserved
the t-system. These findings suggest that GR signalling and autophagy are critically involved in t-system preservation and
remodelling in the heart.
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Introduction

Chronic heart failure is characterized by progressive con-
tractile dysfunction, which results from a vicious circle
between cardiac stress and maladaptive myocardial and
cellular remodelling. One important characteristic of
cardiomyocytes from failing hearts is remodelling of the
transverse tubular system (t-system). This remodelling
results in reduced t-system density as well as changes in
t-tubule shape and orientation [22, 46]. In healthy cardio-
myocytes, the t-system consists of regularly arranged tubu-
lar membrane structures, running from the surface into the
myocyte. Its main purpose is to guarantee efficient exci-
tation—contraction coupling by positioning L-type Ca**
channels (LTCCs), located in the cell membrane, next to
ryanodine receptors (RyRs), located in the membrane of
the sarcoplasmic reticulum (SR). This allows for fast and
synchronous triggering of intracellular Ca?* release, a
prerequisite for efficient contraction. T-system remodel-
ling in heart failure results in reduced LTCC-RyR cou-
pling, asynchronous intracellular Ca®* release and, conse-
quently, decreased cardiac contractility [14, 27]. The close
correlation between t-system remodelling and impaired
contractility has been convincingly demonstrated in end-
stage failing human hearts, where ventricular regions with
preserved contractility still presented a regular t-system,
whereas regions with severely impaired contractility
exhibited a degenerated t-system [9]. Furthermore, it has
been reported that the degree of t-system remodelling cor-
relates inversely with functional recovery of human failing
hearts after implantation of ventricular assist devices [46].
A preserved t-system may therefore be required for recov-
ery, or, put differently, t-system remodelling might be the
result of irreversible myocardial changes. For these and
other reasons, the t-system has been suggested as a prom-
ising target of prevention, diagnosis and therapy [28, 50].

Mechanisms behind t-system remodelling, however, are
poorly understood. Due to the chronic development and
complex pathophysiology of heart failure it is particularly
difficult to identify causal relationships in animal mod-
els or patients [50]. It has been suggested that increased
wall stress [12], strain [24] or fibrosis [8, 47] may trigger
t-system remodelling and that the remodelling involves
downregulation of t-system-associated proteins, such as
junctophilin 2 (JPH2) [59] or bridging integrator 1 (BIN1)
[6]. However, although convincing evidence exists for the
involvement of these proteins in t-tubule and junctional
organization, it is possible that a loss of t-tubules merely
reduces the amounts of proteins preferentially residing in
the t-system.

In vitro studies, which provide more control over exper-
imental parameters, may facilitate a better understanding
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of t-system remodelling. For instance, primary-isolated
cardiomyocytes remodel spontaneously in culture, and
this remodelling resembles the structural and functional
changes observed in heart failure [2, 27]. Thus, the dis-
covery of interventions which prevent or mitigate these
effects of cell culture may provide important clues towards
the mechanisms underlying t-system remodelling in vivo.
It was recently reported that t-tubules develop in stem
cell-derived cardiomyocytes only if tritodothyronine (T3)
and dexamethasone are added to the culture medium [36].
Moreover, cardiomyocyte-specific glucocorticoid receptor
(GR) knockout in mice leads to irregular Ca®* signalling,
impaired contractility and heart failure [34]. Based on
these studies, we formulated the hypothesis that glucocor-
ticoid signalling is involved in t-system homeostasis and
remodelling, possibly by genetic regulation of t-system
associated proteins. Furthermore, we hypothesized that
impaired or excessive autophagy, as present in situations
of cardiomyocyte stress and heart failure [32], may under-
lie the degradation of t-tubules.

The present study shows that t-tubule density and
LTCC-RyR coupling is decreased in hearts from cardio-
myocyte-specific GR knockout (GRKO) mice. Effects of
GR signalling on the t-system were then investigated in an
in vitro model of t-system loss to circumvent the confound-
ing effects of heart failure. The results indicate that GR ago-
nists prevent t-system loss and preserve excitation—contrac-
tion coupling in cultured rat and human cardiomyocytes.
Furthermore, this study provides evidence that enhanced
autophagy rather than upregulation of JPH2 or BIN1 medi-
ates the effects of GR activation on the t-system and that
maintenance of autophagic flux is critical for preservation
of the t-system.

Methods

Methods are described in detail in the Online Supplementary
Material.

Animals

Female Wistar rats (150-200 g) were obtained from Charles
River Germany. Rats were killed by intraperitoneal injection
of thiopental-sodium (100 mg/kg), followed by thoracotomy
and excision of the heart. All experiments with rats were
approved by the Animal Care and Use Committee Mittelf-
ranken, Bavaria, Germany. Female cardiomyocyte-specific
glucocorticoid receptor knockout (GRKO) mice were gener-
ated and bred as described previously [33, 34]. Mice were
killed by cervical dislocation. All experiments with mice
were approved by the Animal Care and Use Committee at
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the National Institute of Environmental Health Sciences
(NIEHS), National Institutes of Health (NIH).

Human cardiac samples

Human cardiac tissue samples were collected from the left-
ventricular apical core during implantation of mechani-
cal assist devices or from the free left-ventricular wall of
explanted hearts. Collection and use of human cardiac tissue
samples was approved by the Institutional Review Boards
of the University of Erlangen-Niirnberg and the Ruhr-Uni-
versity Bochum. Studies were conducted according to Dec-
laration of Helsinki principles. Patients gave their written
informed consent prior to tissue collection. Patient charac-
teristics are displayed in Online Table 1.

Cardiomyocyte isolation and culture

Left-ventricular human and rat cardiomyocytes were isolated
and investigated immediately (fresh myocytes) or cultured
in M199 medium. In some experiments a modified medium,
free from amino acids, was used (see Online Supplementary
Material). Culture dishes were randomly assigned to treat-
ment groups.

Confocal imaging of living and fixed cardiomyocytes

Living myocytes were placed into culture medium with
30 mmol/L butanedione monoxime (BDM) and incubated
with 8 pmol/L Di8-ANEPPS at room temperature to stain
cell membranes. Myocytes were then imaged with a Zeiss
LSM 780 inverted confocal microscope. For immunostain-
ing, cardiomyocytes were fixed with 2% PFA (RyR, LTCC
co-staining) or 100% acetone (BIN1, JPH2 co-staining,
LC3BII staining), then incubated with the respective pri-
mary and secondary antibodies and imaged on the confocal
microscope.

Ca?* imaging and analysis of Ca®* signals

Cardiomyocytes were stained with 8 umol/L Di§-ANEPPS
and loaded with 10 umol/L Fluo-4 AM, selected randomly
by light microscopy, field-stimulated and subjected to a
standardized protocol. Confocal line scans were performed
at room temperature in the cell centre along the myocyte
long axis (1.89 ms per line). Line scans were noise-filtered,
corrected for spillover from the Di8-ANEPPS channel into
the Fluo-4 channel and analysed using a custom-written
Matlab script (R2017b, Mathworks). See Online Fig. 12 for
an example.

STED microscopy of mouse cardiac tissue

A 3D STED super-resolution system (Abberior) with an
Olympus U-TB190 inverted microscope with a 100 X oil
immersion lens was used. Two pulsed laser lines (594 nm
and 640 nm) were used for excitation, together with a
775 nm STED laser (1250 mW).

Statistics

Researchers were blinded against groups when imaging the
t-system of living human and rat cardiomyocytes. Techni-
cal replicates and repeated measures taken from the same
sample, for instance multiple image stacks from one mouse
heart, were averaged and then treated as one statistical unit.
The two-tailed Welch’s ¢ test, which does not assume equal
variance in the samples, was applied, and resulting p val-
ues subsequently corrected for multiple comparison by the
Holm-Bonferroni method. Differences in distributions were
tested by the Kolmogorov—Smirnov test. p values <0.05
were considered significant. If not otherwise indicated, data
are presented as mean + standard error.

Results

GR knockout leads to t-system loss and increased
RyR-LTCC distance

Because cardiomyocyte-specific GR knockout (GRKO)
mice develop heart failure and show alterations in cardio-
myocyte calcium handling [33, 34], we investigated whether
t-system remodelling as a result of deficient GR signalling
may contribute to cardiac dysfunction in these animals.
After staining with wheat germ agglutinin (WGA) and
antibodies against RyR and LTCC, we acquired 3D confo-
cal images from control (FLOX) and GRKO left-ventric-
ular tissue sections (Fig. 1 a—d, f-i). WGA staining of the
t-system revealed cell regions with little or absent t-system
in GRKO hearts (see Online Fig. 1 for example images).
However, because WGA staining of the t-system in rodent
heart tissue is commonly less reliable than in larger animals
and humans, we investigated if GRKO leads to increased
RyR-LTCC distances, which would be expected from a
loss of t-tubules. After threshold-based segmentation, dis-
tances from centres of ryanodine receptor clusters to centres
of their closest LTCC cluster were calculated. In control
myocardium, most of the RyR clusters were found within
1 um from the closest LTCC cluster (Fig. 1e). In contrast,
a large proportion of RyR clusters in GRKO myocardium
were located farther than 1 um from LTCC clusters (Fig. 1j).
Three-dimensional representations of RyR—-LTCC distances
in tissues are provided in Online Fig. 2 and as animations
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Fig. 1 Confocal images of cardiac tissue sections from 3-month-old
mice, a—e control (FLOX), and f—j cardiomyocyte-specific GR knock-
out (GRKO). Sections were stained for L-type Ca’* channels (LTCC,
red in a, ¢, f, h), ryanodine receptors (RyR, green in b, d, g, i), nuclei
(DAPI, blue in a, ¢, f, h), and with wheat germ agglutinin (WGA) for
the sarcolemma and extracellular matrix (magenta in b, d, g, i). e, j
Colour-coded distances from RyR clusters to their closest LTCC clus-
ter (ARyR-LTCC). Scale bar in a also applies to b, f, g. Scale bar in ¢

(Online Resources 2 and 3). Quantitative image analysis
indicated that both mean intracellular sarcolemma distance
and mean RyR—sarcolemma distance were significantly
increased in GRKO myocardium (Fig. 1k, 1). The histogram
of RyR-LTCC distance was right-shifted in GRKO myo-
cardium, confirming that a greater fraction of RyR clusters
exhibited increased distance from their closest LTCC cluster
(Fig. 1m, Kolmogorov—Smirnov test: p <0.001). Accord-
ingly, mean RyR-LTCC distance was greater in GRKO than
in control hearts (0.77 +0.04 pm vs 0.58 +0.04 um, Fig. 1n).
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KS test: p<0.001
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also applies to d, h, i. Scale bar in e also applies to j. k Mean intracel-
lular distance to closest sarcolemma (ASL), and 1 mean RyR cluster
distance to closest sarcolemma (ARyR-SL) as measures of t-tubule
density. m Distribution of ARyR-LTCC in FLOX and GRKO tissue.
The Kolmogorov—Smirnov (KS) test was applied to test for equal dis-
tributions. N=478,215/480,486 clusters. n Mean ARyR-LTCC. Data
were obtained from n=9/3 samples/animals in each group. *p <0.05,
*#*p <0.01 (two-tailed Welch’s 7 test)

To better resolve RyR-LTCC distance and verify results
from confocal microscopy, we used 3D STED microscopy,
an optical super-resolution technique. From each GRKO
and control heart, three randomly selected volumes of
6.6X6.6 X3 pm were scanned and analysed as described
for the confocal images (Fig. 2). RyR clusters were densely
aligned along z-lines in both the GRKO and control myo-
cardium, but LTCC cluster density appeared lower in the
GRKO heart (Fig. 2b, c vs i, j). In particular, we found single
RyR clusters in the GRKO heart which were not coupled to
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Fig.2 Three-dimensional STED microscopy of cardiac tissue sec-
tions from 3-month-old, a—g control (FLOX), and h-n GRKO mice.
Sections were stained for LTCCs (red in a, b, d, f, h, i, k, m) and
RyRs (green in a, ¢, d, £, h, j, k, m). e, g and I, n Colour-coded dis-
tances from RyR clusters to their closest LTCC cluster (ARyR—
LTCC). Scale bar in a also applies to h. Scale bar in b also applies

LTCC clusters, leading to an increased RyR-LTCC distance
(Fig. 2m, n). A 3D representation is provided in the online
supplement (Online Fig. 3). The histogram of RyR-LTCC
distance in STED images, obtained from a total of approxi-
mately 400 clusters per group, showed a significant right-
shift towards greater values in the GRKO myocardium
(Fig. 20), which resulted in an increased mean RyR-LTCC
distance (Fig. 2p). Together, these findings confirm the
results obtained with confocal microscopy that loss of GR
signalling in the GRKO heart leads to reduced RyR-LTCC
coupling as a result of t-system remodelling.

Glucocorticoids preserve the t-system in cultured rat
and human cardiomyocytes

A common problem when studying t-system remodelling
in vivo is its complex interdependence with heart failure

to c—e and i-1. Scale bar in f also applies to g, m, n. o Distribution
of ARyR-LTCC in FLOX and GRKO tissue. KS test: Kolmogo-
rov—Smirnov test for equal distribution. p ARyR-LTCC obtained
from n=359/494 analysed RyR clusters from 9/9 image stacks
(6.6X6.6X3 pm3) and 3/3 FLOX or GRKO animals, respectively.
**p <0.01 (two-tailed Welchs’s ¢ test, clusters as statistical units)

development [50]. Therefore, to avoid confounding effects
by heart failure in GRKO mice [34], we used an in vitro
model of t-system remodelling in subsequent experiments
to investigate whether t-system loss is caused by a defi-
ciency in cardiomyocyte GR signalling. Primary culture
of ventricular cardiomyocytes in serum-free medium has
been shown to result in t-system loss [2, 27]. Indeed, three-
dimensional confocal images of living ventricular cardio-
myocytes isolated from adult rats showed that t-tubules
underwent substantial remodelling in serum-free culture,
including a decrease in density and an increase in longitu-
dinal components (Online Fig. 4). These results are compa-
rable to findings described in other cell culture studies [2]
and rodent models of heart failure [12]. We then investi-
gated whether culture-induced t-system remodelling could
be prevented by activation of the glucocorticoid recep-
tor (GR). We cultured rat cardiomyocytes for 3 days and
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applied vehicle as control (CTRL), 1 umol/L dexamethasone
(DEX3d), 1 umol/L corticosterone (CORT3d), or 1 umol/L
dexamethasone plus 10 umol/L of the GR antagonist mife-
pristone (DEX +MIFE3d). Confocal images of the t-system
showed a preserved t-system in DEX3d and CORT3d cells,
but not in CTRL3d or DEX + MIFE3d cells (Fig. 3a). In

rat

cardiomyocytes isolated from four failing human hearts (see
Online Table 1 for patient characteristics), t-system den-
sity was low, as expected from previous studies [27, 46].
As observed in rat myocytes, culture of human myocytes
caused additional loss of t-tubules (mean t-tubule distance
1.28 £0.1 um in fresh myocytes, 2.28 +0.13 um after 3 days

human (heart failure)

a fresh
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Fig. 3 Effect of corticosteroid agonists and antagonists on the t-sys-
tem in cultured rat and human cardiomyocytes. a Confocal images
of Di8-ANEPPS-stained living rat myocytes of freshly isolated
cells (fresh) and cells after 3 days of culture treated with vehicle
(CTRL3d), 1 umol/L dexamethasone (DEX3d), 1 pmol/L corticos-
terone (CORT3d), or 1 umol/L dexamethasone+ 10 pmol/L mife-
pristone (DEX+MIFE3d). b Confocal images of freshly isolated
and cultured cardiomyocytes from human failing hearts. Cells were
cultured for 1 day and treated with vehicle (CTRL1d) or dexametha-
sone (DEX1d). ¢ T-tubule density (TT density), mean intracellular
distance to nearest t-tubule (TT distance), and fraction of longitu-
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dinal t-tubule components (longitudinal TT) in fresh, CTRL3d and
DEX3d cells from matched cell isolations. d TT density and TT dis-
tance in CTRL and DEX human myocytes cultured for 1-3 days. e
Same parameters as shown in ¢ in CTRL3d, DEX3d, CORT3d and
DEX+MIFE3d cells from matched cell isolations. ***p<0.001,
*#p <0.01, *p<0.05, n (cells/animals) in ¢=53/7, 158/20, 157/20 in
fresh, CTRL3d, DEX3d, respectively, n (cells/patients) in d=32/4,
34/4 in CTRL and DEX, respectively, n (cells/animals) in e=79/10,
79/10, 80/10, 73/10 in CTRL3d, DEX3d, CORT3d, DEX + MIFE3d,
respectively. Two-tailed Welch’s ¢ test was used for all tests, with
multiple comparison correction where required
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in culture, n=17/17, p <0.01). Importantly, after only 1 day
in culture, the t-system appeared denser in human DEX than
CTRL cells (Fig. 3b). We quantified the t-system by com-
putational analysis of 80—150 rat and 32-34 human cells
per group. When comparing DEX3d with CTRL3d rat cells,
we found that dexamethasone treatment kept both t-tubule
density and mean t-tubule distance at levels of freshly
isolated cells, but not the fraction of longitudinal t-tubule
components (Fig. 3c). Similarly, human cardiomyocytes
treated with dexamethasone showed higher t-tubule density
and shorter intracellular t-tubule distances than CTRL cells
(Fig. 3d). We then tested the effects of corticosterone, the
main plasma glucocorticoid in the rat, and mifepristone, a
GR antagonist, in rat myocytes. Corticosterone reproduced
the effects of dexamethasone, whereas mifepristone com-
pletely blocked them (Fig. 3e). This result suggests that
GR is as a major mediator of glucocorticoid effects on the
t-system. The mineralocorticoid receptor (MR) antagonist
spironolactone only mildly mitigated the effect of dexameth-
asone (Online Fig. 5), indicating negligible contribution of
the MR to t-system preservation. Experiments to determine
the minimal concentration of dexamethasone required for
t-system preservation yielded an ECs, of 1.1 nmol/L, which
is consistent with a GR-mediated effect [35]. Additionally,
we measured cell size and cell capacitance in CTRL3d and
DEX3d rat cells. Cell size was similar in all cultured groups,
but cell capacitance, determined by whole-cell patch clamp
experiments, was approximately 35% higher in DEX3d than
in CTRL3d cells (115.5+4.5 pF, n=25, vs 83.3+4.1 pF,
n=30, p<0.001, Online Fig. 6). Because cell capacitance is
proportional to cell membrane area including the t-system,
this finding confirmed the results obtained from microscopic
imaging. In summary, these results indicate that dexametha-
sone as well as physiological glucocorticoids preserve the
t-system via activation of the GR in healthy rat cardiomyo-
cytes and, importantly, also in cardiomyocytes from failing
human hearts.

Dexamethasone preserves spatial coupling
between RyR and LTCC clusters

We next investigated the spatial coupling of L-type Ca>*
channel (LTCC) clusters and ryanodine receptor (RyR) clus-
ters in fixed rat myocytes co-stained for LTCC and RyR.
When compared with fresh cells, LTCC clusters appeared
less dense and irregular in CTRL3d cells but nearly unal-
tered in DEX3d cells (Fig. 4a—c). RyR cluster density, how-
ever, seemed to be slightly reduced in both CTRL3d and
DEX3d cells (Fig. 4d—f). As observed in the GRKO myo-
cardium, distances from the centres of ryanodine receptor
clusters to the centres of their closest LTCC cluster were
increased in cultured control cells (Fig. 4g—1). Nearly all
RyR clusters in fresh cells were found within 1 um from

the closest LTCC cluster (Fig. 4j). However, in CTRL3d
cells, a large number of non-coupled (non-junctional) RyR
clusters with distances > 1 um became visible (Fig. 4k).
This was prevented by dexamethasone treatment (Fig. 41).
Statistical analysis of mean cytosolic RyR-LTCC distance
(Fig. 4m) revealed significantly increased distances in
CTRL3d cells (0.71 +0.03 um) when compared with fresh
cells (0.53+0.02 um), while DEX3d prevented the increase
in cluster distance (0.55 +0.02 pm). To assess RyR-LTCC
distances near the surface sarcolemma, we restricted the
analysis to regions within 0.5 pum from the cell surface.
As expected from t-system loss as the primary cause for
increased cytosolic RyR-LTCC distances, mean distances
near the surface sarcolemma were not significantly altered.
RyR cluster density was reduced and a higher percentage
of RyRs found near the cell surface in both CTRL3d and
DEX3d (Fig. 4n), indicating that changes in RyR-LTCC
distance did not result from altered RyR expression or dis-
tribution. However, when analysing the density and distri-
bution of LTCC (Fig. 40), we found that although LTCC
cluster density was reduced in both CTRL3d and DEX3d
cells versus fresh cells, DEX3d cells exhibited significantly
higher LTCC density than CTRL3d cells, possibly a result
of increased LTCC densities within t-tubules [19]. The dis-
tribution of LTCC clusters was shifted towards the surface
sarcolemma in CTRL3d cells, but not in DEX3d cells, which
is in accordance with t-system loss only in CTRL3d cells.
Collectively, these findings are consistent with the t-system
loss observed in living myocytes (Fig. 3) and underscore the
importance of the t-system for spatial coupling of LTCC and
RyR clusters.

Synchrony of cytosolic Ca?* rise is improved
by dexamethasone

Subsequently, we studied the effects of GR activation on
excitation—contraction coupling by confocal imaging of
cytosolic [Ca®*] (Fig. 5). Living rat cardiomyocytes were
stained with Di§-ANEPPS and loaded with Fluo-4 as a
Ca?* indicator. Line scanning was performed at the cen-
tre of each cell along the myocyte long axis (dotted lines
in Fig. 5a—c). The time of Ca’* rise was defined as the
time of maximum upstroke of Fluo-4 intensity, detected
by pixel-wise curve fitting. In some experiments, we addi-
tionally stained myocyte nuclei, but exclusion of intranu-
clear pixels from analysis did not have significant effects
(Online Fig. 14). Possessing a dense t-system, fresh cells
exhibited a synchronous initiation of Ca®* rise along the
scanned line (Fig. 5a), indicating simultaneous opening of
RyR clusters. In contrast, the Ca?* rise in CTRL3d cells
appeared asynchronous, due to regions of significant delay.
Upon close inspection of Fig. 5b, it becomes clear that
delays in Ca* rise were especially pronounced in regions
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Fig.4 Effect of dexamethasone on distributions and spatial relation-
ship of L-type Ca>* channels (LTCC) and ryanodine receptors (RyR)
in cultured rat cardiomyocytes. Freshly isolated myocytes (fresh)
and myocytes cultured for 3 days in vehicle (CTRL3d) or 1 umol/L
dexamethasone (DEX3d) were fixed, co-immunostained for LTCC
and RyR and analysed by 3D confocal microscopy. a—¢ LTCC, d—f
RyR, g-1 colour-coded distances between RyR clusters and their
closest LTCC cluster (ARyR-LTCC). m ARyR-LTCC in the cyto-

devoid of t-tubules, which is consistent with delayed or
absent Ca’* release from the SR as a result of altered cou-
pling between RyRs and LTCCs. In DEX3d myocytes,
however, the Ca>* rise appeared nearly as synchronous
as in fresh cells (Fig. 5c), as expected from the preserved
t-tubule density in these cells. Analysis of the distribution
of Ca* rise times (Fig. 5d) confirmed these observations.
While the mode (maximum value) of the histogram ranged
from 20 to 30 ms in all shown example cells, both the
standard deviation and maximum of Ca** rise time were
considerably increased in CTRL3d cells but not in DEX3d
cells. Statistical analysis revealed significantly increased
standard deviations of Ca** rise time from 8.5+0.7 ms in
fresh to 15.9 + 1.7 ms in CTRL3d cells but not in DEX3d
cells (10.6 + 1.2 ms, Fig. 5e). Similarly, maximum cel-
lular delay of Ca* rise after stimulation was larger in
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CTRL3d cells (83 +7 ms) than in fresh (56 £3 ms) or
DEX3d (67 +5 ms) cells (Fig. 5f). Analysis of whole-line
Ca”" transient kinetics and cell shortening (Online Fig. 7)
yielded no significant difference in maximum relative
Fluo4 signal (F/F), but did reveal faster upstroke veloc-
ity (d(F/F,)/dt) and decay rate in dexamethasone-treated
myocytes, which is consistent with higher t-system den-
sity. Maximum cell shortening was reduced in CTRL3d
cells, but not in DEX3d cells, when compared with fresh
myocytes. In summary, although Ca?* entering via LTCC
may have contributed to the observed effects, the results
indicate that asynchronous and delayed Ca’* rise in
CTRL3d cells followed mainly from the loss of t-tubules
and increased RyR-LTCC distances. Thus, by preserving
the t-system, GR activation also preserved excitation—con-
traction coupling.
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Fig.5 Effect of dexamethasone on stimulated cytosolic Ca®* rise in
cultured rat cardiomyocytes. Freshly isolated myocytes (fresh) and
myocytes cultured for 3 days in vehicle (CTRL3d) or 1 pmol/L dexa-
methasone (DEX3d) were stained with Di-8-ANEPPS, loaded with
Fluo-4-AM as Ca®* indicator and then field-stimulated. a—c Exam-
ples of 2D confocal images with corresponding line scans recorded
along the dotted lines with 1.89 ms/line (530 Hz). F/F,, shows the
relative fluorescence intensity with respect to baseline intensity
before stimulation. Red lines show the points of maximum increase

BIN1, JPH2 or CAV3 are not upregulated
by dexamethasone

To identify mechanisms responsible for t-system loss in
culture and its preservation by dexamethasone, we stud-
ied cellular distribution and expression levels of t-system
associated proteins (Fig. 6). First, we co-immunostained
BIN1 and JPH2 and found a dense, regular arrangement of
both proteins along the z-line in fresh cells (Fig. 6a, d), but
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in fluorescence intensity (dF/dt,,,), determined by curve fitting algo-
rithms. Local activation time of Ca®* rise, t,, was defined as the time
of dF/dt,,,. d Histograms of ¢, of the cells shown in a—c. e Standard
deviation (std) of #,, and f maximum local #,, obtained from fresh and
cultured cells. Scale bar in a also applies to b and ¢. ***p <0.001,
**p<0.01, *p<0.05, n (cells/animals)=100/9, 82/8, 67/8 in fresh,
CTRL3d, DEX3d, respectively. Two-tailed Welch’s 7 test was used for
all tests, with multiple comparison correction

irregular arrangement in cultured cells (Fig. 6b, e). BIN1
was no longer restricted to z-lines, and JPH2 appeared
shifted to the surface sarcolemma. Dexamethasone treatment
had little effect on JPH2 and BIN1 remodelling, although
both appeared somewhat denser (Fig. 6¢, f). Quantification
of BIN1 immunofluorescence (Fig. 6g) revealed a greater
BIN1 volume density in both CTRL3d and DEX3d cells
versus fresh cells, but no significant increase in BINT1 stain-
ing near the surface sarcolemma. However, BIN1 regularity,
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Fig.6 Effects of dexamethasone on distribution and expression of
BIN1 and JPH2 in cultured rat cardiomyocytes. Freshly isolated myo-
cytes (fresh) and myocytes cultured for 3 days in vehicle (CTRL3d)
or 1 ymol/L. dexamethasone (DEX3d) were fixed, co-immunostained
for BIN1 (green) and JPH2 (red), and analysed by three-dimensional
confocal microscopy. a—c¢ BIN1, d—f JPH2. Scale bar in a also applies
to b—f. g Quantitative analysis of BIN1 volume density, percentage of
BIN1 near (<0.5 um) the surface sarcolemma (SL), and BIN1 spec-
tral density as a measure of spatial regularity. n (cells/animals) =65/8,
56/8, 55/8 in fresh, CTRL3d, DEX3d, respectively, from matched
cell isolations. h Quantitative analyses of JPH2 immunostaining, as
shown for BINI in g. n (cells/animals)=53/7, 56/7, 50/7 in fresh,
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CTRL3d, DEX3d, respectively, from matched cell isolations (two-
tailed Welch’s ¢ test with multiple comparison correction). i BIN1
protein and mRNA expression levels. BIN1 protein expression was
assessed by Western blot quantification (normalization by Ponceau
staining) in fresh, CTRL3d and DEX3d cells, n=35 matched cell iso-
lations. BIN1 mRNA expression assessed by quantitative RT-PCR in
fresh, CTRL1d and DEX1d cells (normalized to reference genes, see
“Methods”), n= 10 matched cell isolations (paired # test with multiple
comparison correction). j JPH2 protein and mRNA expression levels
as described for BIN1 in i. Western blot: n=8 matched cell isola-
tions, qPCR: n=6 matched cell isolations (paired 7 test with multiple
comparison correction). **¥p <0.001, **p <0.01, *p <0.05
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measured by analysis of the Fourier spectral density cor-
responding to z-line distances (BIN1 spectral density) was
strikingly reduced in both CTRL3d and DEX3d cells.
When analysing JPH2, we found a pronounced reduction
in JPH2 volume density (Fig. 6h), which was in contrast to
the increase seen in BIN1 volume density. This coincided
with a redistribution of JPH2 towards the surface sarco-
lemma, suggesting that JPH2 was decreased mainly in the
cell interior. Reduced spectral density in both CTRL3d and
DEX3d cells versus fresh cells confirmed the observed loss
of a regular z-line pattern. Again, no significant effects of
dexamethasone were detected. In addition, we investigated
BIN1 and JPH2 protein and mRNA expression levels. BIN1
immunoblotting yielded an approximately 50% increase in
BIN1 protein levels in both CTRL3d and DEX3d cells ver-
sus fresh cells (Fig. 6i), which was consistent with increased
BIN1 density obtained from immunostaining. To test if this
increase resulted from upregulation of BIN1 mRNA in cell
culture, we applied qPCR to fresh, CTRL1d and DEX1d
cells. Indeed, BIN1 mRNA was significantly increased in
CTRL1d cells when compared with fresh cells, but, sur-
prisingly, not in DEX1d cells. In contrast to BIN1, JPH2
protein and mRNA expression were downregulated to
less than 30% of levels in fresh cells in both CTRL3d and
DEX3d cells (Fig. 6j), suggesting that low abundance of
JPH2 protein resulted from decreased gene expression. We
also analysed protein expression of caveolin-3 (CAV3), but
could not detect any significant upregulation by dexametha-
sone (Online Fig. 8). Based on these data, we conclude that
t-system preservation by dexamethasone was not mediated
by upregulation of BIN1, JPH2 or CAV3. To test for dif-
ferences in junctional proteins in vivo, we analysed protein
expressions of JPH2, BIN1 and CAV3 in 8 control and 7
GRKO hearts from 3-month-old mice (Online Fig. 9). JPH2
abundance was slightly decreased by approximately 25%,
but CAV3 and BIN1 were unaltered. Taking into account the
results from a recent RNA sequencing study carried out by
Cruz-Tropete et al. [10], where JPH2 mRNA was not altered
in 3-month cardiomyocyte-specific GRKO mice, our find-
ings suggest little to no regulation of BIN1, CAV3 or JPH2
by glucocorticoids.

Dexamethasone upregulates autophagic flux

Because dexamethasone has been suggested to upregu-
late autophagic flux in skeletal muscle [54], we asked if
dexamethasone might prevent t-system loss by influenc-
ing autophagy in cardiac cells. To answer this question, we
immunostained microtubule-associated proteins 1A/1B light
chain 3B (LC3B), a protein located predominantly in the
membrane of autophagosomes (Fig. 7a), and found reduced
amounts of LC3B in CTRL1d cells when compared with
fresh cardiomyocytes. DEX1d cells, however, exhibited

increased LC3B staining and larger LC3B-positive vesicu-
lar structures. Quantitative analysis (Fig. 7b) revealed sig-
nificantly lower LC3B volume density in CTRL1d cells
than in fresh cells (0.25+0.03% vs 0.4 +0.04%), whereas
dexamethasone preserved LC3B density (0.49 +£0.05%).
This could be attributed mainly to a marked decrease in
LC3B vesicle size in CTRL1d cells. Dexamethasone pre-
vented the reduction in vesicle size, while vesicle number
was unaffected. Thus, autophagosomes were larger in cells
treated with dexamethasone. LC3B vesicle size or number
is generally not sufficient to assess autophagic flux because
LC3B accumulates also if autophagosome degradation is
blocked [58]. Therefore, we carried out autophagic flux
assays based on the short-term application of bafilomy-
cin Al, a potent blocker of autophagosome degradation.
Because LC3BII (the membrane-bound form of LC3B)
and SQSTM-1 (sequestosome-1, ubiquitin-binding protein
p62) are degraded together with autophagosomes, the dif-
ferences in LC3BII and SQSTM-1 levels before and after
application of bafilomycin provide an estimate of how much
autophagic cargo is degraded over time, which translates
into autophagosome turnover rate or flux [58]. We applied
bafilomycin for 2.5 h to fresh, CTRL1d, DEX1d or rapa-
mycin-treated cells from matched cell isolations and then
determined LC3BII or SQSTM-1 protein levels by Western
blotting. Figure 7c shows that basal LC3BII levels were sig-
nificantly higher in DEX1d than in fresh or CTRL1d cells,
and that, as expected, LC3BII increased in response to
bafilomycin in all groups. Importantly, the amount of accu-
mulated LC3BII was nearly three times higher in DEX1d
cells than in CTRL1d cells. SQSTM-1 showed lower basal
levels in cells treated with dexamethasone or 1 pmol/L
rapamycin, an inductor of autophagy (Fig. 7d), suggesting
that increased autophagic flux leads to faster degradation of
SQSTM-1. As found for LC3BII, the amount of SQSTM-1
accumulated after application of bafilomycin was consider-
ably higher in dexamethasone- and rapamycin-treated cells
than in control cells. We also observed that basal SQSTM-1
protein levels were 3- to 4-fold higher in cultured CTRL
than in fresh cells (Online Fig. 10), whereas cultured DEX
cells exhibited much lower basal SQSTM-1 levels (Fig. 7d,
mid panel). This suggests that dexamethasone maintained
SQSTM-1 flux on a level comparable to fresh cells. Alto-
gether, these results indicate that dexamethasone increases
autophagic flux in ventricular cardiomyocytes.

Autophagy is critical for t-system preservation

Finally, to investigate whether increased autophagic flux
may underlie t-system preservation in dexamethasone-
treated cells, we tested if enhancing autophagic flux repro-
duced and blocking autophagic flux inhibited the effects
of dexamethasone on the t-system (Fig. 8). We found that
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Fig.7 Effects of dexamethasone on autophagic flux in cultured rat
cardiomyocytes. a Freshly isolated myocytes (fresh) and myocytes
cultured for 1 day in vehicle (CTRL1d) or 1 umol/L dexamethasone
(DEX1d) were fixed, co-stained for LC3BII (green) and nuclei (blue),
and imaged with confocal microscopy. Boxed regions are shown as
magnified views next to each image (zoom). b Quantitative analysis
of LC3BII confocal image stacks, showing LC3BII volume density,
LC3BII vesicle count (number of vesicles per um?), and LC3BII vesi-
cle size (volume of vesicles in um3). n (cells/animals)=39/5, 40/5,
40/5 in fresh, CTRL1d, DEX1d, respectively, from matched cell
isolations. ***p <0.001, **p<0.01, *p<0.05 (two-tailed Welch’s ¢
test with multiple comparison correction). ¢ Example and quantita-
tive analysis of LC3BII Western blots from fresh myocytes and myo-
cytes cultured for 1 day (CTRL, DEX) that were treated with either

enhancing autophagy by rapamycin, an mTOR inhibitor, or
amino acid starvation [30] significantly increased t-tubule
density in comparison to cultured CTRL cells (Fig. 8a).
Conversely, blocking autophagic flux by chloroquine or
bafilomycin A resulted in a distinct reduction of t-tubule
density, also in the presence of dexamethasone (Fig. 8b).
Furthermore, staurosporine, a broad-spectrum protein
kinase inhibitor, not only inhibited t-system preservation
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100 nmol/LL bafilomycin Al (BAF+) or with vehicle (BAF-) for
2.5 h before freezing, to assess LC3BII accumulation as a measure of
autophagic flux. Accumulated LC3BII due to BAF treatment was cal-
culated by pairwise subtraction of BAF— from BAF+ LC3BII protein
levels from n="7 matched cell isolations. d Example and quantitative
analysis of SQSTM-1 (p62) Western blots from myocytes cultured
for 1 day [CTRL, DEX, 1 pmol/L rapamycin (RAPA)], treated with
or without bafilomycin Al for 2.5 h. Accumulated SQSTM-1 due to
BAF treatment was calculated by pairwise subtraction of BAF— from
BAF+ SQSTM-1 protein levels from n=6 matched cell isolations.
Protein expressions of LC3BII and SQSTM-1 were quantified by nor-
malization to Ponceau staining and a reference sample. **p <0.01,
*p <0.05 (paired ¢ tests)

by dexamethasone (Fig. 8b), but also prevented dex-
amethasone-induced upregulation of autophagic flux,
while upregulation of basal LC3B levels was not affected
(LC3BII autophagic flux assay, Fig. 8c). In summary, these
findings reveal a critical role of autophagy in t-system
maintenance and suggest that upregulation of autophagic
flux is a mechanism by which glucocorticoid receptor acti-
vation preserves the t-system.
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Fig. 8 Effects of autophagy enhancers and blockers on t-system den-
sity in isolated rat cardiomyocytes. a Confocal images and quantifi-
cation of t-tubule (TT) skeleton density of Di8-ANEPPS-stained
myocytes after 3 days in culture, treated with vehicle (CTRL), amino
acid free medium (amino acid starvation, AAS), or 1 pmol/L rapa-
mycin (RAPA). n (cells/animals)=38/5, 40/5, 38/5 in CTRL, DEX,
AAS, respectively, and 126/14, 97/14, 97/14 in CTRL, DEX, RAPA,
respectively. b Confocal images and quantification of TT density
of myocytes after 2 days in culture, treated with vehicle (CTRL),
100 nmol/L bafilomycin Al (BAF), 5 umol/L chloroquine (CLQN),
1 umol/L dexamethasone (DEX), DEX+ 100 nmol/L bafilomycin
Al (DEX+BAF) or DEX+ 10 nmol/L staurosporine (DEX+ STS).
n (cells/animals) =40/5, 40/5, 40/5 in CTRL, BAF, CLQN, respec-

Discussion

Because of its pathophysiological importance, t-system
remodelling is considered a promising future target in the
prevention and therapy of heart failure. However, the level
of mechanistic understanding needed to design preventive
or therapeutic strategies has not yet been reached. As heart
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tively, and 60/8, 61/8, 61/8 in CTRL, DEX, DEX + BAF, respectively,
and 30/4, 31/4, 29/4 in CTRL, DEX, DEX + STS, respectively. Exam-
ple images were chosen to be representative of mean TT densities.
*#%p <0.001, **p <0.01, *p <0.05 (Welch’s ¢ test with multiple com-
parison correction). ¢ Example and quantitative analysis of LC3BII
Western blots from myocytes cultured for 1 day (CTRL, DEX,
10 nmol/L staurosporine (STS), DEX +STS) that were treated with
either 100 nmol/L bafilomycin Al (BAF+) or with vehicle (BAF—)
for 2.5 h before freezing, to assess LC3BII accumulation as a meas-
ure of autophagic flux. Accumulated LC3BII due to BAF treatment
was calculated by pairwise subtraction of BAF— from BAF+ LC3BII
protein levels from n=4 matched cell isolations. **p <0.01 (paired ¢
test)

failure development and t-system remodelling intertwine
closely, it is particularly challenging to study underlying
mechanisms in vivo. Here, we investigated if GR signalling
is important for t-system preservation by first studying the
t-system, RyR and LTCC clusters in tissues from GRKO
hearts and then investigating GR effects and mechanisms
of t-system remodelling in vitro. T-system density and
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RyR-LTCC coupling were decreased in hearts from GRKO
mice. In cultured rat and human cardiomyocytes, GR acti-
vation prevented the loss of t-tubules and preserved excita-
tion—contraction coupling. We discovered that GR signalling
leads to distinct upregulation of autophagic flux in ventricu-
lar cardiomyocytes. Furthermore, we showed that induction
of autophagy preserved the t-system independently of glu-
cocorticoids, whereas inhibition of autophagy accelerated
t-system loss and blocked the effects of dexamethasone.
These results provide evidence that t-system preservation
via glucocorticoids is mediated by increased autophagy and
that autophagy is critically involved in t-system remodelling.

GR signalling and t-system

GR signalling is required for normal cardiac development
[42] and for proper function of the adult heart [33, 34, 40].
Cardiomyocyte-specific GRKO mice start developing signs
of contractile dysfunction by 2-3 months of age and die
due to heart failure by 6-12 months. This is associated with
decreased RyR expression and defects in Ca>* handling [34].
Conversely, overexpression of the GR increases Ca*" cur-
rents and myocyte contractility [44]. However, neither of
these studies investigated the t-system.

In the present study, we studied the t-system and associ-
ated proteins in hearts from cardiomyocyte-specific GRKO
mice [34]. We found lower t-tubule density and reduced cou-
pling between LTCCs and RyRs, which suggests that GR
activation is required for t-system maintenance. It also pro-
vides a possible explanation for impaired cardiac function
in GRKO animals. However, because these animals develop
heart failure [34], and because the absence of cardiac GR
signalling may lead to secondary effects, such as an imbal-
ance between GR and mineralocorticoid signalling [33], it
is difficult to distinguish between specific and non-specific
effects of GR deficiency in vivo. Thus, we decided to cul-
ture adult cardiomyocytes in serum-free media, which can
be considered as a model of t-system loss [2, 27]. Consist-
ently, we found decreased t-tubule density and asynchro-
nous Ca’" transients in myocytes cultured without gluco-
corticoids, whereas dexamethasone as well as physiological
concentrations of corticosterone prevented these changes.
However, dexamethasone did not prevent an increase in lon-
gitudinal tubules, suggesting that other factors may lead to
changes in t-tubule orientation, for example remodelling of
the cytoskeleton [53]. GR agonists did not alter cell size
(Online Fig. 5), which rules out the possibility that higher
t-tubule density may have resulted from cell shrinkage or
atrophy in response to dexamethasone. Because mifepris-
tone blocked the effects of dexamethasone, whereas spirono-
lactone had only marginal effects, it is most likely that GR
activation was responsible for t-system preservation. In addi-
tion, larger transmembrane L-type Ca’* currents induced by
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dexamethasone [44] may activate Ca’*-dependent signalling
cascades, but neither verapamil nor nifedipine blunted dexa-
methasone effects on the t-system (Online Fig. 11).

T-system-associated proteins

Although other proteins have been proposed to stabilize
the t-system in cardiac and skeletal muscle [1], we focused
on JPH2, CAV3 and BIN1 because they have been investi-
gated most extensively [3, 5, 6, 21]. Consistent with previ-
ous reports [59], we found downregulation of JPH2 protein
and mRNA, and redistribution of JPH2 to the surface sarco-
lemma in cell culture. However, while redistribution of JPH2
was suggested to be responsible for t-system loss in cell cul-
ture and heart failure [59], our finding that dexamethasone
preserved the t-system without altering JPH2 abundance,
mRNA expression or distribution does not support this
idea. Although JPH2 protein levels were slightly reduced in
GRKO hearts (Online Fig. 9), a recent study using the same
animals found no effects of GRKO on JPH2 mRNA levels
[10], which provides additional evidence that JPH2 is not
regulated by glucocorticoids. Instead, JPH2 behaviour paral-
leled that of RyR, where we observed a similar reduction in
cluster density and redistribution to the surface sarcolemma,
which also remained unaffected by dexamethasone (compare
Figs. 4n and 6h). Given the close relationship between JPH2
and RyR clusters seen here and reported by others [17, 18],
we suggest that JPH2 alterations are not directly associated
with t-system loss, but rather with changes in RyR distribu-
tion and expression.

We did not find evidence for changes in CAV3 protein
expression in cell culture or in response to glucocorticoids
or in GRKO hearts, although recent studies suggest that
CAV3 is important for t-system regulation in vivo [5, 21]. It
is possible that alterations in cellular CAV3 distribution or
turnover rates may have contributed to t-system remodelling,
which was, however, not assessed here.

When studying effects of cell culture and glucocorticoids
on BIN1, we unexpectedly found that the expression of
BIN1 was increased at both the protein and mRNA level in
CTRL myocytes. This was surprising, because BIN1 down-
regulation has been proposed to cause t-system loss [6, 23].
However, other studies indicate that BIN1 is particularly
critical for t-tubule development [11, 15], and a recent study
did not find significant changes in BIN1 protein abundance
in a rat model of heart failure, although t-system remodelling
was present [25]. Moreover, upregulation of BIN1 has been
associated with t-tubule remodelling in porcine myocardial
infarction [37]. Increased amounts of BIN1 protein found
here may therefore have distinct causes: In cultured CTRL
cardiomyocytes, BIN1 may be upregulated as a result of
increased gene expression, possibly reflecting a compensat-
ing mechanism for t-tubule loss. In dexamethasone-treated
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cells, however, increased BIN1 abundance may result from
altered turnover or recycling of BIN1, because mRNA levels
did not differ from fresh cells. In GRKO hearts, we were not
able to detect differences in BIN1 protein levels when com-
pared with control hearts, which also contradicts the hypoth-
esis that BIN1 is involved in t-system loss or regulated by
glucocorticoids. However, because we investigated GRKO
hearts in 3-month-old mice, which is before they develop
severe heart failure [34], we cannot exclude differences in
BIN1 protein expression in older animals.

Autophagy and t-system

Autophagy is a regulated cellular process which is essential
for the degradation and recycling of cellular components,
thereby playing an important role in cellular homeostasis.
Upregulation of autophagy is an adaptive response to car-
diac stress [31], and both impaired and excessive autophagy
have been associated with heart failure [32]. Modulating
autophagy could therefore represent a therapeutic approach
[41]. In this study, we demonstrate that glucocorticoids
induce autophagy in ventricular cardiomyocytes. Fur-
thermore, we show a link between autophagy and cardiac
t-system remodelling. In a study using skeletal muscle
myotubes it was reported that dexamethasone upregulates
autophagy-related genes, such as LC3B or beclin-1, and
increases autophagic flux [54]. It has also been reported that
autophagy is critically involved in the assembly and disas-
sembly of t-tubules in drosophila muscle cells [11]. This
agrees with the effects of glucocorticoids on cardiomyocytes
presented here. We found LC3B upregulation, increased
autophagosome size, higher autophagic flux and t-system
preservation. Intriguingly, stimulating autophagy by rapa-
mycin or amino acid starvation preserved the t-system,
while inhibiting autophagy by chloroquine or bafilomycin
A abrogated t-system preservation by dexamethasone. This
suggests that high autophagic flux is crucial for t-system
homeostasis in the cardiac muscle rather than a mechanism
underlying the loss of t-tubular membrane. We observed that
t-system preservation by rapamycin was less pronounced
than by glucocorticoids or amino acid starvation, which may
result from distinct activation pathways. Rapamycin induces
autophagy primarily by inhibiting the mammalian target of
rapamycin complex 1 (mMTORC1) and only partially inhibits
mTORC?2 [45], whereas amino acid starvation may induce
autophagy additionally by effects independent of mMTORC1
[13, 20, 52, 55]. Glucocorticoids, on the other hand, not
only inhibit mTOR, for example by upregulating REDD1,
but also increase the expression of key proteins and regu-
lators of autophagy, as found in the skeletal muscle [49].
Consistently, basal LC3B protein levels were significantly
upregulated by dexamethasone, even over the level of fresh
cardiomyocytes (Fig. 7c).

Another important finding was that broad-spectrum pro-
tein kinase inhibition by staurosporine blocked t-system
preservation by dexamethasone and the dexamethasone-
induced increase in autophagic flux, but did not blunt the
increase in basal LC3B levels. This suggests that protein
kinases upregulated or activated by GR signalling are
involved in the increase of autophagic flux, but not in the
increase of key proteins of autophagy, such as LC3B. The
identity of the responsible kinases and signalling cascades
will need to be addressed in future studies. Here, however,
we can conclude that blockage of autophagic flux in the
presence of glucocorticoids inhibits t-system preservation,
which is strong evidence for the hypothesis that glucocor-
ticoids preserve the t-tubular system in ventricular cardio-
myocytes by upregulation of autophagic flux.

Translational perspective

Although the results of this study will first need to be vali-
dated in animal models of cardiac disease, the positive
effects of glucocorticoids on cardiomyocyte structure and
function demonstrated here raise the question whether dex-
amethasone and related drugs might be used clinically to
improve outcomes in patients suffering from heart failure.
We found an ECs, of dexamethasone on the t-system of
1.1 nmol/L, with the maximum effect size seen at approxi-
mately 10 nmol/L (Online Fig. 5f). This would be close to
plasma levels reached in patients [43]. In animal models
of myocardial infarction and cardiac ischemia, it has been
reported that dexamethasone treatment reduces infarct
size, alleviates cardiomyocyte damage and improves lyso-
somal function [51, 57]. Similar observations were made
in children undergoing cardiopulmonary bypass, where
dexamethasone significantly reduced postoperative cardiac
troponin I levels, suggesting a cardioprotective effect of
glucocorticoids also in humans [7]. However, while these
studies investigated short-term application of dexametha-
sone, long-term application would likely be necessary for
the treatment of chronic heart failure. Glucocorticoids
exert systemic side effects, including elevated blood pres-
sure and insulin resistance, and may also activate miner-
alocorticoid receptors, for instance in endothelial cells,
which has been suggested to have negative cardiac effects
[26, 33]. Therefore, identifying and directly targeting
effects downstream of the glucocorticoid receptor might
be a more promising approach. We suggest that enhancers
of autophagy should be investigated with respect to effects
on cardiomyocytes and the transverse tubular system in
animal models and the goal to improve cardiomyocyte
excitation—contraction coupling in heart failure.
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Limitations

In this study, we cultivated isolated cardiomyocytes as an
in vitro model of t-system loss in order to separate t-system
remodelling from secondary effects of heart failure and
to gain better control over hormonal and cellular signal-
ling. Major implications, that is, t-system preservation by
glucocorticoids and upregulation of autophagy, will need
to be verified in vivo. It is possible that the mechanisms
underlying t-system loss in isolated myocytes differ from
the mechanisms that drive t-system remodelling in cardiac
disease. For example, the absence of extracellular matrix
may contribute to the rapid loss of t-tubules in culture, as
well as missing direct or cytokine-mediated interactions
between myocytes and fibroblasts [8, 16, 39, 47]. Further-
more, culture media used in this study did not contain
serum or growth factors, and we cannot exclude that their
presence in vivo might alter the effects of glucocorticoids.
We also acknowledge that isolation and culture may induce
stress responses in cardiomyocytes, which could render
autophagy particularly important for maintaining cellu-
lar homeostasis. Nevertheless, although cardiomyocyte
culture differs in several aspects from in vivo models of
heart failure, it was shown that there are high similarities
regarding gene expression, structure and function [25, 27,
38]. Moreover, stress responses occur in cardiac disease,
where autophagy was shown to be essential [31]. Drugs
enhancing autophagy, such as rapamycin, have been shown
to exert positive effects in models of heart failure and pres-
sure overload by antagonizing excessive hypertrophy [4,
29], and the severity of cardiac hypertrophy closely corre-
lates with the degree of t-tubule remodelling [48, 56]. We
suggest that future studies investigate the signalling path-
ways involved in GR-mediated t-system preservation, and
if altered autophagy correlates with pathological t-system
remodelling and defective excitation—contraction coupling
in vivo. Clarifying how autophagy and related processes
are involved in t-system homeostasis and remodelling may
advance our pathophysiological understanding of heart
failure and eventually lead to new treatment options.
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