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Abnormalities of cardiomyocyte Ca2+ homeostasis and excitation–contraction (E–C) coupling are early events in
the pathogenesis of hypertrophic cardiomyopathy (HCM) and concomitant determinants of the diastolic dys-
function and arrhythmias typical of the disease. T-tubule remodelling has been reported to occur inHCMbut little
is known about its role in the E–C coupling alterations of HCM. Here, the role of T-tubule remodelling in the
electro-mechanical dysfunction associated toHCM is investigated in theΔ160E cTnTmousemodel that expresses
a clinically-relevant HCM mutation. Contractile function of intact ventricular trabeculae is assessed in Δ160E
mice and wild-type siblings. As compared with wild-type, Δ160E trabeculae show prolonged kinetics of force
development and relaxation, blunted force-frequency response with reduced active tension at high stimulation
frequency, and increased occurrence of spontaneous contractions. Consistently, prolonged Ca2+ transient in
terms of rise and duration are also observed inΔ160E trabeculae and isolated cardiomyocytes. Confocal imaging
in cells isolated from Δ160E mice reveals significant, though modest, remodelling of T-tubular architecture. A
two-photon random access microscope is employed to dissect the spatio-temporal relationship between T-
tubular electrical activity and local Ca2+ release in isolated cardiomyocytes. In Δ160E cardiomyocytes, a signifi-
cant number of T-tubules (N20%) fails to propagate action potentials, with consequent delay of local Ca2+ release.
At variance with wild-type, we also observe significantly increased variability of local Ca2+ transient rise as well
as higher Ca2+-spark frequency. Although T-tubule structural remodelling in Δ160E myocytes is modest, T-
tubule functional defects determine non-homogeneous Ca2+ release and delayed myofilament activation that
significantly contribute to mechanical dysfunction.

© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The transverse-axial tubular system (TATS) [1] plays a fundamental
role in cardiac function by allowing a fast propagation of action poten-
tials (APs) throughout ventricular cardiomyocytes. As a consequence
of the uniform electrical activation, synchronous Ca2+ release from
the sarcoplasmic reticulum is guaranteed, ultimately inducing homoge-
neous myofilament activation and rapid contraction of the whole
myocyte. As a proof of concept, acute disruption of TATS trough
osmotic-shock promotes asynchronous Ca2+ release [2] and deterio-
rates mechanical function [3]. In cardiomyocytes from animal models
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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of cardiac diseases, local Ca2+ release is delayed both in areas where
t-tubules are disrupted [4] and in close proximity to electrically
uncoupled TATS elements [5,6]. Pathological alterations of the TATS
have been identified using electronmicroscopy in human ventricular
tissue from patients with cardiac hypertrophy or heart failure (HF)
[7–10]. Comparing human specimens from patients with HF from
different causes, i.e. post-ischemic HF, dilated cardiomyopathy and
hypertrophic cardiomyopathy (HCM), Lyon et al. [11] found signifi-
cantly lower T-tubule density in all failing human hearts, including
end-stage HCM. However, little is known about T-tubular remodel-
ling and function in early-stages of these cardiac diseases, particular-
ly in HCM. HCM is a Mendelian heart disease characterized by left
ventricular hypertrophy, which develops in the absence of other car-
diac or extracardiac causes. Over 900 mutations in more than 20
genes have been so far identified as causes of HCM; most of these
mutations involve components of the contractile machinery, estab-
lishing the paradigm that HCM is a sarcomeric disease [12]. Despite
the fact that primitive alteration occurs at sarcomere level, second-
ary changes of intracellular Ca2+ handling have also been reported
in HCM patients as major contributors of diastolic dysfunction
Peculiar histological features of HCM myocardium are prominent
interstitial fibrosis and cardiomyocytes disarray [13] accompanied
by ultrastructural changes, such as myofilament disarray, which
may go hand in hand with changes of T-tubular architecture [14]
and arrhythmogenic hazard in this disease [15].

In a subset of patients, HCM is associated with cardiac troponin T
(cTnT) mutations in the form of missense, deletion, or splicing site mu-
tations [16]. Deletion of the codon for a glutamic acid at position 160 of
the protein (cTnT Δ160E) is associated with high risk of sudden cardiac
death in patients [17,18]. Transgenic mice expressing Δ160E cTnT at
35% of total cTnT exhibit both mutation-driven changes in myofilament
function (increased Ca2+-sensitivity and increased energy cost of ten-
sion generation due to altered cross bridge kinetics [19]) and secondary
Ca2+ handling alterations of cardiomyocytes (e.g. prolonged global
Ca2+ transients) [20]. The cTnT Δ160E mouse model represents a
well-suited candidate to study the functional impact of T-tubular re-
modelling in early-stage HCM, focusing on the interplay between me-
chanical alterations and changes of local Ca2+ release related to T-
tubule anomalies.
2. Materials and methods

2.1. Animals

Twenty-four to 32 week old C57Bl/6 knock-in mice expressing a
c-myc-tagged human cTnT with a heterozygous deletion of Glu160
(Δ160E) are used. The transgenic line is generated with a transgene
expression level at 35% of total cTnT. The line is backcrossed to
C57Bl/6 wild-type (WT) mice for 8–10 generations and protein ex-
pression verified at each generation. Each animal is genotyped via
PCR-amplified tail DNA. Sibling mice are used to provide non-
transgenic controls.
2.2. Trabeculae dissection

Right ventricular trabeculae are dissected from non-transgenic and
cTnT Δ160E mouse hearts as previously described [21]. Briefly, the
heart is excised and the proximal aorta is perfused retrogradely with a
modified Krebs–Henseleit (KH) solution. KH solution contained
(mM): 120 NaCl, 15 KCl, 2 MgSO4, 1.2 NaH2PO4, 20 NaHCO3, 0.50
CaCl2, and 10 glucose, 20 butanedione-monoxime (BDM), pH 7.4 equil-
ibrated with 95% O2/5% CO2. Thin (50–200-μm diameter) unbranched
uniform trabeculae, running between the free wall of the right ventricle
and the atrioventricular ring, are selected and carefully dissected.
2.3. Force measurements

Isometric twitch tension is measured from intact trabeculae as
previously described [3,21]. Ventricular trabeculae are mounted be-
tween the basket-shaped platinum end of a force transducer (KG7A;
Scientific Instruments) and a motor (Aurora Scientific Inc.), connect-
ed to micromanipulators. Muscles are initially perfused with the KH
solution without BDM and 5 mM KCl at room temperature and stim-
ulated at 0.5 Hz. Subsequently, baseline conditions are set (1 Hz,
30 °C, 2 mmol/l [CaCl2]). Muscles are allowed to stabilize for at
least 20–30 min before the experimental protocol begins. In a subset
of experiments, force measurements are combined with intracellular
calcium measurements.

2.4. Evaluation of protein expression level

Myofibril isolation and subsequent protein electrophoresis analysis
ofα- andβ-myosin heavy chain (MHC) expression levels are performed
as described previously [22–24] Briefly, the MHC isoform composition
of mouse cardiac samples is assessed using a minigel electrophoresis
system and a non-gradient gel by a procedure derived from Talmadge
& Roy, 1993 [25]. Electrophoresis is carried out at 4 °C for 19 h at 70 V.
The appropriate gel thickness (1 mm instead of 0.75 mm, in order to
reduce resistance) combined with low glycerol concentration in the
separating gel, low voltage and prolonged running time allowed us to
achieve the resolution required for the separation of the two adult
cardiac MHC isoforms. Gels are stained with Coomassie Blue for quanti-
tative analysis. The stained gels are digitalized and analysed with a
specific software (UN-SCAN-IT gel 6.0 software (Silk Scientific, Inc.,
UT, USA), allowing quantification of band intensity. Each band (α- or
β-MHC) is expressed as percentage of the total MHC.

2.5. Cardiomyocytes isolation and Ca2+ re-adaptation

Ventricular cardiomyocytes are isolated by enzymatic dissociation.
Isolation of single myocardial cells from C57Bl/6 (transgenic or not) is
performed as described before [6]. Briefly, the animal is heparinized
(5000 U/kg, i.p.) and deeply anaesthetised with Isoflurane. The excised
heart is immediately bathed in cell isolation buffer and the proximal
aorta is cannulated for retrograde perfusion. Buffer solution contains
(in mM): 113 NaCl, 4.7 KCl, 0.6 KH2PO4, 0.6 Na2HPO4, 1.2 MgSO4–
7H2O, 12 NaHCO3, 10 KHCO3, 10 Hepes, 30 taurine, 10 glucose, 10 2,3-
butanedionemonoxime, pH7.3 (adjustedwithNaOH). The coronary ar-
teries are perfusedwith the same buffer solution at 37 °C for 3–4min at
a constant flow of 2–3 ml/min. The solution is then switched to a
recirculating enzyme solution made of the same buffer supplemented
with 0.1 mg/ml Liberase TM (Roche Applied Sciences). After 7–8 min,
the ventricles are excised and cut into small pieces in buffer solution
supplemented with 1 mg/mL bovine serum albumin. Gentle stirring
facilitates further dissociation of myocytes. The cell suspension is let
to settle and the cell pellet is resuspended in Tyrode buffer (in mM):
113 NaCl, 4.7 KCl, 1.2 MgCl2, 10 glucose, and 10 HEPES; pH adjusted
to 7.35 with NaOH supplemented with 10 μM blebbistatin and 4 μM
cytochalasin D. Cells are gradually readapted to calcium, adding
steps of 50 or 100 μM CaCl2 every 5–8 min, until a concentration of
500 μM CaCl2 is reached. Cells are loaded in extracellular buffer
added with 10 μM blebbistatin, 4 μM cytochalasin D, and 500 μM
CaCl2.

2.6. Measurements of global intracellular Ca2+ transient in intact
trabeculae and single cells

Intracellular calcium was measured from intact trabeculae as previ-
ously described [3]. The muscles are loaded with the cell-permeant
acetoxymethyl ester form of the fluorescent intracellular Ca2+ indicator
fura 2-AM (Life Technologies). In details, dissected trabeculae are
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incubated for 30 min at 37 °C with a modified KH solution (containing,
in mM: 120 NaCl, 5 KCl, 2 MgSO4, 1.2 NaH2PO4, 20 NaHCO3, 1 CaCl2, 10
glucose, 10 HEPES, pH 7.35 adjustedwithNaOH) addedwith 10 μM fura
2-AM, 10 μM (−)-blebbistatin and 10 μl/ml PowerLoad™ Concentrate,
100× (Life Technologies). After 30 min, loaded trabeculae are washed
with the same KH solution, free of fura 2-AM and PowerLoad™ Concen-
trate (but still containing 10 μM blebbistatin and 1 mM CaCl2); loaded
trabeculae are then left at room temperature for 10–15 min to allow
fura 2-AM de-esterification and finally mounted isometrically and
field stimulated to record intracellular Ca2+ transients.

Intracellular calcium is measured from single cardiomyocytes as
previously described [15]. Myocytes are incubated 30 min with the
Ca2+ indicator Fluoforte (Enzo Life Sciences) at room temperature,
washed and transferred to a temperature-controlled recording
chamber (experimental temperature = 35 ± 0.5 °C), mounted on
the stage of an inverted microscope. The SR Ca2+ load is quantified
by rapid exposure to caffeine (20mM), as previously described [15].
Briefly, timing of caffeine exposure is adjusted in order to reproduce
the cycle-length of baseline stimulation. SR Ca2+ content is evaluat-
ed from the amplitude of caffeine-induced Ca2+ transients.

2.7. Cardiomyocytes labelling and confocal imaging

For T-tubules architecture analysis, cardiomyocytes are stained by
adding to the cell suspension 2 μg/mL of the voltage sensitive dye
(VSD) di-4-AN(F)EPPTEA [26] (dissolved in ethanol). After washing,
cells are resuspended in fresh Ca2+ free solution containing 10 μM
blebbistatin, 4 μM cytochalasin D. Loaded preparations are used for ex-
periments within 30 min. The staining and imaging sessions are per-
formed at room temperature (20 °C). For immunohistochemistry, cells
are fixed with 4% paraformaldehyde in phosphate buffered saline
(PBS) for 30min. Cells are then washed in PBS added with 1% of bovine
serum albumin (BSA) three times for 15 min. Cells are permeabilized
with 0.1% Triton X-100 in PBS for 6 min and rinsed three times with
fresh PBS. Cells are then treated with blocking solution (3% BSA in
PBS) for 30 min and washed twice with PBS. Primary antibodies are in-
cubated overnight at 4 °C: polyclonal anti-caveolin 3 (ab2912: Abcam)
at 1:20 dilution in PBS and monoclonal anti-alpha-actinin (A7811;
Sigma-Aldrich) at 1:800 dilution in PBS. After washing, secondary anti-
body is incubated for three hours: AlexaFluor488 donkey anti-mouse
(ab150105; Abcam) at 1:250 dilution in PBS and AlexaFluor594 goat
anti-rabbit (ab150092; Abcam) at 1:20 dilution. Confocal imaging is
performed with a Nikon Eclipse TE300, with the Nikon C2 scanning
head and with the Nikon Plan EPO 60× objective (numerical aperture
1.4, oil-immersion). Excitation laser at 488 nm is used for VSD and
AlexaFluor488 and 561 nm for AlexaFluor 594.

2.8. T-tubules detection and analysis

Quantitative analysis of the T-tubule system is obtained by
employing AutoTT, an automated T-tubule analysis algorithm [27],
to confocal images. This approach prevents flaws due to the fact
that density of T-tubules as well as non-T-tubule signals in the im-
ages influence the power spectrum generated by FFT. The global T-
tubular architecture is skeletonized by AutoTT to extract the mor-
phological patterns and to discriminate transverse and axial ele-
ments of the system. The densities of transverse and axial
elements are determined by dividing the total pixels of each T-
tubular component by the intracellular area of the region of inter-
est. To analyse the regularity of the overall/global T-tubule system,
AutoTT applies a 2-D FFT to the skeletonized global T-tubule
image and calculates the power spectrum in the spatial frequency
domain. A 2-D peak detection program is used to automatically de-
tect the magnitude of the direct current (DC) component and the
major (1st harmonic) frequency. The program automatically
calculates the regularity of the TATS, defined as the magnitude of
the major frequency normalized to that of the DC component.
2.9. RAMP microscope and simultaneous multisite recording of electrical
activity and local Ca2+ release

Cardiomyocytes staining for random access multi-photon (RAMP)
microscopy is performed by incubating the suspension for 15 min in
0.5 μg/ml of the Ca2+ indicator GFP-Certified™ FluoForte™ (Enzo Life
Science). The dye is diluted in 1.5 ml buffer to the indicated concentra-
tion from a stock dissolved in DMSO. After washing, the cells are incu-
bated with 2 μg/mL of the voltage sensitive dye (VSD) di-4-
AN(F)EPPTEA [26] (diluted in 1.5 buffer from a stock dissolved in etha-
nol). Finally, the cells are resuspended in fresh extracellular buffer con-
taining 10 μMblebbistatin, 4 μMcytochalasin D and 1mMCaCl2. Loaded
preparations are used for experiments within 30 min. The staining and
imaging sessions are performed at room temperature (20 °C). The
RAMP imaging system has been already described [5,6]. In brief, a
1064 nm fibre laser provides the excitation light. The scanning head of
the apparatus is provided by two orthogonally-oriented acousto-optic
deflectors (AODs) and then the excitation light is focused onto the spec-
imen by the objective lens. The two-photon fluorescence signal is col-
lected forward and backward by an oil immersion condenser and the
objective, respectively. The voltage and Ca2+ signals are discriminated
by using a dichroicmirror beamsplitter at 605 nm. The fluorescence sig-
nals are detected by two independent photomultiplier tubes (H7422,
Hamamatsu). Emission filters of 655 ± 20 nm and 520 ± 16 nm are
used for voltage and Ca2+ detection, respectively. The large Stokes
shift of fluorinated VSD is not sufficient to prevent spectral contamina-
tion between the two channels. A simple un-mixing procedure is thus
used as previously reported [5]. The measurements are performed dur-
ing steady-state stimulation (0.34 Hz). The cells are field-stimulated
using two parallel platinumwires (250 μm in diameter) placed at a dis-
tance of 6.3mm. Square pulses of 10–20 V and duration of 3ms are used
to reach AP threshold. In a typical measurement, we probe 5–10 differ-
ent sarcolemmal sites for ten subsequent trials. The length of the
scanned lines ranges from 2 to 10 μm with an integration time per
membrane pass of ~200 μs, leading to a temporal resolution of 0.4–
2 ms. The high spatio-temporal resolution of RAMP microscopy allows
to assess the kinetic properties of local Ca2+ rise in close proximity to
the T-tubules. Conversely, the scanning modality (focused on T-tubule
sarcolemma) and the experimental condition employed for RAMP mi-
croscopy in this study (presence of the E–C uncoupler blebbistatin
1 μM, low stimulation frequency, 1mMextracellular Ca2+, low temper-
ature) are not optimized for studying other features of local intracellular
Ca2+ handling, e.g. Ca2+ reuptake.
2.10. Statistical analyses

Data are expressed and plotted as means ± SEM (Standard Error of
Mean) obtained from a number of independent determinations on dif-
ferentmyocytes or trabeculae. Number of cells/trabeculae (n) andnum-
ber of animals (N) are indicated in the figure legends for each set of
measurements. Unpaired Student's t-test is used for comparisons. A p-
value of b0.05 is considered statistically significant (*p b 0.05,
**p b 0.01, ***p b 0.001). All measurements aiming at comparing WT
to cTnT Δ160E are based on the following assumptions: i) the variance
of different preparations derived from single animals is comparable
with the variance found among different animals; ii) the number of
preparations derived from each animal is comparable. Inmeasurements
performed with RAMP microscopy on cTnT Δ160E cardiomyocytes, we
also compare the behaviour of single subcellular elements, i.e. AP+
and AP− tubules and therefore the statistical n is the number of T-
tubules.



Fig. 1. Steady-state interval-force relationship. (A) Representative twitch traces from WT (grey) and cTnT Δ160E (blue) ventricular trabeculae recorded at 0.2, 2 and 4 Hz stimulation
frequencies. cTnT Δ160E trabeculae show prolonged contraction at every stimulation frequency when compared to WT. At 4 Hz, cTnT Δ160E trabeculae also show a reduced twitch
tension amplitude compared to WT. (B) Curves showing time from stimulus to peak contraction (TTP, solid line) and time from peak to 50% relaxation (RT50, dashed line) in WT
(grey) and cTnT Δ160E (blue) trabeculae. (C) Data depicting frequency-dependence of twitch amplitude in WT (grey) and cTnT Δ160E (blue) trabeculae. Data reported as mean ±
SEM calculated from 16 WT trabeculae and 15 cTnT Δ160E (N = 12 WT and 10 cTnT Δ160E). (D) Representative 8% SDS-PAGE gel of myofibril suspensions from left and right
ventricles of Δ160E and WT hearts. Control human atrial myofibrils are used for comparison to identify the position of the β-myosin band; only α-MHC is expressed in Δ160E and WT
hearts. On the right, a quantification in percentage is reported (N= 5 WT, N = 4 cTnT Δ160E).
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3. Results

3.1. Steady-state interval-force relationship in cTnT Δ160E trabeculae

In the current study, force is measured from isometrically mounted
mouse ventricular trabeculae stimulated at frequencies from 0.1 to
6 Hz at optimum myofilament overlap (sarcomere length 2.15 ±
0.05 μm). Trabeculae of cTnT Δ160E mice show prolonged steady-
state twitch duration, with slower kinetics of both force generation
and relaxation (Fig. 1A–B). Despite similar twitch tension at low stimu-
lation frequencies (b1 Hz), cTnT Δ160E trabeculae show impaired pos-
itive inotropic response to high pacing rate (Fig. 1C). In fact, force-
frequency curves of WT and cTnT Δ160E trabeculae start to diverge at
2 Hz, depicting the inability of mutantmyocardium to respond properly
to higher stimulation frequencies. We found that the prolonged and
blunted twitch tension is not associated with α- to β-MHC isoform
shift: cTnT Δ160E expresses exclusively the α-MHC isoform (Fig. 1D).

3.2. Short-term interval-force relationship in cTnT Δ160E trabeculae

A mechanical restitution protocol is used to evaluate the recovery
properties of the E–C coupling machinery. Fig. 2A shows two represen-
tative traces recorded from WT and cTnT Δ160E trabeculae, the latter
displaying increased amplitude of the premature extrasystolic beat. In
Fig. 2B the amplitude of the premature beat (400ms interval) is quanti-
fied as a percentage of steady state 1 Hz twitches. The mean amplitude
of the extrasystolic beat is increased in cTnT Δ160E, indicating shorter
sarcoplasmic reticulum (SR) refractoriness. We also test the enhance-
ment of twitch tension in response to stimulation pauses (post-rest
potentiation), reflecting the ability of the SR to accumulate Ca2+.



Fig. 2. Short-term interval force relationship. (A) Examples of premature contractions inWT (grey) and cTnTΔ160E ventricular trabeculae (blue). An extra-stimulus at 400ms is inserted
into a sequence of steady-state stimuli at 1 Hz. The tension amplitude in the cTnT Δ160E trabecula is increased compared to the WT. (B) The amplitude of the premature contraction is
quantified as a percentage of steady state 1 Hz twitches. Data reported as mean ± SEM calculated from 12 WT trabeculae and 10 cTnT Δ160E (N = 9 WT and 8 cTnT Δ160E).
(C) Representative traces of post-rest potentiation protocols in WT (grey) and cTnT Δ160E (blue) ventricular trabeculae. In the experiments, resting intervals vary from 5 to 60 s. Here,
representative traces for pauses of 10 s are reported. The cTnT Δ160E trabecula shows spontaneous contractions during the stimulation pause. (D) Frequency of spontaneous
contractions during stimulation pauses. (E) Amplitude of post rest contractions (relative to 1 Hz twitches) at different resting intervals. Data calculated from 15 WT trabeculae and 10
cTnT Δ160E (N = 11WT and 8 cTnT Δ160E). Students's t-test **p b 0.01 and ***p b 0.001.
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Stimulation pauses vary from 5 to 60 s and are inserted into a steady-
state 1-Hz series (Fig. 2C). The frequency of spontaneous contractile
events occurring during pauses in cTnT Δ160E and WT is quantified
(Fig. 2D). WT trabeculae never exhibit spontaneous activity during
stimulation pauses, while cTnT Δ160E trabeculae frequently do. The
presence of spontaneous activity during pauses is accompanied by
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depressed post-rest potentiation of force, as reported in Fig. 2E. These
results suggest an increased disposition of the transgenic myocardium
to uncontrolled Ca2+ release and Ca2+ leakage from the SR.

3.3. Global Ca2+ transient in cTnT Δ160E trabeculae and isolated
cardiomyocytes

The slower kinetics of both force generation and relaxation are asso-
ciated with prolonged duration of global Ca2+ transient in cTnT Δ160E
trabeculae in terms of time to peak and decay (Fig. 3A). To clarify the
cellular basis of the kinetic changes revealed in multicellular prepara-
tions, we study intracellular Ca2+ fluxes in isolated cardiomyocytes. In-
deed, we found that kinetics of both Ca2+ transient rise and decay (Fig.
3B) are slower in cTnT Δ160E cardiomyocytes compared to WT, in line
with our data on intact trabeculae and previous findings on single cells
[28]. Notably, the decay of caffeine-induced Ca2+ transient is slower in
cTnT Δ160E cardiomyocytes, suggesting reduced NCX activity.

We also observed that cTnT Δ160E cardiomyocytes show signifi-
cantly reduced Ca2+ transient amplitude at high stimulation frequency
(5 Hz), despite a preserved amplitude at 1 Hz (Fig. 3B). Diastolic Ca2+

levels are higher in cTnT Δ160E (Fig. 3B) and SR Ca2+ load, assessed
during steady-state stimulation, is reduced (Fig. 3C).

3.4. T-tubular and sarcomeric architecture explored by confocal imaging

The Ca2+ transient alterations (i.e. the slower Ca2+ rise) found in
cTnT Δ160E preparations prompted us to examine the topology of the
TATS in this model. Living isolated cardiomyocytes labelled with di-4-
AN(F)EPPTEA are studied by confocal imaging. In Fig. 4A, two
Fig. 3. Global calcium transients in cTnT Δ160E trabeculae and cardiomyocytes. (A) Represent
labelled with Fura-2 AM. In the panel below, time to peak (TTP), 50% (CaT50), and 90% (CaT
and n = 5 from N = 3 cTnT Δ160E mice3 cTnT Δ160E mice). (B) Amplitude of Ca2+ transien
graphs depicting the duration of Ca2+ transients at 1 and 5 Hz. (C) Representative examples
the amplitude of caffeine-induced Ca2+ transients at 1 Hz in WT and Δ160E cardiomyocytes (
*p b 0.05 and **p b 0.01.
representative confocal images of WT and cTnT Δ160E cardiomyocytes
are reported. Images are then analysed with a software for automatic
detection and analysis of T-tubular architecture (Auto-TT [27]). On av-
erage, we find a mild remodelling of TATS in cTnT Δ160E compared to
WT cardiomyocytes. As shown in Fig. 4A, a significant but small reduc-
tion of transverse elements and architecture regularity is observed. The
amount of axial elements is not changed in diseased cardiomyocytes.

Considering the prominent ultrastructural disarray found in cTnT
Δ160E cardiomyocytes [20], the juxtaposition between T-tubules and
Z-lines is assessed here by immunohistochemistry. A cross correlation
analysis between T-tubules (red in Fig. 4B) and Z-lines (green in Fig.
4B) fluorescence signal is performed in WT and in cTnT Δ160E cells.
We find a Pearson product–moment correlation coefficient of 0.69 ±
0.01 and 0.71±0.01 inWT and cTnTΔ160E, respectively (data reported
as mean ± SEM calculated from 26 WT and 23 cTnT Δ160E cells). No
statistically significant difference (Students's t-test p = 0.09) is found
between the two groups. The lack of massive structural alterations at
T-tubular and sarcomeric level drove us to evaluate potential electrical
defects of TATS.

3.5. Kinetics of Ca2+ release in cTnT Δ160E isolated cardiomyocytes

Functional properties of the E–C coupling machinery are here
assessed by using RAMP microscopy, which is capable to dissect the
spatio-temporal relationship between T-tubular electrical activity and
the correspondent local Ca2+ release at multiple sites within the same
cardiomyocyte [5,6]. Isolated WT and cTnT Δ160E cardiomyocytes are
stained with di-4-AN(F)EPPTEA and GFP-certified FluoForte (Fig. 5A).
The figure shows a specific and homogeneous labelling of the
ative global Ca2+ transients recorded fromWT (grey) and cTnT Δ160E (blue) trabeculae,
90) decay of Ca2+ transients recorded in ventricular trabeculae (n = 6 from N = 3 WT
ts and diastolic Ca2+ levels recorded in WT and cTnT Δ160E cells at 1 and 5 Hz. Below,

of SR Ca2+ load assessed during rapid application of caffeine 20 mM and calculated from
n= 49 cells of N = 5 WT and n = 37 cells of N = 4 cTnT Δ160E mice). Students's t-test



Fig. 4. TATS architecture and sarcomeric alignment. (A) Two representative confocal images of WT and cTnT Δ160E cardiomyocytes. Sarcolemma stained with di-4-AN(F)EPPTEA. In the
bottom panels, correspondent images of same cells showing skeletonized T-tubular system, obtained with AUTO-TT. Transverse elements are shown in green and axial ones in magenta.
On the right, columns showing the density of transverse and axial tubules, aswell as TATS regularity inWT and cTnTΔ160E cardiomyocytes. Data reported asmean±SEMcalculated from
39WT cells and46 cTnTΔ160E. Students's t-test **p b 0.01 and ***pb 0.001. (B) Immunofluorescence analysis of sarcomeres and T-tubules inWTand cTnTΔ160E isolated cardiomyocytes.
Cells are stainedwith anti-caveolin-3 (red) and anti-α-actinin (green) primary antibodies for labelling TATS and z-lines, respectively. Thewhite inset ismagnified in the right panel. Scale
bars: 20 μm.

48 C. Crocini et al. / Journal of Molecular and Cellular Cardiology 91 (2016) 42–51
sarcolemma by the VSD (magenta), whereas FluoForte (green) is pres-
ent uniformly in the whole cell. The RAMPmicroscope is used to simul-
taneously probe both changes in membrane potential and [Ca2+]i at
different sites by scanning multiple non-contiguous sarcolemmal re-
gions. Examples of simultaneous optical recording from three different
membrane sites (surface sarcolemma, SS and two different T-tubules,
TTi) are reported for WT and cTnT Δ160E in Fig. 5A. The signal-to-
noise ratio (S/N) is sufficient to detect the presence of an AP occurring
on the probed sarcolemma regions and to assess the temporal features
of Ca2+ rise in the surrounding cytoplasm. In cTnT Δ160E myocytes,
we observe (23 ± 5)% of T-tubules failing to propagate AP (Fig. 5B);
we nameAP+ the electrically coupled T-tubules and AP− the failing el-
ements. Failing T-tubules are never observed in WT cardiomyocytes. In
Fig. 5C representative Ca2+ traces correspondent to AP+ and AP− T-
tubules are overlapped showing a prolonged Ca2+ rise in AP−. Local
Ca2+ transient time-to-peak (TTP) is prolonged in cTnT Δ160E
cardiomyocytes compared to WT (49.7 ± 1.9 ms vs. 43.2 ± 1.0;
p b 0.001). Differences in AP duration cannot account for the delay of
Ca2+ transients found in cTnT Δ160E; in fact, the 50% AP duration is
(14.1±1.0)ms inWT and (14.7±1.5)ms in cTnTΔ160E. By separately
analysing the twopopulations of T-tubules,wefinda significant delay of
TTP both in AP+ and AP− elements (Fig. 5D). However, in AP+ the
delay is modest while AP− tubules show a much larger delay.

3.6. Ca2+ release variability in cTnT Δ160E mouse model

By studying Ca2+ release at multiple sites within the same cell, we
observe some variability both in time (beat-to-beat at the same site)
and in space (among different sites). In Fig. 6A, we superimposed
three subsequent Ca2+ traces recorded in three different T-tubules of
a WT and cTnT Δ160E myocyte. Even in WT cardiomyocytes, T-
tubules display a non-negligible variability of the Ca2+ release. Howev-
er, such variability is remarkably more prominent in the cTnT Δ160E
cardiomyocytes. A coefficient of variability (CV) is calculated as σ/μ,
where σ is the standard deviation and μ is the mean. CV of Ca2+ release
is calculated based on time (beat-to-beat CV) and space (spatial CV) and
the correspondent graphs are reported in Fig. 6B–C. Both populations of
T-tubules (AP+ and AP−) display a strongly increased variability com-
pared to WT highlighting that such variability is not directly related to
electrical defects of T-tubules, but rather it could be attributed to alter-
ations of other E–C coupling players. Fig. 6D showsWT (dark grey) and
cTnT Δ160E cells (blue) mean traces obtained averaging all local Ca2+

releases acquired in the two groups. As highlighted by the two arrows,
the averaged cTnT Δ160E trace shows a delayed TTP, the extent of
which (~15 ms) is comparable with that found by measuring global
Ca2+ transients in single cells (Fig. 3B).
3.7. Ca2+ sparks frequency in cTnT Δ160E mouse model

The sensitivity of the RAMP imaging system is high enough to detect
Ca2+ sparks, i.e. Ca2+ release events occurring at single calcium release
units [29], during a regularly paced sequence of Ca2+ transients.We ob-
serve spontaneous Ca2+ sparks at any timeduring the Ca2+ cycle, either
in systole or in diastole (Fig. 6E). Any detectable variation of local mem-
brane potential is observed in correspondencewith the sparks, as previ-
ously described in other disease models [5]. In WT, we find a
significantly higher frequency of Ca2+ sparks (fs) during systole. The
frequency of Ca2+ sparks detected in cTnTΔ160E cardiomyocytes is sig-
nificantly increased during diastole as compared to WT cells while sys-
tolic Ca2+ sparks are not augmented. No statistical difference of sparks
frequency is found between AP− and AP+ T-tubules.



Fig. 5. Defects of T-tubules electrical activity and local calcium release in cTnT Δ160E. (A) Left: two-photon fluorescence (TPF) image of a stained cTnT Δ160E ventricular myocyte:
sarcolemma in magenta (di-4-AN(F)EPPTEA) and [Ca2+]i in green (GFP-certified Fluoforte). Scale bar in white: 5 μm. Right: representative normalized fluorescence traces (ΔF/F0) of
SS and two T-tubules (TTi) recorded in WT and cTnT Δ160E cardiomyocyte (average of ten subsequent trials). Membrane potential in magenta, [Ca2+]i in green. AP elicited at 200 ms
(black arrowheads). (B) Columns showing the percentage of electrically failing T-tubules in WT and cTnT Δ160E myocytes. Data from 101 WT and 66 cTnT Δ160E T-tubules
(Students's t-test ***p b 0.001). (C) Superposition of fluorescence Ca2+ traces (ΔF/F0) of electrically coupled (AP+, dark green) and uncoupled (AP−, green) T-tubules reported in (A).
The two grey arrows pinpoint Ca2+ transients TTP of the traces. Electrical trigger provided at 200 ms (black arrowhead). (D) Columns showing time-to-peak (TTP) mean values of
Ca2+ release measured in cTnT Δ160E cells with respect to WT. Ca2+ transient kinetics is reported by separately analysing the two populations of T-tubules (AP+ and AP−). Data
reported as mean ± SEM from 101 WT T-tubules, 65 AP+, and 15 AP− (n = 28WT and 17 cTnT Δ160E; N = 10WT and 7 cTnT Δ160E). Students's t-test **p b 0.01, ***p b 0.001.

Fig. 6. Variability of Ca2+ release and Ca2+ sparks. (A) Superposition of three subsequent Ca2+ transients recorded in three different T-tubules (TTi) of WT and cTnT Δ160E
cardiomyocytes. (B-C) Graphs showing Ca2+ release coefficient of variability (CV) calculated at TTP based on time (beat-to-beat CV) and on space (spatial CV). Data from 28 WT cells
and 17 cTnT Δ160E myocytes. AP+ and AP− of cTnT Δ160E are separately analysed in beat-to-beat CV. (D) Average of Ca2+ transients recorded from 28 WT (grey) and 17 cTnT
Δ160E (blue) cardiomyocytes. The two arrows pinpoint the TTP in the transients. (E) Two representative traces of Ca2+ sparks recorded in cTnT Δ160E cells either in diastole and
systole, grey arrows pinpointing the Ca2+ spark occurrence. (F) Columns showing Ca2+ spontaneous sparks frequency (fs) recorded in 101 TTs of WT cells, 65 AP+ and 15 AP− of
cTnT Δ160E myocytes (Data shown as mean ± SEM, N = 10 WT and 7 cTnT Δ160E). Ca2+ sparks recorded during Ca2+ transient (CaT95) are considered systolic, while the others are
diastolic. Student's t-test applied; **p b 0.01 ***p b 0.001.
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4. Discussion

In the present study, we examine the cTnTΔ160Emutation associat-
ed with a severe form of HCM in patients [17,18]. Mice employed are 6–
8 months old, reflecting early stages of the disease [20]. Although the
causing mutation exerts a direct effect on the sarcomere (i.e. increased
sarcomeric Ca2+ sensitivity and increased ATPase activity/force, likely
related to faster cross-bridge detachment [19]), it also determines a
profound dysregulation of Ca2+ homeostasis at the cellular level [20].
Specifically, a previous work on cTnT Δ160E cardiomyocytes has dem-
onstrated significant decreases in the peak rate and percent amplitude
of unloaded shortening as well as a decrease in the peak rate of relaxa-
tion [28]. Consistent alterations were found in the peak rates and times
of the rise and decline of global Ca2+ transients, with reductions in SR
Ca2+ load and SERCA function [28]. According to those results, both sar-
comere changes (e.g. increased Ca2+ sensitivity) and E–C coupling al-
terations (e.g. reduced SERCA activity) may contribute to the slower
relaxation in cTnTΔ160E cardiomyocytes. These previous studies, how-
ever, do not fully unveil the relationship between E–C coupling defects
and contractile dysfunction and, particularly, they do not provide any
mechanistic explanation for the markedly delayed Ca2+ rise and slow
force development in cTnT Δ160E myocardium.

Here, we performmechanical measurements on cTnTΔ160E trabec-
ulae, in which twitch tension can be studied in nearly physiological
conditions (e.g. isometric load, high stimulation frequencies) and we
implement RAMP microscopy to assess simultaneously the electrical
activity of T-tubules and the correspondent local Ca2+ release in multi-
ple sites of an isolated cell.

Before discussing the role of TATS remodelling in the prolongation of
contraction kinetics of cTnT Δ160E myocardium we can exclude that it
is related to changes in myosin isoform expression. Indeed both WT
and cTnT Δ160E mice express only α-MHC in their ventricles (Fig. 1D).

The first remarkable observation is that more than 20% of T-tubules
fail in propagating AP and also exhibit a significant delay of local Ca2+

release. This finding can be directly linked to the slower force genera-
tion found in cTnT Δ160E trabeculae. Compromised T-tubular system
has been recently related to analogousmechanical alterations in acutely
detubulated trabeculae [3]. In the cTnT Δ160E, however, the extent of
structural alterations of the tubular system (investigated here by confo-
cal analysis) can hardly account for the remarkable contractile impair-
ment measured in trabeculae, making a detailed functional
investigation essential. In fact, we previously demonstrated that: i) the
mere presence of a T-tubule does not ensure its electrical function [6];
ii) even electrically coupled tubules can be associated with impaired
Ca2+ transients in a pathological context [5]. This is confirmed in cTnT
Δ160E cardiomyocytes, where the Ca2+ rise is delayed as compared to
WT, both at propagating (AP+) and non-propagating (AP−) tubules.
However, the delay of local Ca2+ transient TTP is modest in AP+ tu-
bules (~5 ms) and much longer in AP− (~19 ms), indicating a major
contribution of AP− to the prolongation of global Ca2+ rise. Molecular
mechanisms underlying delayed Ca2+ rise in AP+may comprise dyad-
ic ultrastructural alterations (e.g. DHPR-RyR2 uncoupling) as well as
functional changes of T-tubular membrane channels or alterations
of RyR2 gating (discussed below). The additional delay in AP−
areas is due to the slow Ca2+-induced Ca2+-release propagation
form neighbouring AP+ tubules, as described in previous works [3,
5]. The co-existence of sarcomeres with reduced and delayed Ca2+

activation (corresponding to AP−) in series with sarcomeres with
fast and higher Ca2+ activation may itself decrease the uniformity
of cardiomyocyte contraction, thus reducing developed force and
slowing the kinetics of force development.

Changes of the spatial variability of Ca2+ release (studied by
comparing Ca2+ transients occurring simultaneously at different
T-tubular sites within cells) may additionally promote the global
prolongation of Ca2+ rise found in cTnT Δ160E cells and enhance
non-homogeneous myofilament activation. Indeed, a remarkably
increased spatio-temporal variability of local Ca2+ transient TTP is
observed in cTnT Δ160E cells with respect to WT.

In addition to slower kinetics of contraction, cTnT Δ160E trabeculae
show increased amplitude of premature contractions (i.e. faster me-
chanical restitution) and depressed post-rest potentiation with
spontaneous activity during stimulation pauses. Interestingly, faster
mechanical restitution occurs despite a slower SR Ca2+ re-uptake, as
described in previous studies [28]. These results may be related with
an increased RyR2 open probability, which determines shorter SR re-
fractoriness and promotes SR Ca2+ load depletion through diastolic
Ca2+ leak. Indeed, cTnT Δ160E myocytes exhibit an increased
frequency of Ca2+ sparks in diastole compared to WT. The higher
diastolic intracellular Ca2+ levels observed in cTnT Δ160E
cardiomyocytes compared to WT may be an additional evidence of
increased diastolic SR Ca2+ leak. Multiple changes occurring in
cTnT Δ160E cardiomyocytes [20], including post-translational mod-
ifications affecting RyR function (e.g. variations of phosphorylation
levels), may be the cause of the observed increased diastolic Ca2+

sparks frequency, that occurs in cTnT Δ160E despite a reduced SR
Ca2+ content. A different hypothesis is that higher diastolic Ca2+ re-
sults from a slower Ca2+ dissociation from the sarcomeres due to the
mutation-related increased myofilament Ca2+ sensitivity. Higher
cytosolic Ca2+ coming from the sarcomeres may secondarily pro-
mote aberrant RyR2 activation, thus representing the cause rather
than the consequence of increased SR spontaneous leakage. These
hypotheses could co-exist and do not exclude the contribution of ad-
ditional pathophysiological mechanisms, e.g. reduced forward mode
NCX activity contributing to slower cytosolic Ca2+ removal and thus
higher diastolic Ca2+. The reduced (diastolic) SR Ca2+ content ob-
served in cTnT Δ160E could antagonize the effects of increased cyto-
solic Ca2+ levels and this complex scenario may also be complicated
by local differences in SR load and RyR2 refractoriness, related to the
spatial variability of Ca2+ release and the delayed Ca2+ rise at failing
(AP−) tubules in cTnT Δ160E cardiomyocytes. Further studies are
needed to clarify these aspects of local RyR2 gating control. Impor-
tantly, systolic Ca2+ sparks frequency is similar in cTnT Δ160E
cardiomyocytes compared to WT, suggesting no major changes of
RyR2 gating at low SR Ca2+ load during systole.

From the arrhythmogenic perspective, the increased rate of diastolic
Ca2+ sparks in cTnTΔ160Emyocardiummay be the cause of spontane-
ous contractions observed inmutant trabeculae. Indeed,multiple sparks
occurring within a cell may lead to calcium waves, delayed after depo-
larizations and premature spontaneous action potentials, which would
propagate to the whole trabecula, generating a spontaneous premature
contraction.Our RAMP experimental conditions, featuring low inotropic
levels to minimize cell movement and to isolate single events, do not
allow propagation of cell-spanning Ca2+ waves arising from sparks. Al-
though we could not directly demonstrate the link between local Ca2+

sparks with spontaneous contractile activity, they are likely to play a
significant role in this pathology.

The spatio-temporal relationship between T-tubular electrical activ-
ity and Ca2+ release was recently investigated using RAMP microscopy
in HF [3,5,6]. Similarly to cTnT Δ160E, some HF T-tubules fail in propa-
gatingAP, producingdramatic consequences on Ca2+ synchrony andki-
netics. The percentage of failing sites in cTnTΔ160E is four times higher
than that observed in HF. On the other hand, HCM cardiomyocytes do
not show spontaneous depolarizations of T-tubules or voltage-
associated sparks (which are observed in HF). This result suggests that
T-tubule functional alterations can be widely diverse, producing differ-
ent consequences, probably due to specific biochemical signals trig-
gered by the two different pathologies. In our HCM mouse model, a
severe dysfunction of the T-tubules occurs in the absence of a massive
structural T-tubular remodelling, as seen in secondary heart diseases
such as HF. In fact, HCM is a genetic disease that impacts directly on
the sarcomere and, therefore, contractile dysfunction often precedes
any other pathological modification. How sarcomere mutations cause
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impairments of T-tubular function in HCM remains, however, to be
investigated.

In conclusion, we demonstrate that, even in the presence of mild
structural alterations, T-tubules function can be severely compromised
in HCM. Some mechanical alterations of cTnT Δ160E myocardium, i.e.
slower force development can be attributed directly to electrical defects
of T-tubules and correspondent local Ca2+ anomalies. The development
of non-invasive ultrafast imaging modalities [30] for probing multi-
sited and fast phenomena opens new possibilities to disclose cellular
mechanistic insights capable of explaining pathological phenotypes.
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