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The transverse (t)-tubule system plays an essential role in healthy and diseased heart muscle, particularly in
Ca21-induced Ca21 release (CICR), and its structural disruption is an early event in heart failure. Both
mechanical overload and unloading alter t-tubule structure, but the mechanisms mediating the normally
tight regulation of the t-tubules in response to load variation are poorly understood. Telethonin (Tcap) is a
stretch-sensitive Z-disc protein that binds to proteins in the t-tubule membrane. To assess its role in regulat-
ing t-tubule structure and function, we used Tcap knockout (KO) mice and investigated cardiomyocyte
t-tubule and cell structure and CICR over time and following mechanical overload.In cardiomyocytes from
3-month-old KO (3mKO), there were isolated t-tubule defects and Ca21 transient dysynchrony without
whole heart and cellular dysfunction. Ca21 spark frequency more than doubled in 3mKO. At 8 months of
age (8mKO), cardiomyocytes showed progressive loss of t-tubules and remodelling of the cell surface,
with prolonged and dysynchronous Ca21 transients. Ca21 spark frequency was elevated and the L-type
Ca21 channel was depressed at 8 months only.

After mechanical overload obtained by aortic banding constriction, the Ca21 transient was prolonged in
both wild type and KO. Mechanical overload increased the Ca21 spark frequency in KO alone, where there
was also significantly more t-tubule loss, with a greater deterioration in t-tubule regularity. In conjunction,
Tcap KO showed severe loss of cell surface ultrastructure. These data suggest that Tcap is a critical, load-
sensitive regulator of t-tubule structure and function.

INTRODUCTION

T-tubule dysfunction is a major feature of cardiac diseases and
occurs early in heart failure (HF) (1). A major biophysical
regulator of t-tubule structure appears to be mechanical load
variation, with both increases (1) and decreases (2) in mechan-
ical load altering the t-tubule structure. Furthermore, the treat-
ment of HF-induced overload with mechanical unloading can
reverse t-tubule dysfunction (3), indicating that this is a revers-
ible phenomenon. Therefore, the t-tubule system is tightly
regulated by load variation in both health and disease.

The t-tubules are membrane invaginations that contain high
density of L-type Ca2+ channels and allow tight coupling with
RyR (4). They have a number of important physiological func-
tions, most importantly in promoting synchronous Ca2+ tran-
sients and efficient contraction (5).

A number of molecules are implicated in t-tubule regulation
(1,6–8). However, these mechanisms have not been linked to
load variation. Tcap encodes a 19 KDa protein located in the
Z-disc (9) and is a candidate load-dependent regulator of
t-tubule structure because it (i) is a part of the stretch-sensitive
complex of the cardiomyocyte Z-disc (10), (ii) it links this
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stretch-sensitive complex with proteins in the t-tubule mem-
brane (11), (iii) is stretch sensitive in expression and is
required for normal t-tubule development in zebrafish skeletal
muscle (12) and (iv) is mutated in a manner that increases
stretch sensitivity in hypertrophic cardiomyopathy and in a
manner that reduces stretch sensitivity in dilated cardiomyop-
athy (13), conditions where t-tubule abnormalities also exist
(14). It is known that Tcap plays an important role in the re-
sponse to cardiac overload. Using a mouse model, we
showed that the knockout (KO) of Tcap is associated with
no spontaneous whole-heart phenotype, including preserved
contractility (15). After mechanical overload, cardiac dysfunc-
tion occurs with pronounced apoptosis (15). In particular,
Zhang et al.’s study (12) suggested that Tcap might be a load-
dependent molecular regulator of the t-tubule membrane in the
skeletal muscle.

Based on these studies, we hypothesize that Tcap is a load-
dependent regulator of t-tubule structure in the heart. T-tubule
structure was examined using Di-8-ANEPPS staining, and the
cell surface structure was examined using scanning ion conduct-
ance microscopy (SICM). Ca2+ handling was assessed using
confocal laser microscopy and patch clamping techniques.

RESULTS

Lack of Tcap brings about progressive Ca21 handling
defects

In isolated LV myocytes, we first assessed the whole-cell Ca2+

transient during ageing. We chose to study two time points, 3
months of age, corresponding to young mice that were previ-
ously described (15) and 8 months of age. In 3-month-old KO
(3mKO), the gross features of the Ca2+ transients had a
normal time to peak, amplitude and time for 50 and 90%
decline. This is consistent with the previous description of
the Ca2+ transient in this Tcap KO model (15). We also
sought to analyse the synchrony of the Ca2+ transient, which
is tightly related to the structural integrity of the t-tubule
network (16). We calculated the variance of the time to
peak, a measure of the synchrony of Ca2+ release across the
length of the cell, that was increased at 3mKO, indicating
impaired Ca2+ release synchrony, possibly related to irregular
t-tubule structure (Fig. 1). In 8mKO, we observed more exten-
sive changes with remodelling of the Ca2+ transient. The time
to peak of the Ca2+ transient was increased, and the time for
90% (but not 50%) decline was also prolonged. The amplitude
of the Ca2+ transient was unaffected at both 3 and 8 months.

We further investigated the mechanisms that may be re-
sponsible for the changes to the whole-cell Ca2+ transient.
Ca2+ sparks are quiescent Ca2+ fluxes from clusters of RyRs
and are the functional constituents of the Ca2+ transients
(17). We found that, in 3mKO and 8mKO, there was an ele-
vated Ca2+ spark frequency, the cardinal sign of sarcoplasmic
reticulum (SR) Ca2+ leak. Such changes are commonly
observed in cardiomyocytes that show t-tubule irregularity
(2,3,5). There was an associated reduction in Ca2+ spark
peak amplitude (Fig. 2). This indicates impaired SR Ca2+

release function that could be due to altered L-type Ca2+

channel (LTCC) activity, dyadic disruption or primary changes
to the RyR. We found no difference in LTCC density in

3mKO myocytes; however, myocytes from 8mKO had a sig-
nificant reduction in LTCC density (Fig. 2). Such a reduced
LTCC density might be expected to reduce stimulation of
the RyRs, and this, therefore, makes the LTCC an unlikely
cause for such changes. The action potential (AP) was un-
changed in amplitude or time for 50 and 90% depolarization
(Supplementary Material, Fig. S1). Changes to the AP can
alter Ca2+ release synchrony, (18) and it is important to
exclude this as a cause of such changes in this study.

T-tubule and cell surface structure was disrupted
in Tcap KO

We investigated whether the isolated loss of Ca2+ transient
synchronicity in myocytes from 3mKO could be due to patho-
logical changes to the t-tubule system. In 3mKO, we found
that there was a normal density of the t-tubules. However, it
is known that structural irregularities (rather than loss) of the
t-tubule system alone are sufficient to induce delayed zones
of Ca2+ release. Using the power index of the Fourier trans-
form as an index of the t-tubule regularity, we found that
the t-tubules were structurally irregular (Fig. 3). In 8mKO,
the t-tubule abnormalities had progressed, with the loss of
both t-tubule density and regularity (Fig. 3).

T-tubules are invaginations of the cell membrane, with
which they form a sophisticated electrophysiological
complex. To study the structure of the cell surface, we used
SICM. We found that 3mKO had a normal cell surface struc-
ture with a typical pattern of fine membrane striations
(Z-grooves) in which orderly t-tubules reside (Fig. 4).
However, in 8mKO, there was loss of the fine membrane
architecture with a reduced Z-groove index (Fig. 4). This
pattern of changes has been described in HF of multiple aeti-
ologies, where there is also derangement of the t-tubule
network (14).

In unstressed hearts, therefore, there is a subtle loss of
t-tubule structural regulation, which results in a typical
pattern of t-tubule-related Ca2+ handling abnormalities.

Mechanical overload caused marked Ca21 handling
abnormalities in Tcap KO

To assess the impact of chronic mechanical overload on t-tubule
structure in the absence of Tcap, we subjected Tcap KO and
wild-type (WT) mice to thoracic aortic constriction (TAC).
After chronic mechanical overload induced by TAC for 4
weeks in 3 months old mice, both WT and KO cells showed pro-
longation of the time to peak and increased variance of time to
peak (Fig. 5). The Ca2+ handling abnormalities in Tcap KOs
were more pronounced, with a greater increase in the variance
of the time to peak than WT, and additional prolongation of
the time for 50 and 90% decline of the Ca2+ transient, indicating
a more pronounced loss of normal Ca2+ handling. It is note-
worthy that in some studies of mechanical overload, significantly
defective Ca2+ handling is found (19), whereas in others, mech-
anical overload-induced remodelling of the local Ca2+-induced
Ca2+ release (CICR) apparatus appears to be compensated for,
resulting in few Ca2+ handling and whole-heart changes
(1,20). This indicates that the present model of mechanical over-
load lies at the severe end of the spectrum.
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To understand the mechanisms involved in the Ca2+ transi-
ent abnormalities in response to TAC, we studied Ca2+ spark
properties. KO, but not WT, cells showed increased Ca2+

spark frequency (Fig. 6), a possible feature of dyadic dysregu-
lation (5). There was also a slight prolongation of the Ca2+

spark duration in both WT and KO cells after TAC. The
Ca2+ spark duration was increased in the KO-Sham group,
when compared with the WT-Sham group. This was not
observed in the study using 3- and 8-month-old animals
above (Fig. 2). This could be due to altered mechanisms for
the apparent changes in Ca2+ handling in the setting of
age-related and overload-induced electrophysiological remod-
elling. There was no change to the LTCC after mechanical
overload in KO or WT (Fig. 6). This was also different to
the age-related study, again indicating a possible distinct
pathway of changes mediating electrophysiological remodel-
ling. The AP was also unaffected in amplitude or time for
50% or 90% depolarization at all frequencies studied (Supple-
mentary Material, Fig. S2), implying that AP changes do not
play a role.

Pronounced t-tubule loss and disorder following
mechanical overload in Tcap KO

Chronic mechanical overload induces loss and disorder in the
t-tubule system, which has been reported in multiple studies
(1), and we also found this (Fig. 7). Tcap KO showed a

profound loss of t-tubule density and regularity, which was
significantly greater than the loss that occurred in WT cells.
This implies that Tcap’s role in regulating t-tubule structure
is particularly important in the setting of mechanical overload.

We examined the cell surface sarcolemma using SICM and
found that TAC induced pathological remodelling of the cell
membrane surface with loss of the Z-grooves (Fig. 8) in
Tcap KOs and obvious loss of the t-tubule openings.

DISCUSSION

This study shows that the loss of Tcap from cardiomyocytes is
associated initially with an isolated t-tubule defect, with minor
Ca2+ handling changes and normal heart and cellular function,
suggesting that this effect is important. This defect becomes
worse with ageing and is associated with significant changes
in Ca2+ cycling. During mechanical overload, there is pro-
nounced t-tubule loss and remodelling, indicating that Tcap
is necessary to maintain t-tubule structure and function, espe-
cially after mechanical overload. These findings are summar-
ized in Table 1.

T-tubule regulation

The t-tubule system maintains the LTCC in close localization
with the RyR and promotes efficient CICR (21). This ensures
that the signal to release SR Ca2+ is spread throughout the

Figure 1. Tcap KO is associated with progressive Ca2+ transient defects. (A) The figure shows line scans of stimulated ventricular cardiomyocytes from
3 months old or 8 months old WT and Tcap KO hearts. The colour chart is a normalized scale of fluorescence intensity (a marker of Ca2+ concentration).
3mWT n ¼ 40, 3mKO n ¼ 48, 8mWT n ¼ 48, 8mKO n ¼ 43. The vertical scale bar represents 100 pixels and the horizontal scale bar represents 100 ms. Vari-
ance of time to peak (B), amplitude (C) and time for 50% (D) and 90% (E) decline and the time to peak (F) of the Ca2+ transient were deleteriously affected in
the KO. Importantly, the variance of the time to peak (which is closely associated with changes to the t-tubules) was the only parameter influenced at 3 m.
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whole depth of the cell, promoting synchronous Ca2+ transi-
ents and contraction. When the t-tubules are lost or disrupted,
the RyR are ‘orphaned’ resulting in impaired CICR (4). Such
t-tubule remodelling appears to be an early event in the pro-
gression of overload-induced HF (1) and is ubiquitous, irre-
spective of the aetiology of HF (14).

The t-tubules are regulated by a number of molecules, each
acting at different levels. BIN1 is a protein that induces mem-
brane invaginations and is responsible for the biogenesis of
t-tubules (7). In addition, BIN1 is responsible for shuttling
the LTCC to the t-tubule membrane (6). BIN1 expression is
reduced, and LTCC trafficking is impaired in human HF
(22). Another molecule, Junctophilin-2 is involved in
t-tubule–SR tethering (8) and is reduced proportionally with
the progression from hypertrophy to HF (1). Many other mole-
cules may be involved in t-tubule regulation (for a review, see
(5)).

A major biophysical regulator of the t-tubule system is
mechanical load variation, as both increased (1) and reduced
(2) mechanical load can disrupt t-tubule structure, when pro-
longed. Zhang et al. (12) identified Tcap as a load-dependent
promoter of t-tubule formation in response to stretch in zebra-
fish skeletal muscle. We have recently reported that during
HF, Tcap expression declines, then recovers after sarcoendo-
plasmic reticulum ATPase gene therapy-induced reverse re-
modelling, correlating with observed loss and reappearance
of the t-tubules (23). Here, we show that the lack of Tcap
results initially in isolated abnormal t-tubule structure, with
few Ca2+ handling changes (discussed below). This is

highly suggestive of an important Tcap-t-tubule regulatory
role. In the absence of Tcap, mechanical overload results in
pronounced t-tubule dysfunction with major implications for
CICR. Taken together, these data suggest that Tcap is involved
in the regulation of t-tubule structure, especially after mechan-
ical overload. Whether it is possible to reverse the t-tubule
defects caused by the loss of Tcap by the reintroduction of
Tcap is not known at present, and should be tested by future
studies. Tcap may be tightly regulated by not only its
overall expression but potentially also by its subcellular local-
ization and post-translational modification. Further work is
needed to elucidate the regulation of Tcap and its utility as a
therapeutic agent.

Ca21 handling abnormalities

During excitation–contraction coupling in cardiomyocytes,
the AP activates the LTCC throughout the surface and
t-tubule membranes, which allows small fluxes of Ca2+ to
enter the cell and activate the RyR (24). The RyR then releases
Ca2+ from the SR that activates the contractile apparatus.
Every element in this system can be altered causing a
change in Ca2+ transient morphology and, therefore, contract-
ility. In this study, we systematically analysed the major
mechanisms involved.

The AP morphology was unaffected by either lack of Tcap
or mechanical overload. The AP can influence CICR (18), but
does not appear to play a role in the effects of lack of Tcap or
after mechanical overload during the conditions studied here.

Figure 2. Tcap KO is associated with progressive Ca2+ spark and LTCC defects. (A) The figure shows line scans of quiescent ventricular cardiomyocytes from
3 month or 8 month WT and Tcap KO hearts. The colour chart is a normalized scale of fluorescence intensity (a marker of Ca2+ concentration). 3mWT n ¼ 40,
3mKO n ¼ 48, 8mWT n ¼ 48, 8mKO n ¼ 43. The vertical scale bar represents 768 ms and the horizontal scale bar represents 100 pixels. Ca2+ spark frequency
was increased (B) and Ca2+ spark peak was reduced (C) at 3 and 8 months in the KO. Ca2+ spark width (D) and duration (E) were not significantly changed. (F)
The L-type Ca2+ channel current density is reduced in 8mKO. 3mWT n ¼ 24, 3mKO n ¼ 25, 8mWT n ¼ 16, 8mKO n ¼ 20.
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The effect on the LTCC is complex. We found that in
8mKO, where t-tubule density was depressed, the LTCC
density was also significantly depressed. Such LTCC depres-
sion could result in smaller increases in the dyadic [Ca2+],
resulting in less Ca2+ release from the SR and, therefore,
less activation of the contractile apparatus. We did not
observe depressed Ca2+ transient amplitude, possibly due to
compensatory increases in SR Ca2+ content, although this
needs to be determined. We further found that during condi-
tions of overload in both WT and KO cells, where t-tubule
density was also depressed, LTCC density, a measure of
LTCC activity normalized to membrane area, was unaffected.
This could be due to a proportionally equal loss of membrane
area and LTCCs, providing an overall normal value for LTCC
density.

In 3mKO, as previously reported (15), the amplitude and
duration of the whole-cell Ca2+ transient were not different
from WT. However, using confocal microscopy, we per-
formed an additional study of CICR synchronicity and found
that this was significantly disrupted in 3mKO. The points of
delayed Ca2+ release spatially colocalize to defects in the
t-tubule system, indicating that these areas of dysynchrony
are caused by delayed RyR activation due to LTCC-RyR un-
coupling (16,25,26). T-tubule morphology is not the only
regulator of CICR synchrony, but given that Ca2+ handling
appears intact at this stage, t-tubule remodelling is likely the
cause of this loss of synchrony (18,21). In 8mKO, in addition
to the loss of synchronous CICR, there is also prolongation of
the time to peak and time for 90% decline of the Ca2+ transi-
ent. This is accompanied by the loss of t-tubule density, which
would further uncouple CICR.

After mechanical overload, Ca2+ transient remodelling
occurs with a prolongation of the time to peak, loss of Ca2+

release synchrony and prolongation (3,5). In myocytes
lacking Tcap, mechanical overload induced additional pro-
longation of the Ca2+ transient. One explanation for this
effect is that pronounced t-tubule defects in this group result
in altered interaction between ion channels responsible for ef-
ficient CICR, resulting in severe Ca2+ transient remodelling.
Interestingly, despite longer Ca2+ spark duration after TAC,
the Ca2+ transient decline was faster in KO when compared
with WT Shams. The reasons for this are complex and could
be related to Tcap interactions with other receptors and ion
channels that we have not studied, including Na+/Ca2+ ex-
changer (NCX) (27).

In 3mKO, Ca2+ spark frequency was elevated. Increased
Ca2+ spark frequency occurs in HF, where the t-tubules are
abnormal or missing, (28) and this increased Ca2+ spark fre-
quency is spatially localized to gaps in the t-tubule system
(16,29,30). Ca2+ spark frequency was elevated in KOs, but
not WT after TAC, possibly due to the pronounced t-tubule
loss, resulting in LTCC-RyR uncoupling. The Ca2+ spark dur-
ation was prolonged in both WT and KO after TAC. One
mechanism that could mediate this is displacement or loss of
NCX. Loss of NCX could delay the extrusion of Ca2+, result-
ing in prolonged Ca2+ sparks (31). KO Sham cells showed
longer Ca2+ spark duration when compared with WT Sham.
Ca2+ spark duration is a complex parameter and depends on
factors promoting Ca2+ leak, altering Ca2+ diffusion proper-
ties throughout the cytoplasm and Ca2+ extrusion from the
cytoplasm (32). Efficient CICR is mediated by the correct
interaction between the L-type Ca2+ channel and RyR. The

Figure 3. T-tubule structure is disrupted in Tcap KO. (A) The figure shows single di-8-ANEPPS-stained cardiomyocytes from which t-tubule density (B) and
regularity are calculated. (B) T-tubule density is reduced at the 8 month in the KO. The lower box illustrates the analysis of t-tubule regularity with the central
portion of cardiomyocytes converted into a binary image that was analysed using Fourier transformation. This provides a power–frequency curve, the peak of
which is taken as an index of t-tubule regularity (C and D). T-tubule regularity is reduced in the KO. 3mWT n ¼ 30, 3mKO n ¼ 32, 8mWT n ¼ 45, 8mKO n ¼
44. Red scale bars represent 10 mm.
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spatial interaction between these two channels plays a signifi-
cant role in their activation. This relationship is also influenced
by primary changes in either channel. The important role of
RyR mutations in influencing the progression of HF has
been documented extensively (33–36).

Changes to the cell surface

The cell surface of normal ventricular cardiomyocytes is a
highly organized and regular structure with a fine architecture
consisting of Z-grooves and crests (37). These areas have dis-
tinct signalling microdomains that can shift in disease (38). In
3mKO, the cell surface is not altered, but in 8mKO, cell
surface remodelling occurs. After mechanical overload, the
cell surface is also disrupted. The implications for CICR of
Z-groove loss are not clear, although in all conditions
studied so far, where Z-groove remodelling has occurred,
there are also CICR defects (14). Importantly, the intact cell
surface structure of 3mKO indicates that these cells are not
in a state of general pathological remodelling and that their
gross structural features are intact. Together with previous
reports (12), this implies that the t-tubule changes in these
cells are an isolated, important defect.

A novel role for Tcap

Tcap is a 19 KDa protein of the sarcomeric Z-disc, which is
involved in a class of muscular dystrophies (39). Recent
work has suggested that one mechanism by which Tcap muta-
tions result in such muscular dystrophies is by disruption of
the t-tubule system (12).

Tcap KO has been studied previously (15,40). These studies
show that although Tcap is not essential for skeletal or cardiac
muscle development, contractile and stretch-sensing defects
occur. In the heart, Tcap KOs show no gross cardiac disease
spontaneously (15), but its signalling with p53 results in pro-
found apoptosis after the institution of mechanical overload,

with contractile failure. In this study, we show that Tcap is
required for normal t-tubule structure at rest, but that this
results in few defects to CICR, presumably due to the presence
of compensatory mechanisms not studied here. After mechan-
ical overload, Tcap KOs show extensive reduction of t-tubule
density and regularity with major Ca2+ handling defects that
are characteristic of failing ventricular cardiomyocytes (21).

Molecular mechanism mediating Tcap–t-tubule
interaction

In the heart, Tcap interacts with a number of proteins to form a
stretch-sensing complex (10). Mutations in Tcap can give rise
to both hypertrophic and dilated cardiomyopathy, possibly
related to altered stretch-sensing properties (13). Importantly,
Tcap also binds minK, the regulatory b-subunit of the delayed
rectifier potassium current channel, which resides in the
t-tubules (11), providing a possible molecular mechanism for
the findings observed in this study. This suggests a role for
Tcap in coupling stretch sensation with the t-tubule mem-
brane. Zhang et al. showed in zebrafish that t-tubule develop-
ment, which corresponds to body twitch initiation, is
dependent on normal Tcap expression (12). Reduction of
body movement by anaesthesia delayed t-tubule development.
The authors concluded that Tcap could be regulating the
t-tubule system in response to changes in stretch. One way
in which Tcap could perform mechanosensation functions
might be using the integrin-linked kinase system, which
should be tested in future studies (41). Tcap may act on the
t-tubules via binding to minK. Although this is possible, a
number of alternative mechanisms may explain Tcap’s regula-
tory influence over the t-tubules, including signalling via the
integrin-linked kinase pathway and altered phosphorylation
of binding partners or through the titin kinase domain (42).

With the recent discovery that truncating mutations in titin
are a common cause of dilated cardiomyopathy (43), and earlier
work documenting Tcap mutations in dilated cardiomyopathy,

Figure 4. Cell surface structure is disrupted in Tcap KO. (A) Low-power (top images) and high-power (bottom images) views of the cell surface of 8 month WT
and KO cells are shown. (B) The Z-groove provides an index of cell surface regularity, reduced in the KO at the 8 month. 3mWT n ¼ 7, 3mKO n ¼ 16, 8mWT
n ¼ 30, 8mKO n ¼ 20.
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the titin-Tcap axis is emerging as a powerful regulator of
cardiac structure and function, in particular in response to
mechanical load variation. We have shown that one mechan-
ism by which Tcap acts is via regulation of the t-tubule
network. Whether titin shares this action remains to be deter-
mined.

Given the large body of evidence showing that the t-tubule
system is load sensitive in both myocardial overloading and
unloading (1,3,44), we hypothesized that Tcap would regulate
the t-tubule system of mammalian ventricular cardiomyocytes
in response to load. In this study, we show that myocytes
lacking Tcap initially have deranged t-tubule structure with
no other defects to the CICR system, suggesting that they
are an important defect. When subjected to mechanical over-
load, the t-tubule system undergoes even more profound re-
modelling (Table 1), indicating a failure of load-dependent
regulation. This supports the hypothesis that Tcap is a critical,
load-dependent regulator of t-tubule structure. Further studies
are required to elucidate the precise mechanisms mediating the
biochemical interactions between Tcap and the t-tubule mem-
brane.

MATERIALS AND METHODS

All procedures were performed according to the guidance of
the UK Home Office following ethical review.

Tcap KO mice

Tcap-deficient animals were generated on a C57BL/6 back-
ground by replacing the coding regions of exon 1 and 2 by a
lacz-neomycin cassette to monitor endogenous gene expres-
sion using homologous recombination as described previously
(15). To investigate the status of the t-tubule system and local
CICR at a young and mature stage, animals were studied at 3
months of age and at 8 months of age. Age- and sex-matched
C57BL/6 non-littermate controls were used.

Thoracic aortic constriction

To investigate the impact of chronic mechanical overload,
thoracic aortic banding was performed in animals at 8–12
weeks of age. Briefly, animals were anaesthetized by Isoflur-
ane inhalation at 5%, then maintained on 1.5%. A median
skin incision was made, and a small portion of the second
rib was excised to provide access to the transverse thoracic
aorta. A band of 7–0 Prolene was placed under the aorta
and tied around a blunted 26 gauge needle, which was later
removed. The chest and skin were closed in layers. The
animals were recovered and studied 4 weeks after TAC.
Sham-operated matched animals were used as controls.

Figure 5. Mechanical overload causes severe Ca2+ transient defects in Tcap KO. (A) The figure shows line scans of stimulated ventricular cardiomyocytes from
Sham or overloaded (TAC) WT and Tcap knock-out (TCAP) hearts. The colour chart is a normalized scale of fluorescence intensity (a marker of Ca2+ con-
centration). WT-Sham n ¼ 34, WT-TAC n ¼ 32, KO-Sham n ¼ 31, KO-TAC n ¼ 34. The vertical scale bar represents 100 pixels and the horizontal scale
bar represents 100 ms. (B) The time to peak of the Ca2+ transient was increased in both the WT and KO following TAC, the amplitude was unchanged (C)
and the time for 50% or 90% decline was increased only in the KO (D and E). The variance of the time to peak of the Ca2+ transient was raised more by
TAC in the KO (F).
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Cell isolation

Single left ventricular cardiomyocytes were isolated as
described previously (45). All recordings were performed at
378C with cells superfused with normal Tyrode’s solution
(140 mM NaCl, 6 mM KCl, 1 mM MgCl2, 1 mM CaCl2,
10 mM glucose and 10 mM HEPES, adjusted to pH 7.4 with
2M NaOH) unless otherwise indicated.

Ca21 handling imaging and electrophysiology

The Ca2+-sensitive fluorescent dye fluo-4 AM (Molecular
Probes) was used to monitor local changes in Ca2+ concentra-
tion. Aliquots of cells were incubated with fluo-4 AM (10 mM)
for 20 min, and this mixture was allowed to de-esterify for at
least 30 min before cells were used. The experimental
chamber was mounted on the stage of a Zeiss Axiovert micro-
scope (Carl Zeiss, Oberkochen, Germany) with an LSM 510
confocal attachment, and myocytes were observed through a
Zeiss EC Plan-NeoFluar ×40 oil-immersion lens (numerical
aperture 1.3). Excitation was using the 488 nm line of an
argon laser, and the emitted fluorescence was collected
through a 505 nm long-pass filter. After a period of 30 s of
quiescence, line scans were collected. Analysis was performed
using custom-written routines in MATLAB R2006b (The
MathWorks, Inc., MA, USA), following the threshold-based

algorithm for automatic Ca2+ spark detection of Cheng
et al. (46). Detection criteria for Ca2+ sparks were set at 3.8
SD above the background noise. Ca2+ spark frequency was
obtained from the line scans, and Ca2+ spark amplitude was
defined as the peak fluorescence over background fluorescence
(F/F0). Morphometric analysis of Ca2+ sparks elucidated the
full width at half-maximum and full duration at half-
maximum. To examine the Ca2+ transient, cells were field sti-
mulated at 1 Hz, and a line scan was performed, as described
previously (2). We measured time to peak, amplitude and vari-
ance of time to peak. Time for decline in the Ca2+ transient
was measured as the time from the peak of the Ca2+ transient
to 50% or 90% decline.

For AP recordings, cells were studied using an Axon 2B
amplifier (Axon Instruments, Union City, CA, USA) in dis-
continuous (switch clamp) mode. The pipette resistance was
�30 MV, and the pipette filling solution contained 2000 mM

KCl, 5 mM HEPES and 0.1 mM ethylene glycol tetraacetic
acid (EGTA) (pH 7.2). APs were recorded using the perforated
patch technique, while the whole-cell configuration of the
patch clamp technique was used to record currents. From the
voltage measurements, the maximum upstroke velocity, time
for 50 and 90% depolarization were measured.

LTCC was measured in voltage-clamp mode as described
previously (47). LTCC was measured using a MultiClamp
700A (Axon Instruments, Union City, CA, USA) in whole-cell

Figure 6. Mechanical overload alters Ca2+ spark frequency in Tcap KO, but not WT and does not affect LTCC. (A) The figure shows line scans of quiescent
ventricular cardiomyocytes. The colour chart is a normalized scale of fluorescence intensity (a marker of Ca2+ concentration). WT-Sham n ¼ 34, WT-TAC n ¼
32, KO-Sham n ¼ 31, KO-TAC n ¼ 34. WT-Sham n ¼ 11, WT-TAC n ¼ 16, KO-Sham n ¼ 13, KO-TAC n ¼ 14. The vertical scale bar represents 768 ms and
the horizontal scale bar represents 100 pixels. (B) The Ca2+ spark frequency increased only in KO, and Ca2+ peak and width did not change (C and D), whereas
the Ca2+ spark duration increased more in KOs when compared with WT following TAC (E). (F) The L-type Ca2+ channel current–voltage relationship was
unchanged.
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patch configuration. The pipette resistance was �2–3 MV,
and the pipette-filling solution contained the following:
115 mM Cesium aspartate, 20 mM tetraethylammonium chlor-
ide, 10 mM EGTA, 10 mM HEPES and 5 mM MgATP, pH
7.2. The external solution contained the following: 140 mM

NaCl, 10 mM glucose, 10 mM HEPES, 1 mM CaCl2, 1 mM

MgCl2 and 6 mM CsCl, pH 7.4. Current–voltage relationships
for LTCC were built using 450 ms depolarization steps from a
holding potential of �40 mV (range +40 to 240 mV, in
5 mV increments) at 1 Hz. Then, 200 mM Cd2+ was applied,
and the protocol was repeated. Subtracted currents obtained
were normalized to cell capacitance. All experiments were
conducted at 378C.

Imaging of t-tubules and cell surface

The membrane-binding dye, di-8-ANEPPS (Molecular Probes,
Eugene, OR, USA), was used. Di-8-ANEPPS (10 mM) was
added to a suspension of isolated cells for 10 min, and then
washed. Using the same confocal settings as above, a focal
plane that excluded the nuclei was selected for high-resolution
imaging of the t-tubule structure. Lower resolution Z-stack
images of the same cells were used to assess the t-tubule
density of cardiomyocytes. The t-tubule density was calcu-
lated by converting the Di-8-Anepps signal to a binary
signal, using the autothreshold function of ImageJ. After ex-
clusion of the surface sarcolemma, the whole z-series was ana-
lysed to provide the percentage stained. This was taken to
represent the t-tubule density.

High-resolution images were converted to binary images
using the autothreshold function of ImageJ. This involves

serial divisions of the ‘top’ and ‘bottom’ ends of the range
of foreground and background pixel intensities. These binary
images were used to generate plot profiles that were analysed
in MATLAB (The MathWorks, Inc., Natick, MA, USA) using
a custom-written macro to calculate the Fourier transform of
the di-8-ANEPPS signal. The peak of the power–frequency
relationship was calculated for each image and compared
between the control and unloaded groups. The amplitude of
the peak is taken as an index of regular distribution of the
t-tubule network, as previously described (2). A standard
box of 125 × 25 pixels was used and was aligned along the
long axis of the cell. The t-tubules should arise at 2 mm inter-
vals, in between sarcomeres. In normal cells, there should be a
large, dominant peak in the power–frequency curve, repre-
senting the periodic t-tubule striations. When the t-tubules
are disrupted or missing, this regular pattern of striations is
lost, lowering this peak’s power. In figures, cells of different
sizes are shown at optimal digital zoom; this results in differ-
ent numbers of individual t-tubules being shown in the meas-
urement box. However, it is important to note that it is the
regularity of the t-tubule striations and not their number that
determines the peak of the power–frequency Fourier analysis.

Imaging of cell surface topography using SICM

This uses a micropipette that scans close to the cell surface.
The proximity to the cell surface alters the resistance of the
pipette and current flow. The changes in current produce an
image of the cell surface. In all SICM experiments, micropip-
ettes and the bath solution contained the same physiological
L-15 medium (Life Technologies, Inc., Parsley, UK), so that

Figure 7. Profound T-tubule loss occurs after mechanical overload in Tcap KO. (A) The figure shows single di-8-ANEPPS-stained cardiomyocytes from which
t-tubule density (B) and regularity are calculated (C). WT-Sham n ¼ 31, WT-TAC n ¼ 28, KO-Sham n ¼ 30, KO-TAC n ¼ 34. T-tubule regularity is reduced
more by TAC in KOs.
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salt concentration gradient potentials and liquid junction
potentials were not generated. To quantify the data obtained
during scanning, we introduced an index of the completeness
of the Z-grooves on the surface of cardiomyocytes (Z-groove
index). The Z-groove describes the domes and troughs of the
surface of cardiomyocytes, and t-tubule openings are known to
sit in these Z-grooves. To calculate the Z-groove index, we
measured the maximum extent of Z grooves observed on
single SICM images and divided this length by the total esti-
mated Z-groove length, as if they extended across the whole
surface, guided by the structure of normal SICM images as
described previously (37).

Statistical analysis

Statistical analysis was performed using non-parametric one
way ANOVA (Kruskall–Wallis test). Dunn’s post hoc test was
used to test for differences between groups. The analysis
was performed using Prism4 software (GraphPad software
Inc., San Diego, CA, USA). P , 0.05 was taken as significant.
N numbers refer to the number of cells unless otherwise indi-
cated. Four animals were used in each group.
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