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ABSTRACT Prolonged mechanical unloading (UN)
of the heart is associated with detrimental changes to
the structure and function of cardiomyocytes. The
mechanisms underlying these changes are unknown. In
this study, we report the influence of UN on excitation-
contraction coupling, Ca2�-induced Ca2� release
(CICR) in particular, and transverse (t)-tubule struc-
ture. UN was induced in male Lewis rat hearts by
heterotopic abdominal heart transplantation. Left ven-
tricular cardiomyocytes were isolated from the trans-
planted hearts after 4 wk and studied using whole-cell
patch clamping, confocal microscopy, and scanning ion
conductance microscopy (SICM). Recipient hearts
were used as control (C). UN reduced the volume of
cardiomyocytes by 56.5% compared with C (UN, n�90;
C, n�59; P<0.001). The variance of time-to-peak of
the Ca2� transients was significantly increased in un-
loaded cardiomyocytes (UN 227.4�24.9 ms2, n�42 vs.
C 157.8�18.0 ms2, n�40; P<0.05). UN did not alter the
action potential morphology or whole-cell L-type Ca2�

current compared with C, but caused a significantly
higher Ca2� spark frequency (UN 3.718�0.85 events/
100 �m/s, n�47 vs. C 0.908�0.186 events/100 �m/s,
n�45; P<0.05). Confocal studies showed irregular dis-
tribution of the t tubules (power of the normal t-tubule
frequency: UN 8.13�1.12�105, n�57 vs. C 20.60�
3.174�105, n�56; P<0.001) and SICM studies revealed
a profound disruption to the openings of the t tubules
and the cell surface in unloaded cardiomyocytes. We
show that UN leads to a functional uncoupling of the
CICR process and identify disruption of the t-tubule-
sarcoplasmic reticulum interaction as a possible mech-
anism.—Ibrahim, M., Al Masri, A., Navaratnarajah, M.,
Siedlecka, U., Soppa, G. K., Moshkov, A., Abou Al-
Saud, S., Gorelik, J., Yacoub, M. H., Terracciano,
C. M. N. Prolonged mechanical unloading affects car-
diomyocyte excitation-contraction coupling, transverse-
tubule structure, and the cell surface. FASEB J. 24,
3321–3329 (2010). www.fasebj.org
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There is both clinical and experimental evidence
that the myocardium is sensitive to mechanical unload-
ing and that when the failing, overloaded heart is
mechanically unloaded its function is initially improved
(1–3). This has become an important clinical issue
because of the use of left ventricular assist devices
(LVADs) for the treatment of heart failure. These
devices act predominantly by unloading the myocar-
dium and have shown extremely promising results in
some clinical trials (1–3). However, the beneficial ef-
fects of LVAD treatment on myocardial function seem
to diminish after prolonged mechanical unloading,
and the clinical recovery obtained is insufficient for
device explantation in most patients (4, 5). In experi-
mental models of mechanical unloading, prolonged
unloading can impair cardiac function (6), and this
may be partly mediated by deranged excitation-contrac-
tion coupling (7).

In cardiomyocytes, contraction is initiated by the
opening of the voltage-sensitive L-type Ca2� channels,
which are more abundant in the transverse (t) tubules
(8, 9); the consequent current, ICa,L, triggers the
opening of the ryanodine receptors (RyR), which re-
sults in significant sarcoplasmic reticulum (SR) Ca2�

release, in a process of Ca2�-induced Ca2� release
(CICR) (8). It is largely this Ca2� that bathes the
contractile machinery and results in contraction (10).
In ventricular myocytes, the spatial relationship be-
tween the L-type Ca2� channel and RyR is guaranteed
by the t tubule (11).

There is growing evidence that alterations in t-tubule
structure are an important cause of deterioration in
cardiomyocyte function in a range of cardiac disease
states (12), including overload (13), sustained tachycar-
dia (14), hyperglycemia (15), heart failure (16, 17),
and others. In agreement with their role in guarantee-
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ing efficient Ca2� release, regions of t-tubular disrup-
tion (18) are spatially colocalized to areas of impaired
Ca2� release, and the degree of t-tubular disruption
correlates with the severity of impaired Ca2� release
(16). It is not known whether the t-tubule network is
sensitive to mechanical unloading, but a recent report
suggests that t tubules are regulated by stretch-sensitive
molecules (19).

Prolonged unloading modifies the electrophysiolog-
ical parameters of cardiomyocytes, and such changes
can be critically important to overall changes in cardiac
function (20, 21). It is also known that prolonged
unloading of normal hearts can impair some aspects of
Ca2� handling with detrimental effects on cardiomyo-
cyte function. The mechanisms underlying this decline
are unknown.

In the present study, we hypothesized that Ca2�

release in cardiomyocytes is impaired by chronic un-
loading. This CICR process is defective in failing cells
(13, 17, 18, 22). There is evidence that this derange-
ment is caused by a structural uncoupling of L-type
Ca2� channels and RyRs due to defects in the t-tubule
network (13, 18, 22). It is possible that similar defects
underlie the functional impairment of the chronically
unloaded heart.

To test this hypothesis, in rat ventricular myocytes
undergoing prolonged mechanical unloading, we mea-
sured the trigger for Ca2� release (ICa,L), and SR Ca2�

release (the whole-cell Ca2� transient and Ca2�

sparks). In addition, we investigated the structure of the
t-tubule network to identify whether physical uncou-
pling of the L-type Ca2� channels and RyR might
explain their functional uncoupling.

MATERIALS AND METHODS

Syngeneic male Lewis rats (10–12 wk old, �220 g) were used
in all of the experiments. All animal procedures were ap-
proved by the UK Home Office and passed local ethics review
at Harefield Heart Science Centre.

Heterotopic abdominal heart transplantation

The heart was harvested from the thorax and heterotopically
transplanted into the abdomen of an age-matched syngeneic
recipient, as described previously (7, 23, 24). In brief, the
donor aorta was anastomosed to the recipient abdominal
aorta and the donor pulmonary artery to the recipient
inferior vena cava.

Cell isolation

Animals were sacrificed 4 wk after heterotopic abdominal
transplantation. The recipient’s native heart acted as a con-
trol. Cardiomyocytes were isolated by standard enzymatic
digestion only from the left ventricular (LV) tissue as de-
scribed previously (25). Cardiomyocytes were used within 6 h,
and those for study were selected at random and were only
excluded if they did not have a rod-shaped appearance. All
subsequent recordings were performed 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 2 M NaOH) unless otherwise indi-
cated.

Electrophysiological parameters

Cells were studied using an Axon 2B amplifier (Axon Instru-
ments, Union City, CA, USA) in discontinuous (switch clamp)
mode. The pipette resistance was �30 M�, and the pipette
filling solution contained 2000 mM KCl, 5 mM HEPES, and
0.1 mM EGTA (pH 7.2). Action potentials (APs) were mea-
sured in current-clamp mode after stimulation at 1, 3, and 5
Hz using a 1-ms, 1.2- to 1.4-nA pulse. Times to 50 and 90%
repolarization were measured from the stimulation pulse.
ICa,L was measured in voltage-clamp mode as described
previously (24). The pipette resistance was �2–3 M�, and the
pipette-filling solution contained the following: 115 mM
cesium aspartate, 20 mM tetraethylammonium chloride, 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 L-type
Ca2� current were built using 450-ms depolarization steps
from a holding potential of �40 mV (range �40 to �40 mV,
in 5-mV increments) at 1 Hz. Then 200 �M Cd2� was applied,
and the protocol was repeated. Subtracted currents obtained
were normalized to cell capacitance. All experiments were
conducted at 37°C.

Imaging of t tubules

Confocal microscopy

The membrane-binding dye, di-8-ANEPPS (Molecular
Probes, Eugene, OR, USA) was used. Di-8-ANEPPS (10 �M)
was added to a suspension of isolated cells for 10 min. The
experimental chamber was mounted on the stage of a Zeiss
Axiovert microscope (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). Di-8-ANEPPS was
excited using the 488-nm line of an argon laser, and the
emitted fluorescence was collected through a 505-nm
long-pass filter. A focal plane that excluded the nuclei was
selected for high-resolution imaging of the t-tubule struc-
ture. Lower resolution Z-stack images of the same cells
were used to assess the size and shape of cardiomyocytes.
Z-stack images were analyzed using a custom-written macro
in ImageJ (U.S. National Institutes of Health; http://
rsb.info.nih.gov/ij/) to measure cell volume. 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, which were
analyzed in MATLAB (The MathWorks, Inc., Natick, MA,
USA) using a custom-written macro to calculate the Fourier
transform of the di-8-ANEPPS signal (26). The peak of the
power-frequency relationship was calculated for each im-
age 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
suggested (26).

Scanning ion conductance microscope (SICM)

The SICM setup has been described previously (27, 28). This
uses a micropipette which scans close to the cell surface. The
proximity to the cell surface alters the resistance of the
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micropipette and therefore current flow. Changes in current
are used to produce a detailed image of the cell surface (27,
28). This allows visualization of the openings of the t tubules
at the cell surface without disrupting its detailed architecture
and has been used to characterized t-tubule disruption and
other surface changes in heart failure (17). We used hopping
probe ion conductance microscopy without continuous feed-
back (29). We obtained high-resolution images of the surface
of freshly isolated LV cardiomyocytes from either control or
unloaded hearts. In all SICM experiments, micropipettes and
the bath solution contained the same physiological L-15
medium (Life Technologies, Inc., Parsley, UK), so that salt
concentration gradient potentials and liquid junction poten-
tials 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 (30). 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
estimated Z-groove length, as if they extended across the
whole surface, guided by the structure of normal SICM
images as described previously (30).

Imaging of Ca2� sparks and transients

The Ca2�-sensitive fluorescent dye fluo-4 AM (Molecular
Probes) was used to monitor local changes in Ca2� concen-
tration. Aliquots of cells were incubated with fluo-4 AM (10
�M) for 20 min, and this mixture was allowed to de-esterify
for at least 30 min before cells were used. Cells were studied
with the same confocal microscope described above. 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.) following the threshold-based
algorithm for automatic Ca2� spark detection of Cheng et al.
(31). 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 (FWHM) and full duration at half-
maximum (FDHM). To examine the Ca2� transient, cells
were field-stimulated at 1 Hz, and a line scan was performed,
as described previously (32). We measured time to peak

amplitude and variance of time to peak amplitude. Time to
relaxation was measured as the time from the peak of the
Ca2� transient to 50% decline.

Statistical analysis

Statistical analysis was performed using the nonparametric
Mann-Whitney test, except where indicated. The analysis was
performed using Prism4 software (GraphPad Software Inc.,
San Diego, CA, USA). P � 0.05 was taken as significant.

RESULTS

Prolonged unloading reduces cell size

The volume of cardiomyocytes from chronically un-
loaded (UN) hearts was 56.5% smaller than that for
control (C) hearts (UN 19,190�779 �m3, n	90 vs. C
44,120�2042 �m3, n	59; P�0.001). This reduction in
cell size was confirmed by a reduced cell capacitance
measured during the electrophysiological experiments
(Fig. 1).

Ca2� transient is altered by prolonged unloading

To test whether prolonged unloading of the left ventri-
cle altered the Ca2� transient, we field-stimulated iso-
lated cells loaded with fluo-4 AM. In cells from the
chronically unloaded heart, the average time to peak
was significantly longer (UN 41.8�2.5 ms, n	42 vs. C
30.9�1.3 ms, n	40; P�0.0005) as was the time to 50%
decline (UN 150.6�10.5 ms, n	42 vs. C 90.4�2.8 ms,
n	40; P�0.0001) compared with control cells. The
peak amplitude of the whole-cell Ca2� transient was
significantly smaller in cells from the chronically un-
loaded heart compared with control heart (UN
3.70�0.21 F/F0, n	42 vs. C 5.22�0.26 F/F0, n	40;
P�0.0001). The variance of time-to-peak of the Ca2�

transients was significantly increased in unloaded car-
diomyocytes (UN 227.4�24.9 ms2, n	42 vs. C
157.8�18 ms2, n	40; P�0.05), suggesting that the

Figure 1. Prolonged mechanical unloading reduces cell size. A) Cell volumes were assessed by analysis of di-8-ANEPPS images.
Unloaded cell volumes were significantly smaller than control cell volumes. B) Cell capacitance measurements confirmed the
reduction in cell volume after chronic unloading.
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synchronicity of Ca2� release was disrupted (Fig. 2).
Possible causes for this impaired Ca2� release include
altered L-type Ca2� channel function, altered RYR
function, or an uncoupling of the CICR machinery.

L-type Ca2� current density is unaffected and
inactivation is delayed

We measured the whole-cell ICa,L in control (n	15)
and unloaded (n	15) LV cardiomyocytes. There was
no difference in the current density-voltage relation-
ship of this channel between groups (Fig. 3A, B). Given
that cell capacitance was reduced in the smaller un-
loaded cells, absolute current amplitude declined in
proportion to cell size. Thus, the trigger for SR Ca2�

release was not altered by prolonged mechanical un-
loading under voltage clamping conditions. The fast
inactivation of the L-type Ca2� current was significantly
slower in unloaded cardiomyocytes (Fig. 3C) (UN
16.29�0.42 ms, n	15 vs. C 13.82�0.71 ms, n	15;
P�0.01). This may be due to slower Ca2� release from
the SR.

AP is unaffected

Because the synchronicity of the Ca2� transient may
be affected by AP morphology, we recorded APs from
unloaded and control myocytes. The resting mem-
brane potential was unaffected by prolonged me-
chanical unloading (UN �62.51�0.001 mV, n	16 vs.
C �61.08�0.002 mV n	8; NS). The time to 50%
repolarization was similarly unchanged (UN
74.08�11.34 ms, n	16 vs. 66.38�4.01 ms, n	8; NS),
as was the time to 90% repolarization (UN
151.6�25.22 ms, n	16 vs. C 158.5�8.926 ms, n	8;
NS). Thus, chronic mechanical unloading did not
alter the AP of LV cardiomyocytes (Fig. 3D).

Taken together, these results suggest that there is a
local disruption of CICR in unloaded cardiomyocytes,
which is not due to altered L-type Ca2� channel activity.
To investigate the basis of this impaired Ca2� release,
we assessed the components of the local CICR process,
which include RyR and the t-tubular structure.

Prolonged mechanical unloading alters the Ca2�

spark frequency and morphology

Ca2� sparks are the elementary SR Ca2� release
events and can be used to investigate RyR function in
intact, quiescent cells (33). We measured Ca2� sparks
from both control and unloaded hearts (Fig. 4).
Unloaded cells showed a significantly higher Ca2� spark
frequency (UN 3.718�0.85 events/100 �m/s, n	47 vs. C
0.908�0.186 events/100 �m/s, n	45; P�0.05). In un-
loaded cardiomyocytes, Ca2� spark width (UN
3.312�0.066 �m, n	410 vs. C 2.689�0.043 �m, n	149;
P�0.001) and duration (UN 25.87�0.825 ms, n	410 vs.
C 14.85�0.453 ms, n	149; P�0.001) were increased,
whereas Ca2� spark peak was decreased (UN
1.517�0.01211, n	410 vs. C 1.724�0.02408, n	149;
P�0.0001). These results indicate altered activity of the
RyR. We have reported previously that the SR Ca2�

content is unchanged in unloading myocytes (7); thus, we
investigated whether the changes in Ca2� sparks might be
due to alterations at the level of the structural coupling of
the RyR and L-type Ca2�channels at the t tubules.

Prolonged mechanical unloading disrupts the
t tubules

We investigated the t-tubule network in cells from the
chronically unloaded heart because changes in SR
Ca2� release have been associated with t-tubule disrup-
tion (18, 34). To do this, we stained cells with the
membrane-staining dye di-8-ANEPPS (Fig. 5A). Un-
loading did not alter the density of the t-tubule network
(Fig. 5B), consistent with an unchanged ICa,L, but
significantly reduced its regularity (Fig. 5C, D), with
fewer t tubules lying in their ordinary position.

To image the external membrane structure and its
relationship with the t-tubule network at high resolu-
tion in living cells, we used SICM. SICM imaging of
unloaded cells showed changes on the cardiomyocyte

Figure 2. Prolonged mechanical unloading disrupts the Ca2�

transient. A) Two representative traces showing that the
whole-cell Ca2� transient, measured in line-scan mode during
confocal experiments, is less synchronous in unloaded than
in control cells. B) The average variance of the time to peak
Ca2� transient is more variable in line scans of unloaded
compared with control cells. This result indicates less syn-
chronous Ca2� release across the whole cell.
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surface and a decrease in the Z-groove index compared
with control cells (UN 0.3841�0.02451, n	17 vs.
0.8040�0.03513, n	10; P�0.0001) (Fig. 6). We found
that the t-tubule network was less regular in unloaded
compared with control cells, with a smaller proportion
of t-tubule openings in their ordinary position relative
to control cells, defined by our parameter, the Z
groove, as described previously (30).

DISCUSSION

In the present study, we show that cardiomyocytes from
chronically unloaded hearts have impaired Ca2� re-

lease and increased asynchronous Ca2� release events,
despite intact Ca2� triggers (normal ICa,L). Cells from
chronically unloaded hearts also have disrupted t-
tubule structure, with a normal density but abnormal
pattern. The disrupted, asynchronous Ca2� release
events can be explained by a structural and functional
uncoupling of the RyRs and L-type channels (22). This
is a fundamental mechanism for impaired contractility
and arrhythmia in heart failure, and we show this for
the first time in the chronically unloaded heart. We
suggest that this mechanism may contribute to explain-
ing the regression of improved contractility observed in
patients treated chronically with LVADs.

Un
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d

Figure 3. Prolonged mechanical unloading does not alter the AP or L-type
Ca2� current density. A) Raw traces of ICa,L elicited by a voltage clamp
step from �40 to 0 mV. B) The current-voltage relationship of the L-type
channel is unaffected by unloading. Two-way ANOVA was used to analyze
these data. C) Graphs showing the time constant, tau, of the slow and fast
phases of ICa,L inactivation. The fast phase of ICa,L is significantly slower
in cells from the UN group. D) Representative traces of action potentials
from control and unloaded cells.

Figure 4. Ca2� spark properties are altered by prolonged mechanical unloading. A) Representative images of Ca2� sparks in
resting cells during line scanning. B–D) Cells from the chronically unloaded heart have more frequent Ca2� sparks (B), which
are smaller in amplitude (C), longer in duration (D), and wider (E).
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One unexpected result was that despite alterations to
the Ca2� transient, the AP morphology was not altered
(35). In rat myocytes, SR Ca2� uptake is almost entirely
responsible for Ca2� extrusion, with a much smaller
role for the Na�/Ca2� exchanger (NCX) (36). For this
reason NCX inward current is smaller and would
therefore have less effect on AP shape. Although
changes in AP duration have been reported after large
cytoplasmic [Ca2�] changes in rat cardiomyocytes (35),
it is possible that the changes in our experiments were
too small to result in significant changes in AP shape.

CICR uncoupling

There is accumulating evidence that t-tubule disruption
produces an uncoupling of L-type Ca2� channels
(which are concentrated in the t tubule) and the RyR
(in the SR) in overload (11, 18, 22, 37). The “or-
phaned” RyRs no longer respond to L-type Ca2� chan-
nel opening because they are functionally uncoupled
by their distance and become less sensitive to the local
increases in [Ca2�]. We speculate that this is also the
case in the chronically unloaded heart. This uncou-
pling is evidenced by the increased variance in the
time-to-peak of the stimulated Ca2� transient and the

increased spark frequency, and a structural basis is
suggested by the disruptions to the t-tubule network.
The changes to the parameters of Ca2� spark mass
(FWHM and FDHM) may be dependent on a number
of mechanisms, including properties of Ca2� diffusion
through the cell, and altered opening features of
individual RyR in each cluster (38). We have ruled out
increased SR Ca2� content as a mechanism for increas-
ing the Ca2� spark frequency because we previously
reported that chronic mechanical unloading did not
alter the SR Ca2� content (7). Our suggestion that the
deranged Ca2� release is due to a structural abnormal-
ity in the t tubules is supported by evidence that the
points of delayed Ca2� release spatially relate to defects
in the t-tubule network in other studies (7, 18, 34, 39).
Whether there is RyR–L-type Ca2�channel uncoupling
at those points is not known, but this is likely to be the
case (22). However, it is important to note that some
RyR uncoupling is normal and occurs in some parts of
atrial and ventricular cells (40, 41). However, the
function of these solitary RyRs appear to be distinct
from CICR, and tight RyR and L-type Ca2� channel
localization is necessary for effective CICR (42, 43).

The CICR uncoupling may explain in part the im-
paired contractility of normal chronically unloaded

Figure 5. Prolonged mechanical unloading disrupts the t-tubule structure. A) Representative images of di-8-ANEPPS-stained
cardiomyocytes from chronically unloaded and control hearts. Binary images of the central area indicate that the t tubules of
unloaded cells are significantly disrupted. Length of the inset is 40 �m. B) The density of the t-tubule network was assessed by
the percentage of the cell interior stained with di-8-ANEPPS, and this parameter was unchanged between control and unloaded
cells. C, D) Fourier analysis of the binary di-8-ANEPPS images revealed that the peak corresponding to the normal frequency
of the t tubules was far less powerful in unloaded cells than in control cells. This indicates that the t tubules were not arranged
in their normal periodic manner but rather were scattered at abnormal positions throughout the cell.
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ventricular cardiomyocytes we described in our previ-
ous study (7). We also identified a reduced myofila-
ment sensitivity to Ca2� in that study, which can play a
causal role in impairing whole-cell contractility. This is
also common to heart failure.

T-tubule physiology

The t tubule is the structural basis of the CICR coupling
mechanism (11). Delayed SR Ca2� release in cardio-
myocytes has been correlated to gaps in the t-tubule
system, both in normal and failing ventricular cardio-
myocytes (18, 39). T-tubule disruption also correlates
with the degree of heart failure (34). Thus, there
appears to be a tight connection between disrupted
t-tubule structure and defective Ca2� handling. This
has been demonstrated as an important mechanism
after pathological insults to the myocardium, including
overload (13, 22), sustained tachycardia (14), hypergly-
cemia (15), ischemia (17, 18), and dilated and hyper-
trophic cardiomyopathy (17). Here, we add chronic
unloading to the list of stressors to which the t-tubule
structure is sensitive.

Short-term and long-term unloading

Short-term mechanical unloading has been associated
with improved function in normal (44) and failing
hearts (6). The improved function has also been dem-
onstrated clinically (2, 45–47). The mechanisms medi-
ating improved function span the spectrum of cardiac
physiology and include improved Ca2� handling (20,
48, 49). It is not yet known whether the initial func-

tional improvements after mechanical unloading are
mediated by effects on the t-tubule network.

Prolonged unloading is associated with impaired
function and Ca2� handling in the normal (50) and
failing hearts (6, 51). These data correlate with the
observed biphasic response of cardiac function after
LVAD implantation in patients with heart failure (4).
Maybaum et al. (4) show that cardiac function is initially
increased, as the overload is removed. However, with
prolonged unloading cardiac function begins to de-
crease again. The mechanisms mediating this are not
clear, but a recent clinical report highlights initial
improvements in Ca2� cycling (after LVAD therapy in
patients with heart failure), including the expression of
a number of Ca2�-handling proteins, followed by sub-
sequent impairment in Ca2� homeostasis with pro-
longed unloading (51).

It is difficult to compare the period of mechanical
unloading investigated here with those that would be used
clinically, as the time course of the response is clearly very
different. We used a period of 4 wk because previous
studies indicated that this produced an atrophic response
(6, 7).

We described the functional impairment of chronically
unloaded normal hearts previously and identified re-
duced myofilament sensitivity to Ca2� as an important
mechanism (7). Our present results indicate that t-tubule
dysfunction plays a role in the pathogenesis of impaired
contractility of the chronically unloaded heart.

One limitation of our study is that our experiments
were not performed with failing hearts, and the possibility
remains that the subsequent decline in chronically un-
loaded failing hearts represents a return of the failing

Figure 6. Surface structure and
opening of t tubules is disrupted by
prolonged mechanical unloading.
A, B) Low-resolution SICM images of a
large surface of cells from control
(A) and unloaded (B) hearts show that
cells from the UN group have flattened
membranes. C, D) High-resolution
SICM images of 10- � 10-�m areas of
the surface of cardiomyocytes isolated
from control (C) and unloaded (D) rat
hearts confirms a disrupted cell surface
architecture. E) Z-groove index for cells
from control and unloaded hearts.
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phenotype after an initial functional improvement due to
unloading. Nevertheless, our results indicate that chronic
unloading alone can significantly impair Ca2� regulation
of cardiomyocytes and, in particular, the CICR mecha-
nism.

An additional limitation is that the heterotopic abdom-
inal transplantation model differs in several respects from
the conditions of LVADs. The experimentally unloaded
heart is denervated, and the intra-abdominal pressures
are very different from the intrathoracic pressures. These
differences represent a limit to the comparability of the
model to the LVAD.

We conclude that prolonged mechanical unloading of
normal hearts impairs CICR in cardiomyocytes due to
impairment of the SR Ca2� release process. T-tubular
disarray may be the structural basis of the impaired CICR
we observed. These results may explain the deleterious
effects of prolonged mechanical unloading in experimen-
tal studies and the regression of functional improvements
in clinical studies.

This work was supported by a British Heart Foundation
M.B.-Ph.D. studentship to M.I. (FS/09/025/27468).
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