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a b s t r a c t
The heart is subjected to chronic mechanical unloading during prolonged spaceﬂight and microgravity. The
heart in patients with end-stage heart failure is also unloaded in prolonged duration after left ventricular
assist devices (LVAD) are implanted. Heterotopic heart transplantation in rats is an established model of
chronic cardiac unloading, and has been used to investigate the effects of chronic cardiac unloading on the
heart. Observations that have been found using this experimental model are as follow. Chronic cardiac
unloading induces time-dependent depressions of Ca2+ handling and myocyte contractility, which are
associated with the shift of myosin heavy chain (MHC) isozymes and altered expressions of Ca2+ cyclingrelated proteins. Treatment with the physiological treatment dose of thyroid hormone restores the
expression levels of Ca2+ cycling-related proteins, Ca2+ handling, and contractile function of cardiac
myocytes in chronically unloaded hearts. Although future studies are required to determine precise
mechanisms of the beneﬁcial effects of thyroid hormone on chronically unloaded hearts, these observations
may have clinical implications in the future for chronic cardiac unloading in the space industry as well as in
the treatment of patients with end-stage heart failure supported by LVAD.
© 2009 Elsevier Inc. All rights reserved.
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1. Introduction
The cardiovascular system is subjected to chronic mechanical
unloading during prolonged spaceﬂight and microgravity (Bungo
et al., 1987; Goldstein et al., 1992; Martin et al., 2002). The heart in
patients with end-stage heart failure is also unloaded in prolonged
duration when left ventricular assist devices (LVAD) are implanted
(Hunt and Frazier, 1998; Burkhoff et al., 2006). The effects of left
ventricular (LV) pressure overload on gene expression and contractile
function of the heart have been extensively studied in animals and
humans (Kagaya et al., 1996; Hasenfuss, 1998; Hunter and Chien,
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1999; Ito et al., 2000; Faber et al., 2006). However, although it is
reported that chronically unloaded hearts replicate fetal gene
expressions of cardiac hypertrophy (Depre et al., 1998), little was
known about contractile function of the normal hearts subjected to
chronic LV unloading (Welsh et al., 2001; Ito et al., 2003). Using
heterotopic heart transplantation in rats as an established model of
cardiac unloading, we previously demonstrated that chronic cardiac
unloading induces time-dependent depressions of myocyte contractility and calcium handling (Ito et al., 2003). We also demonstrated
that the treatment with physiological treatment dose of thyroid
hormone rescues impaired relaxation and depressed contractile
reserve of cardiac myocytes in chronically unloaded hearts (Minatoya
et al., 2007). In this article, we review the effects of long-term
mechanical unloading on calcium handling and contractile function of
cardiac myocytes. We also discuss the beneﬁcial effects of thyroid
hormone in such condition and its possible clinical application.
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2. Effects of chronic cardiac unloading on contractile performance
The heart is subjected to prolonged mechanical unloading during
long-term spaceﬂight because of microgravity. The heart of patients
with end-stage heart failure who are supported by LVAD is also
unloaded in prolonged duration. Heterotopic heart transplantation in
rats is an established experimental model of cardiac unloading (Ono
and Lindsey, 1969). Brieﬂy, the ascending aorta of the donor is
anastomosed end-to-side on the abdominal aorta of the recipient, and
the pulmonary artery of the donor is anastomosed end-to-side on the
inferior vena cava of the recipient. The donor heart is perfused
through the coronary arteries. Although the heart beats, the left
ventricle is kept unloaded and ﬂaccid. In this experimental model of
cardiac unloading, both recipient hearts and transplanted unloaded
hearts are perfused with the same arterial blood. The effects of cardiac
unloading on systolic and diastolic functions have been investigated
in different experimental conditions in terms of the duration of
unloading as well as the methods to measure cardiac performance.
Welsh et al. (2001) reported that both contraction and relaxation
of isolated cardiac myocytes and papillary muscles were intact after
2-week cardiac unloading although the size of cardiac myocytes was
signiﬁcantly reduced due to cardiac atrophy. However, they argued that,
in the absence of compensatory increases in contractile performance,
reductions in myocyte mass would lead to impaired overall work
capacity of the heart. Kolár et al. (1993) investigated the effect of 3-, 14-,
and 28-day cardiac unloading on the systolic and diastolic functions
using isolated heart preparations with isovolumic contraction. Within 3,
14, and 28 days after cardiac unloading, the mass of transplanted left
ventricles was decreased to 84, 54, and 43% compared with the
corresponding recipient hearts, respectively. Although the developed
pressure, maximum rate of pressure development, and the slope of the
systolic stress–strain relation were unaffected in the transplanted
atrophic ventricles, the rate of relaxation was signiﬁcantly decreased.
We investigated the effects of chronic cardiac unloading on both
Ca2+ handling and contractile performance in rats (Ito et al., 2003).
Cardiac unloading and reductions in LV mass were induced by
heterotopic heart transplantation to the abdominal aorta in isogenic
rats. Native in situ hearts from recipient animals were used as the
controls. Contractility and intracellular calcium regulation in LV myocytes were studied at both 2 and 5 weeks after transplantation. Both
myocyte relaxation and intracellular calcium decay were slower
in 5-week unloaded hearts compared to recipient hearts, but not in
2-week unloaded hearts. Contractile reserve in response to high
extracellular calcium was depressed in 5-week unloaded hearts, but
not in 2-week unloaded hearts. In addition, LV protein levels of
phospholamban (PLB) were increased in 5-week unloaded hearts,
but not in 2-week unloaded hearts, while protein levels of
sarcoplasmic reticulum Ca2+-ATPase (SERCA2a) were not changed.
These alterations in protein levels led to the markedly reduced
SERCA2a-to-PLB protein ratio, which is a major determinant of
cardiac contractile performance and sarcoplasmic reticulum (SR)
Ca2+-uptake function (Brittsan and Kranias, 2000), in 5-week
unloaded hearts compared with recipient hearts predominantly
due to the increase in PLB expression levels. The PLB is phosphorylated at Ser-16 and Thr-17, and inhibits SR Ca2+ uptake function of
SERCA2a in its unphosphorylated state (Hagemann and Xiao, 2002).
We recently reported that chronic cardiac unloading suppresses PLB
phosphorylation at both Ser-16 and Thr-17 (Minatoya et al., 2007).
Therefore, both the reduced SERCA2a-to-PLB protein ratio and the
suppressed PLB phosphorylation may explain the impaired calcium
handling in cardiac myocytes isolated from 5-week unloaded hearts
(Fig. 1). This notion is strongly supported by the report of Korecky
et al. (1986) who found reduced SR Ca2+ uptake activity in
membrane fractions enriched with SR vesicles in 8-week unloaded
hearts compared with corresponding native hearts using the same
rat model of cardiac unloading.

Fig. 1. Alterations in the expression levels of myosin heavy chain (MHC) isoforms and
Ca2+ cycling-related proteins, Ca2+ handling, and contractile function in chronically
unloaded hearts with and without the treatment with thyroid hormone: Chronic
cardiac unloading is associated with the increased expression levels of beta-MHC and
phospholamban (PLB), decreased expression levels of alpha-MHC, and decreased
sarcoplasmic reticulum Ca2+-ATPase 2a (SERCA2a)-to-PLB ratio. Ca2+ handling is
impaired and contractile function is deteriorated in chronically unloaded hearts
without the treatment with thyroid hormone. Treatment with the physiological
treatment dose of thyroid hormone normalizes the expression levels of PLB and
SERCA2a-to-PLB ratio, but not the MHC isoform shift. Both Ca2+ handling and
contractile function are normalized in chronically unloaded hearts treated with the
physiological treatment dose of thyroid hormone.

We and others also have reported that cardiac unloading induces
isoform shift from alpha-myosin heavy chain (MHC) to beta-MHC
(Depre et al., 1998; Minatoya et al., 2007). As beta-MHC has slower
ATPase activity than alpha-MHC does (Bárány, 1967; Pope et al.,
1980), the impaired contractile performance in cardiac myocytes
isolated from unloaded donor hearts compared with recipient hearts
(Ito et al., 2003; Minatoya et al., 2007) might be explained partially by
the isoform shift from alpha-MHC to beta-MHC in chronically unloaded hearts. Taken together, both impaired calcium handling and
MHC isoform shift would be, at least in part, the mechanisms for the
time-dependent deterioration of contractile performance in chronically unloaded hearts.
The reduced myocyte contractile reserve and depressed SERCA2ato-PLB protein ratio in chronically unloaded hearts are similarly
observed in hypertrophied failing hearts induced by long-term
pressure overload (Ito et al., 2000). However, there are differences
in the alterations in the expressions of calcium cycling-related proteins between unloaded hearts and hypertrophied failing hearts.
Namely, the reduced SERCA2a-to-PLB ratio was mainly due to the
increase in PLB protein levels and was not accompanied by a decrease
in SERCA2a protein levels in unloaded hearts while both a decrease in
SERCA2a protein levels and an increase in PLB protein levels were
observed in hypertrophied failing hearts (Hasenfuss, 1998).
We found that the expressions of Ca2+ cycling-related proteins
and MHC isoforms are altered in hearts with prolonged cardiac
unloading, and that the contractile performance is deteriorated. These
results implicate that humans that are subjected to extremely prolonged cardiac unloading in space because of microgravity as well as
patients with excessive long-term cardiac unloading due to support
by LVAD may suffer from a similar unfavorable condition. Echocardiographic studies by others in astronauts before and after spaceﬂight
revealed decreased ejection fraction and increased left ventricular
end-systolic volume after the spaceﬂight in long-duration crewmembers but not in short-duration crewmembers (Martin et al., 2002),
although precise mechanisms of the impaired left ventricular performance are not clear. Although LVAD are primarily used as a bridge
to cardiac transplantation, successful weaning and removal of LVAD
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have frequently been reported (Kumpati et al., 2001; Birks et al., 2004;
Wohlschlaeger et al., 2005). It is not uncommon, however, that
recurrent cardiac dysfunction results in a re-implantation of LVAD or
heart transplantation after successful weaning and removal of LVAD
(Helman et al., 2000; Hetzer et al., 2001; Farrar et al., 2002; Dandel
et al., 2005). Mechanisms for the recurrent cardiac dysfunction in
these patients are not fully understood, neither. Although it is possible
that the results of our animal experiments using transplanted
unloaded hearts explain partially these ﬁndings in the clinical setting,
future studies are required to clarify the mechanisms of impaired
cardiac performance after prolonged spaceﬂight as well as those of
recurrent cardiac dysfunction after successful weaning and removal of
LVAD.
3. Effects of thyroid hormone on chronically unloaded hearts
Alterations in thyroid hormone metabolism accompany various
heart diseases such as chronic heart failure and acute myocardial
infarction (Klein and Danzi, 2007). Altered thyroid function also leads
to the change in vascular resistance, rhythm disturbances of the heart,
and impaired lipid metabolism (Klein and Ojamaa, 2001; Dillmann,
2002; Klein and Danzi, 2007). Thyroid hormone is known to improve
cardiac contractility by positively regulating SERCA2a and alpha-MHC
and by negatively regulating PLB and beta-MHC (Carr and Kranias,
2002). Chang et al. (1997) investigated the effect of thyroid hormone
(T4) on hypertrophied hearts induced by long-term pressure overload
in rats, and found that T4 improved function of the hypertrophied left
ventricle, which was associated with increased concentrations of
alpha-MHC and SERCA proteins. Ojamaa et al. (2000) treated rats with
thyroid hormone (T3) after acute myocardial infarction induced by
coronary artery ligation, and found that the treatment with T3 normalized the mRNA expression levels of alpha-MHC, beta-MHC, and
the SERCA2-to-PLB ratio in non-infarcted hypertrophied myocardium.
Cardio-protective effects of thyroid hormone have also been demonstrated in a myocardial ischemia and reperfusion model, the mechanisms of which include those similar to ischemic preconditioning
(Pantos et al., 2002) and the prevention of apoptosis (Pantos et al.,
2009).
As mentioned in the previous chapter, depressed contractile performance induced by chronic cardiac unloading is explained partially
at least by impaired calcium handling and MHC isoform shift. Since
the past studies demonstrated that thyroid hormone could improve
cardiac performance by reversing the impaired expressions of calcium
cycling-related proteins and MHC isoform shift in both normal and
failing hearts (Chang et al., 1997; Ojamaa et al., 2000; Klein and
Ojamaa, 2001; Pantos et al., 2004; Trivieri et al., 2006), we attempted
to prevent the LV unloading-induced myocardial dysfunction with
pharmacological intervention using thyroid hormone. Cardiac
unloading was induced by heterotopic heart transplantation in
isogenic rats for 5 weeks, and the animals were treated with vehicle
or a low-dose of 3,5,3′-triiodo-L-thyronine (T3; 1.2 µg/day) that does
not cause hyperthyroidism using an osmotic pump for the last
3 weeks. In vehicle-treated animals, myocyte relaxation and intracellular calcium decay were slower in unloaded hearts than in recipient
hearts. Contractile reserve of myocytes in response to high extracellular calcium was also depressed with impaired augmentation of
peak-systolic calcium in unloaded hearts compared with recipient
hearts. In contrast, in the T3-treated animals, the slower relaxation,
delayed calcium decay, and the depressed contractile reserve in
unloaded hearts were all returned to normal levels. SERCA2-to-PLB
ratio, which is a major determinant of SR Ca2+ ATPase function and
cardiac contractile performance, was severely depressed in unloaded
hearts in the control group, and was almost completely normalized by
the treatment with T3. The normalization of SERCA2-to-PLB ratio
by the treatment with T3 was predominantly due to a decrease
in the expression of PLB. Moreover, the decreased expression of Ser

16-phosphorylated PLB in unloaded hearts, which elicits the suppression of SERCA2a function, was ameliorated by the treatment with
this dose of T3 (Minatoya et al., 2007) (Fig. 1).
The decreased expression of Ser 16-phosphorylated PLB and no
change in that of Thr 17-phosphorylated PLB have also been reported
by Brixius et al. (2003) in myocardium from patients with dilated
cardiomyopathy when compared with non-failing hearts. Furthermore, Zinman et al. (2006) reported that thyroid hormone increased
Ser 16-phosphorylation of PLB, which was predominantly induced by
cyclic AMP dependent protein kinase A (PKA) in cardiac myocytes.
Therefore, it is plausible that the physiological treatment dose of
T3 employed in our study increased PKA activity, and maintained Ser
16-phosphorylated state of PLB. In our study, T3 treatment did not
affect the isoform proﬁle of MHC protein levels although thyroid
hormone is reported to increase the expression of alpha-MHC and to
decrease that of beta-MHC (Ojamaa et al., 1992). These data suggest
that the dose of T3 employed in our study (1.2 µg/day) was too low to
elicit an increase in the proportion of alpha-MHC as compared with
the established dose (N2.5 µg/day) that has been demonstrated to
alter the MHC isoform proﬁle (Danzi and Klein, 2005). It is also
possible that the effect of LV unloading in our experimental condition
overcame that of T3 in terms of the alteration in the isoform proﬁle of
MHC. Thyroid hormone is also reported to enhance cardiac performance by inducing LV hypertrophy (Degens et al. 2003). However,
the treatment with the physiological treatment dose of T3 did not
alter the LV weight/body weight ratio in either recipient or unloaded
hearts in our study. Therefore, neither MHC isoform shift nor induction of LV hypertrophy explains the beneﬁcial effects of this dose of T3
on unloaded hearts.
The beneﬁcial effects of thyroid hormone on relaxation and contractile reserve in cardiac myocytes from unloaded hearts, therefore,
are mainly due to restoration of calcium handling by normalizing the
expression of PLB protein and its phosphorylation state. This notion
is consistent with the past reports, which demonstrated that the
overexpression of PLB impairs myocyte contractility while both the
ablation of PLB and increased phosphorylation of PLB accelerate contractile performance (Brittsan and Kranias, 2000; MacLennan and
Kranias, 2003; Antoons et al., 2006).
In the model of cardiac unloading using heterotopic heart tranplantation, we have not studied the effects of thyroid hormone on the
expression of its receptors (Kinugawa et al., 2001; Pantos et al., 2005),
or cardio-protective signaling such as anti-apoptotic Akt pathway,
heat shock proteins, and protein kinase C (Pantos et al., 2008). Lack of
experiments to determine systolic and diastolic function of unloaded
whole hearts with and without the treatment with thyroid hormone
may be another limitation of our study, and should be investigated in
a future study.
Yacoub's group (Barton et al., 2005; Birks et al., 2006) reported
that a combined therapy of LVAD support and pharmacotherapy using
beta-2 adrenergic agonist clebuterol successfully improved the rate of
LVAD removal without the need for a re-implantation of LVAD or
heart transplantation. Although precise mechanisms of the beneﬁcial
effects of clebuterol are not clear, Tsuneyoshi et al. (2005) demonstrated that clebuterol improved the papillary muscle function of
unloaded normal hearts using the same animal models as ours. In this
regard, a combined therapy of LVAD and the physiological treatment
dose of T3 might also provide a novel strategy to treat patients with
end-stage heart failure.
4. Conclusions
Prolonged cardiac unloading is associated with the altered expression levels of Ca2+ cycling-related proteins, MHC isoform shift,
and deteriorated cardiac performance. The treatment with the physiological treatment dose of thyroid hormone has a potential to
restore calcium handling and contractile performance in chronically

unloaded hearts although future studies are required to determine
another possible mechanisms of the beneﬁcial effect of thyroid
hormone on unloaded hearts. These observations may have clinical
implications in the future for chronic cardiac unloading in the space
industry as well as in the treatment of patients with end-stage heart
failure supported by LVAD.
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