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Abstract
Background: Manganese-enhanced cardiovascular magnetic resonance (MECMR) can non-invasively assess
myocardial calcium influx, and calcium levels are known to be elevated in muscular dystrophy cardiomyopathy
based on cellular studies.
Methods: Left ventricular functional studies and MECMR were performed in mdx mice (model of Duchenne
Muscular Dystrophy, 24 and 40 weeks) and Sgcd−/− mice (Limb Girdle Muscular Dystrophy 2 F, 16 and 32 weeks),
compared to wild type controls (C57Bl/10, WT).
Results: Both models had left ventricular hypertrophy at the later age compared to WT, though the mdx mice had
reduced stroke volumes and the Sgcd−/− mice increased heart rate and cardiac index. Especially at the younger
ages, MECMR was significantly elevated in both models (both P<0.05 versus WT). The L-type calcium channel
inhibitor diltiazem (5 mg/kg i.p.) significantly reduced MECMR in the mdx mice (P<0.01), though only with a higher
dose (10 mg/kg i.p.) in the Sgcd−/− mice (P<0.05). As the Sgcd−/− mice had increased heart rates, to determine the
role of heart rate in MECMR we studied the hyperpolarization-activated cyclic nucleotide-gated channel inhibitor
ZD 7288 which selectively reduces heart rate. This reduced heart rate and MECMR in all mouse groups. However,
when looking at the time course of reduction of MECMR in the Sgcd−/− mice at up to 5 minutes of the
manganese infusion when heart rates were matched to the WT mice, MECMR was still significantly elevated in the
Sgcd−/− mice (P<0.01) indicating that heart rate alone could not account for all the increased MECMR.
Conclusions: Despite both mouse models exhibiting increased in-vivo calcium influx at an early stage in the
development of the cardiomyopathy before left ventricular hypertrophy, there are distinct phenotypical differences
between the 2 models in terms of heart rates, hemodynamics and responses to calcium channel inhibitors.
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Background
Muscular dystrophies are frequently associated with cardiomyopathies. In Duchenne muscular dystrophy (DMD),
which is caused by the absence of dystrophin, either clinical or subclinical dilated cardiomyopathy is invariably
present [1,2]. Recessive mutations in one of the genes for
α-, β-, γ- or δ-sarcoglycan cause a heterogeneous group of
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autosomal recessive limb girdle muscular dystrophies
(LGMD2C-F), and these also frequently have dilated cardiomyopathy, especially those patients with LGMD2F
caused by mutations in the δ-sarcoglycan gene [3].
A hypothesis to explain the underlying pathophysiology
of cardiomyopathies associated with muscular dystrophy
is that recurrent membrane injury leads to an increased
influx of calcium [4] which then causes downstream
effects such as activation of calcium-dependent hypertrophic pathways [5], reactive oxygen species [6] and cell
death through necrosis with mitochondrial defects [7].
Membrane injury may not be the only mechanism
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whereby calcium enters cardiomyocytes. Cohn et al. [8]
have shown that the L-type calcium channel antagonist
verapamil restores left ventricular function in Sgcd−/−
mice, though has no effects in mdx mice. Whereas this
was explained at that time on the basis of effects on coronary vasculature, subsequent studies have suggested that this
was a direct cardiomyocyte effect [7,9]. That there are differences between the Sgcd−/− and mdx mice has also recently been highlighted by a study showing marked
hemodynamic differences in response to β-blockers [10].
Manganese-enhanced cardiovascular magnetic resonance (MECMR) uses 2 properties of the manganese ion
to allow in-vivo assessment of calcium influx [11]. Manganese enters cardiomyocytes through calcium channels,
and is also a T1 contrast agent with CMR. Thus,
increased calcium influx with dobutamine increases contrast-enhancement, and decreased influx with the calcium channel blocker diltiazem reduces contrast. We
used MECMR to test the hypothesis that in-vivo calcium
influx in muscular dystrophy cardiomyopathy mice is
increased at an early stage in the development of the
cardiomyopathy and so is an important factor in disease
progression. To test this hypothesis we studied in-vivo left
ventricular function, and MECMR in Sgcd−/− and mdx
mice, determining the roles of ageing, L-type calcium
channel inhibition and heart rate in the altered manganese
contrast enhancement pattern of these models.

of 0.5 L/min. The tail-vein was cannulated and mice
placed on a MR compatible sled with surface ECG electrodes on the chest wall, respiration pillow and cutaneous temperature probe (Dazai Research Instruments,
MICe, Toronto, Canada). This was connected to MR
compatible monitoring equipment (SA Instruments Inc.,
Stony Brook, NY 11790). Mice on the sled were then
placed on a bed holding the nose cone for anaesthesia
delivery and then all of this slid into a 39 mm diameter
quadrature birdcage volume coil (Rapid Biomedical
GmbH). Images were acquired on a 7 Tesla horizontal
bore microimaging system equipped with a 12-cm microimaging gradient insert (maximum gradient 40 gauss/cm)
(Varian Inc., Palo Alto, CA, USA). Following power calibration and global shimming a series of four pilot transverse images were acquired over the heart. Single slice
coronal and sagittal images were then obtained in order to
view the apex and mitral valve planes. These images were
used to plan for the true short axis plane [14]. To measure
left ventricular function, contiguous short axis slices were
acquired to cover the entire left ventricle using a spoiled
gradient-echo cine sequence (TR=5 ms, TE=1.42 ms, flip
angle 15°, FOV 30×30 mm, data matrix 128×128, 1 mm
slice thickness, max. of 10 slices depending on heart size,
4 averages). Images were ECG triggered to the R wave with
a cine delay of 15 ms and typically 30 phases were acquired
distributed through the cardiac cycle (depending on HR).
Images were zero-filled to a matrix size of 256×256. Scans
were converted to matfiles (using a matlab script kindly
provided by Dr Johannes Riegler, University College
London, UK) and analysed using the freely available analysis software Segment v1.8 (http://segment.heiberg.se) [15]
to measure left ventricular mass and the LV functional
parameters – end-systolic and end-diastolic volumes,
stroke volume, ejection fraction and cardiac output.

Methods
Animals: Two separate age groups of male mice were
used in this study. C57BL/10ScSnOlaHsd (wild type,
WT, Harlan Laboratories, Indianapolis, USA) and mdx
mice (C57BL/10ScSn-mdx/J, Jackson, Maine USA) were
scanned at ages 24 and 40 weeks, and Sgcd−/− mice
were scanned at 16 and 32 weeks (on C57Bl/6 background, a kind gift from Dr Kevin Campbell, University
of Iowa). These ages were chosen based on previous data
reflecting the earlier development of the cardiomyopathy
in the Sgcd−/− compared to the mdx mice [12,13].
Numbers of mice in the various experiments are detailed
in the table and figure legends. The investigation conforms with Directive 2010/63/EU of the European Parliament and was performed under the terms of the
Animals (Scientific Procedures) Act 1986, authorized by
the Home Secretary, Home Office UK. The Sgcd−/−
mice were compared with the 8 week older C57/BL10
mice as controls, as preliminary data showed no differences in any measure of left ventricular function or
manganese uptake between 16 and 24 week old C57/
BL10 mice (data not shown).
CMR

Mice were anaesthetized using 5% isofluorane and anaesthesia maintained at 1.5% in oxygen with a flow rate

Manganese enhanced CMR (MECMR)

For the manganese contrast enhancement, 60 mM manganese chloride (Sigma-Aldrich 244589) was given by
intravenous infusion through the tail vein cannula at a
flow-rate of 0.6 ml/hour, flow time adjusted according to
weight to give a total dose of 190 nmol/g body weight.
For a 30 g mouse, this would result in a 9.5 minute infusion. Gradient echo short axis images at the level of the
papillary muscles (T1 weighted parameters: TR=35 ms,
TE=3.5 ms, flip angle 60°, FOV 30 mm × 30 mm, data
matrix 128 × 128, 1 mm slice thickness, 6 averages) were
taken. Four baseline images were acquired in order to
average any variations due to changes in TR as a result
of fluctuations in heart rate and then at 5 minute intervals for 50 minutes during and after manganese infusion.
A relative increase in T1 weighted contrast indicates
increased manganese uptake (Figure 1). Images acquired
from each timepoint were extracted using a Python
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test differences amongst groups comparing an average
value of steady state manganese contrast enhancement,
and MR functional data. Post-hoc testing was performed
with the Scheffe′ test. Single comparisons were made
with Student’s t-tests. Data are expressed as mean ±
standard error of the mean.

Results
MR haemodynamics: Left ventricular hypertrophy in older
Sgcd−/− and mdx mice, increased heart rates and cardiac
index in Sgcd−/− mice, and reduced stroke volume in
mdx mice

Figure 1 Representative figure showing single example of
manganese contrast enhancement experiment, with
superimposed images showing clear increase in myocardial
contrast following manganese infusion.

script (kindly written by Dr Conor Lawless, Newcastle
University), opened in Image J (http://rsb.info.nih.gov/ij/)
and converted to a stack using the stack builder plugin. On
the first image an area of interest was drawn to fit inside
the myocardium and average signal intensity measured.
Minor adjustments of this drawn region were made for
subsequent images in the stack and the increase in myocardial contrast enhancement expressed as a percentage increase from the average of the four baseline images (which
showed little or no variation).
Pharmaceutical modification of manganese contrast
enhancement

The L-type calcium channel antagonist diltiazem
(5–10 mg/kg body weight i.p., 10 mg/kg being maximal
tolerated dose, Sigma Chemical Co., St Louis, MO)
was given separately to subgroups of the younger mice.
The hyperpolarization-activated cyclic nucleotide-gated
(HCN) channel inhibitor ZD 7288 (0.3 mg/kg body weight
i.p., Sigma Chemical Co., St Louis, MO) was also given to
separate groups to study the effects of selective heart rate
reduction on manganese contrast enhancement [16,17].
For the ZD 7288 experiments we also included a 2.5 minute
scan as we were particularly interested in the early kinetics
of manganese uptake related to heart rate. These medications were given prior to placing the animal in the scanner
which was approximately 30–40 minutes before the manganese infusion.
Statistics

To test effects of time and age on manganese-contrast
enhancement, repeated measures of analysis of variance
was used combining data from young and old groups.
Within each age group, analysis of variance was used to

Age had significant effects on haemodynamics (ANOVA,
all 3 groups combined), with significant increases in
end-diastolic volume (P<0.01), end-systolic volume, and
stroke volume (both P<0.05) (data not shown). As there
were significant differences in body weights, left ventricular mass, volume measurements and cardiac output
are indexed to body weight (i.e. cardiac index), and with
that changes in volumes were no longer significant
(Table 1). Sgcd−/− mice had lower body weights, higher
heart rates, increased left ventricular mass index at the
older age, normal volumes, and increased cardiac index
at both ages. The increased cardiac index was a result of
the higher heart rate, as stroke volume index was not
significantly different to WT mice. The mdx mice had
significant left ventricular hypertrophy in the older age
group (though left ventricular mass index did not actually change in these mice with age, rather it was
decreased in older WT mice), and reduced stroke volume index when considering both age groups combined
compared to WT. The mdx mice also had significantly
lower ejection fractions compared to the Sgcd−/− mice.
Thus, there were markedly different haemodynamic characteristics in the 2 muscular dystrophy mice models.
Whereas both had left ventricular hypertrophy at older
ages when compared to older WT, there was a hyperdynamic circulation in the Sgcd−/− mice with increased cardiac index, and left ventricular systolic dysfunction with
reduced stroke volume in the mdx mice. Average surface
temperatures measured during the scans were not significantly different between the groups (WT: 34.3±0.3°C, mdx
33.5±0.4°C and Sgcd−/− 34.3±0.3°C (ANOVA p=NS).
MECMR: Slower kinetics of manganese uptake in all older
mice, and increased contrast enhancement in younger
Sgcd−/− and mdx mice

Contrast-enhancement was significantly slower in all older
mouse groups compared to younger mice (Figures 2A and
B, P<0.05, time*age interaction, repeated measures
ANOVA combining both age groups and all 3 groups).
For instance, in older WT mice contrast-enhancement at
5 minutes was 29±5% compared with 53±5% in younger
WT mice. This analysis also showed that when
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Table 1 Haemodynamics in young and older mice
YOUNG

OLD

WT

Mdx

Sgcd−/−

WT

Mdx

Sgcd−/−

11

10

10

7

9

13

Body weight, g

33.3±0.9*

35.8±1.0**

28.8±1.0

40.5±1.2**

37.1±1.1

32.9±0.9

Heart rate, bpm

390±13**

419±14

480±14

384±16**

427±15

483±12

LV mass index, (×10-3)

3.03±0.12

3.57±0.13

3.58±0.13

2.80±0.14**

3.56±0.13+

3.86±0.11

N

EDV index, μl/g

1.97±0.11

1.72±0.11

2.06±0.11

1.93±0.14

1.78±0.12

1.94±0.10

ESV index, μl/g

0.70±0.07

0.68±0.08

0.67±0.08

0.72±0.09

0.74±0.08

0.69±0.07

Stroke volume index, μl/g

1.28±0.06

1.03±0.06**/†

1.38±0.06

1.21±0.07

1.04±0.06†

1.25±0.05

Ejection fraction, %
Cardiac index, ml/min/g

65±2
0.50±0.03**

††

61±2

0.43±0.03**

68±2

63±3

0.67±0.03

0.46±0.03#

††

60±2

0.44±0.03**

65±2
0.60±0.03

LV: left ventricle; EDV: end-diastolic volume; ESV, end-systolic volume.
*P<0.01 vs older WT.
**P<0.01 vs Sgcd−/− within same age group.
+
P<0.05 vs WT within same age group.
#
P=0.06 vs Sgcd−/− within same age group.
†
P<0.01 ANOVA vs WT and Sgcd−/− both ages combined.
††
P<0.05 ANOVA vs Sgcd−/− both ages combined.

considering both ages together contrast enhancement was
significantly elevated in the Sgcd−/− mice relative to controls (P<0.05 post hoc Scheffe test), and this was of borderline significance for the mdx mice (P=0.08). To study
contrast-enhancement within the 2 age groups, a mid
point value of contrast enhancement was defined as the
mean contrast enhancement of the steady state period of
10 to 25 minutes after start of the manganese infusion,
with 5 minute interval scans. In the older mice, mid point
contrast enhancement was borderline increased in the
Sgcd−/− compared to WT mice (P=0.07, post hoc Scheffe
test), and not significantly different in the mdx mice
(Figure 2C). In the younger mice, mid point contrast
enhancement was significantly increased in both the
Sgcd−/− and mdx compared to WT mice (both P<0.05,
post hoc Scheffe test). As the Sgcd−/− mice were on a different strain background to the C57Bl/10 controls we performed initial experiments to determine if there was a
strain difference between C57Bl/10 and C57Bl/6 mice. In
these experiments the mid point contrast enhancement
was 50±6% in C57Bl/10 (N=5) and 50±10.0% in C57Bl/6
mice (N=3, p=NS) indicating that there was no strain
effect.
Pharmaceutical modification of calcium channels:
Resistance to L-type calcium channel blockade in young
Sgcd−/− mice

We concentrated on the younger mice for the pharmaceutical studies as these were the ages where the most significant increases in contrast enhancement were seen. The
L-type calcium channel blocker diltiazem (5 mg/kg i.p.)
significantly reduced contrast enhancement (Figure 3A) in
WT (21%, P<0.05) and to a greater extent in mdx mice
(38%, P<0.001), though had no significant effects in the

Sgcd−/− mice (6%, P=NS). A higher dose of diltiazem
(10 mg/kg) did produce significant reductions in contrast
enhancement in Sgcd−/− mice (21%, P<0.05), indicating
that the L-type calcium channels were partially resistant
in the Sgcd−/− mice. Consistent with the variable sensitivity to L-type calcium channel blockade, diltiazem 5 mg/kg
significantly reduced heart rates in the WT and mdx mice,
but not in the Sgcd−/− mice, though 10 mg/kg did produce significant reductions in the Sgcd−/− mice
(Figure 3B).
The role of heart rate in manganese contrast
enhancement

There was increased contrast-enhancement in the Sgcd−/−
mice which accompanied a significantly higher heart rate
compared to WT mice (Table 1), and thus the mechanism
of this increased contrast-enhancement could be due to
more heart beats and action potentials transmitting Mn2+
into the cell, though could also be related to a cellular
channel defect with increased Mn2+ entry into the myocyte per action potential. To clarify this issue we used the
HCN channel inhibitor ZD 7288 to selectively reduce
heart rate in all 3 groups of younger mice. ZD 7288 significantly reduced contrast enhancement in all 3 groups
of mice, and this was associated with significant reductions in heart rate (Figure 4A and B). This does suggest
in general that the manganese contrast enhancement signal is sensitive to heart rate, and care must therefore be
taken when comparing mouse models with different heart
rates with this technique. However, when comparing the
time plots of contrast enhancement and heart rates in
the WT and Sgcd−/− mice (Figure 4C and D) we see that
at a very early stage in the increase in contrast enhancement (2.5 and 5 minutes) when heart rates of both
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Figure 3 Effects of L-type Calcium Channel Blocker Diltiazem
on Manganese Contrast Enhancement. A. Mid point contrast
enhancement in younger mice with no pharmacological treatment
(left column), showing significant higher levels of mid point contrast
enhancement in mdx and Sgcd−/− vs WT mice (+P<0.05 versus WT,
as in Figure 2C). Diltiazem 5 mg produced significant reductions in
contrast enhancement in mdx (N=7) and WT (N=6) versus no
treatment, though not for the Sgcd−/− mice (N=6). Diltiazem 10 mg
produced a significant reduction in contrast enhancement in the
Sgcd−/− mice (N=9); (+P<0.05 versus WT; *P<0.05 and **P<0.01
versus untreated, within same strain). B. Effects of diltiazem on heart
rates. Diltiazem (5 mg) significantly reduced heart rates in WT and in
mdx mice, though not in Sgcd−/− mice, a similar effect as seen with
manganese contrast enhancement. Higher doses of diltiazem
(10 mg) significantly reduced heart rates in the Sgcd−/− mice.
(*P<0.05 versus without diltiazem).
Figure 2 Effects of Ageing on Manganese Contrast Enhancement.
Manganese contrast enhancement in older mice (A) and young
mice (B). The kinetics of manganese contrast enhancement are
slower in the older mice compared to younger mice (P<0.05
repeated measures ANOVA). C. Mid point contrast enhancement in
older and younger mice. There was a borderline increase in contrast
enhancement in the older Sgcd−/− mice (#P=0.07 versus WT) and in
the younger mice contrast enhancement was significantly elevated
in both Sgcd−/− and mdx mice (+P<0.05 versus WT). For the
younger mice N as are in Table 1, in the older mice WT N = 9, mdx
N = 10, and Sgcd−/− mice N = 15 (as some older mice did not have
functional data).

groups of mice are very similar that there was still a
marked increase in contrast-enhancement in the Sgcd−/−
mice compared to wild type. Thus, while contrastenhancement is sensitive to heart rate, by reducing the
heart rate in the Sgcd−/− mice to WT levels we can see
that there is clearly a component of increased cellular uptake of Mn2+ per action potential. The pattern of early
increased contrast enhancement was not however seen
in the mdx mice. For instance, at 2.5 minutes with similar heart rates to WT mice contrast enhancement was
22±5% in the mdx mice compared to 17±6% in the WT
mice (p=NS), so this illustrates a different pattern to the
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Figure 4 Effect of Heart Rate Reduction on Manganese Contrast Enhancement. A and B. The HCN channel inhibitor ZD 7288 significantly
reduced mid point contrast enhancement in all mouse groups (**P<0.01 versus without ZD 7288), and this was accompanied by significant
reductions in heart rate also in all groups (**P<0.01 versus heart rate pre ZD 7288) (WT N = 8, mdx N = 9, Sgcd−/− N = 10). C and D. When the
time course of manganese contrast enhancement and heart rate in the wild type and Sgcd−/− mice is examined we can see that the ZD 7288
reduces heart rate in the Sgcd−/− mice to the same level as wild type mice from the time of starting the manganese infusion, though during the
first 5 minutes there is still a significantly higher level of manganese contrast enhancement in the Sgcd−/− mice compared to WT (**P<0.01). This
indicates that whereas heart rate is an important factor in the extent of manganese contrast enhancement, in the Sgcd−/− mice there is at least
some component of increased cellular uptake of manganese per heart beat compared to WT.

Sgcd−/− mice, and potentially different mechanism of
abnormal contrast enhancement.

Discussion
In muscular dystrophy cardiomyopathy at an early stage
in the development of the cardiomyopathy before significant left ventricular hypertrophy in both the mdx and
Sgcd−/− mouse models, in-vivo calcium influx is
increased (as determined by manganese contrast enhancement). However, there are clear differences in both
left ventricular function and myocardial calcium influx
between the 2 models. The mdx mouse has left ventricular systolic dysfunction with a reduction in stroke volume, whereas the Sgcd−/− mice have increased heart
rates, cardiac index and so a hyperdynamic circulation.
Ejection fractions are lower in the mdx compared to the
Sgcd−/− mice. These are also differences in the responses
to L-type calcium channel blockade in that there is a relative resistance in the Sgcd−/− mice though mdx mice exhibit a similar response to wild type mice. As heart rate is
increased in the Sgcd−/− mice, this is potentially a cause of

the increased contrast enhancement, and selective heart
rate reduction reduces contrast enhancement in all groups.
Nevertheless, it is clear in the Sgcd−/− mice that when
heart rates are reduced to wild type levels, there is still
increased manganese contrast enhancement indicating a
primary cellular defect in calcium influx. This increase in
early contrast enhancement after heart rate reduction is
not seen with the mdx mice.
L-type calcium channels in muscular dystrophy
cardiomyopathy

We were interested in L-type calcium channel blockers
for 2 reasons – 1) they can reduce manganese contrast
enhancement [11], and 2) have differential effects in the
mdx and Sgcd−/− mice [8]. It is known that intracellular
calcium is increased in muscular dystrophy cardiomyopathy [7,18]. Cohn et al. [8] have shown that the L-type
calcium channel blocker verapamil had significant beneficial effects in the Sgcd−/− mice on troponin I levels
and cardiac histology, though not in the mdx mice. To
reconcile the findings in this study and our findings it is
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necessary to examine doses used. The doses used in
Cohn et al. compared to the present one are different
when corresponding human doses calculated by weight
are examined, though a consistent theme is that high
doses are required. The doses of diltiazem in the current
study of 5–10 mg/kg would equal 350–700 mg in a
70 kg human, the upper limit of a normal human dose
being 240 mg. The dose of verapamil used by Cohn
et al. was 3.5 mg/day, which would be approximately
35 fold higher than an appropriate human dose. One
possible consistent explanation is that only higher
doses of L-type calcium channel antagonists are effective in the Sgcd−/− mice, as we only show responses to
higher doses of diltiazem. There are strain differences
in the backgrounds of the wild type and mdx (both
C57Bl/10) versus the Sgcd−/− mice (C57Bl/6). Though
we could find no differences between Bl/10 and Bl/6
mice in terms of manganese uptake, we cannot rule
out some strain effect in the response to L-type calcium channel blockade.

Higher temperatures would have likely resulted in higher
heart rates and this may alter manganese uptake rates.

Role of heart rate in manganese contrast enhancement

Left ventricular function in mouse models of muscular
dystrophy cardiomyopathy

When comparing models with different heart rates, it
may be difficult to determine whether a difference in
manganese contrast enhancement is due to the
increased heart rate resulting in more action potentials
over the period of the manganese infusion or whether
there is an underlying cellular defect with an altered calcium influx per action potential [19]. To determine
whether the increased heart rate in the Sgcd−/− mice
accounts for the increased manganese contrast enhancement we have used the HCN channel inhibitor ZD 7288
which inhibits the If channel producing a selective reduction in heart rate [16,17]. These studies clearly show
that at matched heart rates, the Sgcd−/− mice have
increased manganese contrast enhancement compared
to wild type, indicating a primary cellular defect in calcium influx. These experiments also show clearly the important role that heart rate plays in manganese contrast
enhancement, so that for instance, in our experiments
with diltiazem it is reasonable to assume that some of
the reduction in contrast enhancement is due to a reduction in heart rate. Of note, a small amount of calcium may enter cardiac myocytes through the If channel
(0.5% of the current from the HCN2 channel) [20],
though this small amount is unlikely to have significantly
effected our results. Furthermore, as the mdx mice do
not have significantly different heart rates compared to
wild type mice the increase in manganese contrast enhancement will be due to a primary cellular defect in
calcium influx. Surface temperatures of the mice were
below physiological levels during the scans, and so heart
rates were also low. Surface temperatures are approximately 1°C lower than core body temperature [21].

Age-related changes in myocardial calcium influx

Isenberg et al. [22] have shown that in aged mice calcium transients peak late and decay slowly. Salameh
et al. [23] have shown that the L-type calcium (ICa.L)
current is abnormal in aging rabbit hearts with the ICa.L
density normalised to cell volume significantly reduced,
maximum conductance also significantly decreased and
steady state inactivation shifted to more positive potentials in aged hearts. However, expression of the α1c subunit of the L-type channel, the SERCA2a-ATPase, and
the Na+/Ca2+ exchanger did not differ significantly between the two age groups. Direct comparison of cellular
calcium handling and MECMR would be very informative in studying age-related changes in calcium influx.
Our young and old mice were separate groups and in future, serial MECMR studies within the same mouse will
also be important.

We have previously shown that there are differences in
function between the mdx and Sgcd−/− mouse models
using the conductance catheter [10], and these results
are very consistent despite the very different techniques,
though adding information about left ventricular mass
and calcium influx. Townsend et al. [24] have compared
these mouse models and also found distinct differences
(at 6 – 8 months of age). Isolated myocytes from the
mdx mice show reduced compliance and are susceptible
to terminal contracture, whereas the Sgcd−/− mice had
normal compliance. There was increased fibrosis in the
Sgcd−/− hearts, though not in the mdx. We have also
shown that mdx mice exhibit improved hemodynamics
with 8 weeks of β-blocker treatment though there is significant deterioration in the Sgcd−/− mice with reduced
heart rate, cardiac output and impaired active relaxation
[10]. Despite this information a specific molecular pathway by which these differences occur is still unclear.
Conclusions and clinical relevance

We have shown at an early stage in the development of
muscular dystrophy cardiomyopathy that in-vivo calcium
influx is increased. Increased calcium influx and left ventricular hypertrophy are seen in both models, though other
important haemodynamic and pharmacological differences
are apparent, so that all these factors need to be considered together when assessing mechanisms of the cardiomyopathy and response to therapies. A limitation of
these in-vivo techniques is that it is difficult to say definitively if there are specific abnormalities in channels such
as the L-type calcium channel in these models. Thus, the
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future utility of these non-invasive in-vivo techniques will
likely be in serially assessing responses to novel preclinical treatments.

12. Quinlan JG, Hahn HS, Wong BL, Lorenz JN, Wenisch AS, Levin LS. Evolution
of the mdx mouse cardiomyopathy: physiological and morphological
findings. Neuromuscul Disord 2004; 14:491–6.
13. Coral-Vazquez R, Cohn RD, Moore SA, Hill JA, Weiss RM, Davisson RL, Straub
V, Barresi R, Bansal D, Hrstka RF, Williamson R, Campbell KP. Disruption of
the sarcoglycan–sarcospan complex in vascular smooth muscle: a novel
mechanism for cardiomyopathy and muscular dystrophy. Cell 1999;
98:465–474.
14. Schneider JE, Wiesmann F, Lygate CA, Neubauer S. How to perform an
accurate assessment of cardiac function in mice using high-resolution
magnetic resonance imaging. J Cardiovasc Magn Reson 2006; 8 5:693–701.
15. Heiberg E, Wigström L, Carlsson M, Bolger AF, Karlsson M. Time Resolved
Three-dimensional Automated Segmentation of the Left Ventricle. In
Proceedings of IEEE Computers in Cardiology, Lyon, France 2005; 32:599–602.
16. Liu J, Noblea PJ, Xiaoa G, Abdelrahmana M, Dobrzynskib H, Boyettb MR,
Leib M, Noble D. Role of pacemaking current in cardiac nodes: Insights
from a comparative study of sinoatrial node and atrioventricular node.
Prog Biophys Mol Biol 2008; 96:294–304.
17. Hogan N, Casadei B, Paterson DJ. Nitric oxide donors can increase heart
rate independent of autonomic activation. J Appl Physiol 1999;
87 1:97–103.
18. Williams IA, Allen DG. Intracellular calcium handling in ventricular
myocytes from mdx mice. Am J Physiol Heart Circ Physiol 2007;
292 2:H846–55.
19. Vandsburger MH, French BA, Kramer CM, Zhong X, Epstein FH.
Displacement-encoded and manganese-enhanced cardiac MRI reveal
that nNOS, not eNOS, plays a dominant role in modulating contraction
and calcium influx in the mammalian heart. Am J Physiol Heart Circ Physiol
2012; 302 2:H412–9.
20. Yu X, Chen XW, Zhou P, Yao L, Liu T, Zhang B, Li Y, Zheng H, Zheng LH,
Zhang CX, Bruce I, Ge JB, Wang SQ, Hu ZA, Yu HG, Zhou Z. Calcium influx
through If channels in rat ventricular myocytes. Am J Physiol Cell Physiol
2007; 292 3:C1147–55.
21. Newsom DM, Bolgos GL, Colby L, Nemzek JA. Comparison of body surface
temperature measurement and conventional methods for measuring
temperature in the mouse. Contemp Top Lab Anim Sci 2004. 43 5:13–8.
22. Isenberg G, Borschke B, Rueckschloss U. Ca2+ transients of cardiomyocytes
from senescent mice peak late and decay slowly. Cell Calcium 2003;
34:271–80.
23. Salameh A, Dhein S, Fleischmann B, Grohe C, Hescheler J, Linz KW, Meyer R.
The aging heart: changes in the pharmacodynamic electrophysiological
response to verapamil in aged rabbit hearts. J Physiol Pharmacol 2010;
61 2:141–51.
24. Townsend D, Yasuda S, McNally E, Metzger JM. Distinct pathophysiological
mechanisms of cardiomyopathy in hearts lacking dystrophin or the
sarcoglycan complex. FASEB J 2011; 25:3106–3114.

Competing interests
The authors declared that they have no competing interests.
Authors’ contributions
G: performed scans, analysed data, wrote paper; D: developed MR technique,
performed scans, analysed data, contributed to writing paper, B: performed
scans, histological studies, contributed to writing paper: L: analysed data,
contributed to writing paper, B: developed MR techniques, analysed data,
contributed to writing paper, S: conceived study, analysed data, contributed
to writing paper; MG: all aspects. All authors read and approved the final
manuscript.
Acknowledgements
Supported by grants from Heart Research UK (RG2585), British Heart
Foundation FS/11/89/29162, and the Newcastle upon Tyne Hospitals ‘Special
Trustees’ We are grateful to Dr Tom Hu, U.S. Department of Health & Human
Services and Medical College of Georgia for helpful suggestions.
Author details
1
Institute of Genetic Medicine, Newcastle University, International Center for
Life, Newcastle, UK. 2MR Centre, Newcastle University, Newcastle, UK. 3Dept
of Cardiology, Freeman Hospital and Newcastle University, Newcastle upon
Tyne NE7 7DN, UK.
Received: 15 June 2012 Accepted: 14 December 2012
Published: 16 January 2013
References
1. Bushby K, Muntoni F, Bourke JP. 107th ENMC international workshop: the
management of cardiac involvement in muscular dystrophy and
myotonic dystrophy. 7th-9th June 2002, Naarden, the Netherlands.
Neuromuscul Disord 2003; 13:166–72.
2. Finsterer J, Stollberger C. The heart in human dystrophinopathies.
Cardiology 2003; 99:1–19.
3. Politano L, Nigro V, Passamano L, Petretta V, Comi LI, Papparella S, Nigro G,
Rambaldi PF, Raia P, Pini A, Mora M, Giugliano MA, Esposito MG, Nigro G.
Evaluation of cardiac and respiratory involvement in
sarcoglycanopathies. Neuromuscul Disord 2001; 11:178–85.
4. Yasuda S, Townsend D, Michele DE, Favre EG, Day SM, Metzger JM.
Dystrophic heart failure blocked by membrane sealant poloxamer.
Nature 2005; 436 7053:1025–9.
5. Sussman MA, Lim HW, Gude N, Taigen T, Olson EN, Robbins J, Colbert MC,
Gualberto A, Wieczorek DF, Molkentin JD. Prevention of cardiac
hypertrophy in mice by calcineurin inhibition. Science 1998; 281
5383:1690–3.
6. Williams IA, Allen DG. The role of reactive oxygen species in the hearts of
dystrophin-deficient mdx mice. Am J Physiol Heart Circ Physiol 2007; 293 3:
H1969–77.
7. Fraysse B, Nagi SM, Boher B, Ragot H, Lainé J, Salmon A, Fiszman MY,
Toussaint M, Fromes Y. Ca2+ overload and mitochondrial permeability
transition pore activation in living delta-sarcoglycan-deficient
cardiomyocytes. Am J Physiol Cell Physiol 2010; 299 3:C706–13.
8. Cohn RD, Durbeej M, Moore SA, Coral-Vazquez R, Prouty S, Campbell KP.
Prevention of cardiomyopathy in mouse models lacking the smooth
muscle sarcoglycan-sarcospan complex. J Clin Invest 2001; 107:153–4.
9. Wheeler MT, Allikian MJ, Heydemann A, Hadhazy M, Zarnegar S, McNally
EM. Smooth muscle cell-extrinsic vascular spasm arises from
cardiomyocyte degeneration in sarcoglycan-deficient cardiomyopathy.
J Clin Invest 2004; 113 5:668–75.
10. Bauer R, Blain A, Greally E, Bushby K, Lochmüller H, Laval S, Straub V,
MacGowan GA. Intolerance to ß-blockade in a mouse model of δsarcoglycan-deficient muscular dystrophy cardiomyopathy. Eur J Heart
Fail 2010; 12 11:1163–70.
11. Hu TC, Pautler RG, MacGowan GA, Koretsky AP. Manganese-enhanced MRI
of mouse heart during changes in inotropy. Magn Reson Med 2001;
46 5:884–90.

doi:10.1186/1532-429X-15-4
Cite this article as: Greally et al.: Heterogeneous abnormalities of in-vivo
left ventricular calcium influx and function in mouse models of
muscular dystrophy cardiomyopathy. Journal of Cardiovascular Magnetic
Resonance 2013 15:4.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

