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Abstract

Aims: Heart disease is commonly associated with altered mitochondrial function and signs of oxidative stress.
This study elucidates whether primary cardiac mitochondrial dysfunction causes changes in cardiomyocyte
handling of reactive oxygen species (ROS) and Ca2+. We used a mouse model with a tissue-specific ablation of
the recently discovered mtDNA transcription regulator Mterf3 (Mterf3 KO). These mice display a cardiomyopathy with severe respiratory chain dysfunction, cardiac hypertrophy, and shortened lifespan. ROS and Ca2+
handling were measured using fluorescent indicators and confocal microscopy. Results: Mterf3 KO hearts displayed no signs of increased ROS production or oxidative stress. Surprisingly, Mterf3 KO cardiomyocytes
showed enlarged Ca2+ transient amplitudes, faster sarcoplasmic reticulum (SR) Ca2+ reuptake, and increased SR
Ca2+ load, resembling increased adrenergic stimulation. Furthermore, spontaneous releases of Ca2+ were frequent in Mterf3 KO cardiomyocytes. Electrocardiography (measured with telemetry in freely moving mice)
showed a terminal state in Mterf3 KO mice with gradually developing bradycardia and atrioventricular block.
Conclusion: In conclusion, mitochondrial dysfunction induced by Mterf3 KO leads to a cardiomyopathy without
signs of oxidative stress but with increased cardiomyocyte Ca2+ cycling and an arrhythmogenic phenotype.
These findings highlight the complex interaction between mitochondrial function, cardiomyocyte contractility,
and compensatory mechanisms, such as activation of adrenergic signaling. Antioxid. Redox Signal. 15, 2455–2464.

Introduction

P

rimary mitochondrial diseases are characterized by
defective cellular respiration and are typically caused by
mutations in genes encoding for proteins in the respiratory
chain (22). The proteins of the mitochondrial respiratory chain
are transcribed by genes from both the nuclear DNA and the
mitochondrial DNA (mtDNA). Moreover, all transcription
factors for the mitochondrial genome are encoded in the nucleus. Thus, respiratory chain function is dependent on a
complex interplay between mitochondrial and nuclear genomes (38). Tissues with high energy demand (e.g., brain,
cardiac and skeletal muscle) are commonly affected in mitochondrial disease (33). Cardiac involvement in mitochondrial
disease can be manifested both as dilated and hypertrophic
cardiomyopathy, often in conjunction with rhythm distur-

bances, such as atrioventricular conduction block (AV-block)
(22). Moreover, mitochondrial dysfunction is implicated in
the mechanisms of heart failure in general (26, 47). It has been
suggested that the respiratory chain dysfunction in mitochondrial diseases leads to increased production of reactive
oxygen species (ROS) and oxidative stress (13).
Transcription of mtDNA is controlled by proteins encoded in
the nucleus that are imported into the mitochondria, for example, mitochondrial RNA polymerase (POLRMT), mitochondrial transcription factor A (Tfam), and mitochondrial
transcription factor B1 (TFB1M) and B2 (TFB2M). Recently, a
new regulatory protein of mammalian mtDNA transcription
was described, the mitochondrial transcription termination
factor 3 (MTERF3) (31). MTERF3 works by repressing initiation
of mtDNA transcription and is the first specific negative regulator of mtDNA transcription to be described.
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Innovation
Heart disease is commonly associated with altered mitochondrial function. To study the link between defective
mitochondria and cardiac dysfunction, a genetically engineered mouse model was used that displays severe
respiratory chain dysfunction in cardiomyocytes, musclespecific Mterf3 KO mice. Mterf3 KO cardiomyocytes
showed no signs of oxidative stress, sarcoplasmic reticulum Ca2 + overload and an increased number of spontaneous Ca2 + release-events, reduced heart rate variability
indicating increased sympathetic drive, and terminal progressive bradycardia ending with a complete atrioventricular conduction block. These findings highlight the
complex interaction between mitochondrial function, cardiomyocyte contractility, and compensatory mechanisms
such as activation of adrenergic signaling. The results
support a central role of mitochondria in the early phase of
cardiomyopathic disease, characterized by activation of
adrenergic signaling and elevated risk of premature death.
Cardiac contractility critically depends on tightly controlled fluxes of Ca2 + within the cardiomyocyte. Disturbances
in the Ca2 + handling can underlie pathological conditions
such as heart failure and cardiac arrhythmias (5). In cardiomyocytes of end-stage cardiomyopathy and heart failure,
action potential-triggered Ca2 + release from the sarcoplasmic
reticulum (SR) into the cytoplasm is reduced and the reuptake
of Ca2 + into the SR is slowed (16). Thus, in failing cardiomyocytes, the SR Ca2 + cycling process is depressed, leading to
reduced contractility. The inotropic response to b-adrenergic
stimulation in the end-stage cardiomyopathy is typically
blunted (6) due to downregulation of mediators in the badrenoreceptor signaling cascade (49). However, cardiomyocytes from hypertrophic hearts have been shown to have
preserved responsiveness to b-adrenergic stimulation (23).
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This suggests that in the cardiomyopathy progress, before the
disease enters a fulminant heart failure, there is a point where
reduced cardiac contractility can be compensated by increased sympathetic drive.
We have studied a new mouse model of primary mitochondrial cardiomyopathy where the Mterf3 gene was ablated specifically in cardiac and skeletal muscle. Mice with
Mterf3 ablation (Mterf3 KO) display a defective mtDNA
transcription. This causes dramatically decreased activity in
respiratory chain complexes and a consequent decline in
mitochondrial ATP production rate from *12 weeks age (31).
Moreover, the mitochondria Mterf3 KO mice show a disfigured appearance and the relative mitochondrial mass is
markedly increased in >12 weeks old Mterf3 KO compared to
control mice (31). These findings are consistent with what is
seen in biopsy specimens from patients with mitochondrial
cardiomyopathy (22). Furthermore, Mterf3 KO mice develop
cardiac hypertrophy and have a maximal lifespan of only 18
weeks (31). No pathological phenotype is observed in skeletal
muscles of the Mterf3 KO mice (3, 31).
In the present study, we used the Mterf3 KO model to investigate cardiomyocyte ROS production, Ca2 + signaling,
and contractility associated with primary mitochondrial
dysfunction. We used hearts from >12-week-old mice, where
major changes in mitochondrial function is observed in Mterf3
KO mice. Surprisingly, cardiomyocytes of Mterf3 KO mice
display increased SR Ca2 + load with larger amplitude and
faster decay of cytoplasmic Ca2 + transients. Since these
changes cannot explain the short lifespan of Mterf3 KO mice,
we used telemetry to follow cardiac function with electrocardiography (ECG), body temperature, and locomotor activity for several days at the end of their expected lifetime. The
results show that shortly before death, the Mterf3 KO mice
display a gradually developing bradycardia and AV-block.
Thus, this model of cardiomyopathy shed light on the role of
mitochondrial dysfunction in the complex mechanisms of
cardiac arrhythmias and cardiomyopathy.

FIG. 1. Signs of reduced ROS production in Mterf3 KO hearts. (A) Mitochondrial membrane potential (DCm)
during 1 Hz stimulation and in the presence of the depolarizing agent FCCP
(relative fluorescence normalized to the
maximal depolarizing effect of FCCP;
control, n = 12 cells from 2 mice; Mterf3
KO, n = 15 cells from 2 mice). (B) Change
in MitoSOX Red fluorescence on 1 Hz
stimulation and under product inhibition
of SOD with H2O2 (control, n = 12 cells
from 2 animals, Mterf3 KO, n = 7 cells
from 2 animals). (C) mRNA expression of
SOD2 in the control (n = 3) and Mterf3 KO
(n = 3) hearts. Mean value in control set
to 100%. (D) Protein expression of SOD2
in control (n = 3) and Mterf3 KO (n = 4)
hearts. Measurements normalized to
protein content and the mean value in
control set to 100%. Representative blots
shown above bars. (E) Aconitase activity
normalized to the sample protein content
in control (n = 5) and Mterf3 KO (n = 7)
hearts; ***p < 0.001. (F) Representative Western blot of total MDA protein adducts in control (lane 1) and Mterf3 KO (lane 2)
heart. Similar results were obtained in three more hearts of each group.
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No signs of mitochondrial membrane depolarization
or oxidative stress in Mterf3 KO
Mterf3 KO mice display severely defective cardiac respiratory chain function and reduced mitochondrial ATP production rate (31). This prompted us to investigate whether the
mitochondrial membrane potential (DCm) was altered in the
Mterf3 KO mouse. We used intact cardiomyocytes loaded
with the membrane permeable fluorescent indicator TMRE
that accumulates in the mitochondria in a DCm-dependent
manner. No difference in DCm was found between Mterf3 KO
and control cardiomyocytes either during 1 Hz stimulation
under control conditions or in the presence of the depolarizing
agent FCCP (Fig. 1A). We also measured mitochondrial O2*production in Mterf3 KO cardiomyocytes. Freshly isolated
cardiomyocytes were loaded with the O2* - specific indicator
MitoSOX Red and paced at 1 Hz. The MitoSOX Red signal
was not changed during the stimulation period in either
control or Mterf3 KO (Fig. 1B). To assess the mitochondrial
capacity of O2*- production, we exposed the cells to 1 mM of
H2O2, which would induce product inhibition of the SOD2
and thereby restrain the conversion of O2*- to H2O2 (3, 17, 29).
This resulted in large increases in MitoSOX Red fluorescence
in the control cardiomyocytes, whereas this increase was
considerably smaller in the Mterf3 KO cells (Fig. 1B).
The expression of SOD2 can be altered under conditions of
oxidative stress (40). However, neither mRNA nor protein
expression of SOD2 differed between Mterf3 KO and control
hearts (Figs. 1C and 1D). We also measured the activity of
the mitochondrial enzyme aconitase, which may decrease in
oxidative stress (15). Interestingly, there was a significant
increase in aconitase activity in the Mterf3 KO heart compared to control, both when normalized to total protein (Fig.
1E) or to the mitochondrial mass (measured as citrate synthase activity; Mterf3 KO, 62 – 2.1 vs. control, 53 – 2.1 (mU/
U), p < 0.05). Increased ROS production is associated with
decomposition of polyunsaturated fatty acids, which leads
FIG. 2. Cardiomyocyte Ca21 cycling
and contractility are enhanced in Mterf3
KO. (A) Typical examples of cardiomyocyte Ca2 + transients in Mterf3 KO and
control at 1 Hz stimulation. Average data
( – SEM) of Ca2 + transient amplitudes (B)
and decay time constant (C) at 0.5 Hz,
1 Hz, and 3 Hz stimulation and in the
presence of ISO (100 nM), respectively
(n ‡ 16 cells from 3 mice in all groups). (D)
Amplitude of the caffeine (10 mM) triggered Ca2 + transient. (E) The relation of
RyR2 phosphorylated at Ser2808 (pS2808) to
total RyR2; average data from 3 control
and 4 Mterf3 KO hearts. Representative
blots are shown above bars. (F) Cardiomyocyte size measured in confocal images. Average width and length of control
cardiomyocytes set to 100%. Data from
‡ 21 cells from 3 mice. (G) Contractility
measured as fractional shortening in
percent of the resting cardiac cell length
(FS %) at 0.5, 1, and 3 Hz stimulation
and in the presence of ISO. *p < 0.05,
***p < 0.001.
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to the formation of reactive carbonyl species that can bind to
protein (1). We used Western blotting and an antibody
specific for protein binding of one such carbonyl species,
malondialdehyde (MDA), and observed no difference between Mterf3 KO and control hearts (Fig. 1F). Taken together, we found no evidence of oxidative stress in the
Mterf3 KO heart. Conversely, there were actually signs of
reduced ROS production in the mitochondria of Mterf KO
hearts.
Increased SR Ca2 + cycling in Mterf3 cardiomyocytes
Altered cellular Ca2 + handling is a central feature in cardiomyocytes from failing hearts. Cardiomyocytes from *14week-old control and MTERF3 KO mice were used to measure action potential-induced Ca2 + transients and cardiac cell
shortening. Interestingly, Ca2 + transient amplitudes were
notably larger in Mterf3 KO cardiomyocytes compared to
control at all pacing frequencies (Figs. 2A and 2B). Furthermore, the Ca2 + transient decay was faster in Mterf3 KO cells at
0.5–1 Hz stimulation, as shown by a lower decay time constant (s) (Fig. 2C). Application of 100 nM of the b-adrenergic
agonist isoproterenol (ISO), together with 1 Hz stimulation,
made Ca2 + transients larger and faster and the difference
between control and Mterf3 KO cardiomyocytes disappeared
(Figs. 2B and 2C). An increased decay speed of the Ca2 +
transient is mainly a result of enhanced Ca2 + uptake into the
SR. Thus, a faster decay normally reflects an increased loading
of Ca2 + into the SR. We therefore measured the SR Ca2 + load
by briefly applying caffeine (10 mM) which activates the RyR2
and fully releases the SR Ca2 + . As expected, the SR Ca2 + load
was higher in Mterf3 KO than in control cardiomyocytes (Fig.
2D). An increased activity of the sympathetic nervous system
has been associated with phosphorylation of RyR2 at Ser2808
(36). We used Western blotting to measure the relation between Ser2808 phosphorylated and total RyR2 and observed
*25% higher degree of phosphorylation in Mterf3 KO than in
control hearts (Fig. 2E).
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Increased contractility and cell size
in Mterf3 KO cardiomyocytes
The size of cardiomyocytes was measured in confocal images. Consistent with a cardiac hypertrophy phenotype, the
cardiomyocyte diameter and length were *30% and *10%
larger in Mterf3 KO as compared to control (Fig. 2F).
Contractility was assessed by measuring fractional shortening (FS%) of the cardiomyocytes. Mterf3 KO cardiomyocytes displayed increased FS% relative to control when paced
at 0.5–3 Hz but not in the presence of ISO (Fig. 2G). Using the
same cells as for the contractility measurements, cardiac cell
size (measured as the length of the cardiomyocyte long axis)
was investigated.

Downloaded by INSERM DISC DOC PACKAGE from www.liebertpub.com at 04/14/20. For personal use only.

Spontaneous Ca2 + release in Mterf3 KO
Spontaneous Ca2 + release events (either in the form of
spontaneously activated ‘‘aberrant’’ Ca2 + transients as in Fig.
3A or scattered localized Ca2 + releases as in Fig. 3B) were more
prevalent in Mterf3 KO cardiomyocytes than in control. When
paced at 0.5 or 1 Hz, *13% (3 out of 23 cells, from 3 mice) and
*15% (5 out of 34 cells, from 3 mice), respectively, of the Mterf3
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KO cardiomyocytes displayed spontaneous Ca2 + release
events. In control cardiomyocytes, such events occurred in no
cells (0 out of 33, from 3 mice) during 0.5 Hz pacing and in *7
% of the cells (2 out of 30 cells, from 3 mice) during 1 Hz pacing.
When cells were stressed by applying ISO, *43% (23 out of 53
cells, from 3 mice) of the Mterf3 KO cardiomyocytes displayed
spontaneous Ca2 + events as compared to only *18% (7 out of
40 cells, from 3 mice) in the control group.
Reduced heart rate variability and progressive
AV-block in Mterf3 KO
To capture changes in whole heart function, we performed
long-term ECG measurements. Two phases were discerned in
the Mterf3 KO mice, a moribund stage, starting around 24
hours prior to the endpoint and a pre-moribund stage >24
hours before the endpoint (Figs. 4 and 5). In the pre-moribund
stage, the Mterf3 KO mice displayed similar R-R, P-R, and
QRS times compared to control. On the other hand, the heart
rate variability was lower in the Mterf3 KO than in the control
( p < 0.001; Fig. 4D). Spectral analysis of the Mterf3 KO heart
rate variability in the pre-moribund stage revealed a diminished low frequency (LF) power density and a slightly increased high frequency (HF) power density compared to
control (Fig. 4E). Thus, the quotient between LF and HF (LF/
HF) was substantially decreased (Fig. 4E).
Towards the end of the lifespan of Mterf3 KO mice, we
noted a gradually developing bradycardia with increasing RR, P-R, and QRS times (Figs. 4A–4C). The original ECG records in Figure 5 show increasing AV conduction times in
Mterf3 KO mice, which developed into a complete AV-block
30 min before the endpoint (Fig. 5D). Furthermore, at the start
of the moribund stage, we noted a progressive decline in core
body temperature in all the Mterf3 KO mice from *35!C to
25!C. Also, locomotor activity in the Mterf3 KO was reduced
by *75% compared to the control.
Discussion

FIG. 3. Spontaneous Ca21 release events in Mterf3 KO
cardiomyocytes. Pseudocolor line scans and fluorescence
intensity graphs from Mterf3 KO displaying aberrant Ca2 +
release events: (A) doublet Ca2 + transients after ISO exposure (the cell was paced at 1 Hz); (B) spontaneous Ca2 + release events at 1 Hz stimulation without ISO. Note that in B,
pacing-induced Ca2 + transients were intermittently absent in
the presence of spontaneous Ca2 + release events. (To see this
illustration in color the reader is referred to the web version
of this article at www.liebertonline.com/ars).

We have studied muscle-specific Mterf3 KO mice, a model
of mitochondrial cardiomyopathy with a partly unexpected
phenotype consisting of: 1) no signs of increased mitochondrial ROS production or oxidative stress; 2) SR Ca2 + overload
and enhanced cellular Ca2 + cycling; 3) reduced heart rate
variability and collapsed low frequency spectrum indicating
increased sympathetic drive; and 4) terminal progressive
bradycardia ending with a complete AV-block.
Mterf3 ablation in the mouse heart leads to respiratory
chain failure and increased mitochondrial mass (31), consistent with the findings in humans with mitochondrial cardiomyopathy. It has been suggested that respiratory chain
dysfunction in mitochondrial diseases would lead to an increase in ROS production and oxidative stress (13). However,
our results show no signs of increased ROS or oxidative stress
in Mterf3 KO hearts. Aconitase activity decreases under oxidative stress (15) and we saw an increase in the activity in
Mterf3 KO hearts. SOD2 expression has been shown to be
increased in oxidative stress (40) but SOD2 mRNA and protein expression was unchanged in Mterf3 KO hearts. Increased
ROS production is associated with increased MDA protein
binding (1), but we observed no difference between Mterf3 KO
and control hearts in this respect. Also, MitoSOX Red fluorescence was diminished in Mterf3 KO cardiomyocytes after
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FIG. 4. ECG changes in Mterf3 KO mice.
ECG recordings in Mterf3 KO mice during 5
days prior to the endpoint (Mterf3 KO, C,
n = 3; control mice followed during the same
time period, B, n = 3). R-R time (A), P-R time
(B), and QRS time (C). (D) Heart rate variability, measured as the standard deviation
of all normal R-R intervals (SDNN). (E) Frequency domain analysis of heart rate variability 48 hours before endpoint of Mterf3
KO. Powers of the low frequency (LF, 0.15–
1.5 Hz), high frequency (HF, 1.5–5 Hz) and
the quotient between LF and HF (LF/HF).
*p < 0.05, ***p < 0.001.

inducing product inhibition of SOD, indicating that mitochondrial O2*- production was, if anything, lower in Mterf3
KO. Reduced O2*- production and absence of oxidative stress
were recently shown in a different model of respiratory chain
deficiency, the Tfam skeletal muscle KO (3). These results
corroborate what has been found in two aging models, which
develop mitochondrial respiratory chain dysfunction and fail
to show an increase in ROS production or ROS induced cell
damage (21, 45). Thus, several pieces of evidence are now
accumulating against the view that mitochondrial dysfunction mandatorily leads to increased ROS production. In fact, it
might be argued that impaired respiratory chain function is
correlated with decreased mitochondrial ROS production
based on our present and previously published findings (3).
In end-stage cardiomyopathy and heart failure, cardiomyocytes typically exhibit decreased SR Ca2 + cycling properties with reduction in SR Ca2 + release during systole and
slowed SR Ca2 + uptake in diastole (37). Surprisingly, cardi-

FIG. 5. Gradually developing AV-block and bradycardia
in Mterf3 KO hearts. Representative ECG records from
control (A) and Mterf3 KO mice (B–D). Times to the right of
records indicate times before the endpoint. Note the different
time bars in A and B compared to C and D.

omyocytes obtained from Mterf3 KO mice before the moribund stage displayed increased amplitudes and faster decay
of the Ca2 + transients, along with improved contractility.
Moreover, SR Ca2 + load was elevated and the extent of RyR2
Ser2808 phosphorylation was increased. These findings are in
line with what is seen during b-adrenergic stimulation (4, 36)
and the difference between Mterf3 KO and control cells disappeared when ISO was applied. Larger and faster Ca2 +
transients and increased contractility have also been seen in
cardiomyocytes of a genetic mouse model where the SRassociated protein junctin was ablated (51). Similar to Mterf3
KO hearts, the junctin-deficient hearts displayed elevated SR
Ca2 + load compared to controls, and the difference in contractile parameters and Ca2 + transient amplitude vanished in
the presence of ISO. Larger and faster Ca2 + transients, increased SR Ca2 + load, and increased contractility have also
been observed in cardiomyocytes from a mouse model of
early congestive heart failure following myocardial infarction
(30). Thus, an initial phase, where increased Ca2 + cycling
serves as an adaptive mechanism to sustain cardiac pumping
function, is observed subsequent to several perturbations of
the heart.
The kinetics of mitochondrial Ca2 + uptake are uncertain,
but the results of many studies indicate microdomains with
close proximity between mitochondria and SR Ca2 + release
sites where a fast mitochondrial Ca2 + uptake may occur (25).
Mitochondrial Ca2 + uptake may then act as a buffer and reduce the size of cytosolic Ca2 + transients (25). Compared to
controls, cardiomyocytes of Mterf3 KO mice have a markedly
higher mitochondrial content (31) and their mitochondrial
Ca2 + uptake may then be larger, which would tend to decrease the size of cytosolic Ca2 + transients. In this study, we
did not measure mitochondrial Ca2 + , but our results show
larger and faster Ca2 + transients in Mterf3 KO cardiomycytes
as compared to controls. Thus, if an increased mitochondrial
Ca2 + uptake were present in Mterf3 KO cardiomycytes, this
was not large enough to counteract other factors acting towards increased Ca2 + transients.
Increased SR Ca2 + load and cycling is beneficial for improving the contractile performance. However, elevated SR
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Ca2 + load can trigger spontaneous Ca2 + release events
through increased opening of the SR Ca2 + release channels,
which can lead to triggered arrhythmias and thereby a risk of
offsetting the benefits of increased contractility (10, 35, 51). In
this context, the positive effects of enhanced Ca2 + release and
inotropy in the Mterf3 KO cardiomyocytes are accompanied
by a high prevalence of spontaneous Ca2 + release events.
Stimulation of b-adrenergic receptors through increased
drive of the sympathetic nervous system is the principal signaling to elicit increased Ca2 + cycling and inotropy (4). It
is therefore assumed that the increased sympathetic drive
commonly found in humans as well as in animal models of
cardiomyopathy and heart failure (manifested as higher levels
of catecholamines in the blood and decreased heart rate variability) constitutes the key signal by which the organism tries
to compensate for the failing cardiac output. Chronic increase
in sympathetic drive can, however, aggravate the cardiomyopathy phenotype and show strong correlation with premature mortality and sudden cardiac death in heart failure (8, 9,
28). In the Mterf3 KO mice, we found evidence of elevated
sympathetic signaling in the pre-moribund stage, indicated
by cardiomyocytes showing a decreased response to ISO and
an increased RyR2 Ser2808 phosphorylation (see Fig. 2) and by
drastically reduced heart rate variability (see Fig. 4D). Moreover, spectral analysis of the heart rate variability revealed a
collapsed LF power spectrum and a low LF/HF ratio (see Fig.
4E). In normal physiology, an increased sympathetic drive is
sometimes associated with elevated LF and reduced HF components (41). However, in cardiac failure, the markedly excited
sympathetic drive is typically followed by a dramatic decrease
in LF power spectrum (19, 46). These data are, thus, consistent
with a picture of chronic adrenergic stress in Mterf3 KO mice.
Morphological remodeling of the heart and cardiomyocytes,
which occurs in cardiac hypertrophic diseases, is another phenomenon that poses restraints on cardiac contractile function
(27). Mterf3 KO mice display cardiac hypertrophy (31) with increased width and length of cardiomyocytes (Fig. 2E). Cardiac
failure is sometimes associated with alterations in transverse
tubular structure. This may affect Ca2 + release synchrony, due to
reduced juxtaposition between L-type Ca2 + channels and RyR,
resulting in slowed Ca2 + transients (24). However, in Mterf3 KO
cardiomyocytes, pacing-induced Ca2 + transients are larger and
faster and the initiation of Ca2 + release is synchronous, even in
cells showing aberrant Ca2 + releases (see Fig. 3), which speaks
against adverse alterations in transverse tubular structure.
During the moribund stage, the Mterf3 KO mice show a
progressive bradycardia due to an increasing AV conduction
time and a terminal complete AV-block (Fig. 5). AV-block in
mitochondrial cardiomyopathy is part of the features seen in
the Kearns-Sayre syndrome (2, 22). In the cardiac respiratory
chain-deficient Tfam KO mice, heart enlargement and ventricular dilatation was coupled with AV-block (48). Moreover,
AV-block is described in cardiomyopathies of other types than
primary mitochondrial cardiomyopathy (7, 32). The role of
mitochondria in the cellular mechanisms underlying AV-block
is elusive. However, the presence of AV-block in experimental
models of mitochondrial cardiomyopathy, such as the Mterf3
KO and the Tfam KO (48) as well as in patients with mitochondrial disease (2, 22), suggests a role of the mitochondria in
the cellular mechanisms of AV-block.
In conclusion, we show that mitochondrial dysfunction can
lead to cardiomyopathy with a complex arrhythmogenic
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phenotype with spontaneous Ca2 + release events occurring at
the level of the cardiomyocyte and terminal conduction system defects causing AV-block. These phenomena appear in
the context of increased adrenergic signaling and enhanced
cardiomyocyte Ca2 + cycling. This highlights the role of mitochondria in the early phase of cardiomyopathic disease,
characterized by activation of adrenergic signaling and elevated risk of premature death.
Materials and Methods
Animals
Mice with tissue-specific ablation of Mterf3 the
Mterf3loxP/loxP; + /Ckmm-cre (Mterf3 KO), and littermate
controls Mterf3loxP/loxP (control) were generated as described
elsewhere (31). Mice were killed by cervical dislocation, and
hearts excised. The investigation conforms to the Guide for
the Care and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication No. 85-23, revised 1996). All animal experiments were approved by the
Stockholm North and South local animal ethics committees.
Cardiomyocyte isolation
Isolation of cardiomyocytes was done according to protocols of the Alliance for Cellular Signalling (AfCS Procedure
Protocol ID PP00000 125) (34) and has been described elsewhere (42). Cardiomyocytes were isolated from *14-weekold Mterf3 KO and control mice. Cardiomyocytes were loaded
with fluorescent indicators (see below) and placed on laminincoated coverslips that made up the bottom of the perfusion
chamber. Cells were allowed to attach to the coverslip for
*5 min before the start of experiments. The cells were then
superfused with Tyrode solution (in mM): 121 NaCl, 5.0 KCl,
1.8 CaCl2, 0.5 MgCl2, 0.4 NaH2PO4, 24 NaHCO3, 0.1 EDTA,
and 5.5 glucose. The Tyrode solution was bubbled with 5%
CO2/95% O2, which gives a bath pH of 7.4, and experiments
were performed at room temperature (*24!C). Cells were
continuously stimulated at 0.5 Hz, 1 Hz, or 3 Hz with 1-ms
current pulses delivered via two platinum electrodes, one on
each side of the perfusion chamber. Measurements were only
performed on rod-shaped cells that displayed a uniform
contraction in response to each stimulation pulse and showed
no spontaneous contractile activity.
Confocal imaging of cytoplasmic Ca2 + and shortening
in isolated cardiomyocytes
Confocal microscopy was performed using a Bio-Rad
(Hercules, CA) MRC 1024 unit attached to a Nikon Diaphot
inverted microscope with a Nikon Plan Apo 40x oil immersion objective (NA 1.3) (14). Cytoplasmic Ca2 + in isolated
cardiomyocytes was measured with the fluorescent Ca2 + indicator fluo-3 and confocal images were obtained by line
scanning along the long axis. Images were analyzed off line
with ImageJ (National Institutes of Health [available at http://
rsb.info.nih.gov/ij; accessed April 7, 2011]). To enable comparisons between cells, changes in the fluo-3 fluorescence
signal (DF) were divided by the fluorescence immediately
before a stimulation pulse was given under control conditions
(F0). The decay of the Ca2 + transients was assessed by measuring the time constant (s) of the exponential part of the
decay phase, ignoring the initial phase that often diverges
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from a monoexponential function (11). Cell shortening was
determined simultaneously with measurements of Ca2 + by
following the edges of the fluorescence images of the cells
during contractions. The cell length was measured in the rested
state and the maximally contracted state, and fractional shortening (FS%) was defined as: ((relaxed cell length – contracted
cell length)/(relaxed cell length))*100. Measurements of Ca2 +
transients and cell shortening on exposure to the b-adrenergic
agonist isoproterenol (ISO; 100 nM) were done within 4–10 min
after application of the drug. Presence of spontaneous Ca2 +
events during line scan was defined as either: 1) the presence of
at least one spontaneously activated ‘‘aberrant’’ Ca2 + transient;
2) > 5 localized increases in fluorescence that is larger than 2
standard deviations of the surrounding fluorescence at the
same time point. Line scans that displayed spontaneous Ca2 +
events was not included in the measurements of Ca2 + transient
amplitude and decay, or cell shortening.
Confocal imaging of mitochondrial ROS production
Changes in mitochondrial O2*- production were monitored
using MitoSOX Red (Invitrogen/Molecular Probes, Eugene,
OR) (14). Isolated cardiomyocytes were incubated with MitoSOX Red (5 lM) for 30 min at room temperature and experiments started after 5 min of washing. MitoSOX Red was
excited at 488 nm and emitted light collected through a
585 nm long-pass filter. A confocal image of cardiomyocytes
at rest was obtained to get a starting point of MitoSOX Red
fluorescence. Thereafter, myocytes were continuously paced
at 1 Hz and images were taken. After 15 min of pacing, 1 mM
H2O2 was applied to induce product inhibition of superoxide
dismutase 2 (SOD2) (17, 29) and fluorescence was measured
at regular intervals for as long as the cardiomyocyte was viable. The fluorescent signal at all time points was normalized
to the signal at the starting point.
Confocal imaging of mitochondrial membrane potential
Tetramethylrhodamine ethyl ester (TMRE; Invitrogen/
Molecular Probes) was used to measure mitochondrial membrane potential (DCm) (12, 14). Isolated cardiomyocytes were
loaded with 10 nM TMRE for 15 min at room temperature,
followed by washout. Confocal images of TMRE fluorescence
were obtained by excitation at 568 nm while measuring the
emitted light at 585 nm. The cells were continuously stimulated at 1 Hz. Images were taken every 2–3 min. After 15 min,
cells were exposed to the mitochondrial uncoupler carbonyl
cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP) (1 lM)
to determine the dynamic range of the dye. Measurements
were done in the same cell regions at each time point. Fluorescence signals obtained from mitochondria-rich areas were
divided by fluorescence from an adjacent cytosolic region. The
ratio thereby obtained for each time point was normalized to
the point where the mitochondrial depolarizing effect of FCCP
reached its maximum.
Northern blot analysis on SOD2 mRNA expression
RNA from hearts of *12-week-old Mterf3 KO and control
mice was isolated using the TRIzol Reagent (Invitrogen/GIBCO-BRL Life Technologies). DNA probes specific to the genes of
interest were labeled with [a-32P]-dCTP by using random primer extension method. Phosphorimager analysis of Northern
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blots was used to assess levels of transcripts in comparison to
the nuclear 18S rRNA levels as described previously (39).
Aconitase and citrate synthase activity
Measurements of aconitase activity was performed using
isolated mitochondria from hearts of 12–16-week-old Mterf3
KO and control mice according to a protocol described elsewhere (15). The activity of aconitase was normalized to the
total protein content in the sample. Aconitase was also normalized to the citrate synthase (CS) activity and given the
unit: mU aconitase activity/U CS activity (mU/U). CS activity was measured from the same sample (50).
Western blot analysis
Hearts of *12-week-old mice were homogenized in icecold homogenization buffer pH 7.4 (20 ll per mg wet weight)
consisting of (mM): 20 HEPES, 150 NaCl, 5 EDTA, 25 KF,
1 Na3VO4; 20% glycerol, 0.5% TritonX, protease inhibitor
cocktail (Roche, Basel, Switzerland) 1 tablet/50 ml. The homogenate was centrifuged at 3000 g for 10 min at 4!C. Samples
were diluted 1:2 in Laemmli buffer (Bio-Rad); for ryanodine
receptor (RyR) and SOD2 analyses, samples were heated to
70!C 10 min. 30 lg were then loaded into each well and separated by electrophoresis using NuPAGE Novex 4%–12% BisTris Gels (Invitrogen) and transferred onto polyvinylidine
fluoride membranes (Immobilon FL, Millipore, Billerica,
MA). Membranes were blocked for 1 hour at room temperature in LI-COR blocking buffer (LI-COR Biosciences, Lincoln,
NE) and incubated with antibodies overnight at 4!C. All
antibodies were diluted in blocking buffer and the following antibodies and dilutions were used: anti-phosphoRyR2-pSer2808 1:2500 (gift from Andrew Marks, Columbia
University College of Physicians & Surgeons, NY), anti-RyR2
total 1:1000 (5029, gift from Andrew Marks), anti-SOD2 1:1000
(06-984, Upstate, Lake Placid, NY), anti-malondialdehyde
(MDA) 1:500 (MD20A-R1a, Academy Bio-Medical, Houston,
TX). RyR2(pho-Ser2809) was stripped by incubating in 50 mM
TrisBase, SDS 2%, pH 6.8 at 60!C for 40 min before incubating
with anti-RyR total. Membranes were then washed 3X 5 min in
TBS-T and incubated for 1 h at room temperature with IRDye
680 conjugated goat anti-mouse IgG and IRDye 800 conjugated
goat anti-mouse IgG (1:15000, LI-COR) diluted in LI-COR
blocking buffer with 0.01% SDS and 0.005% Tween20.
Finally, membranes were washed for 4X 10 min in TBS-T. Immunoreactive bands were visualized using infrared fluorescence (IR-Odyssey scanner, LI-COR Biosciences) densitometric
quantifications of band intensities were done using ImageJ
(National Institutes of Health [available at http://rsb.info
.nih.gov/ij]). Membranes were later stained with SimplyBlue
Safe stain (Invitrogen) to assess protein loading of each well.
Telemetric ECG recordings
ECG, core body temperature, and locomotor activity recordings were performed on conscious, freely moving individually caged *14-week-old Mterf3 KO (n = 3) and control
mice (n = 3) (18). The telemetry transmitter-receiver system
(TA10ETA-F20; RPC-1) was connected to a data acquisition
system (Data Science International, St. Paul, MN). Data were
collected continuously (24 h/day) at a sampling rate of 1000 Hz
until the endpoint in the Mterf3 KO and for 14 days in the
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control. Transmitters were implanted in the abdominal cavity
during isoflurane anesthesia (*20 min). Two ECG electrodes
were placed subcutaneously, one at the right shoulder (negative) and the other in the lower left chest region (positive) approximating the Einthoven lead II (20). ECG recordings were
analyzed off line with the software ECG-auto (version
1.5.12.22, EMKA Technologies, Paris, France). The telemetric
data were analyzed as described previously (43, 44).

4.

Analysis of ECG recordings

5.

ECG signals were digitally pass filtered between 0.1 and
1000 Hz and then analyzed during the night time period. R-R,
P-R, and QRS intervals were calculated from 5 days prior to
the endpoint of the Mterf3 KO and compared to results obtained during the same period in the control. On the same
records, heart rate variability (HRV) was calculated from the
R-R values. The standard deviation of all normal R-R intervals
(SDNN) was used as the measure for HRV. Moreover, power
spectral analysis of the HRV was performed. One ECG period
of 3 min was selected every 2 h during a period of low locomotor activity. The power spectra analysis was done using the
fast Fourier transform (segment length 2048 beats, linear interpolation with re-sampling to a 20-Hz interbeat time series
and Hamming windowing). The frequency range was divided into a low-frequency (LF) range (0.15–1.5 Hz) and a
high-frequency (HF) range (1.5–5 Hz) (43, 44).

6.

Statistics
For comparisons between two independent data groups,
unpaired Student’s t-test was used. When more than two
groups were compared, analysis of variance (ANOVA) was
used, followed by an appropriate post hoc test. Significance
level was set to P < 0.05. SigmaStat (version 3.1, Systat Software, Point Richmond, CA) was used for statistical computations. Data are expressed as average – standard error of the
mean (SEM) unless stated otherwise.
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DCm ¼ mitochondrial membrane potential
ANOVA ¼ analysis of variance
AV-block ¼ atrioventricular conduction block
CS ¼ citrate synthase
ECG ¼ electrocardiography
FCCP ¼ carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone
FS ¼ fractional shortening
HF ¼ high-frequency
HRV ¼ heart rate variability
ISO ¼ isoproterenol
LF ¼ low-frequency
MDA ¼ malondialdehyde

mtDNA ¼ mitochondrial DNA
MTERF3 ¼ mitochondrial transcription termination
factor 3
POLRMT ¼ mitochondrial RNA polymerase
ROS ¼ reactive oxygen species
RyR ¼ ryanodine receptor
SDNN ¼ standard deviation of all normal R-R
intervals
SEM ¼ standard error of the mean
SOD ¼ superoxide dismutase
SR ¼ sarcoplasmic reticulum
Tfam ¼ mitochondrial transcription factor A
TFB1M ¼ mitochondrial transcription factor B1
TFB2M ¼ mitochondrial transcription factor B2
TMRE ¼ tetramethylrhodamine ethyl ester

