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Cardiac ryanodine receptor (Ryr2) Ca2� release channels and
cellular metabolism are both disrupted in heart disease.
Recently, we demonstrated that total loss of Ryr2 leads to car-
diomyocyte contractile dysfunction, arrhythmia, and reduced
heart rate. Acute total Ryr2 ablation also impaired metabolism,
but it was not clear whether this was a cause or consequence of
heart failure. Previous in vitro studies revealed that Ca2� flux
into the mitochondria helps pace oxidative metabolism, but
there is limited in vivo evidence supporting this concept. Here,
we studied heart-specific, inducible Ryr2 haploinsufficient
(cRyr2�50) mice with a stable 50% reduction in Ryr2 protein.
This manipulation decreased the amplitude and frequency of
cytosolic and mitochondrial Ca2� signals in isolated cardiomyo-
cytes, without changes in cardiomyocyte contraction. Remark-
ably, in the context of well preserved contractile function in per-
fused hearts, we observed decreased glucose oxidation, but not
fat oxidation, with increased glycolysis. cRyr2�50 hearts exhib-
ited hyperphosphorylation and inhibition of pyruvate dehydro-
genase, the key Ca2�-sensitive gatekeeper to glucose oxidation.
Metabolomic, proteomic, and transcriptomic analyses revealed
additional functional networks associated with altered metabo-
lism in this model. These results demonstrate that Ryr2 controls

mitochondrial Ca2� dynamics and plays a specific, critical role
in promoting glucose oxidation in cardiomyocytes. Our findings
indicate that partial RYR2 loss is sufficient to cause metabolic
abnormalities seen in heart disease.

The type 2 ryanodine receptor (Ryr2)2 sarcoplasmic reticu-
lum (SR) Ca2� release channel plays a central role in cardiac
excitation-contraction coupling (1). Ca2� signals generated by
RYR2 have also been implicated in heart rate (2–5), hyper-
trophic gene regulation (6, 7), and cardiomyocyte superstruc-
ture (8, 9). Partially reduced Ryr2 expression, channel density,
and/or signaling have been identified in models of aging (10)
and heart disease (9, 11–13), which are conditions associated
with metabolic dysfunction and a lack of energy substrate flex-
ibility (14, 15). However, it remains to be determined whether a
partial reduction in Ryr2 signaling can drive adult cardiac met-
abolic dysfunction.

SR Ca2� release channels are known to transmit privileged
Ca2� signals into adjacent mitochondria (16). Based on in vitro
studies, it has been proposed that these Ca2� signals stimulate
mitochondrial oxidative energy metabolism via pyruvate dehy-
drogenase (Pdh), key tricarboxylic acid (TCA) cycle enzymes,
the electron transport chain, and the mitochondrial ATPase
(17–19). These concepts have been extended to cardiac biology,
where studies have shown a link between mitochondrial Ca2�

and energy production in the heart (20 –27). However, direct in
vivo evidence that Ca2� flux from SR specifically paces mito-
chondrial oxidative glucose metabolism in normally function-
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ing cardiomyocytes has not been published. We recently
reported that complete Ryr2 gene knock-out in adult mouse
cardiomyocytes results in broad defects in energy metabolism
(4, 20), but our previous model rapidly progressed to heart fail-
ure and sudden cardiac death (4), making it difficult to know
whether mitochondrial metabolism is modulated by Ryr2 in
normally functioning cardiomyocytes. Given this previous
work and the association between Ryr2 dysfunction (9, 11–13)
and oxidative metabolism in heart disease (14, 15), it was of
interest to further explore links between Ryr2 and energy pro-
duction using improved models.

To determine the potential links between Ryr2 and metabo-
lism in the context of normal cardiac function, we devised a
model where cardiomyocyte-specific, inducible Cre recombi-
nase was used to delete only one Ryr2 allele (cRyr2�50 mice).
Here, we report that a stable �50% loss of Ryr2 protein in adult
cardiomyocytes causes striking changes in mitochondrial Ca2�

cycling and is sufficient to specifically inhibit oxidative glucose
metabolism but not fatty acid oxidation, lactate oxidation, or
glycolysis. These metabolic effects occurred without signifi-
cantly affecting cellular contraction or in vivo cardiac output,
although we did observe a modest decrease in cRyr2�50 heart
rate. Our results suggest that pathophysiologically relevant loss
of Ryr2 can account for the metabolic phenotype of failing
hearts and that RYR2 plays a critical role in stimulating glucose
oxidation in vivo.

Results

Previous studies have implicated the loss of RYR2 function or
expression in disease states (9, 11–13). Similarly, analysis of
publically accessible transcriptomic data on the National Cen-
ter for Biotechnology Information Gene Expression Omnibus
database (NCBI GEO) identified mouse and rat data sets with
qualitatively reduced Ryr2 mRNA (Fig. 1A).

To model partial Ryr2 reduction, we deleted one Ryr2 allele
in adult mouse hearts. We confirmed �50% ablation of Ryr2
mRNA and protein in the cRyr2�50 mice 3 weeks following the
induction of haploinsufficiency with sequential tamoxifen
injections (Fig. 1, B–D). Importantly, there was no compensa-
tion by other SR-Ca2� release channel genes (Fig. 1C).

We examined the localization and organization of Ryr2 sig-
naling structures using a Ryr2-GFP fusion protein knock-in
allele (28). In cRyr2�50 cardiomyocytes, Ryr2 puncta exhibited
a grossly normal distribution, but were fewer, smaller, and less
bright, with a more compact shape (Fig. 1E). Resolution past the
diffraction limit of light will be required to further characterize
the (dys)organization of these structures.

Confocal line-scanning microscopy and Ca2� spark analysis
revealed that cRyr2�50 cardiomyocytes produced sparks with
greater amplitude and slower kinetics than control cells (Fig.
1F). We did not observe a significant difference in spark fre-
quency between the two groups (Fig. 1G), although we note that
cRyr2�50 cardiomyocytes may not follow a normal distribution
and that the majority of cRyr2�50 cells displayed lower spark
frequency than the control average. These results suggest that
there may be altered gating kinetics in cRyr2�50 cardiomyo-
cytes, but do not indicate gross alterations of channel open
probabilities in a basal state.

To determine whether partial RYR2 ablation had an effect on
SR Ca2� load, we measured the size of caffeine-evoked Ca2�

responses in cRyr2�50 cardiomyocytes (Fig. 1H). We did not
observe a significant difference in caffeine-releasable Ca2�

between cRyr2�50 and control cardiomyocytes.
We simultaneously measured cytosolic and mitochondrial

Ca2� in isolated cells stimulated with, in order, five single
pulses of field stimulation, a period of continuous 0.5-Hz stim-
ulation, and a period of 6-Hz pulses (Fig. 2). Both control and
cRyr2�50 cardiomyocytes responded to field stimulation and
displayed similar Ca2� dynamics to pulse or 0.5-Hz stimula-
tion, revealing that the cells had similar viability and basal func-
tion (Fig. 2A (i and ii)). However, cRyr2�50 cardiomyocytes had
modestly decreased cytosolic and mitochondrial systolic Ca2�

amplitudes at these frequencies (Fig. 2A (i and ii)). At 6 Hz,
chosen to approximate the rapid murine heart rate, cRyr2�50
cardiomyocytes had significantly different cytosolic and
mitochondrial Ca2� dynamics (Fig. 2, A (iii), C, and D). Specif-
ically, cRyr2�50 cytosolic and mitochondrial Ca2� transients
had a significantly lower frequency and were temporally disas-
sociated by �10 s (Fig. 2, A (iii), C, and E). Co-staining with
MitoTracker confirmed correct Rhod-2 loading (Fig. 2F).
These data collectively indicate that �50% Ryr2 ablation dis-
rupts SR-to-mitochondria communication.

We next examined the function of cRyr2�50 cardiomyo-
cytes, in vitro and in vivo. We did not observe significant
changes in diastolic length, fractional shortening, the time to
50% peak contraction, or the time to 50% relaxation (Fig. 3,
A–D), indicating that contractile function in individual cells is
normal. Cardiac function in isolated perfused working hearts
revealed small decreases in cardiac output, rate pressure prod-
uct, and cardiac work in cRyr2�50 hearts (Fig. 3, E–G). How-
ever, these changes were modest when compared with the dra-
matic mechanical dysfunction observed in total Ryr2 knock-out
hearts (4, 20). Echocardiography failed to show any significant
differences in heart function in cRyr2�50 mice 3 or 20 weeks
following tamoxifen (Fig. 3, H–I). We have previously demon-
strated that complete Ryr2 gene knock-out results in reduced
heart rate and fatal arrhythmia (4, 20). In the present study, we
found an intermediate level of bradycardia in cRyr2�50 mice
using subcutaneously implanted ECG telemetry in freely mov-
ing, unanesthetized mice (Fig. 3, J and K). These experiments
suggest that a stable, �50% reduction in RYR2 is compatible
with well preserved function in vivo and in vitro, although a
mild impairment can be identified in the ex vivo working heart
system.

Having shown that cRyr2�50 cardiomyocytes have pre-
served function, we assessed cardiac energy metabolism. Unlike
the total RyR2KO hearts (4), there was no change in total ATP
levels in cRyr2�50 hearts (Fig. 4A), suggesting that they are
not significantly energy-deprived. Perfused working cRyr2�50
hearts were employed to assess utilization and oxidation of
multiple energy substrates. Simultaneous measurements
revealed a significant decrease in glucose oxidation and an
increase in glycolysis (Fig. 4, B and C). Fatty acid oxidation and
lactate oxidation were not altered in these cRyr2�50 hearts (Fig.
4, D and E). A metabolomic survey of tricarboxylic acid cycle
intermediates in cRyr2�50 heart tissue displayed significant
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decreases in fumarate and �-ketoglutarate, as well as a general
trend toward decreased levels of other tricarboxylic acid cycle
intermediates (Fig. 4F). Glycolytic metabolites upstream of
entry into the tricarboxylic acid cycle, including pyruvate,
remained unchanged in cRyr2�50 hearts (Fig. 4F). These data
demonstrate that glucose utilization is altered in cRyr2�50
hearts in the absence of major cardiac dysfunction and suggest
that Ryr2-mediated Ca2� flux has a specific role in promoting
the full oxidation of glucose in cardiac tissues in vivo.

To examine the molecular mechanism involved in this met-
abolic shift, we first focused on Pdh, the enzyme that catalyzes
the conversion of pyruvate to acetyl-CoA. Pdh is a critical gate-
keeper between glycolysis and complete glucose oxidation (29),
and its activity is regulated by complex mechanisms involving
inhibitory phosphorylation at three sites, including serine 293.
Pdh phosphorylation is mediated by a family of Pdh kinases
(Pdk1– 4), whereas its dephosphorylation is catalyzed by a
Ca2�-sensitive phosphatase (Pdp1) (17). Initially, we found that
Pdh phosphorylation was unchanged in the fed state (Fig. 4G).
However, when we fasted mice overnight, cRyr2�50 hearts dis-
played significantly increased Pdh phosphorylation levels (Fig.
4H). Consistent with this, fasted cRyr2�50 hearts had signifi-
cantly lower Pdh enzyme activity (Fig. 4I). There were no sig-
nificant differences in Pdk expression between control and
cRyr2�50 hearts, although Pdk4 was profoundly up-regulated
following fasting in both groups (Fig. 4J). Together, our data
demonstrate that, in the context of increased inhibitory Pdk
tone during fasting, cRyr2�50 mice are less efficient at dephos-
phorylating and reactivating Pdh activity than control mice.
This is most likely explained by a decrease in the activity of
Ca2�-sensitive Pdp1 phosphatase caused by the reduced mito-
chondrial Ca2� uptake downstream of Ryr2 ablation (Figs. 2
and 3K). We did not observe a difference in Akt phosphoryla-
tion between fasted cRyr2�50 and control hearts (Fig. 4L), sug-
gesting that insulin signaling through this pathway was normal
under the conditions of our study.

To provide unbiased insight into the functional and meta-
bolic effects of partial Ryr2 reduction, we performed proteomic
analysis of extracts from fed-state control and cRyr2�50 hearts,
spiked with known amounts of SILAM wild type heart tissue
(heavy labeled) to allow quantitative comparisons (Fig. 5A) (30).
We identified 1702 unique proteins with high confidence after
excluding blood-borne contaminants, and then compared their
relative enrichment levels using the reference SILAM sample
(Fig. 5B; supplemental Transcriptomics Data File). Most quan-
tified proteins were similarly enriched with a few exceptions.
The 35 most highly increased proteins included: Sacm1l, a reg-
ulator of inositol 1,4,5-trisphosphate (IP3) signaling; Bmp10, a

key regulator of heart development; atrial natriuretic factor, a
cardio-protective hormone and biomarker of cardiac dysfunc-
tion (31); and Ahnak2, a large t-tubule protein that interacts
with Ryr2 (32) (Fig. 5B). On the other hand, the 35 most highly
decreased proteins included: Homer, which interacts with Ryr2
to decrease its open probability (33); and Ryr2 itself. Network
analysis identified clusters of interacting proteins involved in
heart muscle contraction, actin binding/motility, and muscle
cell differentiation that were increased (Fig. 5C), as well as clus-
ters of proteins involved in fatty acid oxidation/metabolism,
mitochondrial inner membranes/matrix, contractile fibers, and
TCA cycle that were enriched in the cRyr2�50 heart proteome
(Fig. 5D). This unbiased survey illustrates that hearts undergo
metabolic and contractile remodeling as a result of partial Ryr2
deletion.

We mined our proteomic data to assess the status of
cRyr2�50 cardiomyocyte sarcomeres and mitochondria (Figs. 6
and 7). This targeted survey of core excitation-contraction pro-
teins identified a modest decrease in the Na/Ca2� exchanger
Ncx1 (Fig. 6A). We also observed modest decreases in the tro-
ponin/tropomyosin complex and a large increase in atrial iso-
forms of regulatory and essential myosin light chains, which
have been associated with heart disease (34), as well as
increased levels of calponins, proteins that interact with actin
and tropomyosin, which, when overexpressed, can partially res-
cue hearts from dilated cardiomyopathy (35). A survey of the
glycolytic and glucose oxidation pathways showed no changes
in core pathway enzymes (Fig. 6B). Instead, we observed reduc-
tions only in fructose-1,6-bisphosphatase 2 (Fbp2), an anabolic
protein that counteracts the activity of phosphofructokinase 1
(Pfk1), the key gatekeeper of glycolysis (36), as well as Pdk1 and
Pdk4, inhibitory kinases of the Pdh glucose oxidation gate-
keeper (29) (Fig. 6B). These data suggest a reduction of inhibi-
tory signals to both glycolysis and glucose oxidation in
cRyr2�50 hearts despite the reduced glucose oxidation and
context-dependent Pdh hyperphosphorylation. A similar sur-
vey of the fat oxidation pathway shows modest decreases in the
carnitine acyl-carnitine transporter and some �-oxidation pro-
teins (Fig. 6C). However, because these changes failed to result
in reduced palmitate oxidation rates, these changes must be
within the range of dynamic regulation. We also observed a
large decrease in NAD kinase and a large increase in nicotina-
mide N-methyltransferase (NNT), changes that are consistent
with the cell trying to preserve reducing equivalents for the
TCA cycle but that may also compromise the antioxidant
capacity of the cell (37) (Fig. 6C). We did not observe robust
changes in the electron transport chain or ATP synthase
machinery sub-proteomes (Fig. 7). Collectively, this proteomic

FIGURE 1. Generation of an inducible, heart-specific, partial Ryr2 ablation model (Ryr2�50). A, selected Ryr2 transcriptomics data from NCBI GEO were
re-normalized to the average of their control values and presented as a heat map. B, breeding scheme, experimental design, and analysis timeline. C, cRyr2�50
cardiomyocytes have a specific reduction in Ryr2 mRNA, and no compensation from other known endoplasmic reticulum (ER)/SR Ca2� channels (n � 4 – 8, *,
p � 0.05). Blue bars � control (Ryr2flox/wildtype � tamoxifen), purple bars � cRyr2k�50 (Ryr2flox/wildtype � Mhy6-MerCreMer� � tamoxifen) throughout. D, cardiac
RYR2 protein levels in cRyr2�50 mice 3 weeks after tamoxifen (n � 7, *, p � 0.05). E, images of Ryr2-GFP fusion proteins in isolated cardiomyocytes from control
(Ryr2GFP/GFP) and cRyr2�50 (Ryr2GFP/flox � Mhy6-MerCreMer � tamoxifen) mice (n � 9 cells/group; scale bar, 10 �m). Images were quantified for Ryr2-GFP
puncta number (panel i), area (panel ii), and intensity (panel iii). A measure of puncta intensity distribution (mean fractional brightness from the center to the
edge of the puncta) was also quantified (panel iv). *, p � 0.05. F, line-scanning spark measurement parameters of cRyr2�50 cardiomyocytes (control n � 70,
cRyr2�50 n � 26; data from three cell isolations, *, p � 0.05) Amp, amplitude; FWHM, full width at half maximum; FDHM, full duration at half maximum; fullWidth, full
width; FullDur, full duration; TtP, time to peak. G, spark frequency in isolated cRyr2�50 cardiomyocytes (control n �70, cRyr2�50 n �26; data from three cell isolations).
H, peak Fluo-4 intensity following 3 mM caffeine treatment of control (n � 5) and cRyr2�50 cardiomyocytes (n � 6). All data were plotted as mean � S.E.
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analysis revealed changes initiated by the stable 50% reduction
in Ryr2 that are likely to contribute to effects on metabolism.

Our mass spectrometry-based proteomic analysis was not
able to assess every gene product. Thus, RNA sequencing was
also employed to provide genome-wide analysis of changes in
fed-state cRyr2�50 hearts. There were relatively few changes in
the transcriptome of cRyr2�50 hearts that reached genome-
wide significance (Fig. 8A; supplemental Proteomics Data File).
However, notable differences included decreased expression of
Ryr2 (Fig. 8B), voltage-gated Na� channel Scn4b (Fig. 8C), and
Mylk4 (Fig. 8D), a novel isoform of myosin light chain kinase
that is down-regulated in heart failure (38). We also found
decreased expression of Ucp1 and Cbr2 genes that utilize TCA
reducing equivalents for non-energy-producing processes but
potentially at the expense of protection from reactive oxygen
species (39) (Fig. 8E). Biosynthetic genes were also significantly
decreased in cRyr2�50 hearts, including key gluconeogenesis
gene Pck1 and Gpd1, a protein that scavenges glycolysis prod-
ucts for sugar biosynthesis (Fig. 8F). Cbr2 and Gpd1 were
also observed to be decreased in the heart proteome (Figs. 6C
and 7). We also observed a general up-regulation of extracel-
lular structural and remodeling genes consistent with car-
diac pathology (40) (Fig. 8G). In summary, the cRyr2�50
heart transcriptome also revealed contractile and metabolic
modulation/compensation.

Discussion

The goal of the present study was to examine the effects of
�50% reduction in Ryr2 on heart metabolism and function. We
found that a stable 50% loss of Ryr2 protein impaired mitochon-
drial Ca2� signaling, reduced Ca2�-dependent Pdh activation,
and specifically reduced oxidative glucose metabolism. Impor-
tantly, these changes occurred in the absence of robust
mechanical dysfunction, meaning that they are primary effects
downstream of Ryr2. Unbiased proteomic and transcriptomic
surveys of cRyr2�50 hearts revealed alterations in contractile
and metabolic gene networks predicted to increase glucose oxi-
dation and Ryr2 Ca2� release, suggesting mechanisms for com-
pensation in this model.

Our principle finding is that Ryr2 specifically promotes glu-
cose oxidation in cardiomyocytes. A wealth of in vitro research
has shown that mitochondrial Ca2� signaling is important for
the oxidation of energy fuel substrates by stimulating TCA
cycle enzymes, the electron transport chain, and ATP synthase
(17–19). It had been previously proposed that glucose oxidation
is controlled by Ca2� signaling via the key gatekeeper for pyru-

vate entry into the TCA cycle, Pdh, which is activated by a
Ca2�-sensitive phosphatase (Pdp) (17, 29). To the best of our
knowledge, our work is the first in vivo demonstration of an
ionic mechanism that specifically controls glucose oxidation,
but not fat oxidation. The finding that Ryr2-to-mitochondria
Ca2� signals play a specific and sensitive role in promoting
glucose oxidation may represent a key mechanism by which the
metabolic demands of excitation-contraction are directly cou-
pled to the rate of ATP production in cardiomyocytes.

Glucose oxidation contributes to cardiomyocyte energy
metabolism and is preferentially up-regulated in periods of oxi-
dative stress or increased metabolic demand (14). It is notable
that we only observed the effects of Ryr2 haploinsufficiency on
Pdh phosphorylation/activity in fasted cRyr2�50 mice. Fasting
increased Pdk4 expression, which would be expected to
increase the inhibitory phosphorylation tone on the Pdh system
(41). In this metabolic stress situation, the phosphatase activity
of Pdp may be more important for reactivating Pdh to allow for
effective glucose oxidation (42). Our findings suggest that, in
this context, Ryr2 becomes necessary to fully drive Pdp activity
and prevent hyperphosphorylation of Pdh. The effects of Ryr2
on Pdh activation may have been partially obscured by basal
reductions in Pdk1 and Pdk4 in the fed-state cRyr2�50 heart
proteome, suggesting the possibility that Pdh activation may
normally be even more sensitive to Ryr2 than our experiments
revealed. Nevertheless, our data clearly demonstrate, for the
first time, that Ryr2 is critically involved in preferentially
increasing glucose oxidation during metabolic stress. The fast-
ing dependence of this system is reminiscent of the conditions
required to uncover changes in Pdh regulation in mice lacking
the mitochondrial Ca2� uniporter, which required either a
metabolic or �-adrenergic stress to display altered Pdh regula-
tion (23, 25).

Our previous research measured the effects of total Ryr2
deletion on oxidative metabolism and reported reduced heart
ATP levels and a general reduction in total oxidative energy
metabolism (20). The present study demonstrates that a 50%
Ryr2 reduction specifically disrupts glucose oxidation, which
suggests that there may be a hierarchy where oxidative metab-
olism of multiple substrates is generally Ca2�-sensitive, but glu-
cose oxidation is attuned to more subtle changes in mitochon-
drial Ca2�. Because glucose oxidation and glycolysis are
frequently uncoupled in models of heart disease before the gen-
eral impairment of oxidative metabolism seen in heart failure
(14, 15), these data also suggest that progressive Ryr2 dysfunc-

FIGURE 2. Cytosolic and mitochondrial Ca2� in cRyr2�50 cardiomyocytes. A, representative simultaneous Fura-2 and Rhod-2 fluorescence traces from
healthy control and cRyr2�50 cardiomyocytes. Bright field images with arrows indicate individual cardiomyocytes from which traces are derived. Panel i,
enlargement of pulse stimulation region. Scale axis begins at 0.9 RU. Inset graphs show average peak systolic Fura-2 ratio and Rhod-2 intensity relative to
baseline. Panel ii, enlargement of 0.5-Hz stimulation region. Scale axis begins at 0.9 RU. Inset graphs show average peak systolic Fura-2 ratio and Rhod-2 intensity
relative to baseline. Panel iii, enlargement of 6-Hz stimulation region. Scale axis begins at 8.5 RU. *, p � 0.05. B, average Fura-2 ratio in control and cRyr2�50
cardiomyocytes during 6-Hz stimulation. White bars � control; solid color bars � cRyr2�50 throughout (mean � S.E.). Sys-Base denotes the difference between
average peak systolic and baseline measurements, Dias-Base denotes the difference between average minimal diastolic and average baseline measurements,
and Sys-Dias denotes the difference between peak systolic and minimum diastolic measurements. *, p � 0.05. C, average frequency of cytosolic Ca2� transients
elicited during 6-Hz stimulation. *, p � 0.05. D, average Rhod-2 intensity in control and cRyr2�50 cardiomyocytes during 6-Hz stimulation. *, p � 0.05. E, average
frequency of elicited mitochondrial Ca2� transients observed during 6-Hz stimulation. For all average values: control n � 63 cells, cRyr2�50 n � 141 cells, three
independent cell preparations from three mice per treatment; *, p � 0.05. F, high resolution microscopy of isolated mouse cardiomyocyte showing colocal-
ization of Rhod-2-AM and MitoTracker Deep Red dye (MitoT-FR). Fluorescent channel images are from a single optical plane from a deconvolved wide field
z-stack. Scale bar is 10 �m. All data were plotted as mean � S.E. Control � Ryr2flox/wildtype � tamoxifen; cRyr2�50 � Ryr2flox/wildtype � Mhy6-MerCreMer� �
tamoxifen.
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tion in disease may contribute to mounting metabolic dysfunc-
tion in a “dose-dependent” manner.

Our results indicate that a 50% reduction in Ryr2 changes the
frequency and amplitude of cytosolic and mitochondrial Ca2�

signals. Because groups of Ryr2 normally function in concert,
due to proximity and physical interaction (8), it is possible that
decreasing Ryr2 abundance reduced the functional coupling
within the Ryr2 signaling apparatus, leading to more gradual
activation and deactivation of Ca2� transients. Our data also
suggest disrupted privileged communication between Ryr2 and
mitochondria. Mitochondria rely on microdomain signaling

where the mitochondrial Ca2� uniporter is paired with Ca2�

release channels to drive mitochondrial Ca2� uptake (16). Our
data suggest that when Ryr2 is reduced, Ca2� cannot flow as
quickly between these two organelles via microdomain signal-
ing. It is possible that deleting 50% of Ryr2 proteins disrupts
SR-mitochondria tethering (43, 44). Ultra-structural/super-
resolution analysis of Ryr2 in this mouse model could form the
basis of a future study.

Another important finding of this study is that a 50%
decrease in Ryr2 is sufficient to significantly reduce heart rate.
In our previous work on total cRyr2 knock-out mice, we noted

FIGURE 3. Cardiac function and heart rate in cRyr2�50 mice. A and B, isolated cardiomyocytes were assessed for average diastolic length (A) and fractional
shortening (B) upon stimulation (n � 3; *, p � 0.05.). C and D, isolated cardiomyocyte contraction rate reported as time to 50% peak contraction (C) and time
to 50% peak relaxation (D). White circles � control; black circles � cRyr2�50. E–G, cardiac output (E), rate pressure product (F), and cardiac work (G) measured
during working heart perfusions (control n � 10, cRyr2�50 n � 13; *, p � 0.05.). White bars � control; black bars � cRyr2�50; throughout. Echocardiograms of
control and cRyr2�50 mice 3 weeks following tamoxifen treatment are shown. BPM, beats per minute. H and I, average cardiac output (H) and fractional
shortening (I) of control and cRyr2�50 mice 3 and 20 weeks following tamoxifen treatment (n � 5). J, average heart rate from implantable ECG radio telemetry.
Blue points denote days prior to tamoxifen injections (red points), but following surgical recovery and the removal of analgesics. Heart rate is normalized to the
average heart rate measured during baseline (gray dashed line). The red dashed line denotes average heart rate of the total cRyr2KO mice reported in our
previous publication (4) K, average heart rate before and after tamoxifen treatment (mean � S.E.; n � 5; *, p � 0.05). All data were plotted as mean � S.E.
Control � Ryr2flox/wildtype � tamoxifen; cRyr2�50: Ryr2flox/wildtype � Mhy6-MerCreMer� � tamoxifen.
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a substantial reduction in heart rate, as well as tachycardic
arrhythmias (4). Our results here show that even in the absence
of acute mechanical dysfunction, stable Ryr2 haploinsufficiency
is sufficient to reduce heart rate, which provides evidence that
this is a bona fide effect of Ryr2 signaling and not a consequence
of heart dysfunction (4). This provides further strong evidence
that Ryr2 is critical for cardiac pace-making and supports a
model where heart rate is regulated by an ensemble of SR and
plasma membrane ion channels (2).

The cRyr2�50 mouse line is a major improvement on previ-
ous loss-of-function Ryr2 models as it is not lethal and does not
show the dramatic changes in cardiac mechanical function
found in total cRyr2KO mice (heart-specific, inducible Ryr2
gene knockout mice). Our cRyr2�50 model also greatly reduces
the potential for confounding long-term compensatory effects
of global, life-long mutations (7), as well as the putative period
of tamoxifen drug effects observed in some studies (45). Addi-
tionally, induced Ryr2 haploinsufficiency models a situation
analogous to disease conditions with a decrease in either Ryr2
expression or function (9 –13) (Fig. 1A). Indeed, numerous
studies have reported reduced Ryr2 levels or function in dia-
betic cardiomyopathy (11), heart failure (12, 13), and aging (10),
implicating Ryr2 dysfunction as an element of heart disease and
its predisposing conditions. Heart disease is also associated
with reductions in the oxidative capacity of the heart and reduc-
tions in the metabolic flexibility including reduced glucose oxi-
dation and increased glycolysis (4). Our study shows that a
chronic 50% reduction of Ryr2 in adult animals, similar to what
is seen in multiple disease states, is sufficient to disrupt normal
glucose oxidation in cardiomyocytes. Thus, Ryr2 dysfunction
may contribute to the impaired metabolic flexibility seen in
heart disease.

Materials and Methods

Experimental Animals—All animal protocols were approved
by the University of British Columbia Animal Care Committee
in accordance with international guidelines. Mice with “floxed”
Ryr2 alleles were generated and characterized previously (4, 5,
20). Tamoxifen-inducible, cardiomyocyte-specific Ryr2 haplo-
insufficiency mice (cRyr2�50 mice) were generated by crossing
C57Bl6 Ryr2flox/wildtype mice with C57Bl6 mer-cre-mer; strain:
005657, The Jackson Laboratory, Bar Harbor, ME). Tamoxifen
was injected i.p. into 8 –16-week-old Ryr2flox/wildtype:mer-Cre-
mer mice and littermate control mice (Ryr2flox/wildtype mice
injected with tamoxifen) for 3 consecutive days at 3 mg/40 g of
body weight. All mice were given �3 weeks recovery after
tamoxifen to reach stable Ryr2 ablation and to circumvent any

possible effects of tamoxifen, which is cleared from mice within
21 days (Fig. 1B) (45).

Ryr2 puncta quantification employed a Ryr2-GFP fusion
protein knock-in allele (28). Cre-expressing, tamoxifen injected
Ryr2flox/GFP mice were compared with tamoxifen-injected
Ryr2GFP/GFP littermate controls.

C56Bl6 SILAM mice (30) were generated by feeding mice
MouseExpress L-LYSINE (13C6, 99%) at 8 g/kg of diet (Cam-
bridge Isotope Laboratories, Andover, MA) for two genera-
tions. Amino acid incorporation within long-lived neuronal tis-
sue was confirmed to be �97%.

To assess differences in Pdh activity, some mice were fasted
for 16 h. All other data were collected from ad libitum fed mice
with a rodent chow diet.

Imaging and Functional Measurements—All live cell analysis
was conducted on cardiomyocytes isolated from cRyr2�50 and
control mice using Langendorff reverse perfusion to introduce
collagenase to the cardiac vasculature (46). All live cardiomyo-
cyte analysis occurred within 8 h of cell isolation, and only rod-
shaped cardiomyocytes with typical cell morphology were con-
sidered in analysis.

Ryr2-GFP puncta were imaged in cardiomyocytes counter-
stained with 5 �M MitoTracker Red FM (Thermo Fisher) for 15
min, followed by a 5-min wash, using a 100�/1.45 oil objective
on a spinning disk confocal system based on Zeiss Axiovert
200M microscope. 3D image stacks, acquired with identical set-
tings, were deblurred by the Nearest Neighbor Deconvolution
module of the SlideBook 6 software (Intelligent Imaging Inno-
vations, Denver, CO), and five representative planes evenly dis-
tributed within each cell were selected for further quantifica-
tions using the CellProfiler software (Broad Institute).
Unprocessed images were used for the analysis related to the
fluorescence intensity of the identified Ryr2-GFP puncta.

Cardiomyocyte Ca2� sparks of isolated cells loaded with 5
�M Fluo-4-AM were imaged through the 63� objective of a
Zeiss LSM 700 confocal microscope in line scan mode (1053
lines per second, 0.142-�m pixel size) in minimal media. Sparks
were quantified using SparkMaster, an ImageJ plugin (47).

To measure whole-cell Ca2� signals, we employed a ratio-
metric Ca2�-sensitive fluorescent dye, Fura-2-acetoxy-
methyester (AM) (Invitrogen). Mitochondrial Rhod-2-AM
(Invitrogen) localization was confirmed by co-loading car-
diomyocytes with 5 �M MitoTracker Deep Red (644/655 nm)
(Invitrogen) and imaging at high resolution using a 100 � 1.45
NA objective on a Zeiss Axiovert-200M microscope with a
CoolSnapHQ2 CCD Camera (Intelligent Imaging Innovations).

FIGURE 4. cRyr2�50 mice have a specific defect in glucose oxidation, associated with hyperphosphorylation and reduced activity of Pdh. A, average
heart ATP, ADP, and AMP as measured by HPLC-chromatography on whole homogenized hearts (n � 3). B and C, non-oxidative glycolysis (B) and complete
glucose oxidation (C) were simultaneously measured in working hearts (control n � 5, cRyr2�50 n � 6; *, p � 0.05). Light blue bars � control, purple bars �
cRyr2�50 throughout. D and E, at the same time, palmitate oxidation (D) and lactate oxidation (E) were measured (control n � 5, cRyr2�50 n � 7). F, diagram
showing the results of targeted mass spectroscopy-based metabolomic analysis of TCA cycle acid intermediaries and glycolysis pathway sugar intermediates
(n � 8; *, p � 0.05; gray � unmeasured). GCK, germinal center kinase; GPI, glycosylphosphatidylinositol; PFK1, phosphofructokinase 1; ALDO, aldo-keto
reductase; PGK, phosphoglycerate kinase; PGM, phosphoglycerate mutase; ENO, eno/pyruvate carboxylase; PK, protein kinase. G and H, pyruvate dehydroge-
nase kinase E1-� subunit serine 293 phosphorylation levels in mice fed ad libitum (white, control n � 3; black, cRyr2�50 n � 3; *, p � 0.05) and fasted overnight
(blue, control n � 5; purple, cRyr2�50 � 6; *, p � 0.05). pPdh, phospho-Pdh; Ctrl, control. I, pyruvate dehydrogenase activity in ad libitum fed and overnight
fasted whole homogenized hearts (fed control n � 7, fed cRyr2�50 n � 8, fasted control n � 8, fasted cRyr2�50 n � 8; *, p � 0.05). J, pyruvate
dehydrogenase kinase isoform mRNA levels in ad libitum fed and fasted cRyr2�50 hearts (n � 6, *, p � 0.05). K, working model of context-dependent
regulation of PDH activity by mitochondrial Ca2�. L, assessment of Akt phosphorylation levels in overnight fasted cRyr2�50 hearts (n � 6; *, p � 0.05).
All data were plotted as mean � S.E.
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Simultaneous cytosolic Ca2� and mitochondrial Ca2� measure-
ments were performed on isolated cardiomyocytes, which were
incubated with 5 �M Fura-2-AM (340 and 380 nm excitation;

�510 nm emission) and 5 �M Rhod-2-AM (550 nm excitation/
580 nm emission) for 15 min and washed for 5 min before imag-
ing using a 10 � 0.5 NA objective Zeiss Axiovert-200M micro-

FIGURE 5. Proteomic analysis of cRyr2�50 hearts. A, schematic depicting the experimental design of the proteomics experiment, including spike-in with
stable isotope-labeled heart tissue (SILAM hearts) to enable quantitative normalization. Four mice per treatment group were pooled and analyzed simulta-
neously by mass spectroscopy. B, distribution of relative protein abundance measurements, with the 25 most enriched proteins (green) and 25 most depleted
proteins (red) between treatment groups listed. C and D, analysis of up-regulated (C) and down-regulated (D) proteins identified significantly enriched
networks (false discovery rate 	 0.05).
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scope with a CoolSnapHQ2 CCD Camera (Intelligent Imaging
Innovations). Additionally, imaged cells were provided a field
stimulation of 80 mA, 5-ms pulses with a hybrid system using a
stimulus isolator (World Precision Instruments, Sarasota, CA)
and a custom-made programmable stimulator (McAfee Scien-
tific) with periods of: individual analog pulses (to test for
responding cells), 0.5-Hz continuous stimulation (to measure
Ca2� transients in the context of full cell relaxation), or 6-Hz
continuous stimulation (to approximate the rapid stimulation
of an in vivo heartbeat). This range was also chosen to correlate
with the cardiomyocyte function and contractility experiment.

Fura-2 ratios to measure relative cytosolic Ca2� and Rhod-2
intensities to measure mitochondrial Ca2� were quantified
using the SlideBook software (Intelligent Imaging Innovations).
Along with the prior conditions, only cardiomyocytes that dis-
played stable non-stimulated Fura-2 and Rhod-2 baselines as
well as excitability to an initial five field stimulation pulses were
considered in this analysis. Cardiomyocytes from at least three
independent isolations per treatment group were studied.

Cardiomyocyte function and contractility were assessed as
described elsewhere (48). Briefly, a suspension of the isolated
ventricular cardiomyocytes was transferred to a chamber with

FIGURE 6. Parallel analysis of functional protein categories in cRyr2�50 hearts. A–C, visualization of the changes of key cardiac proteins arranged into
functional clusters of excitation-contraction coupling proteins (A), glycolysis and glucose oxidation proteins (B), or fat oxidation and other key metabolic
proteins (C). Data are plotted as the -fold difference between cRyr2�50 and control hearts (one sample per group made with four pooled hearts per sample to
reduce variation). Red, �0.75-fold change; orange, �0.85 change; pale green, �1.15 enrichment; dark green, �1.25 enrichment. Gray schematics show location
of presented glucose and fat oxidation proteins in their respective pathways.

FIGURE 7. Electron transport chain, ATP synthase complex, and other metabolic effectors in cRyr2�50 hearts. Visualization of the changes of additional
cardiac proteins arranged into functional clusters of electron transport chain, metabolic, calcium-sensitive, and cardiac pathology associated proteins is
shown. Data are plotted as the -fold difference between cRyr2�50 and control hearts (one sample per group made with four pooled hearts per sample to
reduce variation). Red represents a �0.75-fold change, orange represents a �0.85 change, pale green represents a �1.15-fold enrichment, and dark green
represents a �1.25-fold enrichment.
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stimulating electrodes (Cell MicroControls, Norfolk, VA) that
was precoated each day with laminin (1 mg/ml) to help immo-
bilize the cells, and then fixed to the heated stage of an Olympus
IX70 inverted microscope with 400� quartz optics. The cells
were continuously superfused with Tyrode’s solution consist-
ing of 1.5 mmol/l CaCl2 in 95% O2, 5% CO2 at 0.5–1 ml/min at
34 –36 °C. An IonOptix (Milton, MA) video system imaged the
cells at 240 Hz, allowing measurement of the degree and rate of
myocyte shortening during field stimulation at various fre-
quencies using a programmable stimulator.

In Vivo and ex Vivo Functional Analysis—Cardiac function
was examined by echocardiography as described previously (4).
Briefly, we utilized a Vevo 770 high-resolution image system
(FUJIFILM VisualSonics, Inc., Toronto, Ontario, Canada) (49).
Left ventricular mass and systolic function, left ventricular end-
systolic and end-diastolic dimensions, interventricular septum
thickness, and posterior wall were measured from M-mode
traces. Shortening and ejection fraction were calculated as
described (49).

Heart rate was assessed by echocardiography and concurrent
ECG as described (4). In vivo heart rate was also assessed using
implantable ETA-F10 ECG radiotelemetry as described (4).
Heart rate and rhythmicity were analyzed following recovery
from surgery and after the discontinuation of all analgesic
drugs.

Ex vivo analyses of heart function and metabolism were car-
ried out using the working heart perfusion model (4, 20, 50).

Myocardial substrate utilization was measured in working
hearts as detailed elsewhere (20, 51). Glycolysis, as well as myo-
cardial rates of oxidation of palmitate, glucose, and lactate were
determined by the quantitative collection of 3H2O or 14CO2

produced by hearts perfused with Krebs-Henseleit solution-
containing either [9,10-3H]palmitate and [U-14C]lactate or
[U-14C]glucose and [5-3H]glucose.

Metabolomics—Mouse hearts were weighed, and then
homogenized in 375 �l of 50% MeOH/100 mg of tissue weight
with the aid of two 5-mm metal balls shaken for 1 min at 30 Hz.
Sample temperature was kept below 
10 °C during homogeni-
zation. 375 �l of methanol/100 mg of homogenate weight were
then added, and the sample was homogenized again for 2 � 1
min. The tube was placed on ice for 30 min and centrifuged at
4 °C and 13,000 rpm for 20 min. The supernatant was collected
and stored at 
20 °C for UPLC-FTMS and UPLC-MRM/MS.
Quantification of carboxylic acids was performed using chem-
ical derivatization with 3-nitrophenylhydrazine followed by
subsequent UPLC-MRM/MS determination according to a
protocol as described elsewhere (52). Quantitation of glucose,
other datable aldoses, and reducing sugar phosphates in the
mouse heart tissues was performed using chemical derivatiza-
tion with anion exchange chromatography followed by UPLC-
MRM/MS determination using a previously described protocol
(53). Selective quantitation of fructose 1,6-bisphosphate was
performed using UPLC-MRM/MS with chemical derivatiza-

FIGURE 8. Transcriptomics analysis of cRyr2�50 hearts. A, biological Gene Ontology (PANTHER) groups of significantly changed genes in the cRyr2�50 heart
transcriptome. B–G, changes in the mRNA levels of Ryr2 (B), as well as other genes involved in excitation-contraction (C), contractility (D), energetics (E),
biosynthetic pathways (F), and extracellular matrix (G) (n � 4, *, p � 0.05). All data were plotted as mean � S.E. Control � Ryr2flox/wildtype � tamoxifen; cRyr2�50:
Ryr2flox/wildtype � Mhy6-MerCreMer� � tamoxifen.
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tion. AMP, ADP, and ATP levels were assessed using high-per-
formance liquid chromatography in freeze-clamped hearts.

Pdh Activity Assay—Pdh activity was measured in proteins
isolated from clamp-frozen, homogenized heart. Buffers
included 2 mM EDTA, 2 mM NaF, 1� Complete mini EDTA-
free protease inhibitor cocktail tablet per 10 ml of buffer (Roche
Applied Science, Basel, Switzerland), and 100 �l of sodium
orthovanadate gel to preserve Pdh phosphorylation. Pdh activ-
ity and quantity were measured using a Pdh Microplate Assay
KIT (Abcam, Cambridge, UK). Pdh activity was normalized to
total Pdh in each sample, as well as an internal normalization
factor to account for run-to-run variations.

Transcriptomics—RNA was isolated from heart tissue using
TRIzol, followed by cleanup (RNeasy; Qiagen, Venlo, The
Netherlands). After reverse transcription (SuperScript III;
Invitrogen), TaqMan quantitative RT-PCR (qPCR) was con-
ducted using probes from Applied Biosystems (Carlsbad, CA)
and PerfeCTa qPCR SuperMix (Quanta Biosciences, Gaithers-
burg, MD) on a StepOnePlus thermocycler (Applied Biosys-
tems). SYBR Green quantitative RT-PCR was conducted using
PerfeCTa SYBR Green qPCR SuperMix (Quanta Biosciences,
Gaithersburg MD). Relative gene expression changes were ana-
lyzed by the 2
�Ct method and plotted in normalized relative
units (RU). Hypoxanthine-guanine phosphoribosyltransferase
(HPRT) and cyclophilin were used as internal controls, after
ensuring that they were not altered in cRyr2KO cardiomyo-
cytes. TaqMan cyclophilin primers were 5�-GTCTGCAAAC-
AGCTCGAA-3�, 5�-ACGCCACTGTCGCTTT-3�, and 5�-/56-
FAM/TGCAGCCATGGTCAAC-3� (produced by Integrated
DNA Technologies, Coralville, IA), where FAM is 6-carboxy-
fluorescein. Additional primer details are available in supple-
mental Tables S1–S4.

RNA sequencing employed Ion Torrent� technology (Life
Technologies). Specifically, total RNA was quantified using the
QubitTM RNA Assay Kit and the Qubit� 2.0 Fluorometer, and
its RNA integrity number was measured with the Agilent RNA
6000 Nano Kit on the 2100 Bioanalyzer instrument with the
2100 Expert software. Isolation of mRNA was then performed
using the Dynabeads� mRNA DIRECT Micro Kit. Whole tran-
scriptome libraries were constructed using the Ion Total RNA-
Seq Kit on the AB Library BuilderTM System. Yield and size
distribution of the transcriptome libraries were assessed using
the Agilent High Sensitivity DNA Kit on the 2100 Bioanalyzer.
Templating was constructed using the Ion OneTouchTM 2 Sys-
tem using the Ion PITM Template OT2 200 Kit V3 before
sequencing using the Ion PITM Sequencing 200 Kit V3 on the
Ion ProtonTM System. Initial analysis and gene counts were
performed on the Torrent SuiteTM software (version 4.2.1).
Downstream analysis was conducted using the Tuxedo pipeline
as well as the CummeRbund software suite in R software (54).

Proteomics—Targeted protein measurement was conducted
using Western blots on lysates from mechanically disrupted
hearts, which were homogenized and sonicated in ice-cold lysis
buffer. Samples were quantified and boiled with loading dye,
and 15–50 �g of protein were used in SDS-PAGE electropho-
resis. Proteins were then transferred to PVDF membranes
using standard semi-dry (�120 kDa) or wet transfer (�120
kDa) approaches and subsequently treated with targeted pri-

mary and horseradish peroxidase-conjugated secondary anti-
bodies. Bands were visualized using an enhanced chemilumi-
nescence detection kit, and then quantified by densitometry.
The following commercial antibodies were used: anti-Eea1
(Ab2900, Abcam, Cambridge, UK), anti-PdhS293 (NB110-
93429, Novus Biologicals, Littleton, CO), anti-Pdh
(Ab110330, Abcam), anti-pAktS473 (9271, Cell Signaling,
Danvers, MA), and anti-Akt (2966, Cell Signaling). Rabbit
polyclonal anti-RYR2 antibodies were provided by Dr.
Anthony Lai. For Ryr2 Western blots, we utilized anti-Eea1
as a large protein loading control, which we previously vali-
dated (as described in Ref. 4).

Hearts were briefly perfused to reduce the number of red
blood cells and blood-borne proteins, and then rapidly frozen,
prior to proteomic analysis. Frozen hearts were mechanically
homogenized, and then proteins were isolated and treated as
described previously (55). Isolated protein samples from four
individual mice per treatment group were then pooled, quanti-
fied, and mixed 1:1 by weight with SILAM heart tissue (30) that
was prepared in the same manner, before final sample pro-
cessing as described (55). Sample digestion and offline fraction-
ation were also conducted as described (55) with the exception
that endoproteinase LysC was used in place of trypsin for the
full digestion. High-pH reverse phase fractionation and mass
spectroscopy were conducted as described previously (55).
Briefly, each sample was fractionated by high-pH reversed
phase on an Agilent Zorbax Extend-C18 analytical column (5
�m, 4.6 � 50 mm) into eight fractions per sample, which were
then measured using a Thermo Q-Exactive Hybrid Quadrupole
Mass Spectrometer coupled to a Thermo Easy nLC-1000 Liq-
uid Chromatograph. Each fraction was resolved on a 180-min
gradient and analyzed on the mass spectrometer in positive ion
mode, at 70,000 resolution, from 300 to 20,000 m/z. All mass
spectrometry data were captured in profile mode. The 10 most
intense peaks were selected (underfill ratio of 10%, 2.2 m/z iso-
lation window, and a normalized collision energy of 28 with
20% stepping) for fragmentation by higher-energy collisional
dissociation, and were excluded thereafter for 30 s. Peptides
with unassigned charge states, and those with charge 1, were
not selected. Peptide identification was carried out using the
Andromeda algorithm using the MaxQuant software version
1.5.0.0 from the mouse UniProt database (July 2014), largely
using the following settings: endoproteinase LysC cleavage
specificity, maximum two missed cleavages, including carbam-
idomethyl cysteine as a fixed modification and protein N-ter-
minal acetylation, methionine oxidation, and asparagine and
glutamine deamination as variable modifications. Match
between runs and dependent peptide search were both used in
addition to the default 1% false discovery rate settings. Razor
peptides were used for quantification, and MaxQuant re-quan-
tification was enabled. Obvious blood-borne, non-cardiac pro-
teins (e.g. albumin) were ignored.

Statistical Analysis—Data are expressed as mean � S.E.,
unless otherwise indicated. Results were considered statisti-
cally significant when p � 0.05 using Student’s t test or, where
appropriate, two-factor mixed design analysis of variance with
repeated measures and Bonferroni’s post test. All experiments
were repeated on at least three cRyr2�50 mice and at least three
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of their tamoxifen-injected littermate controls (Ryr2flox/wildtype)
unless otherwise specified.
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