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Abstract

Consumption of adenosine triphosphate (ATP) by the heart can change dramatically as the
energetic demands increase from a period of rest to strenuous activity. Mitochondrial ATP
production is central to this metabolic response since the heart relies largely on oxidative
phosphorylation as its source of intracellular ATP. Significant evidence has been acquired
indicating that Ca2* plays a critical role in regulating ATP production by the mitochondria. Here
the evidence that the CaZ* concentration in the mitochondrial matrix ([Ca2*],) plays a pivotal role
in regulating ATP production by the mitochondria is critically reviewed and aspects of this process
that are under current active investigation are highlighted. Importantly, current quantitative
information on the bidirectional Ca2* movement across the inner mitochondrial membrane (IMM)
is examined in two parts. First, we review how Ca2* influx into the mitochondrial matrix depends
on the mitochondrial Ca2* channel (i.e., the mitochondrial calcium uniporter or MCU). This
discussion includes how the MCU open probability (Pp) depends on the cytosolic Ca*
concentration ([Ca2*];) and on the mitochondrial membrane potential (A ,). Second, we discuss
how steady-state [Ca?*]y, is determined by the dynamic balance between this MCU-based Ca2*
influx and mitochondrial Na*/Ca%* exchanger (NCLX) based Ca2* efflux. These steady-state
[Ca®*]m levels are suggested to regulate the metabolic energy supply due to Ca?*-dependent
regulation of mitochondrial enzymes of the tricarboxylic acid cycle (TCA), the proteins of the
electron transport chain (ETC), and the F1Fy ATP synthase itself. We conclude by discussing the
roles played by [Ca%*], in influencing mitochondrial responses under pathological conditions.
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Introduction

Cardiac mitochondria generate almost all of the cytosolic ATP that is used to meet the
massive and variable energy demands of the heart. Heart work is required to maintain blood
pressure while pumping oxygenated blood throughout the tissues of the body under diverse
highly variable conditions. Contributing to this need are the 10,000 to 20,000 mitochondria
within each ventricular myocyte. Their importance is highlighted by their abundance and
their dominant presence within the cell; the mitochondria occupy rough 33% of the cellular
volume in each ventricular myocyte [1]. This is the largest mitochondrial volume-fraction
found in any mammalian cell. The cardiac contraction is activated by a [Ca%*]; transient
which triggers crossbridge cycling under load and ATP consumption by the myosin
ATPases. Ca?* is thus an excellent signal for the cell to use to monitor contractile behavior
of the heart in part because it can enter the mitochondrial matrix and influence the behavior
of key enzymes. Ca2* readily crosses the outer mitochondrial membrane (OMM) through a
large channel that is always permeable to Ca2*. This channel, somewhat erroneously named
the “voltage dependent anion channel” (VDAC) [2-4], permits Ca2* flux into the
intermembrane space. Ca2* entry from the intermembrane space into the mitochondrial
matrix is primarily through highly selective, low conductance, Ca?* channels known as
mitochondrial calcium uniporter channels (MCU channels) [5-9]. The Ca2* that enters the
matrix can be pumped back into the intermembrane space by the mitochondrial sodium-
calcium exchanger (NCLX) [10,11]. The matrix [Ca2*] (or [Ca*] 1) is thus set by the
dynamic balance between MCU Ca2* entry and NCLX Ca2* extrusion. The [CaZ*],, is thus
the dynamic result of a classic pump-leak balance system. A higher heart rate, for example,
would tend to increase [Ca2*] . In quiescent heart cells the [Ca2*] in the mitochondrial
matrix, [CaZ*],, is estimated to be around 100 nM or similar to the quiescent cytosolic
[CaZ*]; [12]. The heart rate in mammals is 1-10 Hz (humans to mice) and the regular [Ca2*]
i transients elevate cytosolic [Ca%*]; from about 100 nM to 0.5 to 1.0 pM (cell-wide average
at the peak of the [Ca2*] j transient. There is consequently a Ca* gradient during the [Ca2*];
transient that favor Ca2* moving from the cytosol to the mitochondrial matrix and this
chemical gradient is augmented by the electrical potential of the inner mitochondrial
membrane (AY = 180 mV) that also favors Ca2* entry into the mitochondrial matrix [13].
The regular elevation of [Ca2*] ; is thought to increase not only the electrochemical gradient
favoring Ca2* entry into the matrix but also increases the open probability (Pp) of the MCU.
Thus, together they increase CaZ* entry into the matrix such that [Ca2*], increases from
about 100 nM to 1-3 uM during sustained heart activity [11,12,14]. See Boyman et. al.,
2013 [11] for more details regarding [Ca?*] ,, dynamics during [Ca2*]; transients in heart.
The array of [Ca2*],,-sensitive channels, dehydrogenases (DHOs) and proteins within the
matrix or in the inner mitochondrial membrane (IMM) enable an activity dependent signal
([Ca?*]y) to regulate the metabolic behavior of the mitochondria. Here we review Ca2*
dependent regulation of the metabolic behavior of the mitochondria in heart. Although there
is an emphasis on areas of dispute or controversy and topics with particularly active ongoing
research activity, we will also seek to relate our discussion specifically to [Ca%*], [Ca2*];,
[ATP], [ADP], inorganic phosphate (P;), concentrations of reactive oxygen species [ROS],
the identity and character of the mitochondrial permeability transition pore (mPTP) and
MCU.

J Mol Cell Cardiol. Author manuscript; available in PMC 2019 May 25.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnue Joyiny

Williams et al. Page 3

Mitochondrial Calcium Dynamics

The mitochondrial membrane potential (A¥ ).

The proton and electrical gradients are created by the pumping of protons across the IMM
into the intermembrane space by Complexes I, 111, and IV. These complexes are parts of the
electron transport chain (ETC) which consume energy to create the large negative potential
(AY m ~ =180 mV) across the IMM which in turn powers ATP synthesis by Complex V.
Additionally, this negative membrane potential creates a strong electrochemical driving
force for CaZ* entry into the mitochondrial matrix.

The mitochondrial Ca2* uniporter (MCU).

In excitable cells the primary pathway of Ca2* entry into the mitochondrial matrix is via the
MCU. Mitochondria have been known to accumulate Ca2* ions from surrounding solution
since the early 1950s [16]. The uptake of Ca2* into the mitochondria was first quantified in
1961 using radioactive Ca2* (Ca*°) [17]. This entry of Ca2* is driven by the highly negative
potential of the IMM. However, the mechanism of this uptake remained unknown until in
2004 when the MCU was characterized as a low affinity, highly selective ion channel [5].
The molecular identity of the major channel-forming subunit of the MCU complex
(CCDC109A) was first reported in 2011 [6,9]. The pore-forming complex consists of
multiple MCU subunits, each with two transmembrane domains [18]. Silencing of the MCU
gene abolished Ca?* entry into the mitochondria. Additionally, recent work has shown that
the MCU open probability is critically regulated by other IMM proteins, including MICU1
(Mitochondrial Ca2* Uptake 1), MICU2 (Mitochondrial Ca2* Uptake 2), MCUR1
(Mitochondrial Ca?* Uniporter Regulator 1), SLC25A23, and EMRE (Essential MCU
REgulator) (see Fig. 2) [18-31]. A paralog of MCU (MCUb, CCDC109B) also exists but
lacks channel activity and typically has lower expression than MCU, however, expression of
MCUb is significant in heart, lung, and brain [32]. MICU1 and MICU2 appear to adjust
MCU activity by exerting opposing effects in response to changes in [Ca2*]; [22]. MICU1
acts to limit uptake during basal [Ca2*]; levels but activates Ca2* uptake when [Ca2*]; is
elevated while MICU2 appears to predominantly act as a MCU inhibitor. However, many
details regarding MICU1’s regulation of MCU Pg remain unanswered, especially regarding
MICUL1 localization. One model suggests that MICU1 localizes to the mitochondrial matrix,
while another model suggests MICUL is localized in the inter-membrane space. It seems that
additional work will be required to clarify the exact mechanisms related to MCU regulation.
Regardless, this Ca2*-dependent regulation of the IMM Ca2* entry pathway is important
since cardiac mitochondria are routinely bathed in elevated levels of [Ca?*]; during each
heartbeat with the ends of the intermyofibrillar mitochondria (IFM) being bathed in up to 10
UM free [Ca?™]; (see Fig. 1C). However, the MCU regulators appear to result in low MCU
Po under physiological [Ca2*]; levels [8] and the kinetics of changes in P remain unknown.
The insights and analysis of existing quantitative uptake measurements have allowed the
formation of a comprehensive model of mitochondrial Ca2* uptake,

i
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where P is sigmoidal function of [Ca%*];. See [8] for more details.

Our recent investigation indicated that normal physiological mitochondrial CaZ* uptake is
small as is release, and hence unlikely to affect [Ca2*]; signals [12]. Regarding
mitochondrial Ca2* uptake, we have implemented a model to assess how large Jyc, Would
need to be in order to significantly alter [Ca2*]; signals. We found that to influence the
[CaZ*); transient or local Ca?* sparks, Jme, Would need to be at least 100 fold higher than its
known value. This finding suggest that under normal physiological conditions mitochondria
are not significant dynamic buffers of [Ca2*]; in heart and this model-dependent test is
supported by direct experimental measurements.

The mitochondrial Na*/Ca?* exchanger (NCLX).

Na*-dependent Ca2* efflux from the mitochondria was identified over 40 years ago [33,34].
Surprisingly, Li* was also able to induce Ca?* efflux, apparently by serving as a monovalent
substitute for Na*. This Li*/Ca2* exchange capability contrasts with other Na*/Ca%*
exchangers, and therefore led to the “L” (for Li*) in NCLX [10,35]. Located within the
IMM, NCLX serves as the primary means of CaZ* extrusion from the mitochondrial matrix
of excitable cells (e.g., heart) while non-excitable cells rely to a certain extent on H*/Ca2*
exchange. Na* which enters the matrix as part of the NCLX exchange process, and possibly
other Na* leak pathways, is then removed from the mitochondrial matrix to the cytosol by
the Na*/H* exchanger [36,37].

The features of the ion transport mechanism of NCLX remain unknown, and are under
active investigation. For example, the exchange stoichiometry (i.e. whether 2, 3 (or more) Na
* ions are exchanged for 1 Ca2* ion by NCLX) is not known. If 3 Na* ions are exchange for
1 Ca%* ion by NCLX then the exchanger would be electrogenic since 1 net electrical charge
would be translocated across the IMM when one Ca2* was transported in the opposite
direction. Alternatively, it could be that 2 Na* ions are exchanged for 1 Ca2* ion. If so,
NCLX would be electroneutral. The electrogenicity of NCLX have profound implication for
its sensitivity to changes of A¥ ,,. If electrogenic, then NCLX would be modulated by
changes in A¥,, as may happen under conditions of stress or disease and this would intern
alter [Ca2*]; which would alter properties of the Ca?*-sensitive proteins. In addition, NCLX
probably is sensitive to [Na*]j and pH in the cytosol and in the matrix. Our limited ability to
provide calibrated measurements of [Na*] with high temporal resolution makes studies of
Na*-dependent modulation of NCLX challenging. Nevertheless, numerous studies have
shown that the Na-dependent Ca2* efflux mediated by NCLX is exquisitely sensitive to [Na
*]i changes within the physiological range (i.e., 3-15 mM) [34,38-40].

Under steady-state conditions, the same amounts of Ca2* which enters the mitochondrial
matrix during each [Ca2*]; transient must be extruded by NCLX. Any perturbation of [Na*];
will influence NCLX Ca2* efflux. In the simplest case this would imply that a rise in [Na*];
would increase NCLX Ca2* efflux, and will tend to reduce the amounts of Ca2* that the
mitochondria can accumulate, which will also reduce time-averaged [Ca2*],,,. Numerous
studies have explored this possibility by rising [Na]; to as high as the levels that are expected
under pathological conditions (i.e., 15 mM). The effects were pronounced, and included
blunted bioenergetic response following sudden transition to strenuous cardiac activity
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[41,42]. These effects are primarily attributed to alterations of [Ca?*], dynamics, and are
discussed in more details in [8,11].

Using available information, Dash and Beard described a mathematical formulation of
NCLX activity during either electroneutral or electrogenic transport [43]. This formulation
was extended recently to investigate how NCLX flux (Jhc1x) may change during the cardiac
[CaZ* ]; transient, and how J,qjx is expected to change due to [Na*]; perturbations [11]. The
effects of [Na*]; on Jnclx are explicit, and further highlight the potential adverse
pathological contribution of NCLX to dysregulation of [Ca2*],.

In addition to learning about the function of NCLX in cardiac mitochondria, recent work has
examined NCLX, a ubiquitous mitochondrial protein found in many tissues throughout the
body [10]. In HeLa cells NCLX is critical for [Ca2*],,-dependent regulation of NADH
production [44]. In astrocytes silencing of NCLX expression affects exocytotic glutamate
release, in vitro wound closure, and proliferation [45]. In pancreatic beta cells, silencing the
expression of NCLX alter the intracellular signaling pathways that normally activate when
the plasma levels of glucose rise [46].

Buffering of [Ca?*] (Bm).

While steady-state [Ca2*],, levels are determined by the balance between influx via MCU
(and any other Ca2* influx pathway) and efflux via NCLX (and any other CaZ* extrusion
mechanisms), transient changes of [Ca%*],,, depend also on the “low pass filter” we call Ca*
buffering within the mitochondrial matrix. This buffering effect is pronounced when the
heart changes its rate and/or workload. Ca2* buffering levels in the mitochondrial matrix will
be critical in determining how long it take to reach a new steady-state [Ca2*], level.
Because [Ca?*]y, is important in the regulation of mitochondrial metabolism in response to
changes in workload (see Mitochondrial Energetics in a Working Heart section below), the
effect of buffering is critical to mitochondrial function. Too much buffering would delay the
mitochondria’s ability to increase ATP production when demand is great, while too little
buffering could produce highly variable and changing [ATP];. that may adversely affect
ATP-dependent processes. Unfortunately, numerous studies into Ca2* buffering within the
mitochondrial matrix have reported vastly different results. Early studies have suggested that
matrix buffering is roughly equivalent to the cytosol (i.e., 1% free) [47—-49] while more
recent studies have reported much larger buffering fractions consisting of differing “classes”
of buffers [50-54]. With [CaZ*],,, levels regulating so much of mitochondrial function (see
below), additional quantitative studies at high temporal and spatial resolution of
mitochondrial [CaZ*],,, and cytosolic [ATP] are needed to further clarify the dynamics of
matrix Ca2* buffering.

Total mitochondrial Ca2* content can vary greatly. We, and others, have shown that
quiescent cells have a free [Ca?*],, of approximately 100 nM (see [14,55]. Assuming a
100:1 buffering ratio and a 3:1 cytosol to matrix volume ratio, quiescent cells would have
approximately 3 pmoles of Ca2* per liter of cytosol. During pacing [Ca%*],, would likely
rise to 15— 90 uM (per L cytosol) [11,14]. Higher levels of matrix buffering would yield
correspondingly higher levels of total [Ca2*],. It is important to note that mitochondria are
certainly capable of taking up significant amounts of Ca2* under non-physiological
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conditions. For example, total mitochondrial content from experiments on suspensions of
isolated mitochondria suggest that with high [Ca2*]; (e.g. 100 pM) total [Ca2*],, levels can
climb to 4-10 millimoles of CaZ* per liter of cytosol [56]. The release of even a small
fraction of this [CaZ*] ,, would result in significant changes in [Ca2*]; and likely detrimental
contracture. However, during normal, quiescent conditions the instantaneous release of all
matrix Ca2* from all the cell’s mitochondria would only raise [Ca2*]; ~ 30 nM. Even during
paced activity the complete, instantaneous release of matrix Ca2* would result in a modest
submicromolar increase in [Ca?*];. Such a release is very unlikely and in our recent paper
[55] we observed no influence on [Ca?*]; following the complete loss of A¥ ,,. Note, the
estimate above assume 40 mg of mitochondrial protein per liter of cell and a cellular to
cytosolic volume ratio of 2:1

The Leucine zipper-EF-hand containing transmembrane protein 1 (Letm1).

Letm1 was identified in 1999 as one of the genes contributing to multi-system Wolf-
Hirschhorn syndrome [57,58] a multi-system disorder involving loss of variable amounts of
the short arm of chromosome 4 including Letm1. Letm1 encodes a mitochondrially targeted,
membrane bound protein with 2 EF-hand motifs. Early work showed that Letm1 was critical
to mitochondrial shape and function possibly responsible for maintaining K* homeostasis
[59-63]. In 2009, a genome-wide RNAI screen identified Letm1 as an electrogenic
(1Ca2*/1H*) calcium-proton antiporter [64] which was sensitive to ruthenium red sensitive.
An additional study in 2013 using reconstituted Letm1 in liposomes found Letm1 to be an
electroneutral (1Ca2*/2H*) calcium-proton exchanger which was insensitive to ruthenium
red [65]. Combined there is now significant evidence that LETM1 is the genetic identity of
the mammalian Ca?*/H* exchanger [64—68]. However, other studies have reinforced the role
of Letm1 in K* and mitochondrial volume homeostasis and suggested Letm1 primarily
functions as a electroneutral proton-potassium exchanger (1H*/1K*) [69]. This is supported
by work by Demaurex and co-workers which showed that NCLX, and not Letm1, is
responsible for extruding Ca2* from the mitochondria [44]. Some have even suggested that
Letm1’s role might change based on conditions [70]. For example, it has been suggested that
Letm1 might mediate CaZ* influx into mitochondria due to the presence of ER,
mitochondrial microdomains. However, mechanistic models of such ER/SR/mitochondrial
behavior that are constrained by quantitative data do not yet exist. It is important to note,
furthermore, that such “privileged” exchange, transport or conductance is rare and
experiments to test them are experimentally challenging. Specifically, such hypothesized
Letm1 local Ca2* exchange is thermodynamically very unfavorable and only feasible for
Letm1 proteins located on the ends of a mitochondrion closest to the CRU and only when
[CaZ*] is very high (i.e., 10 uM) and [Ca%*],, is still low (i.e., 100 nM). Moreover, this
estimate assumes a electroneutral exchange of 2H* for 1 Ca2*. Even this very spatially
localized condition would be extremely fleeting as such [Ca2*]; levels only persist for a few
milliseconds during a Ca?* spark and/or [Ca%*]; transient [8]. However, while non-
physiological, this behavior could be more relevant during experimental protocols where
mitochondria are exposed to large boluses of free [CaZ*]; such as those commonly used to
investigate mitochondria Ca2* fluxes in vitro or [Ca2*],, dynamics in model cells. What is
clear is that Letm1 is important for normal mitochondrial function but elucidating the exact
details of its function will likely require additional quantitative experiments. Additionally,
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Letm1 expression has been suggested to be very low in excitable cells [71,72] and therefore
likely not relevant to mitochondrial Ca* dynamics in heart.

Mitochondrial Metabolism

Glycolysis alone can not meet the massive energy demands of a beating heart cell. The heart
relies on oxidative phosphorylation to generate ATP within the mitochondria primarily from
lipid sources. Cytosolic pyruvate is translocated into the mitochondria [73,74] and converted
to acetyl-CoA which then enters the TCA cycle. The TCA cycle utilizes dehydrogenases and
enzymes to break down acetyl-CoA to oxaloacetate in a process involving 7 intermediates
(see Fig. 3) {Krebs:1970vh}. The decarboxylation step in the conversion of isocitrate to a -
ketoglutarate by isocitrate dehydrogenase is the rate limiting step for the entire citric acid
cycle [75]. For every acetyl-CoA molecule that enters the cycle, three NAD and one FAD
molecules are reduced to NADH and FADHoy, respectively. These reduced, high energy
dinucleotides then provide the energy to pump protons across the IMM through a series of
inner membrane clustered interacting proteins known as the electron transport chain (ETC).
The detailed workings of the electron transport chain are well documented [76,77]. Briefly,
four membrane bound complexes make up the ETC. Complex | removes two electrons (e7)
from NADH and transfers them to ubiquinone (Q) and then translocates four protons (H*)
across the IMM. Complex Il transfers additional e~ to Q but pumps no H*. Complex Il
transfers four H* to the intermembrane space in a two step process which includes the
transfer of two other H* to Q. Complex IV is the final H* pump in the ETC and transfers
four H* across the IMM and transfers four e~ from cytochrome ¢ (C) to molecular oxygen,
creating two molecules of water (H,0). This pumping of H* by the ETC generates the “H*-
motive force” or “proton-motive force” utilized by Complex V to phosphorylate adenosine
from the lower energy diphosphate form (ADP) to the higher energy triphosphate form, ATP.
Each glucose molecule generates two acetyl-CoAs resulting in a net production of 30 ATP
molecule from two full cycles of the TCA cycle and sequential oxidative phosphorylation. In
a single cardiomyocyte, the large number of IFMs combine to generate approximately 100 —
500 (depending on heart rate) pmoles of ATP per liter of cytosol every second.

Calcium-Dependent Regulation of NADH Production

Early understanding of Ca2*-dependent regulation of some of the key enzymes in the TCA
cycle comes from an investigation of pyruvate dehydrogenase (PDH) and the role played by
phosphorylation [78,79] with the rapid development of an appreciation of how the process to
Ca?* [80]. The apparent Kp, for this Ca?* sensitivity was found to be abouot 10 pM [81].
The discovery by Denton et al. of the role played by Ca2* was soon followed by a more
comprehensive screening of the entire TCA cycle for Ca2* sensitivity [82]. This effort
determined that the affinity of a-ketoglutarate dehydrogenase (KDH) for a-ketoglutarate
increased in the presence of Ca?* without a change in Vmax. The apparent Kp for KDH Ca2*
sensitivity varies based on based on ADP and ATP levels but ranged from 200 nM to 2 uM
[83]. Ca2* can also indirectly increase KDH activity by 100 fold via Ca2* binding to ATP,
ADP, NADH, and P; [84]. Finally, both Ca?* and ADP increase the affinity of isocitrate
dehydrogenase (ICDH) for isocitrate without changing its Vnax [85]. The Kp for ICDH’s
Ca?* sensitivity varies based on ADP and ATP levels but ranges from 5 uM to 50 pM [83].
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Additionally, Ca* sensitivities for enzymes and transporters affiliated with the TCA cycle
have been observed. For example, membrane bound FAD-glycerol phosphate dehydrogenase
(GPDH) activity increases with Ca2* (Kp ~ 100 nM) [86]. Note that GPH likely senses the
[CaZ*]; present in the intermembrane space ([Ca%*]ims) and not [Ca2*]y, as with PDHP,
KDH, and ICDH. Also sensitive to [Ca2*]; in the intermembrane space are the two aspartate-
glutamate carriers, Aralarl and Citrin. Both these carriers have half maximal Ca2*
sensitivity constants of approximately 350 nM. Pyrophosphatase, the enzyme which
catalyzes the conversion of one molecule of pyrophosphate to two phosphate ions, and NO
synthase (n-NOS), the enzyme responsible for catalyzing the production of nitric oxide (NO)
from L-arginine are also sensitive to [Ca%*],,, [87,88]. Activation of n-NOS by [Ca%*], (Kp
~5 uM) could result in diminished ATP levels. Additionally, the ADH has been suggested to
be regulated by Ca2* [89,90], however, this effect may be indirect [91]. Figure 4 shows a
visual summary of the diverse ways that Ca2* regulates mitochondrial matrix proteins and
enzymes over physiological and pathological ranges of [Ca?*],. The largest source of
acetyl-CoA and substrates for oxidative phosphorylation (e.g., NADH and FADH>) in the
heart is via beta-oxidation of fatty-acids within the mitochondria (and peroxisomes) [92].
However, the key enzymatic steps of beta-oxidation are less sensitive to [Ca2*],, than those
of glycolysis, the TCA cycle, and oxidative phosphorylation itself [93]. For a more details
regarding beta-oxidation in heart we refer the reader to more comprehensive reviews on this
topic [92,94].

Calcium-Dependent Regulation of ETC and F;Fy; ATP synthase.

While Ca2*-dependent activation of PDHP, KDH, and ICDH have been well established for
many years, more recently investigations have revealed Ca2* sensitivities of the proteins and
complexes associated with the ETC. The electron flow through ubiquinone and Complex Il
has been shown to be sensitive to Ca?* [95]. However, this sensitivity appears to be to
intermembrane space (ims) Ca?*, [Ca%*]ims. Even more recently work by Balaban et al. in
2013 showed Ca2* sensitivity for all three proton pumps in the ETC (i.e., Complexes I,111,
and V) [96]. The turnover rate of these three proton pumps increased over 2-fold in
response to elevations of Ca2*. One unfortunate consequence of the approach used is that
they were unable to determine if the Ca2* sensitivities were in response to changes in
[CaZ*]y, or [Ca2*]ims. Furthermore, the effect appears to be due to indirect Ca2*-dependent
activation as direct binding studies of Ca?* to isolated IMM enzymes showed no effect
[97,98]. While these results are enticing additional work will be required to elucidate the
precise mechanism of Ca2*-dependent activation of the ETC.

In addition to potentially regulating the ETC proton pumps, Ca2* has been suggested to
critically regulate the F{Fg ATP synthase (Complex V). Activation of the F1Fy ATP synthase
has been hypothesized as a way to explain the balancing of ATP production during workload
that activation of CDHSs cannot explain alone. Early work in sonicated cardiomyocytes
suggested Ca2*-dependent activation of F{Fy ATP synthase but this effect seemed to be
indirect via the release of an inhibitor [99]. More recently, Ca2* was shown to directly
regulate the F1Fg ATP synthase (Complex V) [100]. Using “force-flow relationships”,
Balaban and co-workers showed that increases in [Ca2*],, resulted in a two-fold increase
ATP production beyond what could be explained by changes in NADH or A, alone. The
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Kp for this effect was found to be approximately 150 nM. This sensitivity is particularly
interesting as we (and others) have shown that quiescent cells have [Ca2*],, levels near the
[CaZ*]; (i.e., 100 nM) but during stimulation [Ca2*],, slowly rises [11,12,14]. The activation
of F1Fg ATP synthase due to slow rises in [Ca2*],, would allow the mitochondria to increase
ATP production as demand increases with greater heart work.

Mitochondrial Energetics in a Working Heart: Balancing ATP Production

and Consumption.

Given the available evidence, [Ca?*], is thought to be the primary dynamic regulator of
ATP production in heart. This conclusion is supported by measurements of ATP by 31p
nuclear magnetic resonance (NMR) and by studies that center on [CaZ*], and its dynamic
effects.

Critical insights into the regulation of ATP production in the working heart have been gained
by NMR measurements, which not only provide a measure of cellular ATP ([ATP]), but also
provide a simultaneous measure of its hydrolysis end products, [ADP] and [P;]. These
investigations report that even after the workload of the heart changes profoundly, [ATP] and
its hydrolysis end products remain virtually unchanged [101-103]. Within the temporal
resolution of this approach (10-15 seconds) even an abrupt increase in the workload had no
measurable effect on these metabolic products [104]. These findings suggest that because
ADP and P; levels remain constant some other signaling mechanism must be responsible for
signaling mitochondria to increase ATP production in order to match increased demand
[105]. Ca?* was indicated as the most likely candidate for this mechanism. However,
signaling via local subcellular gradients of adenine nucleotides could not be excluded
because of the limited spatiotemporal resolution of the NMR measurements, which provide
a time-averaged signal from numerous myocardium cells at once. If local subcellular
gradients of ATP or ADP do indeed exist, and are changing together with the heart’s
workload, this may well be significant. The possible existence of local [ATP] gradients in
the cytosol have been supported by several theoretical studies, which suggest that local
microdomain of high ATP should form. Such cytosolic compartmentalization is proposed to
occur since the IMM and other structural elements in the cell should pose barriers, which
will restrict the diffusion of adenine nucleotides between the sites of ATP production and
consumption [106-108]. However, due to the availability of selective ATP or ADP indicators
the possible existence and role(s) of such gradients have not been tested so far in cardiac
cells or tissue. Nevertheless, the recent development of novel new genetically-encoded
probes for adenine nucleotides [109-111] may provide exciting new opportunities to test this
hypothesis, and perhaps if the temporal resolution of such measurements will permit, the
kinetic features of such microdomains may be explored.

In stark contrast to ATP or ADP, a large body of evidence suggests that when the workload
of the heart increases, [Ca?*],, increases. The magnitude and dynamics of this increase in
[CaZ*],,, remain contested however [8,11,12]. Regardless, when the heart workload suddenly
increases IFM are exposed to more frequent elevation in [Ca2*]; and possibly increased
levels of diastolic [CaZ*];. This results in an increased driving force for Ca2* entry into the
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mitochondrial matrix. Additionally, this effect is further magnified during p-adrenergic
stimulation. A sequential increase in [Ca%*],,, appears to be critical for stimulating NAD
reduction [41,42,47,112] therefore increasing NADH production in the mitochondrial matrix
allowing increased ATP production to match demand. The mitochondrial matrix NADH
(INADH]y,) is typically measured using its robust signal at 445-455 nm, which comprise the
majority of the cell’s (or myocardium) autofluorescence at these wavelengths [113-116].
Utilizing this approach, the critical role of mitochondrial Ca2* uptake in stimulating the
production of NADH has been explicitly demonstrated in 3 different experimental
preparations; whole intact hearts [114,117], cardiac muscle strips [112,118-121] and
isolated heart cells [41,42]. Despite the general agreement on the role [Ca2*],,, some
discrepancies do exist among these studies regarding the mechanisms by which [Ca2*],
dynamically regulates NADH production. Some studies report that [NADH]y, is not altered
when the workload of the heart increases [114,117], or synonymously, when the stimulation
rate of isolated heart cells is increased [41,42]. This evidence suggests that such regulatory
actions of [Ca?*], and possibly additional factors, are instantaneous. In which case a rise in
NADH oxidation by Complex | is matched by an equivalent and near simultaneous rise in
the rate of NADH production. Conversely, other studies with heart muscle strips under
normal load [112,118-121] suggest that immediately after a rise in the workload, [NADH],
initially declines rapidly (over 5-10 seconds) but later rises slowly (over 30—-60 seconds).
The decline of [NADH],, is presumed to be due to faster consumption of [NADH],, due to
stimulation of oxidative phosphorylation via a yet unknown Ca2*-independent mechanism
[119]. These results suggest that [Ca2*],,,-dependent stimulation of NADH production by the
krebs cycle dehydrogenases occurs slowly, with a time constant of approximately 30 seconds
[112]. This would be consistent with the kinetics of [Ca2*],,, dynamics, where [Ca?*],
slowly increases with increases in [Ca?*];, due to mitochondria serving as low-pass filters
for changes in [Ca2*];. Regardless, it seems that additional work will be required to elucidate
the exact mechanism by which heart cells rapidly balance ATP production with consumption
and whether [Ca2*], is indeed the primary signaling pathway for this behavior.

Mitochondrial Calcium and its Implications in Cardiac Pathology

Mitochondrial Permeability Transition Pore (mPTP).

Recent publications [122-124] propose a detailed molecular description to a mitochondrial
process that was originally described over 60 years ago. It was observed that high levels of
[Ca?*],, could cause mitochondrial swelling and dysfunction [125-127]. This process was
later attributed to a mitochondrial permeability transition [128], and over the years was
broadly accepted as a common process that underlies or contributes to cell death [129].
Early on, this mitochondrial permeability transition was proposed to be caused by a
contiguous pore (MPTP) spanning both mitochondrial membranes and consisting of VDAC
on the OMM and ANT on the IMM [130]. However this theory was undermined in 2004
when Kokoszka et al. showed that mitochondria from mice lacking ANT still displayed
mPTP openings [131]. More recently, several groups have proposed that mPTP is formed by
F1Fg ATP synthase [122,124,132,133], specifically the C subunit which has been shown to
form large conductance pores when purified and reconstituted in lipid bilayer [123]. The
additional features of the in-vitro (ex-mitochondrial) formed pore, such as inhibition by
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cyclosporin-A and cyclophilin D dependency, also resemble the described features of the
putative mPTP. However, questions remain regarding this mPTP candidate [134,135].
Unfortunately, the most compelling evidence would come from genetic testing of F1Fg ATP
synthase as mPTP, however, this would be challenging as many mammalian cells (especially
cardiomyocytes) rely heavily on F1Fy ATP synthase to generate the ATP necessary for
normal cellular function. In heart, mPTP formation has been linked to numerous adverse
pathological effects [136,137], but also to critical adaptive compensatory mechanisms [138],
and is therefore a compelling area of future research.

Does mPTP function as a mitochondrial Ca2* release valve at times of stress?

In addition to the adverse effects attributed to mPTP activity (detailed in the next section),
some have suggested that mMPTP may also protect the mitochondria and cardiomyocytes
from metabolic dysfunction [139-142]. Perhaps the most explicit examples arise from the
investigations with the cyclophilin D null mice (CypD™") [141,142]. CypD is the only
protein that remains in consensus as a bonafide molecular component of mPTP, and
mitochondria isolated from the heart [142,143] or liver [144-146] of CypD™~ mice are
devoid of the general attribute of mPTP. These mitochondria are insensitive to the standard
supraphysiological Ca2* challenge assay, and can uptake substantially larger amounts of
Ca?* before they swell and release their Ca2* content. CypD ™" is not thought to be an
element of the pore forming structure, but rather an interacting regulator that sensitize the
opening of MPTP to [Ca?*],,, and also the protein target of cyclosporin A [138]. The initial
characterization of the CypD~~ mice revealed that they are born at the expected mendelian
frequency, develop normally, and do not display any phenotype when kept under non-
stressful conditions [143,144]. However, in a subsequent study with the CypD ™'~ mice,
Elrod and co-workers [142] reported that the repercussions of the lack of CypD only become
evident in these animals during strenuous activity or during heart disease. The hemodynamic
performances of the CypD™~ mouse heart do not increase following systemic isoproterenol
infusion (a B-adrenergic receptor agonist), and once the CypD~/~ mice are subjected to a
swimming exercise they develop more pronounced cardiac hypertrophy, pulmonary edema,
and more than 40 percent die of drowning due to fatigue, compared to 10 percent in the wild
type (WT) cohort. Gene array analysis revealed alterations in gene products involved in
metabolic pathways, and 13C NMR measurements from the hearts of the CypD~'~ mice
revealed a metabolic shift from beta-oxidation toward glycolysis. Taken together, these
findings suggest primary dysfunction in dynamic regulation of mitochondrial oxidative
phosphorylation. Furthermore, after these animals undergo a transaortic constriction (TAC)
procedure the pressure overload caused by the constricted aorta develops rapidly into
uncompensated heart failure. These failing hearts display a large array of metabolic
alterations, and since the WT hearts do not deteriorate to this extent after the TAC procedure
it suggest that a critical adaptive compensatory mechanism is absent in the CypD~/~ mice.
These metabolic dysfunctions were attributed to dysregulation [Ca2*],, and it was proposed
that the desensitized mPTP in the CypD~'~ mice is the primary underlying mechanism. This
suggests that in normal wild-type animals mPTP acts as a Ca?* release valve that limits
excessive accumulation of matrix Ca2* [138,142]. Two sets of findings were presented to
support this conclusion. First, mitochondria isolated from CypD~~ mice retain unusually
large amounts of Ca%*, over 12 mmoles of Ca?* per liter cytosol (150 nmol Ca?* per mg of
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mitochondrial protein) compared to 4 mM in WT. Second, [Ca2*],,, was measured in parallel
tests with neonatal cardiomyocytes from normal rats and cyclosporine A (CsA) was used as
a surrogate means of reducing mPTP openings. When these cultured cells are paced via field
stimulation (0.2 Hz), [Ca2*], rises faster in the cells treated with cyclosporin A and declines
to its quiescent levels more slowly when stimulation is halted. These findings are supported
by analogous effects of cyclosporin A as reported by other investigators [139,140]. However,
quantitative measurements of [Ca2*], dynamics in the adult cardiomyocytes from the CypD
~/~ mice have not yet been reported and these tests are more feasible now that new
approaches are available for transfection of adult cardiomyocytes with mitochondrially
targeted fluorescent probes [14,55,147]. In conclusion, we believe that quantitative
measurements of alteration in [Ca2*], in CypD ™" are required before we can conclude that
mPTP serves as a Ca?" leak pathway under physiological conditions.

Ischemia Reperfusion and [Ca2*]y,.

The loss of blood flow to a region of the myocardium due to an arterial occlusion or
restriction has adverse effects. In that region the consumed oxygen and metabolites are not
replenished, catabolites such as lactate are not cleared, and ischemia develops within several
minutes. Therapy usually involves reperfusion of the area with oxygenated blood. However,
the sudden reperfusion is also known to cause vast cellular death. In heart, cardiac ischemia
has been studied using animal models where coronary arteries are occluded via artificial
means. It was demonstrated that the myocardium can endure short periods of ischemia
[148], and that subsequently the hemodynamic performances of the heart bounce back to
normal [149-152]. But as the duration of the ischemic period is extended, the ATP content
of the heart gradually declined due to uncompensated consumption, and irreversible tissue
damage due to death of cardiomyocytes occurs. Within the necrotic region where
cardiomyocytes had died the EM sections revealed lesions in the contact points between
cells, hyper contracted sarcomeres due to rigor, and the mitochondria are swollen and
contain amorphous matrix densities, all of which indicate that prior to death these cells
where ATP deficient [148]. Since the extent to which ATP had declined correlated with the
volumetric size of the necrotic region it was concluded that cell death is due to a gradual
ATP depletion [153]. Given these findings it was suggested that the mitochondria do not
undergo abrupt functional collapse, but instead that their function is limited due to several
factors, such as the availability of metabolites and oxygen, and perhaps are even consuming
ATP via the reverse reaction of F{Fg ATP synthase, which would further lower [ATP]. When
the cellular availability of free energy potential provided by hydrolysis of ATP declines, the
cell cannot maintain electrochemical gradients. This further degrades ATP production, until
ultimately the ATP levels are sufficiently low to cause rigor and sarcolemmal raptures [154].

Perhaps the first direct evidence that ischemic damage is due to an ATP deficiency which
can be ameliorated comes from a study by Murry et al., 1986 [155]. It was shown that brief
10 minute periods of ischemic preconditioning reduced the damage that is caused by a
subsequent 40 minutes of ischemia. The protective effect of the ischemic-preconditioning is
profound, and the necrotic region was reported to be 30% smaller than its size when no
preconditioning procedure is carried out. Measurements of ATP content from these hearts
indicate that during the ischemia ATP declines slower in the preconditioned hearts, perhaps
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indicating that the process of matching energy demand with production can become more
resilient to ischemia, but a specific mechanism that underlies these effects was not proposed.
That same year, 1986, Ibrahim Al-Nassar and Martin Crompton [128] presented evidence
that the previously known mitochondrial swelling and collapse caused by high [Ca%*]; is due
to reversible permeabilization of the mitochondria. It was found that during prolonged
exposure of isolated mitochondria to high [Ca2*]; mitochondrial Ca2* uptake does not cease,
until the accumulated amounts of Ca2* trigger a mitochondrial permeability transition, and
degradation of the ionic gradients across the IMM. The permeabilization itself was attributed
to excessive matrix loads of Ca2*, and it was suggested to occur during pathological
sustained elevation of [Ca?*]; such that may prevail during ischemia, and was speculated to
be more pronounced during the subsequent reperfusion phase [128]. This permeability
transition was shown to be fully reversible, and the IMM regains its normal permeability
within a few seconds after CaZ* is removed by chelation [156], which further indicates that
these are the actions of a pore rather than non-specific tears in the IMM, and the putative
pore was termed mPTP. High levels of ROS reduces the amounts of Ca2* that are required to
trigger mPTP formation [156], and on the other hand, cyclosporin-A, an immunosuppressive
agent, exert the opposite effect by desensitizing mPTP formation to Ca2* [157]. Given the
dependencies on Ca%*, Pi, ATP/ADP and ROS it was proposed that mPTP formation may
occur during ischemia, and is perhaps more inducible early after the onset of myocardial
reperfusion [158]. The possibility that the IMM contains high conductance pore(s) was
further supported by subsequent electrophysiological studies conducted by patch-clamping
mitoplasts (i.e., IMM vesicles) isolated from rat liver [159,160]. Further applying these
electrophysiological approaches revealed that high [Ca?*] of 0.3 mM leads to a formation of
a large IMM conductance pathway, having a conductance of 1-2 nS, which exceeds the
theoretical upper boundary of a selective ion channels, further indicated a non-selective pore
which was termed the mitochondrial megachannel (MMC). The open probability of MMC
was shown to decrease by at least 10 fold after exposure to 100 nM of cyclosporin-A
[161,162], and this pharmacological and other shared features further suggested that MMC
and mPTP are synonymous [163]. Since these reports were presented, additional tools have
been developed to investigate changes in the permeability of the IMM in cells [164], and it
has been reported that in a large array of different cell types acute stress conditions (e.g.,
high [CaZ*]; and high [ROS];) lead to increase in the permeability of the IMM to large
molecular weight solutes, and consequently degradation of AY,, [165,166].

The involvement of mPTP has been implicated by many studies as a central mechanism that
underlie the adverse effects of cardiac ischemia. Cyclosporin-A reduces the extent of the
cardiac ischemia-reperfusion injury [167], and so does knocking-out cyclophilin D [143],
the known mitochondrial protein target of Cyclosporin-A. Additional evidence suggests that
detrimental mPTP opening do not occur during 30-40 minutes of ischemia, but rather
immediately after the onset of tissue reperfusion [168]. These observations suggest complex
regulated behavior, and were attributed in part to inhibition of mMPTP due to the cytosolic
acidification that prevails during the ischemic phase. Conversely, as soon as the myocardium
is reperfused, the cytosolic pH rebounds, and the less acidified environment is suggested to
promote mPTP formation[137]. These findings further highlight the need to understand the
molecular nature of the mPTP and how it is activated and inhibited. Furthermore, the roles
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played by mPTP in the cellular response to ischemia, reperfusion, and cardiac stress should
be identified and characterized. Moreover, the recent investigation with the MCU null mouse
(MCU™") [169] highlights the need to further investigate the role of high [Ca?*], in IR
injury and how it relates to our understanding of mPTP. Evidently, the MCU™~ mouse is as
vulnerable to IR injury as its WT littermates [169], which challenges the existing view that
reduction of Acy should reduce the extent of IR injury [170]. But even more perplexing is
why CsA treatment becomes ineffective (i.e., fail to protect from IR injury) in MCU™~
mouse hearts. Does mPTP underlie cell death in the MCU™~ mouse? Are the features of
mPTP in this genetic model altered? Pan X et al., 2013 did not test the [Ca2*],, sensitivity of
mPTP, presumably because mitochondria isolated from the hearts of the MCU™~ mouse do
not take up sufficient amounts of Ca?* and the standard Ca2* challenging test could not be
applied to test how much [Ca2*]; is required to induce mitochondrial swelling. In addition to
these uncertainties regarding the [Ca2*],, sensitivity of mPTP, there are even greater
unknowns regarding the joint actions of [Ca2*],,, and ROS in regulating mPTP. For example,
does the recent exciting work from Cheng’s group [171-175] on mitochondrial superoxide
flashes depend on mPTP in some way? A recent study showed that the frequency of flashes
in cardiac cells depends on stimulating normal [Ca2*]; transients, on various metabolic
substrates, and hence the mitochondrial flashes are suggested to be a normal physiological
occurrence in heart [176]. This suggests that mPTP is reversible in the case of the
mitochondrial flashes. If so, what activates mPTP and what controls its reversal? Current
uncertainties regarding the mechanisms that underlie mPTP activation during both normal
and pathological conditions are exciting albeit challenging questions. One of the few
common threads in the work on mPTP and on mitochondrial metabolic regulation is the
central role that appears to be played by [Ca2*],. Nevertheless, the questions abound.

In the heart, Ca2* and mitochondria are intimately connected as cardiac mitochondria are
very abundant and often in very close proximity to cardiac CRUs. That Ca2* enters the
mitochondrial matrix is beyond dispute. Nevertheless the amount that enters and the speed
with which it traverses the IMM are in dispute. There is consensus that [Ca2*], is the ideal
candidate for providing the feed-forward signal responsible for altering ATP production to
meet changes in cardiac energy demand. [Ca2*]y, is, moreover, implicated in regulating,
either directly or indirectly, nearly every major component involved in mitochondrial ATP
production, including key enzymes in the TCA cycle, proteins of the ETC, the F1F¢ ATP
synthase itself as well as many important transporters and carriers. While under
physiological conditions the Ca2* fluxes across the IMM which determine the steady-state
levels of [Ca2*],, appear to be modest in magnitude they are still capable of critically
altering mitochondrial function. During pathology, [Ca2*],, also appears to play a critical
role in the balance between cell life and death. In fact, some of these [Ca%*],, sensitive
processes appear to be substantial targets for the development of future therapeutics.
Developing and implementing new techniques and tools to investigate these pathways in a
quantitative manner will provide critical information to the field of mitochondrial and
cardiac biology.
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Highlights
. How mitochondrial calcium influences metabolism in heart is reviewed.
. How mitochondrial calcium may influence ischemia-reperfusion injury is
discussed.
. What the mitochondrial permeability transition pore (mPTP) may do under

physiological and pathophysiological conditions is presented.
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Figure 1. Cardiac Mitochondria and Mitochondrial ca?t signaling.
A) Electron micrograph (EM) of a single cardiac sarcomere showing the location of the

transverse tubule (TT), junctional SR compartment (jsr), and intermyofibrillar
mitochondrion (IFM). Modified from [15]. B) spatial representation showing the Ca2*
release unit (CRU) located between the transverse-tubule (TT) and junctional SR (JSR)
membranes relative to an IFM. C) During a Ca?* spark, [Ca2*]; briefly bathes the
mitochondrion with levels indicated by the blue line and [Ca%*], rises to levels roughly
similar to the red line. Modified from [8]. Note that the left y-axis is log scale.
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Figure 2. ca?* sensitivity of the MCU complex.
This diagram shows the four known transmembrane components (and regulators) of the

MCU complex (MCU,MCUb,EMRE, and MCURL1). Also shown are the known regulators
present in the intermembrane space which includes MICU1, MICU2, and SLC25A23. Ca%*
sensitivities are indicated by the red arrows. Black arrow indicates inhibition of MCU by
Ru360.
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Figure 3. Diagram of Mitochondrial Metabolism Components.
Enzymes with known Ca2* sensitivities are indicated by red arrow labels with a plus (+)

while Ca2*-insensitives ones are indicated by blue labels. The five complexes responsible for
oxidative phosphorylation are light blue ovals and labeled with their respective Roman
numerals (i.e., 1,11,..,V). The TCA cycle is responsible for converting Acetyl-CoA into
NADH and is indicated with curved black arrows. Red arrows indicate Ca2* interactions/
pathways. Protein and enzyme abbreviations: pyruvate dehydrogenase (PDH); citrate
synthase (CS); aconitase (A); isocitrate dehydrogenase (ICD); a-ketoglutarate
dehydrogenase (KDH); succinyl CoA synthetase (SCS); succinate dehydrogenase (SDH);
fumarase (F); malate dehydrogenase (MDH); mitochondrial Ca2* uniporter (MCU);
mitochondrial Na*/Ca?* exchanger (NCLX); Leucine zipper-EF-hand containing
transmembrane protein 1 (Letm1); cytochrome C (C); ubiquinone (Q); voltage-dependent
anion channel (VDAC); ATP/ADP translocase (ANT); inorganic phosphate carrier (PiC);
and the mitochondrial Na*/H* exchanger (NHE).
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Figure 4. Calcium sensitivities of Mitochondrial Enzymes/Proteins.
Colored bars indicate ranges of Ca2* sensitivity. Red bars indicate Ca2*-dependent

sensitivities likely to increase ATP production while blue bars indicate likely Ca2*-
dependent decreases in ATP production. Asterices (*) indicate entities which sense [Ca2*]ims
and not [Ca?*], (e.g., GPDH, aralar1, and citrin).
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