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Multiscale measurement of cardiac energetics
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Summary measuring cardiac oxygen consumptigtOg) has not. It is
) ) ) still required to measure the amount of oxygen entering the
1. We describe our laboratories’ xperimental cqronary circulatiorvia the coronary ostiaaj, the amount
methods for interragling cardiac energetics — at th@@" |eaying via the coronary sinus, right ventricle and

(whole-heart), tissue (trabecula) and perforated ﬁbrﬁhlmonary artery\(), and the rate of fie of perfusate ).
(mitochondrial) leels.

2. In whole-heart and trabecula experiments, we VO, =V(a-v) 1
focus on measuring pressure-volume (force-lengtbjkw

and oxygen cpnsumption_ (heat production) f_rom_ whickis first approximation requires correction for oxygen
mechanical diciengy is derived. In both preparations.e.,  exchange across the epicardial surface (see below).
across scales di#ring by three orders of magnitude, we Other indices of cardiac metabolism can be
find eficieny values of 10-15%. Mitochondrial heasyred: the rate of production of GWCO,), the rate of
_experlme_znts imoke a tio of tltrat_lon protocols to yield ,rnover of ATP (ATP), or the rate of heat productio®)
information on oxygen consumptionTR flux, membrane he |atter of which is advantageous as it includes both
potential, electron leak and ROS production, the latter Werghic and anaerobic sources, albeit with no ability to
of which index energy transfer inefficiencies. determine their relate ontributions. In the following, we
will examine and critically appraise the techniques of
measuringv CO,, Q and ATP, each of which we exploit in
Introduction order to achiee multiscale measurement of cardiac
energetics.

Whole-heart energetics

The measurement of cardiac emeexpenditure has a
long and illustrious historyAs early as 1885, ¥o! Enegetics of the isolated working left-ventricle (whole-
recording haemoglobin desaturation using spectrgscogeart) preparation
had estimated the rate of oxygen consumption of the frog

heart, reporting its resting rate (with remarkable acgirac . Following |§oflurane anaes_t hesia, thoracotamy and
to be about one-sixth of its total eggrexpenditure. In cardiectomy an intact rat heart is Langendberfused

1907, Barcroft & DixoR utilized the Fick Principle to (ie, retrogradely,via the stump of the thoracic aoffa,

measure oxygen content of arterial and venous samp heterized and instrumented, as followsA(ipressure-

from isolated, blood-circulated, cross-perfused caning ume (P-V) cathetér® is mserte_d into the Ieftantrlgle
V) via one of the pulmonaryeins and the left atrium

hearts, thereby achimg the first quantitate estimates of - ) .
mammalian cardiac oxygen consumptionafs developed (LA). (i) An oxygen partial pressurePQ,) electrode is
ancedyia the aortic perfusion cannula, to reside just

an ingenious method to ensure adequate oxygenation " tia. This electrod

isolated, non-supported hearts — using a heart-lut lo/epgcogocr;ary 0s '/:" 'Szic roletm‘jjaSW?S cotrogary

preparation, and accounting for trans-epicardial loss ow PO, (P.0,). ('.”). second PQelectrode is Insere
Into the cannula draining the pulmonary art¢évydetermine

oxygen. Threeyears laterEvans & Matsuok& measured PAP O, T wurati
the work output of the heart and its associated metabol?(?r.onary venous P v »)- To ensure oxygen saturation
of inflow to the heart, in selected experiments (iv) a third

cost. Thg calculated cardiac work using the BernouilliPo lectrode i laced in the left atrial |
expression for total fluid engy. Admitting that the direct T 2 ee;: rode tl)s pacel md ne ? a rlal cannuia.
measurement of pressurelyme work was beyond current emperature probes are placed ) @ortic, (v) pulmonary

technology these werkers neertheless estimated peakart(?r'al’. and (V')Fﬁ atrial PQ “(_:atheters. Flo prqbes
cardiac dicienyy to be 812%. The classical vk of reside in the. (vilporta and (viii) pulmonary arteries to
Starling & Mssche? demonstrated the metabolic M€aSUre a0rMiCWaona) and coronary venousV() flows,

consequence of the “laaof the Heart” and, germane to ourresi?cuf\);'. The rat(.a of oxygen consumption by the
focus, a peak mechanical efficigraf some 7%. working LV is given by:
While technology has advanced since those

pioneering experiments, the fundamental principle of VO, =Vy0(Py0; = P,O;) 2

where ¢ is the solubility of oxygen in isotonic saline
(22.7 mL/l'atm at 37°C; Q)=O.839). Finally, a wunipolar

* Joint first authors
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electrode (ix) is placed on the surface of the heart to pacditther, that peak diciency (approximately 13%) occurs at

at a beat frequegc(f) above the intrinsic heart rate.ol mid-range afterloads. Comparable behaviour has recently
produce a closed system, the remaining three pulmondigen demonstrated for isolated rat trabectilae.

veins are ligited, as are the caudal and both crawgsa

cavae The heart is enclosed in a temperature-controlley, 20,
water-jacleted, glass chamhehe oxygen partial pressure
of which P_0,) can be varied.

Once fully instrumented and resident within the glass 16;
housing chamber the (spontaneously beating) heart
continues to be perfused in Langenflanfode until each =
measured variable reaches steady-state. At this pofat12f
perfusion is switched to evking-heart mod® (paced at o 10l
4 Hz) for exploration of the metabolic cost of a range o@
mechanical demands. When this has been completéd,8|
perfusion is returned to Langendoff.e., non-working) 6l
mode in order to estimate the resting (basal) rate of oxygen
consumption. This requires perfusing the heart with some [
agent that induces cardiac arrese Wpically male use of 2t
either KCI (26 mM) or BDM (20 mM). \ ‘ ‘

In all cases (whether Langendorperfusion or % 200 400 600 0 5 10 15 20 25
working-heart mode, and whether beating or during arrest), Volume (uL) Afterload (kPa)
the coronary circulation is perfused with HEPESfred
Tyrode solution (pH-adjusted using Tris) in which thdrigure 1. Energetics of the L A: pressue-volume loops
exogenous metabolic substrate is glucose (10 mM). It hascorded using a conductance catheter in the left ventricle
been known since the work of Delcher & SHibihat there Heavy bla& lines epresent multiple steady-state beats at
is no difference in glucose upwKactate productiod!CO, 1.3 kR pre-load and &Pa afterload. Subsequentlgfter-
production or glycogen \els in isolated, Tis-buffered rat load elevated stepwise to kBa by progressive occlusion
hearts perfused with crystalloid solutions thatehdeen of the aortic outflow tract. For eacloop, time inceases
equilibrated with CQmixtures ranging from 2% to 20%. It counter-clockwiselnability to adieve iscvolumic contac-
is acknowledged, heever, that perfusion of the isolated tions reflects parallel natw of @ronary circulation flow
heart with a crystalloid solution reduces the concentratiamhich increases with afterload.B: suprabasal enegy
of both CrP and AP vis-a-visthat of the blood-perfused expenditue (derived from rate of oxygen consumption, open
heartin situ'?12 and that prolonged perfusion may lead t@ymbols) and m@ssue-volume work (filled symbols).
tissue oedem#. C: medhanical efficiency as a function of afterload at

In working mode, the preload can be varied by.3 kR pre-load.
changing the height of the pre-load chambewvaklioe mid-
level of the heart. The afterload is varied by changing the ) .
height of the aortic outfle catheter abee the same rans-epicardial flux of &
reference point. The avk of the heart can be measured in
two independent ways: from the area of the pressurgs .«
volume loop displayed by the P-V catheter (Figlyeand
by the more corentional route: the product of aortic Wo

_900 0080 —¢o

0
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To quantify accurately either total or basal oxygen
umption, account must be eakof trans-epicardial
oxygen exchange with the gaseous contents (room air) of
_ the glass chamber housing the heart. Under our
(V) and mean afterload pressuré,] divided by the heart experimental conditions (perfusion withyibde solution
rate. . equilibrated with 100% ¢), exchange is wariably a loss —
Since the performance of pressgre-volume work P&, reby causing oxygen consumption to berestimated.
b_eat and the oxygen F:onsumptlon are measur%fe resulting absolute error dependweigely on the
S|mult.a.neousl,y the total eficienty of the heart can be surface area-toelume ratio of the heart, so is greater the
quantified: ero = W/AH o, Where the denominator (the goajier the heart — both within and among speties’
change of enthalpy) isgin by the enegetic equralent of Furthermore, the relat® aror is greater the lower the
oxygen: 20.1kJ/L (at stgndard ternperature and PreSSWiatabolic rate, and therefore is reldly large for estimates
duly corrected for ambient conditions). Subtraction of¢

: . o . basal metabolism. The theoretical basis for correction,
basalV'Q, from the denominator of the preceding Ider"t'tytogether with a practical method of its calculation, isemi
yields the mechanical efficiency: '

in Appendix I.
Emech = W/(AHota) = AHpasa) 3 Tissue energetics
Representate cata for such calculations are sho in Our model of intact cardiac tissue is provided by rat

Figure 1. Note that the calculated values of mechanicdfabeculae. Present in eitheentricle;® trabeculae are
efficiengy are both preload- and afterload-dependent. Not&linute, naturally-arising, axially-arranged, collections of
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Figure 2. Photomicrograph of rat R/ trabeculae. Repoduced from Goet al.(2009) Tabeculae carneae as models of
the ventricular walls: implications for the delivery of ogyg dburnal of General Physiolyy, 134 (4): 339-350? under
the copyright privilge extended to autharby Fodkerfeller Press.

cardiac myocytes (Figur® of sufficiently small diameter difficult to determine.Qbasa| varies irversely with heart size
to permit adequate difsive axygenationin vitro, even across specie®, and values ary among laboratories,
under high engy demand® Whereas the may not reflecting the use of dirent cardiac preparations, feifent
completely replicate ventricular wall functitinthey have measurement techniques and, espegidifferent methods
provided much insight into cardiac mechanics andf achieving cardiac arrest; independent estimadgeg by
enegetics since the pioneering publication of Keurs et  more than an order of magnitu#feOur microcalorimetric
al.° technique presents an aatage: the resting state is
Over the past decade, we vieadevdoped flav- achieved smply by turning of the electrical stimulator
through microcalorimeters capable of measuring the minutéowever, microcalorimetry has not pved to be mmune.
quantities of heat produced by single trabeculae in resporidgure 4 shws perplaing behaviour; despite a great deal
to isometrié*?* and isotonié>?? contractions. Isotonic of scattey the measurements sh@ dear decline of basal
contractions permit quantitaé analyses of force-length heat rate with increasing trabeculae length.
work-loops and, thus, comparisons between whole-heart Given the results presented in Figure 4A, we
and trabecula-deréd estimates of mechanical fefieng. developed a simple algebraic model to approximate the
The principle of measuring trabecula heat production ossible dect of heat production by the ‘tethering tissues’
straightforvard. Using arrays of thermocouples, theat each end of the trabecula. These are shgmesats of
increase in temperature of the superfusate aswsfidong ventricular wall or atrieentricular valvular tissue, which
the length of the muscle is detected a®kage-difference are placed into J-shaped hooks attached to quartz rods.
(AV) between downstream and upstream thermocoupléhese rods connect to a force-transducer at then-do
The product ofAV, thermopile sensitity, specific heat of stream end and a displacement motor at the upstream end
the superfusate and Worate yields the rate of heatwithin the measurement chamb@&he algebraic model is
production by the trabeculd®epresentate cata from a iV presented in Appendit. Its solution quantifies the
trabecula, devied from simultaneous measurements of heatontribution of an eleated value Of Qe (Figure 4B),
force and displacement (Figusg predict that peak which could, for ®gample, reflect ‘damaged ends’
mechanical diciency (12%) is comparable to that of thesubsequent to dissection. But, from whkatesource, if
working heart (14%, Figure 1B) and not too dissimilar fronintensive heat rates and tissue volumessdur the ‘end-
the average value (16.2 1.5%; N=9) reported by Barclay tethers’, then wer-estimation of the true rate of cardiac
& Widen?8 basal metabolism would ensue. Such an error would be
larger the shorter the trabecula. This issue is currently
unresohed — a situation that dissuades us from reporting
measured as hel&rflsal heat rates observed in the microcalorimeter.

Cardiac basal heat productio@(,asal)

The basal metabolic rate,
production of the quiescent cardiac tissue, is notoriously
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Figure 3. Metanical and thermal performance of a rat\l_trabecula stimulated at Biz. A: stress (force per oss-sec-
tional area) produced during fixed-end (light vertical lines) and work-loop (heavy linesactions.B: work (lowermost
trace), heat (middle trace) anthange of enthalpy (heat + work, uppermostatre).C: Heat-stess relation from fixed-end
contractions; same data as middle trace in[B. Medanical efficiency (work/enthalpy). g/$elative afterload, wher
S =dress.

Mitochondrial energetics conducted with single substrates fuelling eithart not
both, of Cl and CIl. While both comples smultaneously
contritute to the electron transport system (ETS) function
in vivo, in vitro Cl substrates do not stimulate Cll, and
subsequent succinate addition generallywatées werall
oxygen flu¥* - by up o 95% in rat heart mitochondri&.
Unlike d, CIlI is non-proton-pumping and is coupled to
OXP anly at Complees Il and IV, and this lowers the P:O
ratio of Cll-mediated respiration rele¢i o Cl. Therefore
one would gpect the P:O ratio for the more lifedik
ombined CI plus ClIlI substrates to bevér and, hence, for

Background

Underlying the difciencgy of cardiac contraction is the
biochemical cowersion of metabolic substrates intor'A
through oxidatie phosphorylation (OXP) mediated by
mitochondria. Since Mitche! fundamental diso@ry of
the underlying mechanisms of X®, the eficiengy of
mitochondrial energetics has been debated. OX€lezfcy
is traditionally measured in terms of the P:O ratie. (ATP
formed per amount of molecular oxygen (O) reduced L
water). While Mitchell noted that different substrates XP dficieng to be bwer. . .
produce diferent P:O ratios, he estimated that P:O ratios Another potential, albeit probably minamurce of

were intgers: 3 and 2, when electrons pass throuqﬂeﬁideqq/ ist the E)TS'Z of eltra]ctrons fror% thedglei(_:troon
Comple| (Cl) and Compl 1, respectiely.3* However, ransport system ( ) as the superoxide radicgf)(

P:O ratios are no longer igers, with Cl and ClI substratesformecj fgg’m moleculfal_r oxygen at mltochondr|al Compte
(e.g, pyruvate, glutamate etc.) producing ratios of 2.8—2.5a1d Il-1n vivo, O, is normally enzymatically dgaded |
and 1.8-1.6 respewtly.32 The discrepancies arose from the>Y superoxide dismutase (SOD) to hydrogen peroxide
failure to account for the electrogenic import of substrat 20,) or oonst_Jmed by antioxidants and-rleduced Eca@j
(e.g. P, ADP, glutamate, pruvate), and perimental ;0 .by peroxidases and catalq?eAddnmnal reactve
temperlatures. At body temperaturevis{a-vis room Species can_also form, such as singlet oxygen W”"".V'
temperature) mitochondrial membrane permeability t@n;bcsc;gecwdy, these are called reai okygen species,
protons increases dramaticallyThis decreases the or :

: ; : Mitochondrial ROS production appears to be greatest
electrochemical gradient and increases the apparent proton . ) . X ?
leak33 g PP P atnh|gh mitochondrial membrane potentiad8#}3¢ which

Experiments sploring P:O ratios ha dso been occurs when OXP is sked or inhibited. The loss of
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Figure 4. Cardiac basal metabolisnA: observed length-dependence of rate of heat production of quieszieatutae;
red quares: LV preparations, blue diamonds:\Rpreparations.B: Sthematic digram of an idealized trabecula with ‘teth-
ering tissue’ at either end for positioning in the attachment hooks in the microcalorimeter.

electrons through @S has been reported to amount tpermeabilized fibres. Lik the lattey only a small (10-20
2-3% of the total oxygen consumed by mitochontftif. mg) sample is required so diffusion limitation imiaed.

real, this wuld be a measurable bioenergetic loss. Fadlowing cardiotectomythe LV is cut into small
However, RCS is rarely measured in different respirationpieces, and transferred into 1 ml cold HTK transplarffieln
states designed to mimic those occurringiivo.® In the (Histidine-Trypophan-ktoglutarate, Custodf3).
following, we present n@ methodological approaches for Approximately 20 mg of Y/ tissue is weighed and
the measurement of respirational flux simultaneously withansferred into 500uL of ice-cold incubation assay
real-time ATP productiomdW¥ and net ROS production. medium (for details, refer to eksler et al, 19879,
homogenized for 15 wsing a tissue homogenizer (Omni

Experimental mitochondrial preparations International, Georgia, USA) and used immediately.

A choice of three distinct preparations isitable for High resolution respirometry
testing cardiac  mitochondrial  function: isolated
mitochondria, permeabilized fibres and tissue homogenates. We uwse high-resolution oxygraphs (Oroboros O2K,
Whereas isolated mitochondria preparatiohave teen Oroboros Instruments, Innsbruck, Austria) to measure
widely used, isolation techniques pide poor yields oxygen consumption. Each hasot@-ml chambers with
(20-40%¥° thereby requiring relately large amounts of polarographic (Clark-type) oxygen senddrsand has
tissue (00 mg to 1 g). Moreer, isolated mitochondria additional amphoteric and voltimetric ports, which we use
differ functionally from permeabilized fibres, s¥ing to couple purpose-built fluorimetric systeffisThe real-
higher ROS production and decreased respiratiotime oxygen fluxes and changes in fluorophore signals are
capacity?! calculated using DatLab5 (Oroboros Instruments).

For the permeabilized fibre method, dilute saponin iExperiments are performed at 37 °C.
used to perforate the sarcolemma bygeting cholesterol- ) o
rich membranes, while leaving mitochondrial membrand$itochondrial respiration assays
intact*? This maintains the mitochondriaytoarchitecture
within muscle fibre4® However, substrate dfusion,
particularly for oxygen, ADP andT®3*is restricted within
permeabilized fibre& Tissue homogenates pide
compromise  between isolated mitochondria

We wse substrate, un-coupler and inhibitor titration
protocols to assess mitochondrial function infedént
respiration states: XP, “Leak” respiration and uncoupled
anHaspiration, which measures ETS capatiffhe Leak state

Proceedings of the Australian Physiological Society (2@43) 53
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Table 1: Titration protocols to test ATP synthesis capacities, mitochondrial membrane potefabid ROS produc-
tion. Bleb: blebbistatin (50M), Ou: ouabain (3@M), MgG: Magnesium Green /M), GMP: glutamate (10mM), malate
(5mM), pyruvate (10mM), S: succinate (L0mM), ADP: adenosine diphosphate (2.5mM)ligdlimnycin (M), Saf: safa-
nine-O (M), FCCP: carbonyl cyanide p-(trifluoromethoxy) phenol-hydrazone{015654M), AM: antimycin A (&M),
AMPR: ampl& utrared (M), HRP: hoseradish peroxidase (2.5U), SOD: superoxide dismutase (25U), TMPD:
N,N,N,N'-tetramethyl-p-phenylenediamine (0.5mM), and Asc: ascorbate (2mM).

Titration steps  Protocol-1 Protocol-2 Protocol-3
AT P assay Mitochondrial AW  ROS assay
1 Bleb, Ou, MgG 2M Saf AMPR, HRR SOD
Calibrate with HO,
2 Sample Sample Sample
3 GMP GMP GMP
4 S S S
5 ADP (M¢?*free) ADP ADP
6 Run out of Q Oli Ol
7 Ol FCCP FCCP
8 AM AM
9 Calibrate with Saf TMPD+Asc

is a measure of non-phosphorylating oxygen fluxgmount of ADP Whereas classically-desd P.O ratios
determined either before addition of ADP or after therovide estimates of #€iency, they can follov only
addition of XP inhibitors €.g, oligomycin). Therefore apparent ADP consumption, thereby relying on
Leak respiration reflects the capacity of the inneextrapolation of plots and non-steady-state flux rates.
mitochondrial membranes to leak protéhé’ However, in  Hence, the amount of TR formed per O has been much
the Leak state, the membrane potential isatdel and, in debated? Direct real-time measures of oxygen flux and
the presence of succinate, so is ROS produétion. steady-state rates of ATP synthesisuld permit measures
OXP is initiated by addition of ADP in the presenceof OXP eficieney. We rmote that mitochondria can also
of various substrates that fuel the ETS. In hgalthbecome net consumers ofTR in anoxic state® The
mitochondria and permeabilized tissues and cells, ADfRlative st of this is yet to be reported.
generally increases oxygen flux 7-10 fold asXPO While ATP is albindant (5-10 mM) within
commences and protons, flowing through thé=FATP cardiomyocyte$?%0 ATP detection typically uses tedious
synthase, partially depolarize téP. The ratio of Leak end-point assay®. ATP can be coupled to luciferin-
flux to OXP flux theoretically prades an inde of luciferase, but light isvanescent and luciferase consumes
mitochondrial diiciengy, where a high Leak relag to OXP 02.51 ATP can also be measured through coupling glucose,
indicates eleated, non-producte aygen flux not hexokinase and NDPH %> however NADPH interacts with
associated with (decoupled from) TR synthesi4’ several dehydrogenases and oxidases.
However, this approach is crude at best, since upon addition ~ The Mg*-binding capacity of ATP provides an
of ADP, AW will decline and potentially alter Leak,0% alternatve method for following AP, snce [Mg?*] can be
and the driving force behindT® synthesis. Moreer, if CI  detected using the fluorescent probe Magnesium-Green
and CIl substrates are added simultanegushgimulate (MgG, Molecular Probes¥ While both ADP and ATP bind
mitochondria maximally then the apparent Leak flux Mg?*, ATP binds M@* with a 9-fold greater &hity than
increases, yet the effects @t remain unreported. o does ADP and ATP synthesized from ADP further binds
these wents impact steady-stateTR synthesis rates and Mg?* ions and quenches MgG fluorescence. Quantification
therefore, OXP efficieng requires testing. of ATP dynamics was previously performed using a
We pesent three protocols dile 1) that explore complicated approach utilising binding constants of MgG
mitochondrial  icieng. The first measures T® for Mg?*, and ATP and ADP for M§.*8 These values were
production in normal and anoxic states, the second aaither determined or sourced from otheorks, some of
third measure mitochondrial membrane potential and nethich were at dierent pH or temperatures to those that we

ROS production, respeatéely. use. Belw, we autline a considerably simpler calibration
method.

Protocol 1: Measurement of ATP production rates in MgG is followed using excitation and emission

cardiac homgenates wavelengths of 503 nm and 530 nm, respediyi. Sandard

Mitochondrial ATP production is rarely measuredr.nedia are used and independent calibratiqregments are

: : : t performed without sample. MgG 1) is added to
directly, being generally inferred from the change o Irs . .
oxygen flux following addition and depletion of a smaIFhe chambers and Mgfree ADP titrated stepwise (1.25,

54 Proceedings of the Australian Physiological Society (2@43)
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Figure 5. Simultaneous measurement of mitmndrial O, flux and ATP production. The upper panel shows,@oncen-
tration (blue) and espimtion flux (ed). Thdower panel shows MgG fluorescence (purple) and the time derivative of MgG
fluorescence (green). The inset shows that, during anoxia, mitochondria can consume ATP at almostatalbtheor
moxic ATP sysnthesisolFsubstrate ablavations see Table 1. ‘Calibratiorefeence point’ (vertical ggy kars) denotes
calibration step upon addition of Mtyfree ADP; brief segment of ATP signal deleted for clarity.

2.5, 3.75, 5 and 6.25 mM). This process is repeated withitochondrial. Theaminimal remaining signal accounts for
Mg?*-free ATP and ADP and ATP titration curves arethe background degradation of ATP.
constructed. The ratio of the signals between compounds is In Figure 5, leak in the presence of CI and CII
used to determine relad Mg?* affinities of ADP and AP; substrates equates to 2%51.3% (n = 12,+ sem). The
its value was found to be 2.15. mean steady-state P:O ratio equals 206.10, which is
During an experiment, homogenate (2 mB0 yuL), lower than 2.34, the mean of P:O ratios d®ti using
MgG and all substrates and inhibitors (Table 1) are addethssical calculations for CI (2.87) and CII (1.8)
except for Mg*-free ADP Ouabain and blebbistatin are substrate$? However, we rote that previous work as
added to inhibit the N#&K™* and myosin heg-chain conducted at 30°C, while our experiments were performed
ATPases>® ADP (5 umol) is used as the internal calibrantat 37°C. Using the steady-state P:O ratio, we accounted for
Since the total adgitate pool remains constant, andthe bond energy released on reduction of oxygenat@mw
changes of MgG fluorescence occur only due to changes(##81 kJ/mol)and the engy captured by ATP (=57 kJ/mol
[ATP] relatve b [ADP], the rate of ATP production (slope under physiological conditions). By simple calculation of
of the signal) can be multiplied by the fluorescence ratio tfie energetic output relaé o input: (2.06x -57 kJ/mol /
[ATP]J/[ADP] (2.15) and the AP output dekied. ADPand 0.5 x -481 J/mol), we deve an gpparent dfciengy of
ATP alibration curves are linear b&a3.75 mM, and the 48.8+2.4% (n=12+ sem). Thisvalue is very similar to
total adenylate pool is belothis concentration. the optimal efficiencies predicted for Cl-respiring heart
Measurement of AP output (Figure 5) in anoxia mitochondria [(50% at 37°C) devied by Cairnset al®¥) but
informs the capacity for ATPydrolysis. The addition of is substantially less than that estimated by Barclay &
oligomycin (5uM) returns the AP production/iidrolysis Wider?® (070%) from thermal measurements of post-
rate to near zero, indicating that most of the consumptiona@gacise recwery metabolism made in isolated murine
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Figure 6. Assays of mitochondrial respiration and mitochondrial membrane potentf&l.O, concentation (blue) and
oxyeen flux (red), normalized by tissue ma8sSafranine-O fluorescence (blue). Substrates and inhibiédded as per
Table 1. Deceased fluorescence reflects quenching of safranine-Cedlcemceimplying inceasingAW. Additions of
safranine-O (Saf) used to approximate the membrane potential (insek $lanbols) in eale respimtion state (vertical
bars). Approximate values & for OXP calculated assuming dynamic shrig&ad mitochondrial matrix volume in ®P

states (blak drcles) and fixed volume (gy drcle) as traditionally reported.

papillary muscles. O (1uM) is used to calibrate the fluorescence signal
) ) ) ) (Figure 6).

Protocol 2: assaying mitochondrial membrane potential While calibration of the safranine-O signal can be

aw) performed as stepwise KCI titrations in the presence of the

We wse safranine-O to measure the mitochondriéﬁtionc’phore valinomycin, this precludes the use of KCI in

membrane potentiah®) fluorimetrically using eccitation med|a._ Since there is a "Qf?r relatlonsh|p _between
and emission wwdengths of 530 nm and 590 nm safranine-O fluorescence aAW,>’ titration of safranine-O

respectiely. Safranine-O is a lipophilic, cationic dye that'oem_]ItS the esUmann_oNP_ (assuml_ngg stghat 40% of
distributes across the inner membrane of poIarize(ffxa_rd'Omyogte wlum_e is _mitochondriaf}** and that
mitochondria, and is quenched according A% upon m!tochondr!al matn)éo accpunts for_ 63% Qf the
uptale and stacking within the matris©3 Safranine-O (2 mltochondnal_ wlume)>® AW is then estimated using the
UM) and substrate @ble 1)are added to each rourimeterNemSt Equation:

chamber before adding 50L of homogenate. Once the RT

safranine-O signal has stabilized, ADP (&l) is added AY = — In([Safraning,,/[ Safraning;,) 4

to stimulate oxidatie thosphorylation. The Leak rate from zZF

Cl and Cll is determined by addition of oligomycin(§l), where R is the umérsal gas constant, F isafaday’s

followed by repeated titrations of FCCP (QM) t0  nsiant T is absolute temperature and z isatenge (+1)
uncouple and depolarize mitochondifaThe addition of ¢ catranine). Since mitochondrial matrix volume is

antimycin A (5uM) inhibits Complet 11l and stops dynamic and decreases by 40% in OXP stftese
mitochondrial respiration. The addition of further safranings; |, jateAw in OXP using both estimates of matriglume
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Figure 7. Mitochondrial respiration and ROS assay#\: O, concentation (blue) and espiration flux (red) normalized by
wet tissue mass (pmol/s/mg). B: Amplditrarox Red (AMPR) (@nge) and its time derivative (green). For sulbstr
abbreviations, see Table 1.

(see inset, Figure 6). peroxidase (HRP) which, in turn, reacts with and AMPR to
Our estimates ofAW are within range of those form Amplex Ultrox Red, a fluorescent product with
estimated by standard me&Asind while we she thatA¥Y 530 nmand 590 nm xcitation and emission avdengths,
is maximal with Cl substrates alone, it decreased hgspectiely.
approximately 6.3 mV upon addition of succinate (Figure Standard assay media are used and titrants added as
6). This is contrary toxpectation, gien that Cll actvation per Table 1. AMPR, SOD and HRP are added to the
is expected to increase proton pumping further through CHiliorimeter chambers and followed asQj (330 nM) to
and CIV Under a fied mitochondrial volume, ADP calibrate the BS signal. Homogenate (2 mg) isaay
decreased the apparé&t by 28mV, whereas if a dynamic added into the chambers and allowed to equilibrate.
shrinking matrix volume were assumed, th&W would Substrates @ble 1) are added and respiration an@®®&
decrease by only 1#V. While a dynamic matrix ume signals followed (Figure 7).

has previously been considef@dthe phenomenon is As shown by the gkebars in Fig8A, overall ROS
universally ignored in calculations and, importantlytigh  production is 8- to 10-fold higher in the non-
value of AW is thought to dxie ROS production. phosphorylating Leak state €ICII relative © the Cl Leak

) ] ) and OXP states. But when considering the consequences for
Protqcol 3: assaying the net production of reactive OXygeNefiicieny, it is more meaningful to re-express these
species (ROS) absolute values with respect to the uptak axygen, as in
Figure 8B. Nav it can be seen that ROS production
ﬁrccounts for only 0.02% of oxygen tuweo in the more
e-like (.e, putatively, maximally working) OXP flux

Fdlowing Hickey et al,*® net ROS production is
measured simultaneously with respirational flux, usin
Amplex Ultrared (AMPR). The superoxide radical )
relegsed from mi(tochon()jria is reguced tOK! by bé(,?; state. Whereas the absence of ADP in Leak states probably

; t ever occur in vivo (except, perhaps, during
endogenous, and exogenously-supplied excess, superoﬂagsn i . ;
dismutase (SOD). 0, is coupled to horseradish prolonged ischaemia), woa gaded decrease in [ADP]
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uncoupled state (Unc), and following the addition of the Caoxrpllénhibitor antimycin-A (AM).A: net ROS prduction;

B: RCS poduction relative to uptakof nolecular oxygen (ROS/O).

within physiological ranges impacts ROS production isvork with liver homogenate as the probe is metabolized by

unknovn and warrants exploration. The resultingendogenous oxidases.

knowledge would better clarify the role of ROS production )

and ETS dfcieng within cardiomyogte mitochondria Conclusion

under basal conditions and low-to-modest work-loads.
We rote that different ROS probes argitable, such

as Amplex-Red, diydroethidium (DHE) and its desmtive

MitoSOX, lucigenin, and didro-dichlorofluorescein. &/

have tested various probes; each providesfedint

adwantages and disadntages. Overall, AmpteUltrared

proved to be the most stable, with minimal non-specific

degra_dation, an_d_ it is Ver}’ senyi MitoSQ(, W_hiCh Is high with fev electrons (0.02%) lost to the superoxide
pu_tatvely gpecmc to Q" works V\_/eII with |solated_ radical in OXP states. hver, the eficiengy of the OXP
mltochon_d_na a_nd cells, but not in our system W_'tr%ystem is diminished by Leak respiration, which accounts
permeabilized fibres. DHE may form a cation on OXIdatIOfbr some 25% of ®P with Cl and CIl substrates. P:O

tp hy_d_ro—ethi_dium and,_ or_ethidium. _DHE lacks theratios with these tav substrates are 10% lower than those
lipophilic moiety of MitoSOX, and this may permit

. ) - ) . . estimated using classical methods — dedéince that may
sequestration and quenching within mitochondria at hng‘b attributable to our performance of assays at body
AW .52 We havenot tested the chemiluminescent LUCigeniniemperature
however, it proably requires a photomultiplieAnecdotal '
information also indicates that Amplaltrared will not

Our ability to quantify mechanical fefiengy at two
distinct scales (whole-heart and isolated tissugsgis
confidence to conclude that thdi@éncoy with which the
heart performs)dernal (pressure-volume) work is modest —
in the vicinity of 10%, a alue which is essentially
unchanged from that first reported a century‘ago.

The eficiengy of the cardiac mitochondrial ETS is
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Appendix |: Determination of the true rate of oxygen ~V(a; - v1)] Dy
consumption of an isolated, perfused heart in the + [\'/12\'/2(611 -vy) —V1V22(a1 -\v,)] =0 Al7
presence of trans-epicardial flux of oxygen

The theoretical basis for correcting the measured ra§é)|ut|on of Equation Al.7 yields:
of oxygen consumption of an isolated heart in the presence ______
of trans-epicardial flux of oxygen has beenvegi Dy = b + Vb?-4ac Al8
elsewheré:%* Briefly, the measured rate of oxygen 2a
consumption‘@") is presumed to be the linear sum ofbtw
) - where
factors: the true rate of oxygen consumption of the heart

" H . . L i .
(V,') and the rate of trans-epicardial oxygen leakagg) ( a=Vy(a - ¢1) — Vol@y — Cy)
M _wH el _ o
Vo =V2 *Ve Al b = V(2 = V) +VaVol(a; = co)

The true rate of oxygen uptby he heart can bexegacted ~ (&= cy)] =Vi(a - vy)

from the measured rate bgrying the rate of exchange flux R P

of oxygen across the epicardial surface of the heart. In €= V1Va(&1 = V1) =ViV5(az — Vo)

practice, this is done by vigorously flushing the glass o . . )
chamber that houses the heart sequentially with either oggPstitution of the appropriate value BY, into either
or 100% Q. The gradient for difisive exhange is Equation AIE or Equation Al.3 provides the desired
enhanced in the former situation and diminished in ttRstimate oW/, .

latter It is assumed that the difsive akygen conductance
of the heart @ ) is independent of PQOand is a unique
property of each heart. &/kegn by definingv* as the
partial pressure of the coronary venousdate that wuld
prevail in the absence of difsive epicardial flux andc as Figure 4 shows the disconcertiragf that the rates of

the eperimentally-manipulated partial pressure of oxygepasal metabolism measured in the microcalorimeter
in the temperature-controlled glass chamber that housesgﬂﬁ,arenﬂy depend \ersely on the lengths of the

heart. This allows three independent equations to B@peculae. Figure 4B shows an idealized trabecula whose

Appendix II: Modelling the observed inverse
dependence of cardiac basal heat production on
trabecula Length

written. end-tissues (which tether the specimen to the glass
. L . connecting rodsia J-shaped platinum hooks, see text) may
Vi(ag —vy) =Vi(a; = vi) = Dp(vi —¢1) AlLZ2  have dffering rates of inherent heat production from that of
. L . the body of the trabecul§;ey,er and g4, respectiely. They
Va(az = Vy) = Va(az = V2) = Dy(vz =€) Al3  may also differ in slume:V,,, . andV,, respectiely. This
) L . allows us to construct a simple algebraic model, as follows.
Vl(al - Vl) = V2(a2 - V2) Al.4

: : CkwO
Equations Al.2 and Al.3 quantify the loss of oxygen acrodset theintensiveheat rate: ] = Enecyl
the epicardium under the éwoonditions of chamber PO ur o

Equation Al.4 reflects the assumption that, duringyan
metabolic steady-state, the true rate of oxygen consumption
(given by the left-hand side of either Eq Al.2 or EqAL.3) is .
constant, independent of the partial pressure of oxygen in Qtrab = Gra Vrrab
the chamber: ¢, Solution of this set of algebraic . .

: s : , Qobs = Qtether + Q
equations provides a unique numeraue forD,,, thereby obs ™ “<tether * <trab
allowing determination of either, or v,

Qtether = GretherViether WhereQ theextensiveheat rate

where ‘obs’ means ‘observed.d. measured)
I EAYA
gzt 171

D V; ALS Qobs = qobsvtrabr S.ncerbs is normalized 10/trap- So
H™ V1

q obs = qtrabvtrab + qtethervtether

. Ducy— vV
—_—H>2 *2V2 AL6 Viab

- DH _VZ

- . . . . Thus
Substitution of this pair of equations into Equatidm .

yields an expression that is quadratic it D Viether

c1obs = qtrab + qtether V,
trab

[Vl(_azl — ¢1) = Va(a, - ¢)] D
+[Vy(az = Vo) +ViVs[(a; —a;) = (C2 — ¢1)] and
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. . V =
'qobs =1+ qtether tether =1+ Q_tether
Utrab Vtrab Qtrab

Thus it can be seen thatQ@ e > Quan then themeasured
rate of heat production of a trabecula witceed itstrue
rate.

Utether
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