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Abstract

The ex vivo perfused heart recreates important aspects of in vivo conditions to provide insight into 

whole-organ function. In this review we discuss multiple types of ex vivo heart preparations, 

explain how closely each mimic in vivo function, and discuss how changes in electromechanical 

function and inadequate oxygenation of ex vivo perfused hearts may affect measurements of 

physiology. Hearts that perform physiological work have high oxygen demand and are likely to 

experience hypoxia when perfused with a crystalloid perfusate. Adequate myocardial oxygenation 

is critically important for obtaining physiologically relevant measurements, so when designing 

experiments the type of ex vivo preparation and the capacity of perfusate to deliver oxygen must 

be carefully considered. When workload is low, such as during interventions that inhibit 

contraction, oxygen demand is also low, which could dramatically alter a physiological response 

to experimental variables. Changes in oxygenation also alter the optical properties of cardiac 

tissue, an effect that may influence optical signals measured from both endogenous and exogenous 

fluorophores. Careful consideration of oxygen supply, working condition, and wavelengths used 

to acquire optical signals is critical for obtaining physiologically relevant measurements during ex 

vivo perfused heart studies.

Introduction

The isolated perfused heart is used ubiquitously to study cardiac function. The continuing 

effort to understand cardiac physiology and disease better has made the perfused heart a 

critical step from molecular biology and cell-based research to ex vivo and in vivo models 

and, ultimately, to clinical practice. Fluorescence imaging, using both endogenous 

fluorescence and fluorescent dyes, is extensively used to study myocardial physiology in 
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perfused hearts. As such studies increasingly attempt to replicate in vivo physiology and the 

associated metabolic demand, it is important to discuss the critical limitations of ex vivo 

heart preparations, with one vital aspect being adequate myocardial oxygenation. Therefore, 

in this review we discuss the utilities and limitations of perfused hearts while focusing on 

how oxygenation and workload impact physiological measurements. The role of 

oxygenation in creating artifacts within optical assessments of myocardial physiology is also 

presented.

Benefits and limitations of the ex vivo perfused heart

Excised perfused hearts provide an optimal canvas for fluorescence imaging, providing 360 

degrees of epicardium for examination. This access to surface area is important, especially 

in studies that optically map action potentials, such as those that use panoramic imaging to 

study arrhythmias (Rogers et al. 2007; Lou et al. 2008; Bourgeois et al. 2012). Upon 

excision, the pericardium is typically removed and the heart perfused with crystalloid media 

free of red blood cells, removing two components that interfere with fluorescence 

measurements. The autofluorescent properties of the pericardium interfere with optical 

measurements of the epicardium; indeed, pericardial autofluorescence is bright enough to be 

used in endoscopic systems to identify neoplastic tissue alterations (Maisch & Ristić, 2002). 

The use of crystalloid perfusate eliminates the dominating absorption of haemoglobin, 

which is significant in the 250–650 nm range. Furthermore, the spectral profile of 

oxyhaemoglobin (HbO2) and deoxyhaemoglobin (Hb) are different, meaning that if a 

perturbation alters haemoglobin oxygen saturation then the spectral contribution of 

haemoglobin to an optical signal will also change.

The perfusion approach and the degree to which the heart is performing its physiological 

functions affect myocardial oxygen utilization rate, as discussed in the “Overview of ex vivo 

heart preparations” and “Oxygen consumption rates of ex vivo heart preparations” sections. 

Although a goal is to recreate in vivo conditions as organically as possible, most ex vivo 

heart preparations are prone to oxygen limitations. When oxygen consumption rate is high, 

such as when recreating in vivo work conditions, perfusate delivery of oxygen quickly 

becomes a limiting factor. When oxygen consumption is artificially reduced, i.e. by 

eliminating mechanical contractions, extrapolation of experimental results to in vivo 

relevance must be done carefully. This is particularly true when examining the timing of 

changes associated with a reduction in energy or oxygen availability, such as during hypoxia 

or ischaemia. Any perturbation that may cause a change in either work output or oxygen 

availability may cause unanticipated physiological or imaging artifacts that are a function of 

the perfusion approach.

Overview of ex vivo heart preparations

Of the ex vivo heart preparations, the retrograde perfusion approach of Langendorff 

(Langendorff, 1895) is the most popular, owing to its ease of preparation and guarantee of 

coronary flow. As first described in 1895, the ascending aorta is cannulated, and fluid is 

provided to the aortic root at either constant pressure or constant flow (Langendorff, 1895). 

This closes the aortic valve, forcing fluid into the coronary arteries. As such, the left 
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ventricle (LV) is not required to produce coronary perfusion pressure. Instead, the heart 

passively receives coronary flow as long as aortic pressure and low vascular resistance are 

maintained. Cross-bridge cycling continues, but the ventricles do not contract against 

resistance in this unloaded Langendorff model. In some studies, a balloon is placed in the 

LV to provide resistance (Gottlieb & Magnus, 1904). Balloon pressure establishes a preload 

(diastolic pressure) and, although contractions are isovolumic, this working Langendorff 

model more closely approximates LV work performed in vivo. The balloon is also used to 

measure LV pressure and contractility (Bell et al. 2011).

In 1967, Neely introduced an approach where the LV performs pressure–volume work to 

generate cardiac output and coronary perfusion pressure (Neely et al. 1967). This popular 

LV-ejecting heart preparation is established by cannulating one of the pulmonary veins, or 

the left atrium itself, in addition to the aorta. Pressure at the entrance to the left atrium sets 

the preload, while the pressure in the aortic cannula sets the afterload. This approach was 

later replicated for the right side of the heart so that both chambers perform pressure–

volume work to generate cardiac output (Demmy et al. 1992). This fully working heart 

preparation is known as the biventricular (BiV) ejecting heart.

Optical mapping studies almost always use Langendorff-perfused hearts. Electromechanical 

uncoupling agents are also administered to inhibit contraction, because motion interferes 

with optical signals. Blebbistatin and 2,3-butanedione monoxime (BDM) are two agents 

commonly used to reduce contractile force in a dose-dependent manner (de Tombe et al. 

1992; Backx et al. 1994; Farman et al. 2008). Blebbistatin (10 µM) and BDM (< 10 mM) 

both inhibit the actomyosin ATPase activity to diminish cross-bridge cycling while 

maintaining action potentials, L-type calcium current, sarcoplasmic reticulum (SR) calcium 

release and sarco/endoplasmic reticulum ATPase (SERCA) activity (Backx et al. 1994; 

Fedorov et al. 2007; Farman et al. 2008). However, BDM at higher concentrations (>10 

mM) decreases L-type Ca2+ current and reduces calcium transients, though the exact effects 

can differ between species. (de Tombe et al. 1992; Ferreira et al. 1997). Administering a 

high-KCl solution (cardioplegia) also eliminates motion, but terminates all major 

physiological processes, i.e. action potentials, calcium cycling and contraction. The high 

extracellular [K+] depolarizes resting membrane potential to render myocytes inexcitable as 

Na+ inactivation gates remain closed. A summary of ex vivo heart preparations and their 

electromechanical function is provided in Table 1

Oxygen consumption rates of ex vivo heart preparations

Direct comparisons of myocardial oxygen consumption rate (MV̇O2) between heart 

preparations can be difficult because working conditions, such as preload and afterload 

pressures as well as heart rate (HR), modulate oxygen consumption rate. However, as there 

is a linear relationship between cardiac work and MV̇O2, work is often used as a surrogate 

for MV̇O2. Measurements of work include rate-pressure product [RPP = heart rate (in beats 

per minute) × systolic (or mean) blood pressure (in millimetres of mercury (mmHg))], 

systolic pressure time integral (PTI = area under the systolic portion of the aortic pressure 

wave per minute) and systolic pressure-volume area (PVA = area bounded by the end-

systolic and end-diastolic pressure-volume relationship lines in the pressure-volume loop). 
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Neely et al. (1967) found that working Langendorff and LV-ejecting rat hearts have the 

same oxygen consumption rate when PTIs are equal, and Suga et al. (1981) also showed 

equivalent MV̇O2 between working Langendorff and LV-ejecting dog heart preparations at 

equal PVAs. Additionally, rabbit hearts switched from LV ejecting to Langendorff perfusion 

have approximately the same MV̇O2; 3.1 versus 2.5 µmol O2 g−1 min−1 with RPPs (HR × 

mean aortic pressure) of 9000 and 8000, respectively (Heineman et al. 1992). In BiV-

ejecting hearts, MV̇O2 is expected to be highest due to the additional energetic demand of the 

right ventricle. However, MV̇O2 measurements in this preparation are challenging because 

the coronary effluent mixes with perfusate entering the right atrium, making it difficult to 

measure coronary venous PO2 accurately.

The oxygen requirements of excised heart preparations decrease as physiological functions 

are suppressed (Table 2). Unloading the left ventricle in Lang-endorff-perfused rabbit hearts 

by removing the LV balloon results in a dramatic 55% reduction in MV̇O2, from 6.0 to 2.7 

ml O2 per beat g−1 (Yaku et al. 1993). In open-chest canine studies, in vivo MV̇O2 drops 

from 9.2 to 3.8 ml (100 g)−1 min−1 when both ventricles are completely unloaded (Gibbs et 

al. 1980). These data demonstrate the dramatic increase in work that occurs when the LV 

contracts against resistance.

As mechanical function is repressed further, oxygen requirements also decrease. To 

calculate MV̇O2 when there is no force production, the dose-response of increasing BDM 

concentration on RPP and MV̇O2 was determined with BDM concentrations up to 10 mM 

(Yaku et al. 1993). Given that concentrations >10 mM BDM affect Ca2+ cycling, the RPP 

versus MV̇O2 line was extrapolated to determine the MV̇O2when force is zero, revealing a 

rate of 1.4 ml O2 per beat min−1. These data demonstrate the striking impact of eliminating 

mechanical work and additionally, cross-bridge cycling, on MV̇O2. The 77% reduction in 

MV̇O2 (from 6.0 to 1.4 ml O2 per beat g−1) (Yaku et al. 1993) is consistent with calculations 

that the actomyosin ATPase activity accounts for 76% of heat production during contraction 

(Fig. 1; Schramm et al. 1994). The Ca2+-ATPases [including both the plasma membrane 

Ca2+-ATPase (PMCA) and SERCA] and the Na+, K+-ATPase account for the majority of 

the remaining energy utilization, 15 and 9%, respectively (Schramm et al. 1994). Given that 

15 µM blebbistatin or 15 mM BDM decreases ATPase activity by almost the same amount 

(Farman et al. 2008), it is expected that electromechanical uncoupling by either agent would 

have a similar impact on oxygen consumption. However, at concentrations >10 mM, BDM 

also decreases L-type Ca2+ channel current and reduces the Ca2+ transient (Backx et al. 

1994; Ferreira et al. 1997), probably resulting in oxygen consumption below that of 

blebbistatin. When electrical activity is completely inhibited during KCl arrest, oxygen 

consumption drops to 9 ml O2 per beat g−1, lower than that with BDM (Yaku et al. 1993). 

This is 15% of the oxygen consumption of loaded, Langendorff-perfused hearts and close to 

the 9% energy requirements of the Na+,K+-ATPase determined by Schramm (1994).

Myocardial workload modulates coronary vasodilatation, providing a powerful intrinsic 

mechanism for matching oxygen supply and demand. When workload is high, vasodilatation 

increases to increase oxygen delivery. Coronary flow reserve is extremely important for the 

heart, because oxygen extraction per unit volume in the coronary arteries changes very little 

with increased oxygen demand, necessitating a higher coronary flow rate (Laurent et al. 
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1956). A survey of the published literature on ex vivo heart preparations indicates that it is 

difficult to predict whether one preparation will have greater coronary flow reserve than 

another and will therefore able to respond more readily to an increase in oxygen demand. 

For example, Heineman et al. (1992) reported a higher coronary flow rate in LV-ejecting 

compared with Langendorff-perfused or KCl-arrested hearts (26, 14 and 13 ml min−1, 

respectively). They also reported that the addition of nitroprusside increass the flow rates to 

33, 43 and 44 ml min−1, respectively (Heineman et al. 1992). These data indicate that LV 

ejecting preparations have little coronary flow reserve (Table 2). However, lower baseline 

coronary flow rates have been reported in ex vivo LV-ejecting rat hearts compared with the 

working Langendorff perfusion (Neely et al. 1967), as well as for in vivo BiV-ejecting 

hearts compared with the unloaded ventricles (Gibbs et al. 1980), contrary to the results of 

Heineman et al. (1992).

Perfusate oxygenation

Excised hearts are typically perfused with a Krebs–Henseleit solution (KH) containing 

relevant ionic components, fuel(s) and bicarbonate for pH buffering (Krebs & Henseleit, 

1932). Bubbling bicarbonate-buffered KH with 95% O2–5% CO2 produces a pH of 7.4 

while maximizing the oxygen dissolved in solution. The resulting PO2 of >450 mmHg is 

supraphysiological as arterial PO2 is 75–100 mmHg (Chen et al. 1987; Schenkman et al. 

2003; Mouren et al. 2010). The oxygen-carrying capacity of KH is much lower than that of 

whole blood (Gauduel et al. 1985; Chen et al. 1987), but it can be increased by 

supplementation with red blood cells (RBCs). Krebs–Henseleit solution bubbled with 95% 

O2–5% CO2 holds ~1.5 ml O2 (100 ml)−1, while KH supplemented with 15 and 25% 

haematocrit holds 6 and 11 ml O2 (100 ml)−1, respectively (Chen et al. 1987). However, 

bubbling with 95% O2–5% CO2 results in a supraphysiological PO2 (>450 mmHg) with 

either crystalloid KH or KH with RBCs (Gauduel et al. 1985; Chen et al. 1987). The PO2 
can be brought much closer to the physiological range by bubbling a KH + RBC suspension 

with 20% O2–6% CO2–74% N2. Doing so for a KH + RBC solution with 35% haematocrit 

provides 15.3ml O2 (100 ml)−1 and a PO2 of 135 ml O2 (100 ml)−1 (Gauduel et al. 1985).

Increasing the perfusate oxygen-carrying capacity has many benefits for perfused heart 

function. When RBCs are included in the perfusate of working Langendorff guinea-pig 

hearts, myoglobin oxygen saturation increases from 72 to 93%, which is close to the in vivo 

myoglobin saturation of canine myocardium (~89%; Schenkman et al. 1999, 2003). Work 

output increases and coronary flow rate drops when RBCs are added to perfusate (Gauduel 

et al. 1985; Schenkman et al. 2003). Coronary flow rates in KH -perfused hearts are 

supraphysiological, and the inclusion of RBCs brings coronary flow rate to within the in 

vivo range. This provides KH + RBC solution-perfused hearts with a coronary flow reserve 

that can be called upon when an increase in oxygen consumption is required (Deng et al. 

1995; Podesser et al. 1999). The greater oxygen reserve of KH + RBCs is critically 

important when PO2 drops. If arterial PO2 is reduced from 600 to 100 mmHg, hearts 

perfused with KH experience an immediate drop in LV developed pressure and myoglobin 

oxygen saturation, while hearts perfused with KH + RBC solution maintain myoglobin 

saturation and LV developed pressure until arterial PO2 drops below 100 mmHg 

(Schenkman et al. 2003). Additionally, LV ejecting rabbit hearts perfused with 15% 
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haematocrit maintain an ATP level of 24 µmol g−1 over 150 min of perfusion while ATP 

levels are lower and drop from 18 to 14 µmol g−1 between 90 and 150 min of perfusion with 

KH (Chen et al. 1987).

Perfusate substrate provision

The heart exhibits incredible metabolic flexibility and is able to oxidize glucose, lactate, 

pyruvate, ketone bodies and fatty acids for energy (Taegtmeyer, 1994). Many variables 

affect substrate utilization, including workload and rate of oxygen consumption as well as 

the concentration and combination of available substrates. Myocardial substrate utilization is 

an extensive topic, and focused reviews are available elsewhere (Taegtmeyer, 1984, 2007; 

Williamson & Kobayashi, 1984). Here, we briefly discuss the effects of substrate supply on 

ex vivo heart preparations.

A wide variety of substrate combinations are used in perfusates for ex vivo heart studies. 

Perfusates often contain supraphysiological concentrations of glucose, lactate and pyruvate. 

High concentrations ensure that substrates are not depleted, particularly in studies where 

perfusate is recirculated. High glucose concentrations may ensure intracellular delivery in 

the absence of insulin (Taegtmeyer et al. 1980). Fatty acids are often omitted from 

perfusates, despite being a major fuel source both in vivo and ex vivo (Ballard et al. 1960; 

Shipp et al. 1961). In the absence of substrates in the perfusate, excised hearts will oxidize 

endogenous triglycerides (Fisher & Williamson, 1961). Oxidation of endogeneous fatty 

acids is inversely correlated with the concentration of fatty acids provided in the perfusate 

(Saddik & Lopaschuk, 1991), making the contribution of endogenous triglycerides difficult 

to predict if fuel oxidation is not being measured.

Perfusate substrate provision modulates myocardial NADH production and the Gibbs free 

energy of ATP hydrolysis (ΔGATP), where less negative values of ΔGATP correspond to 

higher [ADP][Pi]/[ATP] ratios. Adding pyruvate (Bünger et al. 1989; Scholz et al. 1995), 

lactate (Heineman & Balaban, 1993; Scholz et al. 1995) or palmitate (Starnes et al. 1985) to 

hearts perfused with glucose increases NADH fluorescence and results in a more negative 

ΔGATP. Additionally, switching from a perfusate containing only glucose to one containing 

only pyruvate also increases NADH fluorescence and results in a more negative ΔGATP 

(Zweier & Jacobus, 1987; Ashruf et al. 1996). Both results indicate increased fuel supply, 

and a more in-depth discussion of NADH begins in the next subsection. Adding substrates to 

perfusates containing only glucose also causes an increase in MV̇O2 (Starnes et al. 1985; 

Zweier & Jacobus, 1987). Although increased substrate provision increases work output 

(Bünger et al. 1989), improves functional stability (Bünger et al. 1975) and enhances 

performance upon reperfusion (Bünger et al. 1989), it is likely that excess substrate may 

produce an unphysiological situation, in which the heart does not respond to metabolic 

perturbations as it would in vivo. Additionally, in KH -perfused hearts, the increased work 

output and associated higher oxygen demand and MV̇O2 may reach the limit of perfusate 

oxygenation, placing the heart on the precipice of hypoxia.

Kuzmiak-Glancy et al. Page 6

Exp Physiol. Author manuscript; available in PMC 2015 July 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



NADH imaging reveals myocardial O2 deficits

NADH is an endogenous chromophore (it absorbs light at 360 nm) and fluorophore 

(excitation 360 nm, emission 460 nm). Pioneering work by Britton Chance and colleagues 

described the optical properties of NADH and developed the relationship between NADH 

and the oxidation-reduction status of the mitochondrial electron transport chain (Chance, 

1952; Chance & Williams, 1955; Chance et al. 1962; Barlow & Chance, 1976). NAD+ is 

reduced to NADH when electrons are harvested in the tricarboxylic acid cycle via 

dehydrogenase reactions (Fig. 1). NADH is subsequently oxidized as electrons enter 

Complex I of the electron transport chain. Therefore, a change in NADH concentration 

reflects a change in the balance of NADH production and utilization (Chance, 1952; Barlow 

& Chance, 1976). When production outpaces utilization, NADH concentration rises, as does 

NADH fluorescence. When utilization outpaces production, NADH concentration and its 

associated fluorescence drop. Chance et al. (1973) also demonstrated that NADH 

fluorescence is a sensitive indicator of myocardial oxygenation. When mitochondrial 

electron transport is limited by a lack of oxygen at Complex IV, NADH increases because 

NADH utilization has dramatically reduced (Fig. 1). Ischaemic or hypoxic myocardium can 

be identified as a region having high levels of NADH fluorescence (Chance et al. 1973).

Recent work in our laboratory demonstrates the effect of the low oxygen-carrying capacity 

of KH perfusate on LV-ejecting, unloaded Langendorff and electromechanically uncoupled 

preparations (Wengrowski et al. 2014). Epicardial NADH fluorescence was imaged to 

identify hypoxia. The relationship between NADH fluorescence and perfusate oxygenation 

was measured for each heart preparation to characterize sensitivity to hypoxia (Fig. 2). 

Elevation of epicardial NADH fluorescence during global ischaemia was also measured 

(Fig. 2). Biventricular ejecting hearts are the most sensitive to minor reductions in perfusate 

oxygenation, with NADH increasing rapidly when oxygen decreases by as little as 10% 

(Fig. 2A). The unloaded Langendorff hearts are more resistant to oxygen reductions. Hearts 

electromechanically uncoupled with blebbistatin maintain low NADH levels even as 

perfusate oxygen levels reduce to 50%. These data indicate that BiV-ejecting hearts are on 

the precipice of hypoxia; a small reduction in oxygen delivery results in a mitochondrial 

oxygen limitation. Unloaded Langendorff-perfused hearts have some oxygen reserve, and 

hearts electromechanically uncoupled with blebbistatin appear adequately oxygenated. 

Additionally, the time for NADH fluorescence to reach a plateau upon global ischaemia was 

shortest in BiV-ejecting hearts and longest in hearts not performing mechanical work (Fig. 

2B). These data also indicate that NADH production rate is fastest in the working hearts and 

slowest during electromechanical uncoupling with blebbistatin (Fig. 2B).

Although a BiV-ejecting heart preparation most closely mimics in vivo function, these 

results demonstrate that, in the ex vivo context, working hearts are highly susceptible to the 

limited oxygen supplied by KH perfusate. Therefore, the response of ejecting hearts to 

perturbations that change workload may not closely mirror that which occurs in vivo. 

Indeed, in BiV-ejecting hearts, a sudden increase in heart rate elicited by fast pacing resul-

accumulation of NADH, which was interpreted to be caused by inadequate oxygen delivery 

that could not meet the oxygen demand of the increased workload (Wengrowski et al. 2014). 

Electromechanical uncoupling with blebbistatin, while essential for optical mapping, creates 
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unphysiological working conditions such that the timing and magnitude of changes that 

occur in response to oxygen limitation are very different from those that are likely to occur 

in vivo. In the more extreme case, KCl-arrested hearts demonstrate no change in oxygen 

consumption rate in response to increased LV volume or dobutamine, demonstrating the 

severely blunted metabolic activity of these arrested ex vivo preparations (Nozawa et al. 

1988).

A limitation of imaging epicardial NADH fluorescence is that the signal is derived from a 

thin layer of tissue. Transmural changes in NADH fluorescence, which are particularly 

heterogeneous in the early stages of hypoxia and ischaemia, would not be detected. As 

elegantly shown by Kanaide et al. (1987), global ischaemia first results in an increase in 

NADH fluorescence at the endocardium that spreads as an anoxic wave front to the 

epicardium within 60 s (Fig. 3A–C). The same pattern of NADH fluorescence occurred 

when hearts were perfused with anoxic perfusate, with the endocardium experiencing an 

increase in NADH fluorescence within 10 s that spread to the epicardium within 60 s (Fig. 

3D and E; Kanaide et al. 1987). These results indicate that subepicardial oxygen limitation 

may not be evident when only epicardial NADH fluorescence is monitored. Hypothetically, 

if an ex vivo perfused heart undergoes a sudden increase in heart rate, as described above, it 

is conceivable that the endocardium could experience hypoxia while the epicardium remains 

normoxic. Thus, the endocardial hypoxia would not be detected. However, increases in 

NADH fluorescence observed in the epicardium due to hypoxia or ischaemia are very likely 

to indicate a transmural oxygen deficiency (Kanaide et al. 1987).

Myocardial oxygenation and electrophysiology

Myocardial oxygenation greatly influences electrophysiological function. Action potential 

duration (APD), effective refractory period (ERP) and the incidence of arrhythmia have 

been shown to be different between hearts perfused with KH and KH + RBCs. For example, 

adding RBCs to KH in LV-ejecting rabbit hearts reduces the incidence of ventricular 

fibrillation (Chen et al. 1987; Gillis et al. 1996), probably due to improved maintenance of 

physiological APD and ERP, while also improving contractile function (Gillis et al. 1996).

The relationship between oxygen availability and APD in cardiac myocytes is attributed to 

sarcolemmal ATP-sensitive potassium channels (KATP) that open in response to a less 

negative ΔGATP (Kakei et al. 1985). Sarcolemmal KATP activation initiates a large outward 

repolarizing K+ current that drives the membrane potential towards the K+ equilibrium 

potential, thereby accelerating repolarization to shorten APD (Lederer et al. 1989). As 

mentioned above, the addition of 15% haematocrit to perfused rabbit hearts improves tissue 

ATP levels compared with KH alone (24 versus 18 µmol g−1; Chen et al. 1987). Fitting with 

this, APD and ERP are shorter in rabbit hearts perfused with KH, which could be indicative 

of hypoxia (Gillis et al. 1996). Shortened APD abbreviates sarcoplasmic reticulum Ca2+ 

cycling and diminishes contractile performance (Lederer et al. 1989), which may in part 

explain the lower contractile performance during KH perfusion compared with KH + RBCs. 

Heart preparation can also affect these electrophysiological parameters; although not 

compared statistically, data from Wolk et al. (1998) show that epicardial APD (113 versus 

138 ms) and ERP (137 versus 143 ms) are shorter in LV-ejecting compared with unloaded 
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Langendorff-perfused rabbit hearts. The significant impact of ΔGATP on APD and the 

incidence of arrhythmias emphasize the importance of establishing baseline conditions of 

complete normoxia in any perfused heart study of electrophysiology.

Oxygenation heterogeneously alters transmural electrophysiology (Cordeiro et al. 2008; 

Taylor et al. 2013), although it does not recapitulate the pattern of transmural anoxic wave 

fronts (Kanaide et al. 1987). Instead, APD shortening in ex vivo perfused hearts occurs 

sooner and to a greater extent in the epicardium compared with the endocardium (Kimura et 

al. 1986; Taggart et al. 1988). Action potential duration shortening also increases from 

endocardium to epicardium in human myocardial wedge preparations, but it did not reach 

statistical significance (Sulkin et al. 2014). Transmural differences of APD shortening in 

normal myocardium can be attributed to differential sensitivity of KATP channels to less 

negative ΔGATP. Furukawa et al. (1991) found that the same amount of ATP depletion 

activated the KATP current more in epicardial than endocardial myocytes. As such, despite 

less severe hypoxia, the epicardium exhibits more pronounced APD shortening, indicating 

that the effects of ischaemia and hypoxia on electrophysiology are likely to be more 

pronounced when measured from the epicardium. Although transmural changes in APD due 

to hypoxia have not been examined specifically, as hypoxia shortens APD (Kodama et al. 

1984; Manoach et al. 1996) concomitantly with changes in ΔGATP, the pattern of ADP 

shortening is expected to be the same as with ischaemia.

The transmembrane ion gradients generated by hypoxia differ from those of ischaemia, with 

hypoxia resulting in less severe changes in the action potential. While K+ efflux is equal 

between anoxia and ischaemia, cellular depolarization is not as marked (Moréna et al. 1980; 

Kodama et al. 1984). During no-flow ischaemia, K+ shifts from the intracellular to the 

extracellular space, but during hypoxia the extracellular K+ is washed away and extracellular 

K+ elevation is small (Allen & Orchard, 1987); however, intracellular K+ is substantially 

reduced (Fiolet et al. 1984). This still raises the K+ equilibrium potential to depolarize the 

resting membrane potential (Moréna et al. 1980). Sodium channels are inactivated by 

depolarized resting potentials, which reduces membrane excitability and slows conduction 

velocity. Like ischaemia, hypoxia has been shown to impair cell-to-cell coupling and 

compromise gap junction conductance (Manoach et al. 1996; Matsumura et al. 2006; Danon 

et al. 2010), with potential mechanisms being reductions in connexin 43 (Cx43) 

phosphorylation and decreases in Cx43 distribution to gap junctions. Given that many of 

these investigations into hypoxia use isolated cardiac myocytes, the duration and timing of 

changes may differ in intact tissue. In isolated ventricular muscle strips, hypoxia shortens 

APD and results in cell-to-cell uncoupling (Manoach et al. 1996), and the duration of 

hypoxia (0–80 min) is correlated with the degree of cell-to-cell uncoupling and reduced 

Cx43 phosphorylation, thereby slowing conduction velocity (Matsumura et al. 2006). Danon 

et al. (2010) found that 5 h of hypoxia reduces Cx43 at gap junctions in neonatal rat 

ventricular myocytes. Despite these data, Veenstra et al. (1987) found that hypoxia does not 

affect ventricular conduction velocity unless it was accompanied by a decrease in pH and an 

increase in extracellular [K+]. Thus, while hypoxia can reduce cell-to-cell coupling, the 

effects are small compared with when hypoxia is combined with other elements of 
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ischaemia, such as decreased pH and increased extracellular K+ (Veenstra et al. 1987; 

Manoach et al. 1996).

Electrophysiological studies benefit from electromechanical uncoupling because the 

elimination of contraction diminishes the probable oxygen limitation of KH perfusate. For 

example, Brack et al. (2013) recently studied the effect of blebbistatin on myocardial 

electrophysiology. In contrast to the results of Fedorov et al. (2007), which show that 

blebbistatin does not directly alter myocyte electrophysiology, Brack et al. (2013) show that 

APD and ERP lengthen after administration of blebbistatin. These results are consistent with 

a more negative ΔGATP and reduced KATP channel activation after electromechanical 

uncoupling with blebbistatin. Although there are no clear reasons for the differences 

between the two studies, if the hearts of Brack et al. (2013) were oxygen limited, the effects 

of the addition of blebbistatin are all consistent with improved tissue oxygenation. Even 

though electromechanical uncoupling can alleviate any oxygen limitations of KH perfusate, 

physiological results must be interpreted within the context of the greatly reduced metabolic 

state. This is particularly important in studies of ischaemia, because the time course of 

changes in APD and NADH are dramatically slowed by electromechanical uncoupling 

(Botsford & Lukas, 1998; Wolk et al. 1998a, 1999, 2000; Saltman et al. 2000; Horimoto et 

al. 2002; Smith et al. 2012; Wengrowski et al. 2014; Table 2). During ischaemia, 

blebbistatin prolongs the time-to-peak NADH fluorescence more than 4 min beyond that 

found in BiV ejecting preparations (Fig. 2B; Wengrowski et al. 2014).

Tissue absorbance can interfere with NADH signals

In ex vivo heart studies, NADH fluorescence signals are typically acquired by integrating 

light within a spectral band; 460 ± 20 nm is commonly used. It is generally assumed that 

fluctuations of emitted light within this band are proportional to changes in mitochondrial 

NADH. This could be true when myocardial oxygenation is constant, but oxygen transitions 

are likely to invalidate the proportionality assumption. This is because myocardial 

absorbance of visible light (440–640 nm) changes dramatically as a function of oxygenation, 

as shown in the classic study by Heineman et al. (1992; Fig. 4A). If tissue oxygenation is 

altered, then any absorbance or fluorescence measurements that occur within visible light 

bands are subject to contamination. In the specific case of measuring NADH fluorescence at 

460 ± 20 nm, altered oxygenation will change tissue absorbance to influence the amount of 

light emitted in the longer region of this band. This is illustrated by the tissue absorption 

spectra shown in Fig. 4A. If NADH does not change, but the myocardium becomes hypoxic, 

then emitted light at 460 ± 20 nm will increase due to decreased tissue absorbance in this 

region (Fig. 4A). This could be interpreted mistakenly as increased NADH. Furthermore, 

during hypoxia, myoglobin, which dominates the tissue absorbance spectra, will 

deoxygenate and NADH will increase. The reduced myocardial absorbance will intensify 

the resulting increased NADH fluorescence. As such, many optical measurements of ex vivo 

heart preparations using visible light must be interpreted with care, especially when studying 

hypoxia or ischaemia. Imaging fluorescence at 460 ± 20 nm does, however, provide an 

excellent indicator of ischaemic zones. During an examination of the effects of oxygenation 

gradients in the generation of ectopic beats after ischaemia, NADH fluorescence was used to 
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identify ischaemic tissue as well as to delineate borders between hypoxic and normoxic 

tissue (Swift et al. 2008; Kay et al. 2008).

NADH fluorescence and tissue absorbance can interfere with Ca2+ signals

Fluorescence imaging of cytosolic Ca2+ is a powerful approach for studying excitation–

contraction coupling in ex vivo heart preparations. Many studies use non-ratiometric Ca2+-

sensitive fluorophores, such as rhod-2 AM, to study the kinetics of Ca2+ transients (Del 

Nido et al. 1998; Laurita et al. 2003; Kong & Fast, 2014). Ratiometric Ca2+ fluorophores 

are used to measure Ca2+ transient amplitudes and include indo-1 AM, an emission 

fluorophore (Schreur et al. 1996), and fura-2 AM, an excitation fluorophore (Field et al. 

1994; Ylitalo et al. 2000; Venkataraman et al. 2012). Like NADH, the emission of indo-1 

AM (recorded within 415–440 nm) is weighted by tissue absorbance, as described by Fralix 

et al. (1990). To our knowledge, there are no reports describing the effect of tissue 

absorbance on the emission of fura-2 AM. However, the peak emission of fura-2 AM is at 

505 nm (Grynkiewicz et al. 1985), and the recommended emission band is 470–550 nm. 

This results in a substantial overlap with the changes in tissue absorbance that occur 

between normoxia and hypoxia (Fig. 4A). Indo-1 AM and fura-2 AM are excited with 

ultraviolet light (~340/380 nm for fura-2 AM and ~365 nm for indo-1 AM), introducing the 

additional complication of exciting NADH. Although the emitted light of cells loaded with 

indo-1 AM increases approximately fivefold in the 405–535 nm band (Fralix et al. 1990), 

nearly the entire band overlaps with the NADH emission band. Likewise, the 505 nm 

emission peak of fura-2 AM falls within the emission band of NADH (Fig. 4B). This means 

that in scenarios of altered myocardial oxygenation, Ca2+ transient measurements using 

these fluorophores must considered with great caution; contamination via NADH 

fluorescence and tissue absorbance is at play.

Recent Ca2+ imaging work has demonstrated a novel approach for correcting fura-2 AM 

signals for NADH fluorescence contamination during ischaemia (Venkataraman et al. 

2012). This was done by exploiting the inverse relationship between the fluorescence of 

FAD+ and NADH, first used with fura-2 AM by Ylitalo et al. (2000). The emission band of 

FAD+ overlaps with the emission band of fura-2 AM, but FAD+ is excited at 455 nm, above 

the ultraviolet excitation band of fura-2 AM. Venkataraman et al. (2012) applied three 

excitation wavelengths, namely 455 nm for FAD+, while 340 and 380 nm excited fura-2 

AM. Light emitted at 500 nm was acquired using a single camera. Images were then de-

interlaced to compute the ratio of fura-2 AM fluorescence, from which FAD+ fluorescence 

was subtracted to correct for increased NADH during ischaemia. A limitation of this 

approach is that during ischaemia, signals may also be confounded by changes in tissue 

absorbance due to changes in myoglobin oxygen saturation. Additionally, both flavins, FMN 

and FAD+, are excited at 455 nm. The described approach is therefore well suited for 

studying Ca2+ transients when NADH is predicted to change but myoglobin oxygen 

saturation is not altered.
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Summary

The ex vivo perfused heart is a cornerstone of cardiac research that offers unmatched access 

to physiological measurements. This includes a multitude of optical assessments that are 

based upon the fluorescence of intrinsic and extrinsic compounds as well as changes in 

myocardial absorbance. At the same time, tissue oxygenation greatly influences endogenous 

fluorescence and tissue absorbance. Given that experiments mimic in vivo cardiac function 

as closely as possible, the impact of perfusate oxygen limitations on experimental variables 

and their measurements must be understood. Excised hearts required to perform in vivo 

functions are especially susceptible to inadequate oxygenation, which can affect both 

electromechanical performance and optical imaging data. Interventions that reduce oxygen 

demand, such as electromechanical uncoupling, protect the myocardium from oxygen 

limitations but also impact the timing of a physiological response to experimental 

perturbations. Careful consideration of oxygen supply, metabolic demand and wavelengths 

used to acquire optical signals is critical in the design and implementation of ex vivo 

perfused heart studies.
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New Findings

• What is the topic of this review?

This review discusses how the function and electrophysiology of isolated 

perfused hearts are affected by oxygenation and energy utilization. The impact 

of oxygenation on fluorescence measurements in perfused hearts is also 

discussed.

• What advances does it highlight?

Recent studies have illuminated the inherent differences in electromechanical 

function, energy utilization rate and oxygen requirements between the primary 

types of excised heart preparations. A summary and analysis of how these 

variables affect experimental results are necessary to elevate the physiological 

relevance of these approaches in order to advance the field of whole-heart 

research.
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Figure 1. Conceptual representation of oxygen delivery, ATP production and ATP utilization in 
a cardiac myocyte
Oxygen is carried to myocytes via Krebs-Henseleit (KH) solution with red blood cells 

(RBCs) bubbled with 20% O2-5% CO2-75% N2 (red filled rectangle) has a PO2 of ~150 

mmHg, an oxygen-carrying capacity of 10 ml O2 (100 ml)−1, and results in a myoglobin 

oxygen saturation of ~90%. Krebs-Henseleit solution without RBCs bubbled with 95% 

O2-5% CO2 (red open rectangle) has a PO2 of ≥450 mmHg, an oxygen-carrying capacity of 

1.5 ml O2 (100 ml)−1, and results in a myoglobin oxygen saturation of ~70%. In the 

mitochondria, electrons are harvested in the tricarboxylic acid (TCA) cycle and primarily 

reduce NAD+ to NADH. The NADH donates its electrons to Complex I of the electron 

transport chain, and these electrons travel to Complex IV, where oxygen is reduced to water. 

The proton motive force created during electron transport is used by the F1Fo ATP synthase 

to produce ATP. The ATP is transported out of the mitochondria via the adenine nucleotide 

translocase (ANT). The ATP is then primarily used for actin-myosin cross-bridge cycling 

(76%), calcium transport by the sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) and 

the plasma membrane Ca2+-ATPase (PMCA; 15%), and the maintenance of membrane 

potential by the Na+,K+-ATPase (9%).
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Figure 2. NADH production and utilization differs between types of ex vivo heart preparations
Normalized mitochondrial NADH (nNADH) is plotted during gradual hypoxia and 

instantaneous ischaemia for isolated rabbit hearts prepared as Langendorff perfused with the 

electromechanical uncoupler blebbistatin (filled squares), unloaded Langendorff perfused 

(filled circles) or biventricular ejecting (filled triangles). A, decreasing perfusate 

oxygenation results in an increase in nNADH that is fastest in biventricular-ejecting hearts 

and slowest in blebbistatin-perfused hearts. B, instantaneous ischaemia brought on by 

termination of aortic flow at time t = 0 causes a rise in nNADH that is also dependent on 

heart preparation.
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Figure 3. The transmural anoxic and ischaemic wave fronts initiate at the endocardium and 
progress to the epicardium as monitored by NADH fluorescence
Freeze-dried cross-sections were taken at baseline (A), 10 s after onset of global ischaemia 

(B) or perfusion with anoxia media (D), and 60 s after the onset of ischaemia (C) or anoxia 

(E). Data from Kanaide et al. (1987), reproduced with permission.
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Figure 4. Spectral overlap of myocardial absorbance, NADH fluorescence and indo-1 AM 
fluorescence
A, an overlay of tissue absorbance and NADH fluorescence spectra reveals potential cross-

talk in the 445–505 nm range. Tissue absorbance spectra demonstrate the change in 

ventricular tissue absorbance from hypoxia (0) to normoxia. Myocardial absorbance within 

445–505 nm is dominated by myoglobin and decreases during hypoxia, while NADH 

fluorescence increases within the same wavelength band. Spectra were each normalized to 1 

and plotted together. B, an overlay of the emission spectra of indo-1 AM and NADH reveals 

potential cross-talk within wavelengths <565 nm. Data from Heineman et al. (1992) and 

Fralix et al. (1990), reproduced with permission.
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Table 2

Functional parameters of ex vivo heart preparations

Heart
preparation

Oxygen consumption
(whole heart)

Time to 66% maximal
NADH during
ischaemia (ventricles)

Coronary flow
reserve

Percentage reduction
in ventricular APD
after 15 min ischaemia

Ejecting heart 9.2 ml (100 g)−1 min−1[1] (BiV
ejecting)*

3.1 µmol g−1 min−1[2] (LV ejecting)

17 ± 10 s[4] 7 ml min−1 (LV
ejecting)[2]

~53%[5,6,7]

Langendorff:
contracting

3.8 ml (100 g)−1 min−1[1] (unloaded)*

2.5 µmol g−1 min−1[2]†

6.0 ml per beat g−1[3] (working)
2.7 ml per beat g−1[3] (unloaded)

44 ± 21 s[4] 29 ml min−1[2] ~53%[8,9,10]

Langendorff:
non-contracting

1.74 ml (100 g)−1 min−1[1] (KCl arrest)*

0.7 µmol g−1 min−1[2] (KCl arrest)
1.4 ml per beat g−1[3] (BDM)

0.9 ml per beat g−1[3] (KCl arrest)

100 ± 64 s[4] 31 ml min−1 (KCl
arrest)[2]

~22%[11]

Whole-heart oxygen consumption rates from three studies are listed for the three primary types of ex vivo heart preparations. Upon the initiation of 
ischaemia, the fastest accumulation of NADH occurs within preparations with the highest oxygen consumption rate. Ejecting heart preparations 
may have less coronary flow reserve than Langendorff preparations. Reductions in APD occur more slowly and to a lesser extent after 10 min of 
ischaemia in electromechanically uncoupled hearts. Dog: [1]; and rabbit: [2–10]. Studies are as follows:

[1]
Gibbs et al. (1980);

[2]
Heineman et al. (1992);

[3]
Yaku et al. (1993);

[4]
Wengrowski et al. (2014);

[5]
Wolk et al. (1998);

[6]
Wolk et al. (1999);

[7]
Wolk et al. (2000);

[8]
Botsford & Lukas (1998);

[9]
Saltman et al. (2000);

[10]
Horimoto et al. (2002); and

[11]
Smith et al. (2012).

*
Data from open-chest dog with 20% haematocrit.

†
Loading condition unclear. Abbreviations: APD, action potential duration; BDM, 2,3-butanedione monoxime; BiV, biventricular; and LV, left 

ventricle.
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