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Abstract 
 

Adapting Novel Techniques to Elevate Physiological Relevance to Study Heart 
Failure and Oxygenation in the Isolated Heart 

 

Cardiovascular disease is the leading cause of death in the United States with severe 

repercussions on society and individual lives.  Despite recent research advancements, 

additional work is needed to more effectively diagnose and treat the wide range of 

cardiac afflictions.  The isolated heart, developed by Oskar Langendorff in 1895, is a 

valuable tool to study cardiac function and disease. This preparation allows researchers to 

investigate whole organ function without confounding variables associated with in vivo 

methods, such as hormonal changes and spectral interference of blood.  The isolated heart 

led to a greater understanding of cardiac electrophysiology and metabolism, which 

spurred the development of methods to diagnose and treat cardiovascular disease.  

Moving forward, ex vivo heart experiments must move closer to in vivo physiology in 

order to effectively recapitulate human conditions and reach translational potential. 

The purpose of the studies presented in this dissertation is to implement and validate 

new techniques to study cardiac function and disease with more physiologically relevant 

conditions in the isolated heart model.  The widespread effects of heart failure motivate 

the development of potential treatments.  The research of this dissertation aims to 

reinstate the parasympathetic withdrawal that is characteristic of heart failure (HF) in a 

rat model by activation of parasympathetic oxytocin neurons.  Application of Designer 

Receptors Exclusively Activated by Designer Drugs (DREADDs) to increase cardiac 

parasympathetic tone in a rat model of HF reveals significant improvements in cardiac 

function and reductions in cardiac injury.  Additionally, this dissertation more closely 
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replicates in vivo physiology in fully contracting, working rabbit hearts to study 

electromechanical function and oxygen requirements.  An innovative optical mapping 

technique to remove motion artifact in contracting hearts allows for sensitive 

measurements of electrical, mechanical, and metabolic function.  Studying these 

parameters in tandem, rather than in isolation, allows for a more comprehensive 

understanding of cardiac function under conditions of hypoxia and increased work.  

These experiments also elucidate that KATP channels, ion channels that link the heart’s 

metabolic state to electrical function, are more readily activated in isolated heart 

preparations with greater work demands.  The results of these studies and the previously 

established oxygen limitation due to crystalloid perfusate used in isolated heart 

experiments motivate the adaptation of a perfusate with 35% greater oxygen carrying 

capacity.  Perfluorocarbon (PFC) solution binds oxygen with a greater affinity than 

crystalloid perfusate to bring studies of cardiac electrophysiology closer to physiological 

oxygenation conditions.  The use of PFC solution in contracting heart optical mapping 

studies builds upon the developments previously established by this dissertation and 

moves closer towards in vivo physiology.  PFC perfusate eliminates the oxygen limitation 

inherent to isolated heart preparations and provides enhanced protection against 

arrhythmogenesis.  The clinical need for improved diagnosis and treatment of 

cardiovascular disease necessitates experimental research that mimics physiology with 

greater fidelity.  This dissertation moves isolated heart experiments closer to in vivo 

physiology by using a new approach to reinstate parasympathetic tone in HF, revealing 

the role of KATP channels in contracting, working hearts, and vastly improving 

oxygenation in perfused heart studies.  
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Chapter 1—Introduction 

1.1 Background 

Cardiovascular disease is the leading cause of death globally, responsible for 17 

million deaths each year1.  While the death rate from heart disease has decreased 38% 

from 2003 to 2013, the prevalence of cardiovascular disease is expected to increase in the 

coming years1.  In particular, heart failure (HF) is a debilitating disease that affects 5.7 

million Americans and the rate of incidence has recently increased1.  Medications and 

therapies such as β-blockers and coronary revascularization, and implantable devices 

such as cardioverter-defibrillators and cardiac resynchronization devices have improved 

the survival rate of HF in recent years.  However, approximately half of people diagnosed 

with HF still die within 5 years of diagnosis1.  While research and many treatments focus 

on blunting the increase in sympathetic activity, e.g. β-blockers, the chronic withdrawal 

of parasympathetic activity in heart failure is much less studied.  Experimental research 

that more closely recapitulates physiological disease states is necessary to fully address 

the clinical need.   

Research on cardiovascular disease spans a range from large-scale clinical trials to 

isolated organelles from cardiac myocytes.  While human studies are ideal due to the ease 

of translation, they are costly and require sound and thorough research prior to 

commencement of a clinical trial. Experimentation on cardiac myocytes or organelles 

such as mitochondria isolated from the heart has the advantage of eliminating many 

confounding variables and the ability to precisely answer a wide range of questions.  In a 

step closer to physiology, the whole heart preparation provides a more comprehensive 

perspective on cardiac responses to different situations.  The ex vivo isolated heart model 
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affords researchers the ability to investigate whole-heart function without confounding 

variables that are present in vivo, such as hormonal changes and spectral interference due 

to the hemoglobin content of blood.  There are a multitude of animal models that mimic 

human physiology and each species has its own advantages and disadvantages.  While 

larger mammals such as pigs, dogs, and cows can more closely replicate human 

physiology, these experiments are very costly and require more resources than smaller 

animals.  The use of small rodents such as rats, rabbits, and guinea pigs is a valuable 

preclinical tool due to the ease of accessibility, lower cost, and reasonable fidelity to 

human cardiac physiology.    

Isolated heart preparations, developed by Oskar Langendorff in 18952, are a 

commonly used tool to study cardiac electrophysiology and metabolism.  While many 

advances have been made using this model, future research must make a concerted effort 

to more closely replicate in vivo physiology in ex vivo preparations.  Research in cardiac 

myocytes has revealed the importance of ATP-sensitive potassium channels (KATP 

channels) in linking cardiac metabolism to electrical activity; however, the kinetics of 

channel opening in fully contracting, working hearts is unknown.  Understanding the 

conditions under which these channels open will reveal important information about the 

metabolic requirements of different isolated heart preparations.  Evaluating 

electromechanical function under physiological metabolic conditions is crucial for a 

comprehensive understanding of ex vivo heart function. 

The solution used to perfuse isolated hearts is designed to mimic blood, but its 

crystalloid nature deems it an inadequate oxygen carrier.  In experiments with reduced 

workloads this oxygen limitation is negligible; however, moving forward, isolated heart 
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studies with physiological workloads are necessary to gain a full understanding of cardiac 

function.  A perfusate solution with greater oxygen carrying capacity would greatly 

elevate the physiological relevance of ex vivo heart experiments and allow for careful 

study of increased workloads. This work is crucial to the next steps in cardiac 

electrophysiology and metabolism research and will bring isolated heart preparations 

closer to translational significance.   

Ex vivo heart preparations are an extremely valuable preclinical tool to study cardiac 

physiology; however, future studies must strive to more closely recreate in vivo 

conditions.  The adaptation of new technologies and techniques to isolated heart 

experiments will help overcome many of the limitations inherent to excised heart studies.  

When isolated heart experiments mimic human physiology with greater fidelity the 

possibility of clinical translation greatly increases.  

1.2 Objectives 

The significant burden of heart disease motivates physiologically relevant research 

into the specific mechanisms of cardiac function in both healthy and disease states.  The 

vast library of research completed thus far has allowed for profound improvements in 

cardiac care; however, much work remains to definitively prevent and treat 

cardiovascular disease.  New contributions to the field must bring experimental 

conditions closer to physiological conditions.  The work of this dissertation aims to adapt 

new technologies in biomedical engineering to well-established experimental methods to 

more clearly understand parasympathetic tone in heart failure, the role of KATP channels 

during changes in cardiac stability, and the beneficial effects of improving oxygenation in 

the isolated heart.  Studying different measures of cardiac function in tandem, rather than 
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in isolation as is typically done, will give a more comprehensive view of cardiac function 

in a variety of experimental conditions.  

First, an approach to selectively activate parasympathetic cardiac vagal neurons using 

Designer Receptors Exclusively Activated by Designer Drugs (DREADDs) in a rat 

model of heart failure is investigated.  The adaptation of a predominately neurological 

technique to a model of heart failure is a novel method to better understand how 

improving parasympathetic activity alters the symptoms of HF.  Second, using a novel 

method of measuring optical action potentials in fully contracting rabbit hearts elucidates 

the role that KATP channels, cardiac ion channels that work to link metabolic and 

electrical activity, play during increases in workload and reductions in myocardial 

oxygenation.  Finally, a perfluorocarbon perfusate solution that can bind oxygen with 

higher affinity than existing solutions is used in contracting rabbit studies in order to 

determine the effect of action potential duration (APD) restitution under conditions of 

improved oxygenation.   
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Chapter 2—Related Work 

2.1 The Isolated Heart Preparation 

The isolated heart preparation is a valuable experimental tool with a broad spectrum 

of applications. The Langendorff preparation is the original isolated heart model 

developed in 1895.  In this model, the aorta is cannulated for retrograde perfusion of the 

coronary arteries, thus delivering oxygen and fuels to the myocardium3.  In unloaded 

Langendorff preparations, coronary perfusion is provided to the myocardium relatively 

independently of the heart’s contractile work3.  The left ventricle (LV) is not filled; 

therefore, the heart is not contracting against resistance.  In a step closer to in vivo 

physiology, Neely developed the left working heart (LWH) in 19674.  In this preparation 

the left atrium (LA) is also cannulated, thus allowing perfusate to flow from the LA to the 

LV and exit via the aorta in a physiological direction.  As such, the heart must contract 

against a filled LV, increasing workload.  Table 1 details the differences between 

Langendorff and LWH preparations. In a biventricular (BiV) working heart preparation, 

developed by Demmy in 1992, the vena cava is cannulated and the right ventricle (RV) 

also performs pressure-volume work5.  When conducting isolated heart experiments it is 

crucial to provide adequate oxygenation and recreate physiological workloads in order to 

accurately interpret results. 

The isolated heart enables researchers to measure many cardiac parameters, the most 

basic of which give an indication of cardiac stability.  Ex vivo heart rate (HR) can be 

indicative of heart function, but analyzed alone does not provide a comprehensive 

depiction as HR can be maintained even during severe oxygen limitation.  Measuring 

coronary flow rate (CFR) and myocardial oxygen extraction to calculate oxygen 
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consumption (MVO2) gives a more comprehensive measure of whole heart stability.  

Cardiac pressures also assist in evaluating function.  Aortic pressure (preload in 

Langendorff mode, afterload in LWH and BiV) must be maintained between 60-70 

mmHg in all preparations, and measuring aortic pressure waveforms additionally speaks 

to cardiac stability.  LV pressure provides a measure of the contraction of the LV, and 

can be obtained by using a pressure balloon in loaded Langendorff preparations or with a 

Millar catheter inserted into the LV during LWH studies.  LA and RA pressures can also 

be measured in LWH and BiV preparations, respectively.   

Table 1: Comparison of Langendorff and LWH preparations. 
Langendorff Left Working Heart 
No mechanical work by heart LV performs pressure volume work 
Changes in function do not alter coronary 
perfusion 

LV function determines coronary 
perfusion 

Heart does not work against afterload Physiologic preload and afterload 
pressures 

 

 

 

Imaging the heart adds another dimension to cardiac measurements.  Endogenous 

markers and fluorescent dyes provide information such as NADH fluorescence to 
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measure metabolic state, transmembrane potential, and calcium handling.  This will be 

discussed in Chapter 2.7. 

2.2 Heart Failure 

Heart failure (HF) affects 5.7 million adults in the United States and prevalence is 

projected to increase 46% in the next 15 years1.  Approximately 50% of patients 

diagnosed with HF die within 5 years, necessitating the development of new treatments1.  

A hallmark of HF is elevated cardiac sympathetic activity and parasympathetic 

withdrawal6,7, an imbalance that contributes to ventricular dysfunction, structural 

remodeling, and electrical instability8. In the initial stages of HF, parasympathetic tone 

decreases as early as 3 days after the development of cardiac dysfunction, typically 

preceding increases in sympathetic activity9,10.  Elevated sympathetic activity is often 

managed with β-blockers, which alleviate HF symptoms; however, β-blockade does not 

address the functionally important reduction of cardiac parasympathetic tone that occurs 

with HF.   

2.3 Parasympathetic Activation in Heart Failure 

Previous studies have demonstrated the benefit of vagal nerve stimulation (VNS) to 

elevate parasympathetic tone during HF11. Stimulation of the right vagus nerve during HF 

in rats improved LV function, prevented contraction deficits, reduced ventricular weight, 

and increased survival12,13. In humans, clinical trials with left or right VNS demonstrated 

improved heart rate variability and six-minute walk distance in HF patients, but also 

indicated adverse effects that include dysphonia, cough, and throat pain—likely due to 

the non-specificity of electrical VNS14,15. A disadvantage of using electrical current to 

activate the vagus nerve is that although efferent cardiac fibers are activated, efferent 
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fibers that innervate non-cardiac visceral organs, as well as sensory afferent fibers, are 

likely also activated. The efficacy of VNS is also dependent upon proper tuning of the 

stimulating current amplitude and frequency15 and maximum efficacy might require 

implantation of cuff electrodes around both the right and left vagus nerve. Approaches 

that selectively activate only cardiac parasympathetic neurons could be effective without 

the associated confounding variables and side effects that occur with VNS. One such 

approach would be to selectively activate cardiac vagal neurons (CVNs) in the dorsal 

motor nucleus of the vagus to achieve the benefits of left and right VNS without the side 

effects of electrical stimulation. 

Demonstrating the efficacy of 

such an approach in an animal 

model of HF could form the basis 

of a new clinical therapy. 

CVNs within the brainstem 

regulate parasympathetic activity 

to the heart to maintain normal 

heart rate (HR) and coronary 

flow16. CVNs receive powerful 

excitation from a population of 

oxytocin (OXT) neurons within 

the paraventricular nucleus (PVN) 

of the hypothalamus16,17 that co-

release OXT and glutamate to 

Figure 1: Pathway of parasympathetic activation to the heart.  
Modified from Figure 20-21 of Fundamentals of Anatomy and 
Physiology, 9th edition, by Martini, Nath, and Bartholomew. 
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excite CVNs (Figure 1). This higher brain center is responsible for regulating both 

autonomic function in normal situations and cardiac responses in high-stress conditions18. 

We have recently demonstrated that in rats with LV hypertrophy that progresses to HF, 

CVNs have diminished excitation due to both an increase in spontaneous inhibitory 

GABAergic neurotransmission frequency and a decrease in amplitude and frequency of 

excitatory glutamatergic neurotransmission to CVNs19.  This finding indicates that 

augmentation of the excitatory PVN OXT/glutamate pathway to CVNs could be a 

promising approach to maintain cardiac parasympathetic activity during HF.  

OXT is important for maintaining cardiovascular homeostasis and parasympathetic 

cardiac activity, particularly during anxiety and stress20. For example, OXT 

administration prevented increased HR and diminished HR variability that occurs with 

social isolation21,22. In other studies, rats subjected to daily restraint stress had increased 

cardiac infarct size and increased incidence of severe arrhythmias during myocardial 

ischemia-reperfusion23, while intra-cerebroventricular administration of OXT, that did 

not increase plasma OXT levels, reduced the cardiac injury that occurred following 

episodes of ischemia reperfusion24. We have recently demonstrated that chronic 

activation of PVN OXT neurons in rats restores the release of OXT from PVN fibers, 

decreases heart rate and blood pressure, and more importantly, prevents the hypertension 

that occurs during chronic intermittent hypoxia/hypercapnia25. Overall, this previous 

work supports our hypothesis that chronic activation of PVN OXT neurons could 

increase cardiac parasympathetic activity and blunt the progression of cardiac 

dysfunction during HF. 
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2.4 Electrical Activity in the Heart 

Cardiac electrical activity begins in the sinoatrial (SA) node, travels to the 

atrioventricular node, and is conducted to the ventricles down the bundle of His to the 

Purkinje system.  The wave of electrical activity is specific to the region of the heart 

where it initiates, and studying the morphology and duration provides insight into 

electrophysiology in healthy and disease states.  The duration and shape of the cardiac 

action potential (AP) is an indication of the activation of various ion channels.  The 

timing of the AP is crucial in triggering the calcium transient and subsequent mechanical 

contraction.  Therefore, studying electrical activation gives insight into the state of the 

heart preceding mechanical work.   

Shortening of the AP is an indication of hypoxia, largely due to an increase in 

outward current of K+ ions.  APD shortening reduces contraction and the heart’s 

metabolic demand; however, shorter APDs result in a reduced refractory period which 

increases the likelihood of reentry26.  Sarcolemmal ATP-sensitive K+ channels (KATP) are 

thought to be predominantly closed during normal conditions and open in response to 

increasing [ADP]/[ATP], linking cardiac electrophysiology to the balance of ATP 

production and utilization27,28. KATP channel activation shortens action potential duration 

(APD) via the efflux of K+ from the myocyte and even a small percentage of channel 

opening can dramatically shorten APD27,29. This sensitive link between energetic state 

and electrical function emphasizes the importance of KATP channels in regulating the 

cardiac response to low oxygenation and ischemia. Furthermore, proper gating of KATP 

channels is crucial in conferring myocardial protection during high-stress situations30,31. 

During ischemia, KATP channel activation has been shown to be cardioprotective, 
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primarily through the reduction of intracellular Ca2+ cycling by the shortened APD, 

thereby reducing developed force, ATP utilization by the actin-myosin ATPase, and 

myocardial oxygen requirements32,33. Indeed, myocardial contractile recovery is worse 

and ischemic damage is more severe when KATP channels are inhibited with sulfonylureas 

such as glibenclamide or tolbutamide34–36. 

Studies in transgenic mice have further demonstrated that cardiac KATP channels are 

critical for the regulation of normal cardiac function during sympathetic activation and 

exercise37, and may also be an important mechanism of APD shortening with increased 

heart rate (APD restitution)38. Intracellular ATP concentration has been reported to be 

between 4-7mM39–41 and, in consideration that KATP channels operate in a 

compartmentalized space28,  even slight changes in intracellular [ADP]/[ATP] can 

significantly alter electrical activity27,39,42.  Such changes are greatly influenced by the 

availability of oxygen to the mitochondria because a slight oxygen limitation could 

impair electron transport chain flux, slow H+ extrusion from the mitochondria, and result 

in a proton electrochemical gradient that is insufficient to maintain a constant ATP 

level27,43. Indeed, KATP channels have been shown to be potently activated during 

hypoxia44.  Oxygenation is particularly important in excised working heart studies, where 

hypoxia-induced impairment of ATP production may shorten APD to promote 

arrhythmias, as was demonstrated during increased workload for isolated rabbit hearts 

perfused with and without erythrocytes45. 

2.5 Cardiac Action Potential Restitution 

Cardiac action potential restitution is an important indication of myocardial 

sensitivity to arrhythmias.  Electrical restitution is a measure of the dependence of APD 

11 
 



on the preceding diastolic interval (DI), and by measuring the changes in APD as a result 

of changes in rate, the electrical restitution curve gives a measure of the timecourse of 

recovery46.  The changes in APD due to restitution are due to incomplete recovery of the 

ionic currents that contribute to the APD morphology47 and a multitude of factors 

contribute to the steepness of the electrical restitution slope. The kinetics of different ion 

channels, spatial repolarization gradients, previous pacing history, and mechanoelectrical 

feedback can all affect the kinetics of APD recovery46,47.   

Restitution kinetics provide powerful insight into the development of ventricular 

arrhythmias—a steeper slope generally increases the likelihood of arrhythmias48.  

Considering that KATP channels are known to protect against arrhythmias35,49, KATP 

channel blockade likely exacerbates arrhythmia formation under high-stress conditions.  

KATP channel inhibition has been shown to increase the APD restitution slope and 

increase incidence of alternans50, likely due to the fact that KATP channel inhibition 

typically prolongs APD, thus shortening the DI and reducing repolarization reserve. It is 

well known that KATP channels are more readily activated at faster pacing rates where 

demand induced ischemia and oxygen limitations become more pronounced. Thus, the 

study of restitution kinetics under fully oxygenated conditions in contracting hearts is 

necessary.  

2.6 Cardiac Oxygen Demands 

Cardiac workload determines oxygen requirement and utilization—the heart 

maintains increases in workload by proportionally increasing oxidative 

phosphorylation51,52, as such, there is a linear relationship between cardiac work and 

oxygen consumption (MVO2). Coronary vasodilatation increases with increased work, 
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which augments the delivery of oxygen and fuels to the myocardium.  In isolated heart 

preparations, oxygen requirements decrease when eliminating physiological workloads 

and contraction, as is often done in traditional imaging studies53.  Recreating 

physiological workloads is crucial to comprehensively study cardiac function, but proper 

oxygenation must be maintained.   

Insufficient oxygenation suppresses oxidative phosphorylation, the mitochondrial 

process that generates ATP.  Under normal conditions, oxidative phosphorylation 

synthesizes ATP from ADP and Pi, and production matches the workload of the heart.  

This ATP is then delivered to myofibrils where the energy is released by hydrolysis of 

ATP52. At the onset of ischemia, cellular ATP begins to fall rapidly and high-energy Pi 

stores are exhausted in less than a minute27.  H+ ejection from the mitochondria stops; 

thus the energy generated from the proton electrochemical gradient is insufficient to 

generate ATP27,43.  This shortage of metabolic energy blocks the activity of the Na+/K+ 

ATPase and [Na+]i levels increase.  In these high-stress situations, compensation 

mechanisms include drastic reduction of energy demand through reduced contractility, 

restoration of ATP from ADP by phosphate creatine (PCr), and an increase in anaerobic 

glycolysis42.  Anaerobic glycolysis produces a small quantity of ATP, but this is not 

enough to satisfy the high energetic demands of cardiac cells.     
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Figure 2: Oxygen limitation present in BiV working hearts demonstrated with NADH fluorescence.  
A. NADH fluorescence increases with increase in HR in BiV hearts, particularly at faster pacing rates (bottom). B. 
fNADH increases more rapidly with deoxygenation in BiV hearts in comparison with Lang and mechanically 
arrested hearts. 

Each heart preparation has different energy and oxygen requirements.  Previous work 

in our laboratory demonstrated the high metabolic demand inherent in working heart 

preparations54.  Increases in NADH fluorescence are an indication of oxygen limitation 

and provide a sensitive method of measuring the balance of energy supply and demand in 

excised hearts55.  When oxygen is limited, NADH in complex III of the electron transport 

chain accumulates, resulting in an increase in fNADH that can be imaged.  Wengrowski 

et. al. demonstrate that BiV working rabbit hearts have a greater oxygen demand and are 

more sensitive to work jumps and oxygenation limitations compared to contracting and 

mechanically arrested (blebbistatin) Langendorff perfused hearts.  A rapid increase in HR 

caused oxygen limitations that could not be met by cardiac oxygen delivery in BiV 

hearts, as seen in Figure 2A54.  Langendorff hearts exhibit some oxygen reserve due to 

lower workloads, making them less susceptible to oxygen limitation.  Additionally, 

mechanically arrested Langendorff perfused hearts demonstrated a high level of 

protection against oxygen limitation (Figure 2B).  The time and degree of metabolic 

changes that occurred in response to oxygen limitation in mechanically arrested hearts 
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was not representative of what would likely occur physiologically; thereby emphasizing 

the importance of studying contracting hearts.  This research aims to build off of the 

metabolic limitations demonstrated in Wengrowski’s research and investigate the 

electromechanical properties of fully contracting rabbit hearts.   

2.7 Optical mapping of the heart 

Fluorescent imaging of the heart provides valuable spatiotemporal information about 

different mechanisms of cardiac contraction.  Voltage sensitive dyes are molecular probes 

that embed within the plasma membrane (PM) of cardiomyocytes and exhibit a change in 

fluorescence with changes in membrane potential (Vm)56.  The emission from the change 

in fluorescence can be captured and analyzed.  Typical whole heart optical mapping 

preparations use electromechanical uncouplers, such as 2,3-Butanedione monoxime 

(BDM) or blebbistatin, to target contractile proteins.  This halts mechanical contraction 

while preserving electrical activity, thus eliminating motion artifact in acquired signals.  

However, contractile proteins, such as acto-myosin ATPases, contribute up to 75% of 

total cardiac energy expenditure57.  Recording action potentials in contracting, loaded 

hearts gives metabolically-sensitive electrical measurements that more closely represent 

in vivo electrical signaling. 

Ratiometry in optical mapping utilizes the unique wavelength-dependent properties of 

fluorescent dyes.  Both dual-excitation and dual-emission ratiometry for transmembrane 

voltage measurements are possible; however, dual-excitation ratiometry eliminates the 

need for two image collection cameras.  The novel dual-excitation ratiometric optical 

mapping technique adapted in these experiments employs a powerful two-part approach 

developed by Zhang et al. to eliminate motion artifact and obtain electrical signals while 
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Figure 3: Optical action potentials from bovine hearts obtained during motion in different planes59. 
The effectiveness of the motion tracking software developed by Zhang et al. during motion in different planes.  The 
algorithm works well for left-to-right (B) and forward-and-backward (D) motion, but does not remove all motion 
when the heart rotates (A) or swings (C). 

more closely mimicking energy consumption in vivo. The voltage sensitive dye di-4-

ANEPPS is frequently used in optical mapping of cardiac APs due to its unique dual-

excitation and single emission properties58. Di-4-ANEPPS has two Vm-dependent 

excitation bands (<481nm and >481nm) and a single emission band (575-620nm)58. The 

wavelength dependent light-tissue interaction can be manipulated by pulsing blue 

(450nm) and cyan (505nm) lights alternately on the heart and capturing the single 

emission.  A motion tracking algorithm removes the majority of motion artifact and 

allows for optical mapping with high spatial resolution across the surface of the heart 

without pharmacological uncouplers59.  The algorithm tracks fiducial markers placed on 

the epicardial surface and interpolates between the markers to eliminate motion.  Next, 

the ratio of the blue excitation (upright APs) and cyan excitation (inverted APs) removes 

remaining motion artifact common to both signals.  Imaging membrane potential with 
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high spatiotemporal resolution in a contracting working heart is a dynamic new method 

that brings ex vivo hearts closer to in vivo physiology.   

2.8 Perfluorocarbons for increased oxygenation 

The isolated perfused heart is a valuable resource to study cardiac electrophysiology 

and function.  The many benefits outweigh the downfalls, but a careful understanding of 

the limitations is crucial when designing and conducting experiments.  Crystalloid 

perfusates, notably Krebs-Hensleit (KH) solution, are composed of ionic components, 

fuel, and bicarbonate for pH buffering in concentrations similar to blood60.  KH is a clear 

fluid, which allows for ease in optical mapping without wavelength interference.  The 

main limitation is the low oxygen carrying capacity, particularly evident with greater 

metabolic demand.  The studies completed by Wengrowski et al. demonstrate the oxygen 

sensitivity of BiV hearts, especially in comparison with both contracting and 

mechanically arrested Langendorff hearts.   

Research has demonstrated that 

cardiac contractility, electrophysiology, 

and response to increased workload are 

improved with the addition of red blood 

cells (RBCs) or perfluorocarbons (PFCs) 

to crystalloid perfusate61,62,45,63,64.  The 

inherent hypoxia with crystalloid perfusate 

is confirmed by the increase in myoglobin 

oxygenation from 72% with crystalloid 

perfusate to 92.6% with RBCs65.  Despite 

Figure 4: Oxygenation with PFCs. 
A. PFC solution greatly increases perfusate oxygen 
saturation over KH solution. B. PFC solution allows 
for 35% more oxygen reserve than KH solution. 
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the improvements in function observed with RBCs, it is not a feasible option in isolated 

heart studies, especially when imaging is a priority.  Hemoglobin absorbs visible light in 

the range of 400-700nm, common wavelengths for excitation and emission of fluorescent 

dyes. Perfluorocarbons (PFCs) exhibit a linear relationship between partial pressure and 

oxygen content, increase the oxygen saturation of perfusate by 35% over KH solution 

(Figure 4)66–68, and are mostly transparent69.  PFCs were initially studied in the capacity 

of organ transplantation, but development for clinical purposes has largely halted due to 

safety concerns.  As such, PFCs are not readily available commercially and are 

prohibitively expensive70.   

The development of PFC solution for experimental purposes would have a dramatic 

impact on the physiological relevance of excised heart studies.  The raw materials and 

equipment are easily obtained; therefore, production in a laboratory setting is feasible.  

Conducting experiments with a perfusate that adequately oxygenates the heart—

especially at higher workloads—greatly increases the physiological relevance of such 

experiments and allows for a more careful study of cardiac electrophysiology and 

function in conditions of higher stress.  The ability to conduct high-fidelity optical 

mapping experiments using a higher oxygen-carrying solution in fully contracting hearts 

is also critical.  Maintaining physiological workloads generated by contraction and fully 

oxygenating cardiac tissue provides a more powerful mechanism for studying the 

interplay between metabolism and electrophysiology than has previously been studied. 

2.9 Our Approach 

Recreating physiological conditions in ex vivo heart preparations is of upmost 

importance.  As such, we hypothesize that implementation and adaptation of novel 
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technological advances to the isolated heart will improve measurements of cardiac 

function.  Specifically, we aim to: 

1. Use DREADDs in a rat model of HF for chronic activation of hypothalamic PVN 

OXT neurons to improve HF symptoms and cardiac function.   

2. Conduct transmembrane voltage mapping on working, contracting rabbit hearts to 

gain organ-level insight into electromechanical function during increases in 

workload and hypoxia to understand the kinetics of KATP channel activation.   

3. Adapt a PFC solution as a high-oxygen carrier for perfused heart studies to 

enhance oxygenation and more closely mimic in vivo oxygen utilization and 

consumption.   

These aims are discussed and analyzed in the following chapters of this dissertation.  
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Chapter 3—Chronic activation of hypothalamic oxytocin neurons improves cardiac 
function during left ventricular hypertrophy-induced heart failure 

 

3.1 Rationale 

Our objective was to test whether chronic activation of hypothalamic PVN OXT 

neurons in a rat model of HF (TAC) prevents loss of cardiac contractile function and 

reduces cardiac inflammation and fibrosis compared to age-matched untreated HF rats 

(Control). To test this hypothesis, Designer Receptors Specifically Activated by Designer 

Drugs (DREADDs) were expressed in hypothalamic PVN OXT neurons of all animals. 

DREADDs were activated with daily injections of clozapine N-oxide (CNO) in the 

treatment HF group (TAC+OXT) and in a control group (OXT NORM). LV function, LV 

fibrosis, and the expression level of the inflammatory cytokine interleukin-1β (IL-1β) 

were assessed via excised perfused heart experiments, histology, and western blot assays. 

Our results indicate that chronic activation of hypothalamic OXT neurons could be an 

effective approach to slow the development of cardiac damage and dysfunction that 

occurs during pressure overload HF. 

3.2 Histological and morphological improvements with OXT neuron activation 

3.2.1 Experimental Methods 

 3.2.1.1 Ethical approval 

All animal procedures were completed in agreement with the George Washington 

University institutional guidelines and in compliance with suggestions from the panel of 

Euthanasia of the American Veterinary Medical Association and the National Institutes 

of Health (NIH) Guide for the Care and Use of Laboratory Animals.   
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3.2.1.2 Surgical procedure for trans-ascending aortic constriction 

Pressure overload induced LV hypertrophy was initiated in male Sprague-Dawley rats 

using a minimally invasive trans-ascending aortic constriction (TAC) procedure, similar 

to our previous studies19.  Rats at one week of age were aestheticized by hypothermia and 

underwent TAC surgery. A 0.5cm incision was made at the level of the chest, the chest 

was opened and the thymus was retracted to reveal the aorta.  A 4-0 silk suture was 

passed around the ascending aorta, and with a 25-gauge needle temporarily placed 

adjacent to the aorta, the suture was tied around both the aorta and needle (TAC and 

TAC+OXT groups).  The needle was then removed, leaving the constricting suture 

around the aorta. Buprenorphine was applied as an analgesic. Successful constriction was 

confirmed upon examination of the aorta after each animal was sacrificed.  

3.2.1.3 Selective expression and activation of DREADDs in PVN oxytocin neurons 

Selective activation of PVN OXT neurons was achieved using DREADDs with a 

highly selective OXT promoter to drive expression of DREADDs in PVN OXT neurons, 

as previously described25.  Our previous work has demonstrated that injections of 

clozapine-N-oxide (CNO) increases the firing of PVN OXT neurons for at least one 

hour25. Our prior work has also shown that selective activation of DREADDs in PVN 

OXT neurons decreases both mean arterial pressure and HR in telemetry instrumented 

conscious unrestrained animals25. 

To insure robust and highly selective expression in PVN OXT neurons, two viral 

vectors were used in combination with the Cre-Lox recombination system.  In this system 

one viral vector expresses Cre recombinase under an OXT promotor.  The second vector 

expresses the excitatory hM3Dq DREADDs71.  This is a Cre-dependent vector that has 
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Figure 5: TAC experimental timeline.  
Timeline of TAC surgery, DREADDS activation through CNO injections, and heart excision. CNO injections are 
given daily until heart excision. 

silencing double-floxed inverse open reading frames, which insures expression is only in 

OXT neurons that selectively express Cre.  In each animal, 30-50 nl containing both viral 

vectors was selectively microinjected into the PVN over a 20 minute period at 1 week of 

age.   

3.2.1.4 Activation of PVN oxytocin neurons in vivo  

PVN OXT neurons expressing DREADDs were exclusively activated by clozapine-

N-oxide (CNO), a molecule that is otherwise biologically inert and does not cross the 

blood-brain-barrier. TAC+OXT and OXT NORM animals received intraperitoneal (IP) 

injections of CNO (1 mg/kg) daily, beginning at 5 weeks of age until the animal was 

sacrificed (Figure 5).  

3.2.1.5 Anatomic measurements and histology 

In a subset of animals, hearts were excised and cannulated via the aorta, flushed of 

blood, and weighed after clearing fluid from the chambers. The hearts were cut 

transversely, halfway between the apex and base, and the thickness of the LV free wall 

and septum were measured. The tissue was then preserved in 10% formalin for histology. 

Other hearts from each group were cannulated, flushed with high potassium solution, and 

then formalin-fixed via retrograde perfusion at constant pressure (60mmHg). The hearts 

were cut longitudinally and preserved in 10% formalin for histology. All heart specimens 

were stained (H&E and Trichrome) to quantify cell size and collagen deposition.  
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Average myocyte transverse cross-sectional (CS) area (µm2) and the amount of fibrosis 

(µm2) observed in a histological section were measured using ImageJ for at least three 

transverse slices from each heart. 

3.2.1.6 Measurement of plasma OXT  

At least 2mL of blood was collected from each rat before heart excision.  Blood was 

centrifuged (2000g) at 4°C for 15 minutes.  Supernatant (plasma) was then decanted and 

stored at -80°C. Plasma OXT level was then measured for plasma samples from each 

group (n=6/group) by Cayman Chemicals using the Oxytocin ELISA Kit (Cayman 

Chemical Company).  

3.2.1.7 Western blotting 

Samples of LV myocardium (n=5/group) were flash frozen in liquid nitrogen and 

stored at -80°C. For western blot analysis of protein expression, samples were thawed 

and homogenized using the Qproteome Mammalian Protein Prep Kit (Qiagen) in tubes 

containing metallic beads. Samples were then centrifuged at 14,000g for 20 minutes and 

protein concentrations were determined by the Pierce BCA Protein Assay (Thermo 

Scientific).  Laemmli buffer (Bio Rad) with 10% 2-mercaptoethanol (Sigma-Aldrich) was 

added to the samples and samples were heated to 98°C. Equal protein concentration was 

loaded into wells containing 4-20% Mini-PROTEAN® TGX™ Gels (Bio Rad).  The 

samples were then run at 100V for 1-1.5 hours to separate proteins by electrophoresis.   

After electrophoresis, the samples were transferred to PVDF membranes for 10 min 

at 25V using the Trans-Blot® Turbo™ Transfer System (Bio Rad). The membranes were 

blocked with 5% milk for 18 hours. The membrane was incubated for 1 hour at room 

23 
 



temperature with one of three primary antibodies: collagen III (Abcam) 1:2000; 

interleukin-1β (IL-1β) (Cell Signaling Technology) 1:1000; or GAPDH (Sigma-Aldrich) 

1:6000. The membranes were then washed and incubated for 1 hour with the HEP-

conjugated secondary antibodies anti-rabbit 1:6000 and anti-mouse 1:5000 (Santa Cruz). 

The membranes were washed again and gels were imaged using the Azure cSeries c600 

(VWR).  Band intensities for collagen III and IL-1β were measured using ImageJ and 

normalized to the corresponding band intensity for GAPDH.  

3.2.1.8 Statistical measurements 

Measurements in each group were compared using analysis of variance with Tukey 

post-hoc comparisons (Minitab 17 Statistical Software) to identify significant differences 

between groups.  The isoproterenol dose response data was analyzed using a general 

linear model (GLM) to evaluate the group effect and the isoproterenol dose effect. Tukey 

post-hoc tests identified pairwise changes between groups at each isoproterenol 

concentration.  Differences were considered significant if p<0.05. 

3.2.2 Results 

At 8 weeks post-TAC, ex vivo LV function and sensitivity to β-adrenergic stimulation 

was measured in isovolumic working heart experiments for animals in each group 

(control n=5; TAC n=7; TAC+OXT n=8; OXT NORM n=6). Additional hearts were 

prepared for histological analysis, as described above (Control n=5; TAC n=5; 

TAC+OXT n=5; OXT NORM n=3). Average myocyte transverse CS area, fibrosis, and 

anatomic differences between groups are listed in Table 2. 
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Table 2: Average myocyte transverse CS area, fibrosis, and anatomic differences 
between groups. 
 Control TAC TAC+OXT OXT NORM 
Myocyte area (µm2) 356±98 713±88* 584±51+ 365±90 
Fibrosis (µm2) 980±309 7749±1273* 2407±723+ 918±112 
Body weight (g) 350±27 275±17 298±17 357±24 
Heart weight (g) 1.17±0.10 1.62±0.05* 1.75±0.21 2.19±0.17* 
LV wall thickness (mm) 3.78±0.25 5.87±0.19*# 5.53±0.34*# 3.69±0.10 
Septum thickness (mm) 3.75±0.18 4.95±0.23*+# 3.99±0.14 3.18±0.12 
* different from Control 
+ different from TAC+OXT 
# different from OXT NORM 

3.2.2.1 Myocyte hypertrophy and myocardial fibrosis 

Images of typical H&E and Trichrome histological sections are shown in Figure 6A. 

Myocyte CS area was 389±20 µm2 in 

Control hearts and was no different in 

OXT NORM hearts (368±20 µm2) 

(Figure 6B).  Myocyte CS area was 

significantly higher in TAC hearts 

(720±35 µm2) compared to Control 

and TAC+OXT (601±23 µm2) hearts 

(Figure 6B).  Hearts from TAC rats 

also developed significantly more 

fibrosis (7749±1273 µm2) than hearts 

from Control, TAC+OXT, and OXT 

NORM rats (980±309 µm2, 2407±723 

µm2, and 918±112 µm2 respectively) 

(Figure 6C).  

Figure 6: Histological analysis of myocyte hypertrophy and 
fibrosis (n=6/group, 2 slides each). 
A: Representative H&E stained longitudinal slices of Control, 
TAC, and TAC+OXT hearts are shown above images (20x 
magnification) of H&E and Trichrome-stained transverse 
sections (LV free wall) from each group. Higher collagen 
content (blue) is evident in the TAC heart.  B: LV myocyte CS 
area was significantly greater in TAC compared to Control, 
TAC+OXT, and OXT NORM hearts (p<0.05).  While still 
smaller than TAC, TAC+OXT myocyte CS area was greater 
than Control and OXT NORM (p<0.05). C: LV collagen 
content was significantly higher in TAC compared to Control, 
TAC+OXT, and OXT NORM hearts (p<0.05).   
 

C. 
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Figure 7: Morphological measurements of all groups. 
A: Representative hearts for Control, TAC, and TAC+OXT 
hearts and transverse sections for Control, TAC, TAC+OXT, 
and OXT NORM hearts. The region where the transverse 
section (“slice”) was cut is shown. B: Body weight 8 weeks 
after TAC was the same between groups. C. Heart weight was 
not different between Control (n=7), TAC (n=7), and 
TAC+OXT (n=9) hearts (ns). D. The LV free wall was thicker 
in TAC and TAC+OXT (n=5) hearts than in Control and OXT 
NORM (n=6) hearts.  E. The septal wall was thicker in TAC 
hearts (p<0.05). 

3.2.2.2 Anatomic differences 

Typical transverse slices of 

hearts from animals of each group 

are shown in Figure 7A. There was 

no significant difference in body 

weight between groups at the time 

of sacrifice (Figure 7B). Heart 

weight was not significantly 

different between Control 

(1.17±0.1 g), TAC (1.62±0.05g) 

and TAC+OXT (1.74±0.2g); 

however, OXT NORM (2.19±0.2g) 

hearts weighed more than Control 

(p<0.05) (Figure 7C). LV free wall 

thickness (Figure 7D) was greater 

than Control and OXT NORM 

(3.78±0.3 mm, 3.69±0.1 mm, 

respectively) in both TAC and 

TAC+OXT animals (5.87±0.2 mm, 5.22±0.3mm, respectively). The wall thickness of the 

ventricular septum was significantly greater in TAC (4.95±0.2 mm) than all other groups 

(Control: 3.75±0.2 mm; TAC+OXT: 3.9±0.2mm; OXT NORM: 3.18±0.1 mm) (Figure 

7E).  
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3.2.2.3 Blood OXT levels and myocardial levels of collagen III and IL-1β 

ELISA measurements of plasma OXT levels indicated no significant difference in 

plasma OXT between the four groups (p=0.827) (Figure 8A). Expression of proteins 

integral to inflammation (IL-1β) and 

fibrosis (collagen III) was measured 

by western blot assays and compared 

between groups to reveal a 

significant increase in IL-1β 

expression in TAC hearts (Figure 

8B).  IL-1β expression in TAC hearts 

was significantly elevated, 1.84±0.4 

times higher than Control expression 

(p=0.0001).  There was no difference 

in IL-1β expression between Control, 

TAC+OXT, and OXT NORM hearts 

(0.5±0.2, and 0.21±0.14 change from 

Control, respectively).  There was no 

difference in collagen III expression 

between the groups (Figure 8C); 

however, TAC and TAC+OXT 

(2.5±0.6 and 1.95±0.7 times Control) 

collagen III expression trended 

greater than that of Control and OXT 

Figure 8: Assays for plasma OXT, IL-1β, and Collagen III. 
A. Plasma OXT was not different between any group (ns, 
n=5/group), indicating that beneficial effects observed are due 
to specific activation of PVN OXT neurons and not global 
increases in blood OXT.  B. Western blot assays revealed 
significant elevation of IL-1β in TAC hearts compared to 
Control, TAC+OXT, and OXT NORM hearts (p=0.002, 
n=5/group).  Representative blots for IL-1β and GAPDH for 
each group are shown on the right. Band intensities for 
collagen III and IL-1β were measured using ImageJ and 
normalized to the corresponding band intensity for GAPDH. 
C. Collagen III protein expression was not different between 
groups; however, collagen III expression in TAC and 
TAC+OXT hearts trended higher (ns, n=5/group). 
Representative blots for collagen III and GAPDH for each 
group are shown on the right. 
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NORM (1.31±0.5 change from Control).  

3.3 In vivo and ex vivo improvements in function with OXT neuron activation 

3.3.1 Experimental Methods 

3.3.1.1 In vivo assessments of changes in autonomic tone upon PVN OXT neuron 

activation 

Sprague-Dawley rats at 4 weeks of age that had DREADDS expression in PVN 

oxytocin neurons were anesthetised (isoflurane) and implanted with a telemetry device 

(HDX-11, DSI) with the pressure catheter inserted into the descending abdominal aorta to 

measure blood pressure (BP). The ECG leads of the device were inserted subcutaneously 

to measure HR. Rats were allowed to recover from this surgery for a week, followed by 

IP saline injections for 3 days to acclimate the animals to IP injections. BP & HR signals 

were then recorded 15 minutes before and 1 hour after IP injections of either CNO (1 

mg/kg), CNO (1 mg/kg) + atropine (1 mg/kg), or CNO (1 mg/kg) + atropine (1 mg/kg) + 

atenolol 10 mg/kg). One injection of one of the three solutions was administered each day 

on consecutive days.  

3.3.1.2 Ex vivo assessments of cardiac function 

At nine weeks of age rats were anesthetized with an IP injection of 0.2mL Telazol 

and subject to isoflurane inhalation.  Following cessation of pain reflexes, hearts were 

rapidly excised (n=26) and Langendorff perfused via the aorta at constant pressure (65 

mmHg) and temperature (37oC) with a Krebs-Henseleit solution containing  (in mM) 115 

NaCl, 3.3 KCl, 2.0 CaCl2, 1.4 MgSO4, 25.0 NaHCO3, 1.0 KH2PO4, 5.0 glucose, and 1.0 

lactate.  Perfusate was oxygenated with 95% O2-5% CO2.  After a stabilization period of 
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Figure 9: In vivo measurements of DREADDs activation. 
A. Representative in vivo arterial pressure in Control and 
DREADDs activated animals. B. Representative ECG measured 
from implanted telemetry device in Control and DREADDs 
activated animals.  C. Acute activation of PVN OXT neurons by 
CNO significantly reduced both BP and HR (n=4, p<0.001).   
The muscarinic receptor antagonist atropine prevented these 
responses. Blocking β1 receptors with atenolol had no 
significant additional effects on the responses to PVN OXT 
neuron activation. 
 

10 minutes, a size 5 balloon (Harvard Apparatus) was inserted into the LV to measure 

isovolumic LV developed pressure (LVDP), as we have previously described72,73.  

Diastolic pressure was set to 10 mmHg and LVDP was computed as the difference 

between systolic and diastolic pressures. HR, LVDP, and coronary flow rate (CFR) were 

measured for at least 15 minutes during sinus rhythm. An isoproterenol (I6504, Sigma 

Aldrich) dose response protocol was then administered using concentrations of 0.01, 0.1, 

1, 10, 100, 1000 nM, and HR, LVDP, and CFR were measured at each concentration 

once function stabilized. After each study, rate pressure product (RPP), an indirect 

measure of LV work74, was calculated as the product of HR and LVDP. Contractility and 

relaxation were measured as the maximum and minimum values of the first derivative of 

the LVP waveform, respectively, to assess inotropy and lusitropy.  

3.3.2 Results 

3.3.2.1 In vivo assessments of 

autonomic tone 

Acute activation of PVN OXT 

neurons by CNO in awake and 

conscience animals significantly 

reduced blood pressure an average 

of 13 mmHg (from 

105.8±1.9mmHg to 

93.4±1.5mmHg; n=4; p<0.001) and 

29 
 



Figure 10: Ex vivo functional parameters at baseline. 
A: Sinus rate in ex vivo hearts was not different among groups 
(p>0.05).  B. CFR trended lower in TAC hearts (n=5) in 
comparison with Control (n=5), TAC+OXT (n=6), and OXT 
NORM (n=6) hearts (ns). C: LVDP was significantly higher in 
Control (n=5), TAC+OXT (n=7), and OXT NORM (n=6) than 
TAC (n=7) hearts (p<0.05). D: Rate pressure product (RPP) was 
significantly depressed in TAC hearts compared to all other 
groups (p<0.05).  E. Representative LVDP signals for each 
group demonstrate the reduced function of untreated TAC 
hearts. F: LV contractility and relaxation were significantly 
greater in Control, TAC+OXT, and OXT NORM compared to 
untreated TAC hearts (p<0.05 for both contractility and 
relaxation).  
 

significantly reduced HR an 

average of 56 bpm (from 

475.4±15.9 bpm to 419±12.4 bpm; 

n=4;  p<0.001) (Figure 9). The 

muscarinic receptor antagonist 

atropine prevented these responses. 

Blocking β1 receptors with 

atenolol had no significant 

additional effects on the responses 

to PVN OXT neuron activation 

(Figure 9C). 

3.3.2.2 Contractile function of 

excised hearts 

The isovolumic contractile 

function of hearts excised from 

animals of each group was 

assessed during normal sinus 

rhythm, which was the same 

between groups (Figure 10A). Of 

note, the LV function of 

TAC+OXT hearts closely matched 

that of Control hearts. CFR for TAC+OXT (13.8±2.9 mL/min) and OXT NORM hearts 

(16±1.9 mL/min) was similar to that of Control hearts (13.3±2.4 mL/min) while CFR 
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Figure 11: Heart rate, coronary flow rate, and rate pressure product response to β-adrenergic stimulation. 

A: HR was significantly different between all groups and between isoproterenol doses (p<0.05, GLM and Tukey 
pairwise analysis).  On average, HR increased in all hearts with increased isoproterenol concentration.  HR was 
greater in control (n=5) and TAC+OXT (n=7) hearts and was lower in untreated TAC (n=7) hearts for all 
concentrations.  B: CFR was not different between control (n=5) and TAC+OXT (n=5) hearts, but was significantly 
lower in untreated TAC hearts (n=5) (GLM and Tukey pairwise comparisons, p<0.05).  Control hearts exhibited 
substantial vasodilation with increasing isoproterenol concentration. CFR for TAC+OXT hearts was consistently 
higher than that of TAC hearts, indicating improved coronary perfusion. C: On average, RPP increased in all hearts 
with increased isoproterenol concentration and was significantly different between all groups (p<0.05, GLM and 
Tukey pairwise analysis).  RPP for TAC+OXT (n=7) and Control (n=5) hearts was similar at low isoproterenol 
concentrations but was lower for TAC+OXT hearts at high concentration (p<0.05).  
 

trended lower for TAC hearts (8.4±1.1 mL/min), although the difference was not 

significant (Figure 10B). The LVDP of TAC hearts was significantly lower (52±7 

mmHg) than that of Control, TAC+OXT, and OXT NORM hearts (Figure 10C), which 

maintained average LVDPs of 98±3 mmHg, 126±14 mmHg, and 127±16 mmHg, 

respectively. RPP, an indirect measure of work, was also significantly lower for TAC 

hearts (Figure 10D) during sinus rhythm (11,081±1,612 mmHg*bpm) compared to 

Control (27,473±1,894 mmHg*bpm), TAC+OXT (26,874±4,036 mmHg*bpm), and OXT 

NORM (26,978±2,274 mmHg*bpm) hearts.  Average contractility and relaxation (Figure 

10F) for TAC hearts was also significantly less (1,165±121 mmHg/s and -917±144 

mmHg/s) than Control (3,383±313 mmHg/s and -2,557±416 mmHg/s), TAC+OXT 

(3,124±383 mmHg/s and -2,203±231 mmHg/s), and OXT NORM (4,631±931 mmHg/s 

and -2,926±397 mmHg/s) hearts. These data clearly reveal improved LV function and 
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potentially unimpaired coronary flow in animals treated with PVN OXT neuron 

activation.   

3.3.2.3 Heart rate sensitivity to β-adrenergic stimulation 

Results from the isoproterenol dose response studies are shown in Figures 11 and 12. 

Significant differences were not detected between Control and OXT NORM in any 

metric at the highest isoproterenol concentrations; therefore, for clarify of presentation, 

OXT NORM data are not shown in Figures 11 and 12.  Average HR for each group 

trended higher with increasing isoproterenol concentration and TAC+OXT hearts 

responded with the greatest increase in HR (p<0.05) (Figure 11A). Of note, baseline (no 

isoproterenol) HR for TAC+OXT hearts matched that of TAC hearts yet HR increased in 

TAC+OXT hearts with increasing isoproterenol concentration to match that of Control 

hearts at the highest isoproterenol concentration (1000 nM).  

3.3.2.4 LV contractile sensitivity to β-adrenergic stimulation 

CFR remained low (p<0.05) in TAC hearts as isoproterenol concentration increased 

(Figure 11B), maintaining an average of 8.4±0.8 mL/min for all concentrations. CFR for 

TAC+OXT hearts was higher than that of TAC hearts at baseline (14±2.9 mL/min) and 

increased to (15±1.9 mL/min) at the highest isoproterenol concentration. The CFR of 

Control hearts increased from 13.3±2.4 mL/min at baseline to 25.3±3.7 mL/min at the 

highest concentration, exhibiting significant CFR reserve. The mean CFR for Control and 

TAC+OXT hearts was not different, and CFR in both Control and TAC+OXT hearts was 

significantly higher than TAC hearts (GLM, p<0.05).  The RPP response to increased 

isoproterenol concentration for Control and TAC+OXT hearts was similar for 

isoproterenol concentrations from baseline until a concentration of 1nM (Figure 11C). 
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Control RPP increased to 52,741±14,328 mmHg*bpm and TAC+OXT RPP increased to 

38,017±4,303 mmHg*bpm at the highest isoproterenol concentration.  In contrast, TAC 

hearts only increased to 21,787±3998 mmHg*bpm at the highest concentration.  

Changes in LV contractility and relaxation with increasing isoproterenol 

concentration are shown in Figure 12. Contractility and relaxation were similar in Control 

and TAC+OXT hearts for isoproterenol concentrations between baseline and 1nM. At the 

higher concentrations, the 

contractility of Control hearts 

increased to 7,164±788 mmHg/s at 

the highest isoproterenol 

concentration. Relaxation of control 

hearts dropped to -5,402±484 

mmHg/s at the highest 

concentration. Although TAC+OXT 

hearts initially matched controls, 

correspondence was lost at 

concentrations above 1nM. At the 

highest concentration, TAC+OXT 

hearts only reached contractility 

values of 3,936±589 mmHg/s and 

relaxation values of -3,258±495 

mmHg/s.  However, throughout the 

protocol TAC+OXT contractility 

Figure 12: Changes in contractility and relaxation with β-
adrenergic stimulation. 
Hearts from TAC+OXT animals had higher contractility and 
relaxation; however, contractility and relaxation did not 
significantly increase with increasing concentrations of 
isoproterenol. Contractility and relaxation dose-response curves 
were significantly different between the three groups (p<0.05, 
GLM and Tukey pairwise analysis).  Top: Control (n=5) and 
TAC+OXT (n=7) contractility were similar at isoproterenol 
concentrations of 1nM and less.  Above 1nM, the contractility of 
TAC+OXT hearts did not increase with increasing concentration.  
The contractility of TAC hearts (n=7) remained low for all 
concentrations.  Bottom: Control (n=5) and TAC+OXT (n=7) 
relaxation were similar at isoproterenol concentrations of 1nM 
and less.  Above 1nM, the relaxation of TAC+OXT hearts did 
not increase with increasing concentration while that of control 
hearts increased dramatically.  The relaxation of TAC hearts 
(n=7) remained low for all concentrations.  
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and relaxation remained elevated over TAC hearts, which only reached a maximum 

contractility rate of 2,322±364 mmHg/s and minimum relaxation rate of -2,023±361 

mmHg/s (Figure 12). 
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Chapter 4— KATP channel inhibition blunts electromechanical decline during 
hypoxia in left ventricular working rabbit hearts 

 

4.1 Rationale  

In isolated myocytes, sarcolemmal KATP channel activation and the associated 

shortening of APD is generally understood; yet knowledge of the complex relationship 

between myocardial workload, oxygenation, KATP channel activation, and APD 

shortening in excised working hearts is incomplete.  Our objective was to gain organ-

level insight into electromechanical function during increases in workload and hypoxia 

while measuring changes in APD that are indicative of KATP channel activation. To do 

this we used a newly developed non-contact optical mapping approach59 to measure 

epicardial action potentials from fully contracting rabbit hearts perfused in either LV 

working heart (LWH) mode or Langendorff (LANG) perfusion mode. With this approach 

we studied APD differences between LWHs and LANG hearts at three workloads 

induced by increasing pacing rate as well as during gradual perfusate deoxygenation. We 

also studied the interdependence between electrical function and LV pressure 

development in LWHs during gradual deoxygenation with and without KATP channel 

inhibition with tolbutamide (TOLB), providing new insight into the relationship between 

the oxygenation of working myocardium and sarcolemmal KATP activation.  

The overall hypothesis that guided our studies was that, at the same heart rate and 

perfusate oxygenation level, APDs would be shorter in myocardium at higher workloads 

(LWHs) than the APDs of myocardium at lower workloads (LANG hearts). We further 

hypothesized that the shorter APDs would be, to a significant degree, caused by 

sarcolemmal KATP channel activation and, if so, then KATP inhibition should result in 

significant lengthening of APDs under the same conditions (heart rate, workload, and 
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oxygenation). Finally, we hypothesized that if reductions in LV developed pressure 

during gradual hypoxia were tightly regulated by sarcolemmal KATP activation then the 

inhibition of KATP channels should prevent reductions in LV developed pressure during 

gradual hypoxia, at least until hypoxic elevation of [ADP]/[ATP] reached a level to 

overcome KATP inhibition by TOLB75. Testing these hypotheses reveals the vital role of 

KATP channels in the electromechanical function of excised perfused rabbit hearts during 

normoxia and hypoxia and also indicates that, even during normal sinus rhythm, KATP 

channels are highly activated in perfused LV working hearts. 

4.2 Effect of working condition of electromechanical function 

4.2.1 Experimental Methods 

4.2.1.1 Heart excision and data acquisition  

All animal procedures were completed in agreement with the institutional guidelines 

of The George Washington University and in compliance with suggestions from the panel 

of Euthanasia of the American Veterinary Medical Association and the National 

Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals.  New 

Zealand White rabbits (n=25), 3.3±0.06 kg, were anesthetized with an intramuscular 

injection of ketamine (44mg/kg) and xylazine (10mg/kg).  Heparin (2,000 units) was 

administered via an intravenous ear vein injection, allowed to circulate for 15 minutes, 

and rabbits were then subjected to 5-10% isoflurane inhalation.  Following cessation of 

pain reflex, hearts were quickly excised and Langendorff perfused at constant pressure 

(60mmHg) using a working heart system (Hugo Sachs Elektronik). The perfusate was 

maintained at 37˚C, gassed with 95%O2-5%CO2, and was comprised of (in mM) 115 
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NaCl, 3.3 KCl, 2.0 CaCl2, 1.4 MgSO4, 25.0 NaHCO3, 1.0 KH2PO4, 5.0 glucose, and 1.0 

lactate.  The pulmonary artery was cannulated to measure coronary flow rate (CFR) and 

the oxygen content of the coronary venous effluent.  Flow-through optical sensors 

(Polestar, Needham Heights, MA) measured the oxygen content (%O2) of perfusate 

entering the heart and leaving the pulmonary artery.  A clamp-on flow sensor (Transonic 

Systems) measured CFR.  Aortic pressure was measured using a pressure transducer and 

bridge amplifier (World Precision Instruments). Nitroprusside (1µM) was added to the 

perfusate of any heart with CFRs less than 30 mL/min to ensure adequate baseline 

oxygenation and myocardial oxygen consumption rate (MVO2). The experimental 

protocol commenced once heart function stabilized (LANG hearts). In a second set of 

studies hearts were further prepared as left working heart (LWH) preparations.  

4.2.1.2 Left Working Heart Preparation 

After function stabilized during Langendorff perfusion, hearts were prepared and 

transitioned to left ventricular working mode as described by Neely4 and as in our 

previous studies54,55. To prepare left working hearts (LWHs), the pulmonary veins and 

vena cavae were ligated and the left atrium (LA) was cannulated. Diastolic aortic 

pressure was consistently maintained at 60mmHg. Aortic pressure and left atrial pressure 

were measured using pressure transducers and bridge amplifiers (World Precision 

Instruments). A catheter (SPR-524, Millar) was inserted into the LV via the aorta to 

measure LV pressure. The experimental protocol commenced once function stabilized in 

LV working mode. 

4.2.1.3 Ratiometric optical mapping of epicardial action potentials  
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Our approach to optically map contracting rabbit hearts is similar to that recently 

developed by Zhang et al. to optically map contracting swine hearts59. This approach 

provides high-resolution optical mapping of action potentials from an area of the 

epicardium without the need to mechanically constrain the heart or use electromechanical 

uncoupling agents. Zhang et al. 

implemented dual wavelength 

excitation of di-4-ANEPPS by 

alternating epicardial illumination 

between blue (450 nm) and cyan 

(505 nm) LEDs. The fluorescence 

of di-4-ANEPPS was acquired 

within an emission band of 575-

620nm using a high-speed charge-

coupled device (CCD) camera. 

Blue-excited and cyan-excited 

fluorescence signals were 

reconstructed using data from every 

other camera frame. A two-step 

process eliminated motion artifact 

to enable the acquisition of optical 

action potentials from unrestrained 

contracting hearts. First, fiducial 

markers on the epicardium were 

Figure 13: Optical mapping approach in contracting hearts.  

A. Fiducial markers (black dots) were placed on the LV 
epicardium to enable tracking of local contractile motion.  B. 
Markers were triangulated and local motion trajectories were 
computed for each triangle to remove motion artifact from 
fluorescence signals. C. Di-4-ANNEPS fluorescence from one 
pixel is shown for blue and cyan excitation light before (first 
two signals) and after motion removal (signals three and four). 
The ratio of the motion corrected signals for blue and cyan 
excitation reveals the optical action potentials (last signal).  D. 
Pseudo-colored images of the upstroke (phase 0), plateau, and 
repolarization (phase 3) of optical action potentials illustrate 
the propagation of paced waves across the epicardium. 
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tracked to remove motion artifact from the blue-excited and cyan-excited fluorescence 

signals. Then the ratio of the motion-corrected signals removed any remaining motion 

artifact common to both signals to provide a final signal containing optical action 

potentials from which APDs could be measured. We implemented a version of this 

system appropriate for measuring optical action potentials from the epicardial surface of 

rabbit hearts (Figure 13).  With this approach, non-contact assessments of 

electrophysiology can be made from hearts performing a range of physiologic working 

conditions to more closely mimic in vivo energy supply and demand. 

In our studies, circular fiducial markers (0.8mm diameter) were glued (Vetbond, 3M) 

to the LV epicardium of rabbit hearts to track local epicardial deformation (Figure 13A). 

To stain the hearts for optical mapping di-4-ANEPPS was dissolved in DMSO and 

diluted in 3mL perfusate, providing a 20µM solution that was injected into the aorta 

during constant pressure Langendorff perfusion. Excitation light from 4 LEDs (Phillips 

Luxeon), two royal blue (450 nm) and two cyan (505 nm), was directed into a 

randomized fiber optic quad bundle (Schott, Auburn, NY) and the output light was 

directed onto the region of the epicardial surface containing the fiducial markers. A 

460±135nm excitation filter was attached to the output of the light guide as was a light 

diffuser, which ensured uniform illumination of each excitation wavelength59. A 

Pulsemaster A3400 (World Precision Instruments) rapidly cycled the two sets of 

excitation LEDs to synchronize epicardial illumination with the frame acquisition trigger 

of a CCD camera (iXon DV860; Andor Technology). The camera was fitted with a lens 

(Navitar, Inc) and a 635±25 nm emission filter and fluorescence images (Figure 13B) 

were acquired at 750 frames per second (fps) (375 fps for each excitation wavelength). At 
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the end of each study custom software tracked the fiducial markers, removed motion 

artifact from the signals, and computed the fluorescence ratio to provide optical action 

potentials from which APDs were measured (Figure 13C). 

4.2.1.4 Experimental protocol  

The protocol for LWH and LANG heart studies was a sequence of  

1) 60 sec episodes of increased work induced by LV pacing 

2) a stabilization period of normal sinus rhythm between each episode, and  

3) gradual perfusate deoxygenation, after which the study was terminated.  

Hearts were optically mapped at regular intervals during the pacing episodes and during 

perfusate deoxygenation. During the pacing episodes, the LV was paced at cycle lengths 

(CLs) of either 330, 220, or 170 msec to provide three discrete working conditions, as in 

our previous studies54. Optical action potentials were analyzed after 60 sec of continuous 

pacing at each CL to ensure that APD changes due to restitution had reached steady-

state76,77. After each pacing rate the heart recovered for at least 3 minutes at normal sinus 

rhythm. To study the effects of hypoxia, the perfusate was switched from bubbling with 

95%O2-5%CO2 gas to bubbling with N2 gas while continuously pacing the heart at 

330ms CL. The oxygenation of perfusate (%O2) entering and leaving the heart was 

continuously measured via the oxygen sensors and the measurements were synchronized 

with the optically mapped action potentials.  

4.2.1.5 Data analysis  

The optical action potential duration (APD) was measured as the time interval 

between the maximum first derivative and the secondary peak of the second derivative78 

for pixels within optically mapped regions of the LV epicardium (Figure 13C). For each 
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study, at least 20 APDs were measured for a single site and the temporal mean and 

standard deviation were calculated. APDs were measured at each pacing rate and at every 

5% increment of deoxygenation. In the uncommon circumstance when optical mapping 

data was not acquired for a specific deoxygenation level, APDs were linearly interpolated 

(LWH, n=2) between measurements to provide values at that percent deoxygenation. Left 

ventricular developed pressure (LVDP) was calculated as the difference between systolic 

and diastolic LV pressures, as measured by the Millar catheter in LWHs. Contractility 

and relaxation were measured as the maximum and minimum values of the first 

derivative of the LV pressure waveform. Oxygen consumption was calculated using the 

formula65:  

𝑀𝑉𝑂2 = 𝐶𝐹𝑅[𝐶𝑇(𝑃𝐴) − 𝐶𝑇(𝑃𝑉)] 

where CFR=coronary flow rate (mL/g*min), CT = oxygen solubility in KH at 37°C (1.30 

x 10-6
 M/mmHg), PA = arterial oxygen content (PO2), PV = venous oxygen content (PO2). 

The temporal mean of a 2 second interval of the CFR, MVO2, and LVDP signals was 

computed for comparison between groups at each experimental condition. 

4.2.1.6 Statistical analyses 

Specific null hypotheses were that LWHs were no different than LANG hearts, 

LANG hearts perfused with TOLB were no different than LANG hearts without TOLB, 

and LWHs perfused with TOLB were no different than LWHs without TOLB. 

Measurements in each group were compared using an unpaired t-test, ANOVA, or a 

general linear model (GLM), as appropriate (Minitab 17 Statistical Software). Tukey 

post-hoc comparisons identified significant differences between specific groups. The 

perfusate deoxygenation data were analyzed using a GLM to evaluate the group effect 
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and the oxygenation effect. Data comparing three groups (control, GLIB, and TOLB) 

were analyzed using an ANOVA with Tukey post-hoc comparisons to identify pairwise 

differences between groups. All measurements were assumed to be independent and the 

residuals were normally distributed. Differences were considered significant if p<0.05. 

4.2.2 Results  

Average data during normal sinus rhythm for each experimental condition are shown 

in Table 3. Average heart weight across all studies was 11.8±0.35 grams. Overall, sinus 

rate was no different between LWH and LANG hearts but MVO2 trended higher for 

LWH, as expected. The general effect of pacing-induced increases in heart rate was that 

MVO2 and CFR trended higher yet LVDP trended lower. With TOLB, sinus rate was not 

altered significantly but MVO2, CFR, and LVDP were greater during normal sinus 

rhythm; LVDP significantly so. With TOLB, during pacing-induced increases in heart 

rate, MVO2 and CFR trended higher than values without TOLB.  LVDP decreased with 

shorter pacing CL yet was significantly greater with TOLB at each pacing CL. Specific 

data and comparisons for each experimental condition are presented below. 

4.2.2.1 Function during sinus rhythm and increased workload. 

Average sinus rate was similar for LANG hearts (122±4 bpm) and LWHs (139±11 

bpm, p=0.18), as was coronary flow during sinus rhythm (LANG: 25.7±4.6 mL/min, 

LWH: 25.8±3.0 mL/min; p=0.98) (Table 3). However, APD during sinus rhythm (Figure 

14A) was shorter for LWHs (153±10 msec) than for LANG hearts (246±17 msec, 

p=0.005). At the longest pacing CL (330 msec), APD shortened to 195±16 msec in 

LANG hearts and 136±11 msec in LWHs (Figure 14A) and the difference was significant 

(p=0.049).  APD was also shorter in LWHs at pacing cycle lengths of 220 msec (LANG 
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135±17 msec, LWH: 108±12 msec; p=0.517) and 170 msec (LANG: 103±13 msec, 

LWH: 72.7±2; p=0.145) but the differences were not significant. MVO2 was significantly 

higher (p<0.05) in LWHs than LANG hearts (Figure 14B) and appeared to increase in 

both preparations with shorter pacing CLs, although a MANOVA did not indicate 

adequate significance for the effect of heart rate on MVO2 (p=0.09).  

Table 3: Average function data for Langendorff and left working hearts during normal 
sinus rhythm and at each pacing rate while perfusing with control solution (Control) and 
after administering tolbutamide (TOLB) to the perfusate (1µM). 

  Langendorff Left Working Heart 
 Control TOLB Control TOLB 

NSR HR (bpm) 122±4 105±13 139±11 150±17 
 MVO2 (µmol O2/g*min) 1.4±0.3 2.1±0.1 2.1±0.2 2.5±0.7 
 CFR (mL/min) 26±4.6 30±8.0 26±3.0 37±4.1 
 LVDP (mmHg) - - 84±2.9 93±6.4 

Pacing cycle length (ms)     
330 MVO2 (µmol O2/g*min) 1.8±0.3 2.0±0.1 2.4±0.1 2.6±0.1 

 CFR (mL/min) 26±4.7 39±5.3 27±2.0 36±1.3 
 LVDP (mmHg) - - 71±2.4 86±4.3* 
      

220 MVO2 (µmol O2/g*min) 2.0±0.5 3.0±0.3 2.8±0.2 3.2±0.2 
 CFR (mL/min) 29±5.9 56±3.1* 28±1.8 44±3.3 
 LVDP (mmHg) - - 57±4.3 78±6.7* 
      

170 MVO2 (µmol O2/g*min) 2.1±0.4 3.5±0.3 2.8±0.4 3.0±0.3 
 CFR (mL/min) 30±6.0 64±6.7 26±2.3 40±5.3 
 LVDP (mmHg) - - 31±5.9 58±12* 

*=significantly different than the corresponding control. 
Values are mean ± SE. LANG control: n=7; LANG+TOLB: n=4. LWH control: n=8; 
LWH+TOLB: n=5 (LWH+TOLB at 170ms pacing: n=2). Significance differences 
between measurements were determined using unpaired t-tests. 

4.2.2.2 Working condition determines electrical decline during deoxygenation.  

APD progressively shortened in LWHs and LANG hearts as perfusate was gradually 

deoxygenated while pacing the hearts at a CL of 330msec. Typical optical action 

potentials recorded from the LV epicardium at 100%, 50%, and 25% perfusate 

oxygenation are shown in Figure 15A. The mean of the LWH deoxygenation curve for 

APD was significantly lower than the LANG curve (GLM, Tukey post-hoc, p<0.05) 
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Figure 14: APD disparity between Langendorff and left working hearts and oxygen consumption as a 
function of pacing cycle length.  

A. APD for LWHs was significantly lower than for LANG hearts at normal sinus rhythm (NSR) and at a 
pacing cycle length of 330msec but APDs were not significantly different at shorter pacing cycle 
lengths. Values are mean±SE; LANG n=5; LWH n=6. B. Oxygen consumption (MVO2) was 
significantly higher in LWHs than LANG hearts (MANOVA, p<0.01) and trended higher in both 
preparations with shorter pacing cycle lengths (MANOVA, p=0.09). Values are mean±SE; LANG n=6; 
LWH n=7. *indicates a significant difference (p<0.05) between LANG and LWHs. 

(Figure 15B), likely due to the significantly shorter APD for LWHs at 100% oxygenation 

and a CL of 330msec. However, the rate of change of deoxygenation curves was not 

different between LWHs and LANG hearts. APD was shorter in LWH than LANG at 

100% oxygenation (154±10 msec; 204±6.9 msec, p=0.002) and also at 50% oxygenation 

(109±14 msec; 165±17 msec, p=0.034) (Figure 15C). APD was not significantly different 

between LWHs and LANG hearts at 25% oxygenation (LWH: 89±7.4; LANG: 118±16 

p=0.071). The mean of the LWH deoxygenation curve for coronary flow was also 

significantly lower than the LANG curve (GLM, Tukey post-hoc, p<0.05) (Figure 15D).   

4.3 Effects of KATP inhibition on changes in workload and hypoxia 

4.3.1 Experimental Methods 

4.3.1.1 Sarcolemmal KATP channel inhibition 
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Figure 15: Changes in APD and coronary flow in Langendorff and left working hearts during gradual perfusate 
deoxygenation while pacing at 330msec cycle length. 
A. Representative optical action potentials for a LANG heart (black) and a LWH (grey) at 100%, 50%, and 25% 
perfusate oxygenation. B. APD decreases with perfusate deoxygenation in both LWHs and LANG hearts.  APDs 
during perfusate deoxygenation were lower in LWHs than LANG hearts. C. APD disparity between LWHs and 
LANG hearts at 100%, 50%, and 25% perfusate oxygenation. APDs for LWHs were significantly less than 
LANG hearts at 100% and 50% perfusate oxygenation. D. CFR increases with perfusate deoxygenation in LWHs 
and LANG hearts. CFR during perfusate deoxygenation was lower in LWHs than LANG hearts. Values are 
mean±SE; LANG n=7; LWH n=7. *indicates a significant difference between LANG and LWHs. 

Tolbutamide and glibenclamide are hypoglycemic sulfonylureas, a class of KATP 

channel inhibitors that are known to inhibit all types of KATP channels. Sulfonylureas 

have a wide range of efficacy that depends upon channel subunit composition and the 

relative expression of sulfonylurea subunits is tissue-specific31. For example, the SUR2B 

subunit is highly expressed in vascular smooth muscle and is inhibited by GLIB 

(EC50=0.3µM) at concentrations much lower than TOLB (EC50=25µM)79. The SUR1 and 

SUR2A subunits are expressed in cardiac muscle, with SUR1 predominantly expressed in 

the atria80, and both subunits are also inhibited by GLIB at concentrations much lower 
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than those of TOLB81. Studies have shown that 10µM GLIB inhibits KATP channel 

activation in mouse ventricles80 and lower GLIB concentrations (1 µM) cause 

vasoconstriction and ischemia in isolated contracting rabbit hearts82. In contrast, isolated 

rat heart studies demonstrated that higher concentrations of TOLB (0.1-1.2mM) had little 

effect on coronary flow and TOLB concentrations higher than 0.1mM stimulated 

glycolysis83,84. 

In light of this previous work and in consideration that the relative expression of 

SUR1 and SUR2A subunits in rabbit ventricular tissue is, to date, unknown, we 

completed a small set of experiments to determine the effects of GLIB and TOLB on 

excised perfused rabbit hearts. Either GLIB (10 µM, Sigma-Aldrich G0639) or TOLB (1 

µM, Sigma-Aldrich T0891) was administered to LWH and LANG hearts, allowed to 

circulate for at least 5 minutes, and heart function was monitored for at least 20 minutes. 

The conclusion of those studies was that 1 µM TOLB did not significantly alter 

developed pressure or coronary flow during normal sinus rhythm, yet APD in LWHs with 

TOLB was longer, indicating a significant level of sarcolemmal KATP channel inhibition 

by TOLB. Therefore, 1 µM TOLB was used in all further studies. 

In the second set of LWH and LANG heart studies, TOLB dissolved in ethanol was 

added to the perfusate to provide a circulating concentration of 1µM. After an incubation 

time of 15 minutes, the entire experimental protocol was repeated to measure the effect of 

KATP channel inhibition via TOLB on electromechanical function during pacing-induced 

episodes of increased workload and gradual perfusate deoxygenation.  
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4.3.2 Results 

Table 4: Average Langendorff and left working heart function during sinus rhythm 
before (Control) and after the administration of either glibenclamide (GLIB, 10µM) or 
tolbutamide (TOLB, 1µM). 

 Langendorff Left Working Heart 
 Control GLIB TOLB Control GLIB TOLB 

APD 234±17 237±15 263±5 179±16 185±26 200±20* 
MVO2 (µmol O2/g*min) 1.4±0.3 1.2±0.3 2.1±0.1 2.1±0.2 1.2±0.3+* 2.5±0.7 

CFR (mL/min) 26±4.0 11±2.4*+ 30±8.0 26±3.0 21±6.2 37±4.1 
LVDP (mmHg) - - - 81±2.3 72±12 93±6.4* 

+=significantly different than the corresponding TOLB measurement. 
*=significantly different than the corresponding control. 
Values are mean ± SE. LANG control: n=7; LANG+GLIB: n=4; LANG+TOLB: n=4. LWH 
control: n=6; LWH+GLIB: n=3; LWH+TOLB: n=5. Average MVO2, CFR, and LVDP for 
Control and TOLB are the same data as shown in Table 1. Significance was tested using an 
ANOVA with Tukey post-hoc comparisons. 

 

4.3.2.1 Effects of glibenclamide.  

Our experiments with GLIB confirmed the collective results of previous studies in 

canines85, guinea pigs86, and rabbits82,87 that demonstrated that low concentrations of 

GLIB (typically 1-10µM) alters vasomotor tone, often causing coronary vasoconstriction 

and downstream reductions in myocardial MVO2 (Figure 16). Our data comparing the 

function of LWHs and LANG hearts before and after the administration of either GLIB 

(10 µM) or TOLB (1 µM) are summarized in Table 4. Overall, we observed that coronary 

flow, MVO2, and LVDP trended lower with GLIB, yet APD did not appear to be 

lengthened by GLIB (at 10 µM). In 

contrast, APD was longer with TOLB 

(significantly so for LWHs) and 

coronary flow, MVO2, and LVDP 

trended higher with TOLB. Figure 16: Vasoconstrictive effect of glibenclamide. 
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4.3.2.2 KATP inhibition during normal sinus rhythm and increased workload.  

We found no difference in sinus rate before (99±13 bpm) and after administering 

TOLB to LANG hearts (105±13 bpm, p=0.16). During sinus rhythm, APD for LANG 

and LANG+TOLB was not significantly different (246±17 msec; 264±6.3 msec, 

p=0.373) (Figure 17A).  At a pacing CL of 330 msec, APD in LANG was not different 

from LANG+TOLB (195±16 msec; 217±1.2, p=0.239). However, at a pacing CL of 220 

msec, APD in LANG shortened to 135±17 msec while APD in LANG+TOLB only 

shortened to 187±5.8 msec (p=0.025) (Figure 17A).  Similarly, at 170 msec CL, APD 

was higher for LANG+TOLB (155±20 msec) than for LANG (103±13 msec, p=0.006) 

(Figure 17A).  

During NSR in LWHs, APD was longer with TOLB than without (206±17 msec, 

153±10 msec, p=0.042) (Figure 17B). APD was also longer at all pacing CLs in LWHs 

with TOLB than without (Figure 17B): 330 msec CL, 199±14 msec, 135±11 msec, 

Figure 17: Effect of KATP channel inhibition (1µM tolbutamide) on APD and left ventricular developed pressure as a 
function of pacing cycle length. 
A. TOLB blunts workload-induced APD shortening in LANG hearts when pacing at cycle length of 220msec and 
170msec (p=0.025, p=0.006). B. APDs are longer in LWHs with TOLB during sinus rhythm and at all pacing cycle 
lengths. C. LVDP is higher in LWHs with TOLB at pacing cycle lengths of 330 msec and 220 msec). Values are 
mean±SE; LANG n=6; LWH n=7; LANG+TOLB n=3; LWH+TOLB n=4. *indicates a significant difference with 
and without TOLB. 
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p=0.014; 220 msec CL, 164±15 msec, 108±12 msec, p=0.022; and 170 msec CL, 121±15 

msec, 72.3±1.9 msec, p=0.047. At NSR, LVDP was not significantly higher in LWHs 

with TOLB than without (96.2±5.9 mmHg, 81.2±2.3 mmHg, p=0.065) (Figure 17C).  

However, TOLB blunted reductions in LVDP when pacing at 330 msec CL (86.0±4.3 

mmHg, 71.2±2.4 mmHg, p=0.024) and 220 msec CL (77.6±6.7 mmHg, 57.3±4.3 mmHg, 

p=0.038).  There was no significant difference in LVDP with and without TOLB when 

pacing at 170 msec CL (57.7±12 mmHg, 31.3±5.9 mmHg, p=0.121) (Figure 17C). 

4.3.2.3 KATP inhibition during deoxygenation. 

At 100% oxygenation in LANG hearts, with a pacing CL of 330 msec, APD was 

longer with TOLB than without (230±5.1 msec, 204±6.9 msec, p=0.017) (Figure 

18A&B). During gradual deoxygenation (Figure 18A), APD was always longer with 

TOLB than without (GLM, Tukey post-hoc, p<0.05). At mid-high levels of oxygenation 

(40-100%), APD shortened less with TOLB than without (Figure 18A). At 50% perfusate 

oxygenation, APD was significantly longer in LANG hearts with TOLB than without 

(203±6.1 msec, 154±18 msec, p=0.039) (Figure 18B). At 25% oxygenation, APD was no 

different with and without TOLB (150±18 msec, 118±16 msec, p=0.236). At 100% 

perfusate oxygenation, CFR was not significantly different with and without TOLB 

(40±4 mL/min, 30±4 mL/min, p=0.856).  However, during gradual deoxygenation, CFR 

for LANG hearts with TOLB increased much more than LANG hearts without TOLB, 

with flow rate peaking at 25% oxygenation then dramatically falling with further 

deoxygenation (Figure 18C).   
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The response of LWHs to TOLB (Figure 19) was generally the same as that of LANG 

hearts (Figure 18) but with additional insight provided by measurements of LVDP. At 

100% oxygenation in LWHs hearts, APD was longer with TOLB than without (229±22 

msec, 154±10 msec, p=0.03) (Figure 19A). During gradual deoxygenation, APD was 

always longer with TOLB than without (GLM, Tukey post-hoc, p<0.05). At mid-high 

levels of oxygenation (40-100%), as observed for LANG hearts, APD in LWHs 

shortened less with TOLB than without (Figure 19A). At 50% perfusate oxygenation, 

APD was significantly longer with TOLB than without (200±16 msec, 109±14 msec, 

p=0.003). At 25% oxygenation, APD was not significantly different with and without 

TOLB (118±17 msec, 81.6±7.2 msec, p=0.165) (Figure 19A).   

At oxygenation levels greater than 40%, developed pressure was higher in LWHs 

with TOLB than without (GLM, Tukey post-hoc, p<0.05) and dropped very little until 

oxygenation reached a level of approximately 40%, at which point LVDP dropped 

Figure 18: Effect of KATP channel inhibition (1µM tolbutamide) on APD and CFR during gradual perfusate 
deoxygenation in LANG hearts while pacing at 330msec cycle length. 
A. TOLB blunts APD shortening during perfusate deoxygenation in LANG hearts. With TOLB, APD remained 
relatively constant until 40% oxygenation, after which APD dramatically shortened. Without TOLB, APD 
gradually shortened with deoxygenation until 30% oxygenation, after which APD dramatically shortened. With 
TOLB, APD was significantly longer at 100% and 50% perfusate oxygenation.  B. The coronary flow of LANG 
hearts with TOLB has higher during perfusate deoxygenation and increased to a greater extent than the coronary 
flow of LANG hearts without TOLB. Values are mean±SE; LANG n=7; LANG+TOLB n=4. *indicates a 
significant difference in APD between LANG hearts with and without TOLB. 
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dramatically (Figure 19B).  Without TOLB, LVDP decreased in a linear fashion 

throughout deoxygenation. At 50% oxygenation, LVDP was higher for LWHs with 

TOLB than without (92.3±5.3 mmHg, 64.6±6.5 mmHg, p=0.011). At 25% oxygenation, 

LVDP was the same with and without TOLB (68.5±7.9 mmHg, 50.6±8.8mmHg, 

p=0.112). Coronary flow increased, almost doubling, during deoxygenation with and 

without TOLB, and average flow was consistently higher with TOLB (GLM, Tukey post-

hoc, p<0.05) (Figure 19C).  With TOLB, CFR began to drop at 30% oxygenation; 

without TOLB, flow began to drop at 20% oxygenation. Such changes in coronary flow 

indicate a substantial change in vasomotor tone at low levels of oxygenation. On average, 

LV contractility and relaxation during deoxygenation was higher with TOLB than 

without (GLM, Tukey post-hoc, p<0.05) (Figure 19D), with both sets of curves 

exhibiting a similar trend during deoxygenation.  
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Figure 19: Effect of KATP channel inhibition (1µM tolbutamide) on APD, CFR, LVDP, contractility, and relaxation 
while pacing left working hearts at a cycle length of 330msec. 
A. APDs were longer in LWHs with TOLB than for APDs measured without TOLB at all levels of perfusate 
oxygenation above 25%. With TOLB, APD shortened dramatically after 40% perfusate oxygenation.  Without 
TOLB, APD shortened in a linear fashion throughout deoxygenation. At 25% oxygenation, APDs are the same for 
LWHs with and without TOLB. B. LVDP was higher in LWHs with TOLB than for LVDP measured without 
TOLB at all mid-levels of perfusate oxygenation. With TOLB, LVDP for the high and mid-levels of deoxygenation 
was constant yet dropped dramatically after 40% perfusate oxygenation.  Without TOLB, LVDP dropped in a 
linear fashion throughout deoxygenation. At 25% oxygenation, LVDP was the same for LWHs with and without 
TOLB. C. Throughout deoxygenation, average coronary flow was significantly higher for LWHs with TOLB. With 
TOLB, coronary flow increased to a greater extent within the lower levels of oxygenation and dropped 
dramatically after 30% oxygenation. Without TOLB, coronary flow increased until 40% oxygenation, stopped 
increasing at oxygenation levels between 20 – 40% and dropped dramatically after 20% oxygenation. D. With 
TOLB, left ventricular contractility and relaxation curves were more positive (contractility) and more negative 
(relaxation) than for curves for LWHs without TOLB. Values are mean±SE; LWH n=6; LWH+TOLB n=5. 
*indicates a significant difference between values measured with and without TOLB. 
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Chapter 5— Perfusion with perfluorocarbon solution restores oxygenation to 
improve electrophysiological function in excised rabbit hearts 

 

5.1 Rationale  

Ensuring adequate oxygenation is critical in advancing cardiac electrophysiology and 

metabolism studies.  As studies advance and more is known about cardiac function, 

bringing isolated heart studies closer to physiological conditions is crucial.  A major 

limitation of isolated heart studies, especially when evaluating higher workloads, is the 

limited oxygen carrying capacity of crystalloid Krebs-Hensleit (KH) perfusate.  Our 

objective was to use perfluorocarbon (PFC) solution to increase the oxygen carrying 

capacity of perfusate administered to the heart by 35%, thus allowing for more 

physiological measurements.  We aimed to characterize of the effect of PFC perfusion on 

cardiac function and to determine the duration of the beneficial effects.  Optical mapping 

in contracting hearts perfused with PFCs has distinct advantages over existing isolated 

heart preparations, and these studies garnered a full understanding of dye staining 

kinetics with PFC perfusion.  Action potential duration restitution with fully oxygenated 

and contracting hearts has never before been studied and more clearly reveals the 

relationship between cardiac metabolism and electrical activation.  Additionally, we 

studied the role of KATP channels in fully oxygenated myocardium for a more 

comprehensive understanding of the relationship between metabolic and electrical 

function under sinus rhythm and conditions of elevated work. 

We hypothesized that PFCs would improve both HR and MVO2 and bring these 

parameters closer to in vivo values by improving myocardial oxygenation.  Additionally, 

we hypothesized that PFCs would mitigate the drop in APD observed with rapid 
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increases in pacing through a dynamic restitution protocol in Langendorff perfused rabbit 

hearts.  This is likely due to reduced activation of KATP channels both at baseline and 

during increases in work, which we tested with KATP channel inhibition with TOLB.  We 

predicted that PFCs would prevent KATP channel activation at higher oxygenation points. 

The improved oxygenation would likely reduce the incidence of arrhythmias in PFC 

perfused hearts, as investigated using a burst pacing protocol. 

5.2 Characterization of PFC perfusion on heart function 

5.2.1 Experimental Methods 

5.2.1.1 PFC Preparation  

A suspension of 70% 

perfluorooctyl bromide (PFOB) 

and 3% perfluorodecyl bromide 

(PFDB) (Fluoryx) was prepared 

with modifications according to 

Maillard et al.88.  A 

homogenizer (IKA) fitted with 

a wide-ended probe was used to 

dissolve soybean asolectin (28g) in 380.4 mL of distilled water at 8,000 rpm for 10 

minutes.  18g of PFDB was slowly added while homogenizing at 8,000 rpm for an 

additional 5 minutes.  While still mixing at 8,000 rpm, 420g of PFOB was added 

dropwise using a Pasteur pipette.  The solution was homogenized for 30 minutes at 

17,000rpm in a glass water-jacketed flask connected to a water bath at 16°C.   

Figure 20: PFC preparation schematic. 

15 
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The mixture was halved and each portion sonicated on ice for 20 seconds followed by 

60 seconds of rest.  This was repeated 15 times.  This suspension then underwent 3 cycles 

of shearing in an M-100P instrument (Microfluidics) with pressure set at 24,000 psi to 

decrease particle size to approximately 93±7nm66.  This suspension was stored at 4°C 

overnight.  Prior to starting an experiment, the suspension was diluted 1:1 with a 2x KH 

solution (recipe described below) and filtered through a 1.0µm membrane.  This dilution 

results in a final concentration of 35% PFOB and 1.5% PFDB. The process is depicted in 

Figure 20.   

5.2.1.2 Heart excision and data acquisition 

 Animal protocols were approved by the George Washington University’s Animal 

Care and Use Committee.  New Zealand white rabbit hearts were excised and perfused as 

previously demonstrated by Demmy and our laboratory5,54,55.  New Zealand white rabbits 

were anesthetized with an intramuscular injection of ketamine (44mg/kg) and xylazine 

(10mg/kg).  Heparin (2,000 units) was administered via an intravenous ear vein injection 

and allowed to circulate for 15 minutes.  Rabbits were subjected to inhalation of 5-10% 

isoflurane.  Following cessation of pain reflexes, the heart was quickly excised and 

Langendorff perfused at 60 mmHg and 37˚C on a biventricular working heart system 

(Hugo Sachs Elektronik) with a Krebs-Henseleit solution containing (in mM) 115 NaCl, 

3.3 KCl, 2.0 CaCl2, 1.4 MgSO4, 1.0 KH2PO4, 5.0 glucose, 1.0 lactate, and 25 HEPES.  

Perfusate was oxygenated with 100% O2.  While perfused with KH, 20µM of the voltage-

sensitive dye Di-4-ANEPPS dissolved in DMSO and diluted in 3mL perfusate was 

injected through the aorta.   0.8mm black dots were applied to the LV epicardium with 

tissue glue for motion tracking.  Pressure transducers measured aortic pressure (World 

55 
 



Precision Instruments, Millar catheter).  Perfusate oxygen consumption entering at the 

aorta and leaving via the pulmonary artery was measured using flow-through optical 

oxygen sensors (Polestar, Needham Heights, MA).  An embedded flow sensor measured 

cardiac output and an in-line flow sensor measured coronary flow rate from the 

pulmonary artery (Transonic Systems).  Data acquisition was through PowerLab (AD 

Instruments).  After stabilization, PFC solution was introduced. 

5.2.1.3 Optical Mapping Configuration  

The ratiometry technique used in Chapter 2 was utilized here as well.  Excitation 

LEDs at 450nm (royal blue) and 505nm (cyan) (Phillips Luxeon) are put in a randomized 

quad bundle (two inputs of each LED, two quad bundles) (Schott, Auburn, NY) and the 

singular outputs were aimed at the epicardial surface.  The Pulsemaster A3400 cycled the 

two different excitation lights in rapid sequence on the epicardial surface for ratiometry 

measurements.  A 460±135 nm excitation filter and light diffuser was attached to the 

output of the light guide.  A 635±25 nm emission filter captured emitted light.  A high-

speed charge-coupled device (CCD) camera (iXon DV860; Andor Technology, Belfast, 

UK) captured the images at 746 Hz during the experimental protocol. The spot-shaped 

markers on the epicardium allowed for motion tracking.   

5.2.1.4 Data analysis  

The optical action potential duration (APD) was measured as the time interval 

between the maximum first derivative and the secondary peak of the second derivative78 

for pixels within optically mapped regions of the LV epicardium. For each study, at least 

6 APDs were measured for a single site and the temporal mean and standard deviation 

were calculated. APDs were measured from the last 3 APs at each pacing rate. The 
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restitution curves were created by subtracting the APD from the CL to obtain the diastolic 

interval (DI), and subsequently plotting DI vs. APD.  A first order exponential (formula 

below) was best fit to each curve and the maximum slope was found from the first 

derivative of the exponential89. 

𝑓(𝑥) = 𝑎 ∗ 𝑒𝑏𝑥 

Oxygen consumption was calculated using the formula65:  

𝑀𝑉𝑂2 = 𝐶𝐹𝑅[𝐶𝑇(𝑃𝐴) − 𝐶𝑇(𝑃𝑉)] 

where CFR=coronary flow rate (mL/g*min), CT = oxygen solubility in KH at 37°C (1.30 

x 10-6
 M/mmHg), PA = arterial oxygen content (PO2), PV = venous oxygen content (PO2). 

The temporal mean of a 2 second interval of the CFR and MVO2 signals was computed 

for comparison between groups at each experimental condition. 

5.2.1.5 Statistical analyses 

Specific null hypotheses were that KH perfusion was no different than PFC perfusion, 

KH hearts perfused with TOLB were no different than KH hearts without TOLB, and 

PFC hearts perfused with TOLB were no different than PFC hearts without TOLB. 

Measurements in each group were compared using an unpaired t-test or ANOVA, as 

appropriate (Minitab 17 Statistical Software). Tukey post-hoc comparisons identified 

significant differences between specific groups. Data comparing four groups were 

analyzed using an ANOVA with Tukey post-hoc comparisons to identify pairwise 

differences between groups. All measurements were assumed to be independent and the 

residuals were normally distributed. Differences were considered significant if p<0.05. 
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Figure 21: Baseline heart rate and oxygen consumption are increased with PFC perfusion. 

5.2.2 Results 

 PFCs were successfully produced in the laboratory and were tested to ensure that 

heart function was not compromised upon PFC perfusion.  Additionally, the oxygen 

carrying kinetics were briefly investigated.  In comparison with KH solution, PFC 

solution takes 70% longer to fully deoxygenate (KH: 4 minutes, PFC: 13 minutes).   

5.2.2.1 Effects of PFC perfusion on baseline function 

Cardiac function was greatly improved with PFC perfusion.  HR increased 77.6±25% 

with PFC perfusion (Figure 21).  While CFR was not different between groups, MVO2 

increased 77.2±63% from KH to PFC perfusion.   

Table 5: Effect of PFC perfusion and TOLB (1µM) on heart rate, coronary flow rate, and 
oxygen consumption. 

 Heart rate  
(BPM) 

Coronary flow 
rate (mL/min) 

MVO2  
(µmol O2/g*min) 

KH 100±5.0 14.1±2.0 0.95±0.14 
PFC 178±14* 17.3±2.6 1.77±0.26* 
KH+TOLB 101±6.8 12.6±1.6 0.85±0.18 
PFC+TOLB 173±22 15.6±2.5 1.93±0.62 
*different from KH 
Values are mean ± SE. KH control: n=8; PFC: n=4; LANG+TOLB: n=4. KH+TOLB: 
n=3; PFC+TOLB: n=3. 
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Figure 22: Heart rate and coronary flow rate with PFC dilutions. 
Heart rate increased the most with 50%PFC/50%KH perfusion.  
Coronary flow rate demonstrated a transient increase and gradual 
decrease with all dilutions except 17.5%PFC/82.5%KH.  

5.2.1.2 Longevity of function 

with PFC perfusion 

 Three different dilutions of 

PFCs were tested to determine the 

optimal concentration.  

50%PFC/50%KH has been used in 

previous studies, and thus was 

chosen as the starting dilution66.  

When switched from KH to 

50%PFC/50%KH perfusion, HR 

increased 106% and once stable, 

remained constant for one hour.  

Coronary flow rate (CFR) initially 

increased dramatically with 50%PFC/50%KH perfusion from 11 mL/min to 61 mL/min 

before reaching a plateau after 20 minutes of perfusion at 35 mL/min, and then steadily 

decreasing (Figure 22).  The 

same functional improvements 

were not observed with 

25%PFC/75%KH or 

17.5%PFC/82.5%KH dilutions.  

HR only increased 33% upon 

perfusion with 25%PFC/75%KH, 

and after a transient increase, 

Figure 23: Dye kinetics with PFC perfusion. 
Dye intensity decreased greatly within 1 minute of perfusion with 
PFCs and steadily decreased until 6 minutes post-PFC perfusion.  
Representative signals of KH perfusion and 1 minute of PFC 
perfusion are shown. 
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CFR decreased back to the original value.  No change in HR or CFR was observed with 

17.5%PFC/82.5%KH perfusion.  In light of these results, 50%PFC/50%KH was used in 

all further experiments.   

5.2.1.3 Dye staining kinetics with PFC perfusion 

 The fluorescent intensity of di-4-ANEPPS with KH and PFC perfusion was 

quantified.  Approximately 4 bolus injections of di-4-ANEPPS were applied during KH 

perfusion to ensure adequate staining.  It is not possible to stain the myocardium during 

PFC perfusion due to the micelle nature of perfluorocarbons.  In fact, we discovered that 

the dye has a higher affinity for the lipids in PFC solution than for the phospholipid 

membrane of cardiomyocytes.  After 1 minute of PFC perfusion, fluorescence intensity 

decreased 42±1.2% from the fluorescence intensity measured with KH (Figure 23).  

Fluorescence intensity continually decreased, reaching a steady state of approximately 

22±0.4% of initial intensity with 6 minutes of PFC perfusion.   

5.3 Dynamic pacing and burst pacing with PFCs 

5.3.1 Experimental protocol: Dynamic Pacing and Burst Pacing Protocols 

Dynamic pacing has been shown to more closely represent physiological disease 

states47.  Taking both this and the limited time of dye staining with PFCs into account, a 

dynamic pacing protocol was used to investigate restitution-induced changes in APD.  

While perfused with KH, the LV was paced with a series of increasingly fast pacing 

rates, 30 stimuli at each rate.  Dynamic restitution pacing rates were as follows: 330, 290, 

250, 220, 190, 170 msec CL.  The increase in HR with each pacing rate is shown in 

Figure 23.  A burst pacing protocol was completed after cessation of the dynamic pacing 
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Figure 24: Dynamic restitution pacing protocol with representative signals. 
Heart rate was gradually increased by increasing the CL of the stimulus applied to 
the LV.  Representative APD signals for each CL are shown. 

protocol to test for 

susceptibility to 

arrhythmias.  The burst 

pacing protocol 

consisted of 100 pulses 

at 60 msec CL, 

repeated twice with 30 

seconds of rest in 

between burst pacing 

sessions.  The heart was given time to recover, an additional dye bolus was administered, 

and perfusate was then switched to PFCs.  The same dynamic restitution pacing protocol 

and burst pacing protocol were completed with PFCs.  Images were taken to capture the 

last 4 beats of each pacing rate as the CL changed (Figure 24).   

Figure 25: Dynamic restitution in KH and PFC perfused hearts. 
The dynamic restitution curve of PFC hearts was shifted leftwards from the curve of KH hearts. The maximum slope 
of the fitted exponential trended greater in KH hearts, though was not significantly elevated over PFC. 
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Figure 26: Representative signals during NSR and ventricular tachycardia. 
Top: Representative KH APD signal during NSR. Middle: Representative 
ventricular tachycardia signal with KH. Bottom: Representative optical 
APD with PFC perfusion.  

5.3.2 Results 

In addition to the improvements in HR and MVO2 with PFC perfusion, 

electrophysiological benefits were also observed.  With PFC perfusate, APD was longer 

at sinus rhythm than with KH (331±4.7 msec; 272±4.0msec, p=0.01).  APD was also 

longer at every pacing rate during restitution with PFCs than with KH.  The mean 

maximum slope of APD restitution was greater with KH perfusion than PFC perfusion, 

though not significantly (2.44±0.93, 1.153±0.4; p=0.398) (Figure 25).  The shift of the 

PFC restitution curve to the left indicates longer APD, and thus, improved function with 

increased pacing rate.  

Interestingly, the initial slope 

(calculated as the linear slope 

from the shortest three 

DI/APD points) was greater 

in PFC perfused hearts than 

in KH perfused hearts 

(2.61±0.17, 0.45±1.1; 

p=0.101).  CFR and MVO2 

increased steadily with 

increasing rate in KH perfused hearts (157% and 168%, respectively).  However, in PFC 

hearts, CFR slightly decreased 8% and MVO2 13%, a testament to cardiac stability under 

situations of stress (Figure 26).    

Ventricular tachycardia was observed in two KH perfused hearts, but no PFC 

perfused hearts, during burst pacing (Table 6).  One heart progressed to ventricular 
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fibrillation, and the ventricular tachycardia was sustained.  The signal is demonstrated in 

Figure 27. 

Table 6: Percentage of hearts with arrhythmias during burst pacing. 
 KH PFC KH+TOLB PFC+TOLB 
Ventricular tachycardia 25% 

12.5% sustained 
0% 0% 0% 

Ventricular fibrillation 12.5% 0% 0% 0% 
 

5.4 Effects of KATP channel inhibition with 
improved oxygenation   

5.4.1 Experimental Methods 

5.4.1.1 KATP channel inhibition 

In a subset of studies, KATP channel 

inhibition will be studied. During perfusion 

with KH, 1µM tolbutamide dissolved in 

ethanol was added to the perfusate. Both the 

dynamic pacing and burst pacing protocols 

were repeated.  Perfusion was switched to 

PFCs with 1µM tolbutamide, and the 

dynamic pacing and burst pacing protocols 

were completed. 

5.4.2 Results 

 5.4.2.1 Effects of KATP channel inhibition at baseline in KH and PFC 

APD, HR, CFR, and MVO2 were not different between KH and KH+TOLB and 

between PFC and PFC+TOLB (p>0.05 for all).  HR was not different between KH and 

Figure 27: Coronary flow rate and oxygen 
consumption during dynamic pacing. 
CFR and MVO2 increased steadily with increasing 
pacing rate in KH perfused hearts but remained 
constant in PFC perfused hearts. 

63 
 



KH+TOLB (100±5.0 bpm, 101±6.8 bpm; p=0.989) or between PFC and PFC+TOLB 

(178±14 bpm, 173±22 bpm; p=0.499) (Table 5).  HR increased 73±29% over KH+TOLB 

upon perfusion with PFC+TOLB.  CFR was 12.6±1.6 with KH+TOLB perfusion and 

15.6±2.5 with PFC+TOLB perfusion.  MVO2 increased 138±51% upon perfusion with 

PFC+TOLB from 0.85±0.18 µmol O2/g*min with KH+TOLB to 1.93±0.62 with 

PFC+TOLB. 

5.4.2.2 Effect of KATP channel inhibition during dynamic pacing  

The mean maximum slope of APD restitution was not different among KH+TOLB, 

PFC, and PFC+TOLB groups (1.15±0.16, 1.153±0.4, 1.79±0.22; p=0.727) (Figure 28).  

Interestingly, restitution curves shifted left from the KH restitution curve.  KH+TOLB, 

PFC, and finally PFC+TOLB curves each shifted leftwards, indicating longer APDs with 

increases in rate.  The initial slope (calculated as the linear slope from the first three 

DI/APD points) was greatest in PFC+TOLB perfused hearts, significantly longer than 

Figure 28: KATP channel inhibition during dynamic pacing. 
The dynamic restitution curve of the 4 groups progressed leftwards in the following order, from right to left: KH, 
KH+TOLB, PFC, PFC+TOLB.  Though the slope was not significantly different between groups, maximum slope of 
the fitted exponential trended higher in KH perfused hearts. 
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KH perfused hearts (4.54±0.99, 0.45±1.1; p<0.05).  Initial slope was similar between 

KH+TOLB and PFC perfused hearts (2.23±0.25, 2.61±0.17; ns).  CFR and MVO2 

increased steadily with increasing rate in KH perfused hearts.  However, both CFR and 

MVO2 in PFC hearts remained constant during increases in rate, a testament to cardiac 

stability under situations of stress (Figure 29). 

  

Figure 29: Coronary flow rate and oxygen consumption during 
dynamic pacing. 
CFR in KH and KH+TOLB increased gradually with increasing 
pacing rate.  CFR in PFC and PFC+TOLB remained constant with 
increasing rate.  The same trends were observed with MVO2. 
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Chapter 6—Discussion and Conclusions 

This data presented in this dissertation identify several novel methods of increasing 

physiological relevance of isolated heart experiments to study healthy physiology and 

disease states.  The adaptation of new technologies broadened of our understanding of 

how reinstating parasympathetic tone affects heart failure, elucidated the 

electromechanical function of contracting left working heart preparations, and determined 

restitution kinetics in fully oxygenated hearts. 

6.1 Chronic activation of hypothalamic oxytocin neurons improves cardiac function 
during left ventricular hypertrophy-induced heart failure 
 

These are the first studies to evaluate the effect of chronic activation of PVN OXT 

neurons in an animal model of pressure overload induced hypertrophy that progresses to 

HF. These studies also demonstrate the first use of DREADDs to modulate autonomic 

activity with the goal of mitigating the deleterious effects of cardiac pressure overload.  It 

is generally accepted that parasympathetic tone is cardioprotective90 and our studies 

further demonstrate that chronic activation of PVN OXT neurons confers significant 

cardioprotection during TAC in rats. Taken together, our results support the claim that 

PVN OXT neuron activation could be a novel target for elevating cardiac 

parasympathetic tone to alleviate the damaging effects of pressure overload induced 

hypertrophy. 

In ex vivo isovolumic contracting heart studies, we found that, compared to diseased 

(TAC) animals, the hearts from animals treated with chronic PVN OXT neuron activation 

(TAC+OXT) developed higher pressures and had greater contractility and relaxation 

kinetics. Myocyte cross-sectional area was lower and the amount of fibrosis observed in 
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LV tissue histology sections was also lower. These results are consistent with a study of 

HF following myocardial infarction in which administration of an acetylcholinesterase 

inhibitor, to increase the duration of muscarinic receptor activation by acetylcholine, 

improved contractility and reduced myocyte hypertrophy and collagen deposition91.  In 

our studies, we also observed that PVN OXT neuron activation during TAC additionally 

improved cardiac chronotropic response to isoproterenol (Figure 11).  

  Oxytocin has been shown to buffer cardiovascular responses to stress and promote 

cardiac healing by increasing cardiac parasympathetic tone and reducing cardiac 

sympathetic activation. However, the specific autonomic mechanism behind the 

cardioprotective effect of PVN OXT activation in HF is unknown.  To better understand 

this, in vivo BP and HR responses were recorded in DREADDs expressing rats. In those 

studies we found that acute activation of DREADDs in PVN OXT neurons reduced both 

HR and BP, in accordance with our previously published results25. We have extended 

these findings to demonstrate that the beneficial effects observed with PVN OXT neuron 

activation are likely the result of cardiac-specific increases in cholinergic activity. This is 

supported by the observations that plasma OXT was not different between groups and 

reductions in BP and HR following DREADDs activation with CNO were completely 

blocked by atropine (Figures 8A & 9C). 

Our finding that LV function was significantly improved in TAC+OXT animals after 

8 weeks of TAC indicates a sustained beneficial shift in cardiac autonomic balance. In 

addition to the downstream effects of directly increasing parasympathetic activity, PVN 

OXT neuron activation may have initiated a parasympathetic mediated reduction in 

sympathetic activity.  Interactions between adrenergic and cholinergic pathways are 
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complex, with multiple factors responsible for activation and antagonism. In the sinus 

node, cholinergic activation dominates the control of heart rate over that of adrenergic 

activation92. In ventricular myocytes, it is generally accepted that M2 muscarinic receptor 

activation attenuates the production of cyclic AMP to reduce the inotropic effects of β-

adrenergic receptor activation93,94. During chronic sympathetic stimulation, M2 activation 

reduces myocardial stress by lowering cyclic AMP to reduce the cellular hypercontractile 

state and increase relaxation during diastole, thereby improving myocyte viability95 and 

slowing the progression of hypertrophy96,97. Vagal tone and circulating acetylcholine also 

maintain beneficial dilation of coronary arteries98,99, an effect that has been shown to be 

independent of left ventricular preload, afterload, and heart rate100. Other studies have 

shown that parasympathetic nerve stimulation releases endogenous vasoactive intestinal 

peptide to cause vasodilation and increased coronary flow97. Each of these cholinergic-

induced outcomes could be cardioprotective during chronic pressure overload and 

mediated by the activation of PVN OXT neurons. 

Left ventricular function was dramatically impaired in untreated TAC animals. The 

high level of fibrosis and elevated collagen III expression we observed in untreated hearts 

increases wall stiffness, adversely affects contractile function, and negatively impacts 

vasodilation due to increased myocardial stiffness and increased perivascular 

collagen101,102. Reduced vasodilation within the context of pressure overload, which 

increases myocardial oxygen consumption, creates conditions of ischemia, causing 

further myocardial damage and inflammation. Indeed, we found elevated levels of the 

inflammatory cytokine IL-1β in TAC animals. As myocytes die, they are replaced by 

collagen to maintain structural integrity in the absence of cells101, which reduces working 
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myocardial mass. Overall, the result of this detrimental cascade was observed in our TAC 

animals as reduced contractile function, low coronary flow, and a high level of fibrosis.   

Our results are consistent with the conclusion that improved autonomic balance 

attenuated the loss of cardiac function in the TAC+OXT animals. Although LV 

hypertrophy was not significantly lower in TAC+OXT animals, likely to compensate for 

TAC-induced pressure overload, myocyte cross-sectional area was less, fibrosis was less, 

and there was a lower level of IL-1β expression. The ratio of working myocardium to 

wall thickness was therefore higher in TAC+OXT than in TAC animals, which likely 

contributed to the impressive maintenance of LV function that we observed. Improved 

coronary flow likely augmented the increased myocardial oxygen demand of pressure 

overload, thereby reducing the incidence of ischemia, preventing myocardial necrosis, 

preventing the loss of working myocardium, and blunting the progression of myocyte 

hypertrophy. The interesting finding in TAC+OXT hearts of reduced fibrosis measured 

via Trichrome staining, yet no significant reduction in collagen III expression, is likely 

due to increases in perivascular collagen.  Increased perivascular collagen would not have 

been detected in the myocardial fibrosis assessments we conducted using Trichrome-

stained myocardial slices. However, increased perivascular collagen would elevate the 

level of collagen III measured in the western blot assays.  Overall, the beneficial results 

of PVN OXT neuron activation are consistent with the results reported for VNS during 

HF in rats13 as well as systemic treatment of rats that had infarction-induced HF with an 

acetylcholinesterase inhibitor91. 

We found that PVN OXT neuron activation in TAC animals partially blunts sinus 

node desensitization to β-adrenergic stimulation. The result that TAC+OXT animals had 
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improved HR sensitivity to β-adrenergic stimulation, but no improvement in contractile 

sensitivity, provides new insight into how the impact of heterogeneous cardiac nerve 

density may affect the outcomes of parasympathetic nerve activation. The dense 

innervation of cholinergic nerve fibers in the atria and sinus node, as well as greater 

expression of M2 receptors in the atria compared to the ventricles103,104, at least partially 

explains the observed differences in HR and LV contractile response of TAC+OXT 

animals to adrenergic stimulation (Figures 11 and 12).  

Although the contractility and relaxation kinetics of hearts from TAC+OXT animals, 

for all isoproterenol concentrations, was greater than that of hearts from TAC animals, it 

is intriguing that there was almost no increase in these values as isoproterenol 

concentration increased. Indeed, cholinergic nerve fibers and muscarinic receptors are 

found in the ventricles of many species, including rodents105–107.  One explanation for the 

observed result could be a lower ratio of ventricular parasympathetic to sympathetic 

innervation and a lower expression of M2 receptors in the ventricles compared to β-

receptors106. The ratio of cholinergic to adrenergic innervation is close to 2:1 in the atria 

and 1:2 in the ventricles108. Within the context of this intrinsic anatomic imbalance 

between cholinergic and adrenergic activation of the LV, and the elevation of 

sympathetic tone that occurs during chronic pressure overload, our results indicate that 

PVN OXT neuron activation is not enough to halt ventricular adrenergic desensitization.    

6.1.1 Limitations 

The unavoidable shortcomings of ex vivo perfused heart experiments apply, which 

include perfusion with a crystalloid perfusate instead of blood and the non-physiologic 

working condition of isovolumic contraction. Additional studies are required to fully 
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characterize the initial promising results presented here, which would include 

longitudinal in vivo assessments of improved cardiac function and experiments to identify 

the optimal time during the initial stages of myocardial hypertrophy to begin treatment 

via PVN OXT neuron activation. 

6.1.2 Conclusion  

Using DREADDs for the first time in a rat TAC model of ventricular hypertrophy 

that progresses to HF, we found that chronic activation of PVN OXT neurons, beginning 

4 weeks after TAC, significantly improved LV function, including inotropy and lusitropy, 

and reduced cellular hypertrophy, fibrosis, and inflammation at 8 weeks after TAC. PVN 

OXT neuron activation also improved heart rate sensitivity to β-adrenergic stimulation 

but did not improve contractile sensitivity to β-adrenergic stimulation. Our results 

indicate that the selective activation of hypothalamic PVN OXT neurons could be an 

effective approach to counteract the loss of cardiac function and mitigate myocardial 

damage during pressure overload hypertrophy.  

6.2 KATP channel inhibition blunts electromechanical decline during hypoxia in left 
ventricular working rabbit hearts 
 

Using a new non-contact optical mapping approach, these studies are the first to 

compare action potentials (APs) mapped from contracting Langendorff perfused hearts 

with APs mapped from left working hearts to identify the effect of sarcolemmal KATP 

channel activation over a wide range of physiological conditions. We have demonstrated 

that LANG hearts and LWHs have different time courses of repolarization and that those 

differences are brought about by sarcolemmal KATP channel activation. The 

administration of a relatively low concentration of the sulfonylurea tolbutamide to LWHs 
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blunted reductions in LVDP and APD when pacing CL was shortened, indicating that 

such reductions are driven by [ADP]/[ATP] elevations, likely caused by demand-induced 

oxygen deprivation in crystalloid-perfused myocardium when workload is elevated. We 

additionally analyzed functional differences between LWHs and LANG hearts during 

progressive perfusate deoxygenation and found that reductions in APD (LANG & 

LWHs) and LVDP (LWHs) were blunted when KATP channels were inhibited with 

tolbutamide. In LWHs, we found that tolbutamide substantially preserved APD, LVDP, 

contractility, and relaxation until perfusate oxygenation levels dropped to 40%. Our 

results highlight the major influence of KATP channel activation in modulating myocardial 

energy utilization and may indicate that oxygenation of perfused myocardium should be 

carefully considered in almost all studies using excised contracting hearts. 

Recent advances in optical mapping of contracting hearts59 enable 

electrophysiological studies that encompass a wide range of metabolic perturbations, 

such as those presented here. In conventional optical mapping studies, Langendorff 

perfused hearts are electromechanically uncoupled to prevent motion artifact from 

distorting optical action potentials. Electromechanical uncoupling dramatically reduces 

myocardial energetics54 and the rate of oxygen consumption drops by at least 75%53,57,109.  

Due to the inarguable link between mechanical contraction and electrophysiological 

function, the translational applicability of results from non-contracting hearts is bounded 

by the limitations of the experimental preparation. Indeed, in our previous work we have 

demonstrated that biventricular working rabbit hearts have greater oxygen demand and 

are more sensitive to increases in workload than either unloaded or electromechanically 

uncoupled hearts54. Non-contact optical mapping of contracting hearts removes the 
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requirement of electromechanical uncoupling during optical mapping so that interaction 

between metabolism, contraction, and electrophysiology can be studied with all the 

advantages of high spatiotemporal resolution imaging. Furthermore, in contrast to 

previous studies that measured monophasic action potentials in excised contracting 

hearts45, our non-contact optical mapping approach does not introduce any constraint of 

contractile motion or potentially cause local ischemia by pressing a monophasic action 

potential electrode on to the surface of the myocardium.  

We observed significant differences in APD between LWHs and LANG hearts during 

sinus rhythm, pacing at a CL of 330msec (Figure 14A), and for perfusate oxygen levels 

above 25% (Figure 15).  Sarcolemmal KATP channel activation was the likely mechanism 

for APD shortening in both LANG and LWH, as evidenced by significant lengthening of 

APD after administering TOLB. Interestingly, for LANG hearts paced at a CL of 

220msec, APD with TOLB was significantly longer than APD without TOLB (Figure 

17A), indicating significant KATP channel activation during elevated heart rates in 

unloaded hearts. It is also interesting APD differences between LWHs and LANG hearts 

were attenuated during shorter pacing CLs (170 msec) and at oxygen levels below 25%, 

situations of significant hypoxia or anoxia. Indeed, our previous studies demonstrated 

that a pacing CL of 170 msec caused demand-induced hypoxia in biventricular working 

hearts, which we suggested was the result of the limited oxygen buffering capacity of 

crystalloid perfusate 54. Furthermore, previous studies of ischemia have shown that APD 

shortens approximately 50% in contracting LANG and LWHs during no-flow ischemia 

110–114.  We observed a similar result: at 20% perfusate oxygenation, APD in LWHs and 

LANG hearts shortened approximately 50% (LANG: 51%, LWH: 47%) from the APD at 
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100% oxygenation (Figures 18&19), indicating convergence of full KATP activation at 

low levels of oxygenation in both heart preparations.  

The mismatch of ATP supply and demand at faster pacing CLs in LANG hearts 

activates KATP channels, as demonstrated by our finding of prolonged of APD at 220msec 

CL with TOLB (Figure 17A).  Similarly, during gradual deoxygenation in LANG hearts, 

APD shortened sooner without KATP channel inhibition (Figure 18). Tissue with longer 

APs has been suggested to be more sensitive to sarcolemmal KATP channel activation 

than tissue with shorter APs115. The longer AP of rabbit epicardium, relative to that of the 

rat, may explain the relatively large APD differences we measured with and without 

TOLB, particularly in consideration of the low TOLB concentration used in our 

experiments. Interestingly, when KATP channels were inhibited with TOLB, APD was 

preserved until approximately 40% perfusate oxygenation, after which APD dropped 

rapidly.  It is well documented that sulfonylurea inhibition of KATP channels is ineffective 

during severely compromised metabolic states, as would occur at perfusate oxygenation 

levels below 40%, explaining the rapid shortening of APD at those levels29,31.   

We found that at 100% perfusate oxygenation, APD was longer at all pacing CLs in 

LWHs perfused with TOLB (Figure 17B). In particular, our observation that during sinus 

rhythm and while pacing at a CL of 330msec, the APD of LWHs was longer with TOLB 

than without suggests that sarcolemmal KATP channels are activated in normal working 

myocardium during standard conditions of perfusion. This emphasizes the importance of 

maintaining sufficient oxygenation in LWHs and the careful interpretation of working 

heart function during physiologic workloads.  In fact, in LWHs with TOLB, APD during 

the shortest pacing CL of 170msec (120±15 msec) was within the range of APDs 
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measured without TOLB during sinus rhythm (141±8.6 msec).  TOLB also significantly 

preserved LVDP while pacing at CLs of 330 msec and 220 msec (Figure 17C).  The 

preservation of both APD and LVDP at these mid-range pacing rates indicates the 

importance of KATP channels in modulating electromechanical function of perfused hearts 

during increased workload.   

The energy dependence of working myocardium necessitates a balance between ATP 

supply and demand and KATP channels participate in regulating that balance28.  Our 

deoxygenation measurements revealed a synchrony between APD and LVDP, which was 

apparent by the maintenance of electromechanical function during KATP inhibition 

(Figures 19A and 19B). As we observed in LWHs during deoxygenation, within the 

setting of impaired ATP production, shortening of APD is an important mechanism for 

reducing contractile function and thus lowering energy utilization. APD shortening 

reduces intracellular Ca2+ cycling and prevents diastolic Ca2+ overload, thereby 

preserving the ratio of systolic to diastolic calcium, thus reducing myosin ATPase 

activity while maintaining normal cardiac relaxation28,116,117.  APD shortening has also 

been shown to lower Ca2+ entry and SR Ca2+ loading per beat, reiterating the modulation 

of Ca2+ handling through electrical means118.  Overall, these are mechanisms for the 

observed synchrony between APD and LVDP in LWHs.  Our observation of maintained 

electromechanical function within the setting of significant hypoxia with KATP channel 

inhibition indicates a likely mismatch between energy demand and energy production 

during this condition, a conjecture that is supported by previous work demonstrating that 

KATP channels have a protective role in ischemia/reperfusion injury35,119,120.   
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Arterial smooth muscle relaxation is modulated by multiple factors, including KATP 

channel activation86,121, adenosine122, and the release of endothelium-derived nitric 

oxide123.  LANG and LWH hearts with TOLB exhibited a dramatic CFR increase during 

gradual perfusate deoxygenation, recapitulating the well-known vasodilatory response of 

coronary arteries to hypoxia51,86,122,124,125.  In studies completed by Dunker et al., KATP 

inhibition with glibenclamide reduced CFR at rest; however, increases in CFR with 

exercise were still observed126.  This suggests that during KATP channel inhibition, 

adenosine production may significantly increase to provide another mechanism of 

vasodilation other than KATP channel activation126. In our experiments, we postulate that 

adenosine concentration increased during deoxygenation to cause the impressive increase 

in CFR we observed in hearts perfused with TOLB (Figure 18B & 19C).  Interestingly, 

following the CFR increase with hypoxia, coronary flow dramatically dropped as the 

oxygen content of the perfusate further lowered, particularly in hearts with TOLB in both 

LANG and LWH (Figure 18B & 19C). We surmise that this finding is similar to the 

isolated coronary artery studies in which canine coronary artery rings progressively 

relaxed as the oxygen content of the bathing solution was dropped to 5%, yet the rings 

contracted with a force greater than their normoxic tension when the bath oxygen content 

was reduced to 0%127. This hyper-contracture is thought to be mediated primarily by 

endothelial cells through anoxia-induced withdrawal of nitric oxide release128,129. Indeed, 

our observations are consistent with the sudden withdrawal of nitric oxide production, 

and subsequent vasoconstriction, once the hearts in our studies reached states of severe 

hypoxia or anoxia. Interestingly, a dramatic drop in CFR was not observed in LANG 

hearts (Figure 16D), perhaps because, due to their lower workload, the impact of 
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hypoxia/anoxia was less in LANG hearts compared to LWHs, which may have slowed 

the withdrawal of nitric oxide, and thus slowed the resulting vasoconstriction.   

It is documented that mechanoelectrical feedback reduces APD with increases in 

stretch130,131. However, we believe that, compared to increased IKATP current, an increase 

in stretch-activated membrane current was not the mechanism that dominated the APD 

differences we observed between LANG and LWHs.  In a canine model, increases of end 

diastolic volume caused APD shortening132; however, in our studies LWH preloads were 

not large enough to cause such shortening of APD.  Additionally, the addition of TOLB 

to LWH resulted in a lengthening of APD at baseline despite similar LVDPs, indicating 

no change in stretch, further suggesting the observed differences were primarily due to 

KATP channel activation. 

6.2.1 Conclusions 

Our assessments of changes in electromechanical function resulting from increased 

workload and gradual deoxygenation provide new insight into the dynamics of KATP 

channel activation within perfused myocardial tissue. We found that, at the same heart 

rate and perfusate oxygenation level, APDs were shorter in left working hearts than in 

Langendorff perfused hearts and, furthermore, that APD differences between the two 

heart preparations diminished at high heart rates and at low levels of perfusate 

oxygenation. These results are consistent with a higher level of sarcolemmal KATP 

channel activation when excised perfused myocardium performs pressure-volume work, 

indicating elevated [ADP]/[ATP], likely due to inadequate delivery of oxygen to the 

myocardium by crystalloid perfusate45,53. The results also indicate that KATP channels can 

be highly activated in perfused rabbit hearts at high heart rates. Significant KATP channel 
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activation in left working hearts and Langendorff perfused hearts was confirmed by the 

finding that tolbutamide blunted APD shortening during increased workload in both heart 

preparations. During gradual deoxygenation, tolbutamide also blunted APD shortening in 

both heart preparations and nearly abolished reductions in left ventricular developed 

pressure in LWHs until 60% perfusate deoxygenation. This result is consistent with tight 

coupling between KATP activation and ventricular pressure development and the general 

notion that KATP channel inhibition prevents loss of function when oxygen availability is 

reduced, although such inhibition will likely exacerbate a mismatch between myocyte 

energy demand and myocyte energy production. 

6.3 Perfusion with perfluorocarbon solution restores oxygenation to improve 
electrophysiological function in excised rabbit hearts  
 

The use of perfluorocarbon (PFC) solution in excised, contracting rabbit heart studies 

more closely recreates in vivo physiology by improving myocardial oxygenation by 35%.  

Previous studies have demonstrated that excised heart preparations, especially more 

physiological working heart preparations, are on the precipice of oxygen limitation54,133.  

This was demonstrated both by increases in NADH fluorescence, a sensitive indicator of 

myocardial ischemia54, and by increased activation of KATP channels in left working heart 

studies, even during baseline conditions133.  These studies have necessitated the 

development of mechanisms to bring ex vivo experiments closer to in vivo physiology.  

When isolated heart preparations can more closely recreate physiological conditions with 

high fidelity, the translational capability dramatically increases.  PFC solution can be 

produced with relative ease and affordability in the laboratory setting.  PFCs can be 
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prepared within 3 hours, and for a circulating perfusate volume of 300mL (150mL 

PFC/150mL KH), the use of PFCs costs $150.   

Perfusion with PFCs increased HR in excised rabbit hearts by over 70%, bringing ex 

vivo HRs closer to HRs observed in vivo (Table 4)134.  Additionally, MVO2 increased 

approximately 70% with PFC perfusion.  Previous work demonstrated that the increase in 

MVO2 observed upon PFC perfusion was directly correlated with oxidation of 

cytochrome a60566.  This indicates that the increase in MVO2 was due to relieving the 

oxygen limitation at mitochondrial cytochrome c oxidase (a constituent of oxidative 

phosphorylation) and not due to increased work66.  The characterization of PFC solution 

is crucial to moving forward with additional experiments.  The use of 50%PFC/50%KH 

solution showed the greatest functional improvements while maintaining reasonable cost 

(Figure 21).  Additionally, PFC perfused hearts demonstrated stability for at least 30 

minutes, ample time to complete many experimental protocols.   

The applicability of optical mapping with PFC perfusion is crucial for non-contact 

spatiotemporal measurements of various cardiac parameters.  The mostly transparent 

quality of PFC solution allows for relative ease in optical mapping. While the micelle 

structure of perfluorocarbons increases light scattering, this can be overcome by 

increasing the light intensity.  The main limitation of optical mapping with PFC solution 

is the rapid washout of transmembrane voltage dye.  Transmembrane voltage dyes embed 

in the plasma membrane of cardiomyocytes and demonstrate a change in fluorescence 

with changes in voltage.  However, transmembrane voltage dyes, such as Rh237 and di-

4-ANEPPS, demonstrated a greater affinity to the lipids in PFCs than the 

cardiomyocytes.  Di-4-ANEPPS intensity was reduced by 80% within the first 6 minutes 
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of PFC perfusion (Figure 22).  This necessitates a rapid optical mapping protocol to 

obtain signals with high spatiotemporal resolution.  This limitation can be overcome by 

using dyes that embed within the cardiomyocytes itself, rather than just in the plasma 

membrane.     

As expected, KH hearts demonstrated the greatest restitution slope (Figure 27).  This 

corroborates results indicating that KH perfused rabbit hearts are on the precipice of 

oxygen limitation and additionally speaks to their electrical instability46.  The incidence 

of ventricular tachycardia and ventricular fibrillation in KH perfused hearts, but no other 

groups, supports the conjecture of increased electrical instability due to oxygen limitation 

in KH hearts.  The maximum restitution slope was decreased in PFC perfused hearts, 

demonstrating improved stability and less susceptibility to arrhythmia formation.   

The unique role KATP channels play in linking cardiac metabolism to electrical 

activity affords them importance in regulating energy consumption during high stress 

situations.  As such, KATP channel activation is a mechanism to protect the heart from 

arrhythmias35,49.  The slope of KH+TOLB and PFC+TOLB hearts was no different from 

the slope with PFC, likely an indication that the low concentration of TOLB used in these 

experiments did not abolish the protective effects of KATP channels (Figure 27)83,84.  In an 

interesting interpretation of traditional restitution analysis, Franz argues that an steep 

initial slope is beneficial because it allows the heart to more rapidly exit the vulnerable 

phase observed at the beginning of the restitution curve where the APD is shortest46.  The 

initial slope was greatest in PFC+TOLB perfused hearts, indicating a potential beneficial 

effect of combined KATP channel inhibition and improved oxygenation that should be 

studies in further detail.  
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In both KH and KH+TOLB hearts, MVO2 linearly increased with increase in rate 

(Figure 28).  This compensatory mechanism ensures delivery of oxygen and fuels to the 

myocardium under oxygen limitation.  However, both PFC and PFC+TOLB MVO2 

values remained constant throughout the restitution protocol.  The stability of MVO2 with 

PFC perfusion speaks to the vastly improved oxygen delivery to the myocardium, and 

thus, cardiac stability even during rate-induced work changes53. 

Overall, PFC solution improved cardiac function and improved electrical stability in 

excised, contracting rabbit heart experiments.  HR and MVO2 increased significantly 

upon PFC perfusion, closer to in vivo values.  Additionally, restitution kinetics and 

susceptibility to arrhythmias were both improved with the heightened oxygenation of 

PFC perfusion.  The ease of preparation and the ability to optically map with PFC 

solution gives it great advantages when conducting experiments with greater workloads.  

PFC solution increases the physiological relevance of excised heart experiments, thus 

bringing ex vivo function significantly closer to in vivo physiology.   

6.3.1 Limitations  

A significant limitation of these experiments is the short timeframe of dye staining 

with PFC perfusion.  Future studies should investigate mechanisms to improve dye 

staining with PFC solution.   

6.3.2 Conclusions  

The use of PFC solution in excised, contracting rabbit hearts improves oxygenation 

by 35% and thus elevates the physiological relevance.  Perfusion with PFC solution 

improved HR and oxygen consumption, bringing these parameters within range of in vivo 
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values.  Additionally, PFC perfusion improved action potential restitution characteristics, 

increasing APD and reducing the maximum slope; both of which reduce susceptibility to 

arrhythmia formation.  Perfusion with PFC solution reduced KATP channel activation both 

at baseline and during increases in rate as evidenced by similarities in restitution between 

PFC perfused heart, KH+TOLB, and PFC+TOLB perfused hearts.  PFC perfusion 

additionally reduced the incidence of arrhythmias.  Overall, PFC perfusion improves 

metabolic and electrophysiological function in excised hearts, elevating clinical relevance 

of isolated heart preparations.   
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Chapter 7—Summary 
 

Despite monumental advances in cardiac electrophysiology and metabolism research 

in recent years, cardiovascular disease remains the leading cause of death in the United 

States1.  As such, in order to gain a more comprehensive understanding of cardiac 

pathophysiology and cardiovascular disease, experimental conditions must move closer 

to in vivo physiology to avoid the introduction of confounding variables and limitations 

common to isolated heart experiments.  This dissertation presents experimental data 

obtained by adapting new technological advances to ex vivo perfused hearts in order to 

more fully understand cardiac function in heart failure and during increases in work.  We 

first identified a potential target for clinical treatment of heart failure by reinstating 

cardiac parasympathetic tone in a rat model of HF.  The application of Designer 

Receptors Exclusively Activated by Designer Drugs (DREADDs) induced chronic 

activation of hypothalamic oxytocin neurons to specifically and selectively elevate 

cardiac parasympathetic tone.  The activation of only cardiac vagal neurons is a novel 

approach to address a major limitation of current vagal nerve stimulation (VNS) clinical 

trials.  The non-specificity of clinical VNS induced severe side-effects; however, our 

DREADDs approach works to overcome this shortcoming.  The results demonstrated 

significant improvements in cardiac function and drastic reductions in fibrosis, 

inflammation, and hypertrophy with treatment.  This dissertation also implemented a 

novel optical mapping approach for use in fully contracting rabbit hearts.  The ability to 

measure high-resolution spatiotemporal electrical activity in unrestrained, fully 

contracting hearts significantly elevates physiological relevance in comparison to typical 

optical mapping experiments.  Most optical mapping preparations use electromechanical 
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uncouplers to halt contraction to eliminate motion artifact.  However, the elimination of 

mechanical work reduces myocardial energy consumption by approximately 75%57, 

drastically reducing translational potential.  With our approach, we demonstrated that the 

more physiological left working heart preparations started on the precipice of oxygen 

limitation, as evidenced by shorter action potential durations (APDs) even during 

baseline conditions.  We additionally demonstrate the protective role KATP channels play 

in conserving electromechanical function during workjumps and deoxygenation.  In light 

of the oxygen limitation we observed, the implementation of a perfluorocarbon (PFC) 

solution to improve oxygenation in isolated hearts was investigated.  Perfusion with PFC 

solution improved oxygenation by 35% and brought ex vivo heart rate and oxygen 

consumption within range of in vivo values.  An optically-compatible perfusate is crucial 

for experimental flexibility, and these experiments demonstrate the ability to optically 

map with PFC solution.  The significant improvements in cardiac function and the ability 

to precisely measure a wide range of cardiac parameters deem PFC solution an attractive 

solution to the oxygen limitation inherent to isolated experiments.   

The isolated perfused heart is a valuable tool for studying cardiac physiology, 

pharmacology, and disease.  Despite the many benefits, investigators must carefully 

consider the inherent limitations, and in future work, adapt mechanisms to overcome 

those limitations.  This dissertation identified novel approaches to elevate the 

physiological relevance of excised heart preparations.  The approaches detailed above 

offer powerful approaches to bring ex vivo studies closer to in vivo conditions.  The use 

of a DREADDs approach to reinstate parasympathetic tone, a technique to optically map 

in fully contracting hearts, and a perfusate solution to restore oxygenation are all 

84 
 



important new contributions to bring isolated heart experiments closer to translational 

potential. 

7.1 Future Work  

 Future work should strive to recapitulate physiological conditions in 

electrophysiology and metabolism experiments.  This dissertation has adapted new 

techniques to elevate physiological relevance of isolated heart experiments; however, in 

the future, more work is necessary to bring this work closer to translational importance.   

Further validation of the DREADDs approach to reinstate parasympathetic activation 

in HF is necessary.  In vivo measurements throughout the progression of TAC are 

necessary to quantify the degree of hypertrophy induced in this rat model.  Additionally, 

this data would help provide a specific time-point to commence treatment.  The TAC 

model used is relatively new, and as such, more data is needed on the specific 

mechanisms of disease progression.     

An interesting progression of the research into KATP channel activation in contracting 

hearts would be to simultaneously investigate calcium handling.  The close link between 

electrical and mechanical function observed in these studies raises the question of how 

calcium handling changes during increases in workload or reductions in oxygenation.  In 

order to do this, a second lighting and camera setup would be necessary.  

 A wealth of studies can be completed with PFC solution perfusion.  Essentially any 

prior work in which isolated heart oxygenation could have been a limitation can be 

repeated with PFC perfusion.  In particular, the role of blebbistatin on action potential 

duration could be definitively answered.  By halting contraction while preserving 
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electrical activity and calcium cycling, electro-mechanical uncouplers allow for high-

fidelity imaging without motion artifact.  However, some electro-mechanical uncouplers, 

such as 2,3-Butanedione monoxime (BDM) and cytochalasin-D, have notable effects on 

cardiac electrophysiology135,136.  Both agents affect ion channel kinetics, AP morphology, 

and calcium handling137.  Due to these limitations, blebbistatin is the most common 

uncoupler in cardiac studies and works by inhibiting the myosin II-ADP-phosphate 

complex138.  While universally accepted, there is still question whether blebbistatin 

affects cardiac electrophysiology.  Fedorov et al. in 2007 claim that there is no change in 

APD with blebbistatin.  In 2013 Brack et al. repeated Fedorov’s studies; however, 

demonstrate that blebbistatin causes a prolongation of APD139. It is possible that an 

oxygen limitation in Brack’s experiments caused the lengthening of APD upon 

administration of blebbistatin.  Elucidation of the discrepancy between these studies is 

crucial in fully understanding the effect of blebbistatin on cardiac electrophysiology, and 

this can easily be investigated with PFC perfusion. 

 Additionally, a method to improve dye viability with PFC perfusion would be 

incredibly valuable.  A lipid analog could potentially be used to fully saturate the lipids 

present in PFC solution to prevent binding of dye to the media rather than the heart.  

Careful consideration of the oxygenation with this lipid analog is necessary.  Another 

interesting possibility is the use of calcium sensitive dyes.  Calcium sensitive dyes embed 

within the cardiomyocytes themselves, and thus would not dissociate into PFC media.  

Careful experimentation on calcium handling in hearts with more physiological 

workloads and oxygenation would add valuable information to the field.   
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 In conclusion, the proposed future studies offer methods to overcome the limitations 

of the experiments detailed in this dissertation.  Addressing these limitations and 

furthering this work is crucial in gaining a comprehensive understanding on cardiac 

electrical, mechanical, and metabolic function in both healthy and disease states.  
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