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VOLTAGE-GATED POTASSIUM CHANNEL DEPENDENT MECHANISMS OF 

CARDIOVASCULAR ADAPTATION TO CHRONIC EXERCISE 

Sean M. Raph 

December 6,  2022 

Exercise increases cardiac workload, escalating the demand for oxygen. 

The myocardial vasculature responds to the greater demand for oxygen by 

increasing blood flow to match the needs of the heart during augmented work. 

Increasing blood flow requires the coronary arteries dilate (a.k.a. vasodilation); this 

is mediated predominantly by vascular smooth muscle cell relaxation. Vasodilation 

is driven through inhibition of calcium influx into vascular smooth muscle cells. The 

prevention of calcium influx is largely mediated by efflux of potassium via 

potassium channels causing membrane hyperpolarization, which in turn closes 

voltage-dependent (or gated) calcium channels (VDCC). Changes in vascular 

smooth muscle cell membrane potential are influenced by the movement of 

potassium ions through K+ channels such as the voltage gated potassium (Kv) 

channels. Kv channels form heteromeric octomeric complexes consisting of four 

membrane bound α-subunits that comprise the voltage-sensitive pore complex, 

and associate with four intracellular auxiliary β-subunits (Κvβ). The auxiliary β-

ABSTRACT
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subunits are members of the aldo-keto reductase (AKR) super family, enzymes 

that catalytically react with carbonyl substrates. These β-subunits sense changes 

in oxygen availability, metabolic signal transducer ratios (e.g., NADH:NAD+) and 

metabolites (e.g., H2O2). In this study I investigated the role of Kv channels and 

their auxiliary Kvβ2 subunits in vasodilation response to conditions of altered 

metabolism, physiological cardiac adaptation, and myocardial blood flow in 

response to 4 weeks of exercise. I found that Kvβ2 is necessary to induce Kv driven 

vasodilation under hypoxic conditions. Loss of Kvβ2 significantly impaired exercise 

capacity in both naïve and 4-week exercised (exe) mice, relative to sedentary and 

wildtype controls. Chronic exercise also enhanced myocardial perfusion in WT 

mice but not Kvβ2-/- male mice. Additionally, 4-weeks of exercise significantly 

increased Kv1 associated Kvβ2, in proximity ligation assay experiments. In 

isolated arteries from SM22α-rtTA single transgenic mice, the perfusion of external 

10 mM L-lactate in the presence of 10-5 M H2O2 induced significantly greater 

vasodilation. Interestingly, this effect was not seen in arteries from SM22α-

rtTA:TRE β1 double transgenic mice. Administration of NADH and H2O2 induced 

significant increases in Kv channel open probability (nPo). Additionally, in vascular 

smooth muscle cells, isolated from SM22α-rtTA mice, externally perfused with 1 

mM NADH plus of 10-5 M H2O2 we observed a significant increase in Kv nPo. 

Hence, we conclude that loss of Kvβ2 impairs vasodilatory capacity in response to 

conditions that reflect increased work. Also, exercise capacity and myocardial 

perfusion are impaired in the absence of Kvβ2. Additionally, the increased 

presence of Kvβ1 relative to Kvβ2 in the Kv channel complex opposes the 
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vasodilatory response to metabolites and signal transducers of increased work 

(e.g., NADH and H2O2). In conclusion, the presence of the Kvβ2 protein in arterial 

myocytes is crucial for adaptation following chronic exercise training. 
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CHAPTER 1: LITERATURE REVIEW 

Introduction 

Cardiovascular disease persists as the leading cause of death around the 

globe.1,2 Despite numerous pharmacological interventions meant to mitigate these 

pernicious conditions, the greatest means to alleviate and or prevent premature 

death due to cardiovascular disease continues to be exercise.3,4 Exercise has 

played a major role in human physiological and cultural evolution from the 

prehistoric era to modern day.5,6 For example, the modern-day Olympics is a direct 

imitation of the ancient Greek Olympiads, in which athletes of superior fitness 

would display their physical prowess. The cultural and physiological importance of 

exercise to our society is made most apparent when watching the modern-day 

Olympic marathon that precedes the lighting of the great torch: a replication of the 

ancient story of the Greek messenger Pheidippedes (a.k.a. Philippides) and his 

race to deliver the message of victory at the Battle of Marathon.7-9 Despite 

numerous studies investigating the importance of exercise there still remain 

numerous unanswered questions. How does exercise improve our cardiovascular 

health? How does exercise change our cardiovascular system response to stress? 

By what mechanism(s) does exercise improve heart and vascular function? Are 

cardiac adaptations preceded or followed by adaptations to the coronary 

vasculature? In this thesis, I endeavor to address these questions and further our 
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understanding of the cardiovascular benefits of exercise. However, before 

communicating my scientific results addressing these questions, I will present a 

comprehensive review of what is known about exercise induced physiological 

changes to the heart and coronary perfusion to improve understanding of the 

outcomes of this project and provoke discussion of this thesis’s implications.  

Cardiac form and function 

The heart is comprised of four chambers, that work in paired unison to pump 

oxygen poor blood through the vasculature of the pulmonary circuit, and oxygen 

rich blood out to through the systemic circuit. For reference, when facing an 

individual, the heart resides, tilted slightly, just left of the center of the sternum. The 

top of the heart, a.k.a. the base, is pointed up and to the left toward the subject’s 

right shoulder. The bottom of the heart, a.k.a. the apex, points down and away to 

the right. The base of the heart is comprised of the left and right atria, these are 

separated from the two other chambers by a septal wall. Inferior to the atria, reside 

the left and right ventricles, these are separated by a thick septal wall.    

 The cardiac cycle is divided into two major phases: systole, the contraction 

phase of the heart, and diastole, the relaxation and ventricular filling phase of the 

heart. During mid to late diastole, the ventricles are relaxed and the pressure in 

these chambers is lower than in the atrial chambers. Due to this lower ventricular 

pressure as compared to atrial pressure, the tricuspid and bicuspid valves are 

open between the atrial and ventricular chambers. Because these valves remain 

open during this phase of the cardiac cycle, deoxygenated blood from the systemic 

circulation passively flows via the superior and inferior vena cava through the right 
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atrium into the right ventricle. Simultaneously, oxygenated blood from the 

pulmonary circulation passively flows via the pulmonary veins through the left 

atrium and into the left ventricle. Approximately 80% of blood passively fills into the 

ventricles during mid to late diastole. At the beginning of cardiac contraction 

(systole), the sinoatrial (SA) node cells spontaneously inducing action potentials 

throughout both atrial chambers. This contraction allows for the remaining 20% of 

blood in the atria to pass into the ventricles. The action potentials continue to 

spread towards the ventricles at the apex of the heart. Eventually, the action 

potentials from the SA node cells converge on another type of nodal cells, the 

atrioventricular (AV) bundle, an electrical conduit to the ventricles that lies near the 

interface between the interatrial septum and the atrioventricular septum. A 

conduction delay occurs at the atrioventricular node allowing for completion of 

atrial contraction and ventricular filling. Following this delay, action potentials 

propagate into the ventricular myocardium by following myocardial fibers that lie 

near the interventricular septum, named bundle of His and the left and right bundle 

branches. From the bundle branches, the action potentials spread to the rest of 

the ventricular myocardium via the Purkinje fiber system. As the action potentials 

spread to the ventricular myocardium, the ventricles begin to contract, initiating 

ventricular systole. As ventricular systole progresses, the ventricular myocardium 

squeezes the blood in the ventricles. Eventually, ventricular pressure exceeds 

atrial pressure and the atrioventricular valves, tricuspid and bicuspid respectively, 

snap shut. During initial period of ventricular contraction, the volume in the 

ventricles remains the same as ventricular pressure remains lower than the 
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pressure in the pulmonary and systemic circulation; thus, the semilunar valves 

remain closed, inhibiting blood flow from the ventricles. Eventually the 

isovolumetric contraction phase in the ventricles ends as ventricular pressure 

exceeds the pressure in the pulmonary trunk and aorta. When ventricular pressure 

reaches this peak, the semilunar valves open and blood flows from the right 

ventricle into the pulmonary circulation and from the left ventricle into the systemic 

circulation via the aorta. Eventually, systole ends, initiating diastolic relaxation 

again. The semilunar valves close and the atrioventricular valves opens as 

ventricular pressure decreases below pulmonary, systemic, and atrial pressure 

and ventricular filling begins again. The cardiac cycle lasts approximately 0.6 to 1 

second in humans.  

Due to this constant workload on the heart, the myocardial tissue must be 

continuously perfused by oxygenated blood. This constant perfusion is partially 

assisted by the anatomy of the vasculature. Immediately after oxygenated blood is 

ejected from the left ventricle during systole, a portion of blood is diverted into the 

left and right coronary arteries that branch off the aorta. The coronary arteries 

supply oxygenated blood to the left and right sides of the heart, respectively. The 

left and right coronary arteries split into several branches to efficiently perfuse the 

myocardium. For example, the right coronary artery branches into the marginal 

artery and posterior interventricular artery, which perfuse the right and a majority 

of the posterior ventricular myocardium. The left coronary artery divides into 

circumflex and left anterior descending (LAD) artery. Furthermore, these branches 

supply oxygen rich blood to the myocardial tissue to prevent ischemia.10-12 Blood 
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flow in the coronary circulation must be tightly regulated as the heart has limited 

anaerobic capacity. Thus, a discussion on how the coronary circulation regulates 

blood flow to the myocardium is warranted, especially in the context of exercise in 

which workload is increased; however, this discussion of the regulation of blood 

flow during several physiological states requires a basic understanding of cardiac 

metabolism, exercise, and arterial function. 

Cardiac metabolism 

In the human body, there remains the constant struggle of resource  

allocation for energy production, with the brain and the heart being the largest 

consumers of ATP.13,14 The three predominant resources that the heart relies on 

for ATP production are glucose, free fatty acids (FFA), and lactate.15-17 Resource 

utilization depends on several factors: increased work (e.g., exercise), growth 

(e.g., hypertrophy), injury. At rest, the heart predominantly utilizes FFA and 

glucose which produce 40–70% and 20–30% of the ATP consumed, 

respectively.15 Both FFA and glucose are eventually converted to molecules of 

acetyl-CoA and enter the TCA cycle.18 During exercise the reliance on glucose 

significantly declines, and the utilization of FFA, lactate, and ketone bodies 

significantly increase.15 FFA utilization results in increased lipolysis of adipose 

tissues, while lactate levels increase as a byproduct of cellular mitochondrial 

respiration, increased skeletal muscle lactate production, and other local changes 

in metabolism.19-21 Increased FFA and lactate utilization can drive increased 

concentrations of metabolic signaling transducers (e.g., NADH) and reactive 

oxygen species (e.g., H2O2), which have also been proposed as signaling 
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molecules for vasodilation.22-24 Exercise induced changes in cardiac metabolism 

are linked to greater coronary flow reserve and enhanced vasodilatory capacity. 

However, the signaling mechanisms behind enhanced coronary perfusion during 

increased cardiac work and altered are not well established. 

Exercise 

Exercise can be defined as participation in regularly repeated activity where 

physical effort is greater than normal, for the purpose of sustained or improved 

health and fitness.25 This can include regular participation in activities such as 

running, walking, biking, and playing numerous sports. The regular repetition of 

these activities improves not only skeletal muscle strength, but arguably and most 

importantly, cardiovascular health.26 Regular exercise is a crucial tool in preventing 

and ameliorating cardiovascular disease and its associated risks.27 

Cardiovascular disease (CVD) and associated co-morbidities (e.g., obesity) 

are a leading cause of global mortality and morbidity.1 Sedentary lifestyle behavior 

is one of the most detrimental risk factors contributing to CVD deaths.28 Introducing 

regular exercise to previously sedentary individuals, those with diabetes, obesity, 

or other diseases, improves endothelial function,29,30 anti-inflammatory response,31 

blood flow,32 cardiac function,33 and cognition.34 

Crucial considerations when researching exercise and changes to cardiac 

function are work and functional measures of cardiac performance. Work can 

simply be assessed using forced running on a treadmill and an exercise capacity 

test.35 The weight of the animal is multiplied by the vertical distance travelled at 

each stage of the capacity test. Additionally, by comparing exercise capacity prior 
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training, researchers can assess subject improvement.36 Functional measures of 

cardiac performance can include or are derived from heart rate (beats per minute), 

ejection fraction, end diastolic (relaxed) and end systolic (contracted) volumes, 

blood pressure, and stroke volume. From these data we can calculate more 

complex determinants of cardiac work such as cardiac output (CO, stroke volume 

x heart rate). Additionally, contrast echocardiography can be used to determine 

perfusion (i.e., blood flow) in myocardium and determine relative blood flow to the 

heart.37 Regular increases in cardiac work (i.e., exercise) have been associated 

with improved heart rate recovery and cardiac function, and improved myocardial 

perfusion in humans.38-41 Additionally, Yang et al., 2007 have shown that with 

exercise training the whole cell potassium currents significantly increase.42 This is 

represented as a sensitization of the potassium channel currents at more 

hyperpolarized states after exercise. From these findings it can be inferred that 

exercise sensitizes arterial myocytes membrane potential at a hyperpolarized 

state42, confers a greater propensity of arteries to dilate.43 In turn, the enhanced 

potassium channel activity contributes to vasodilation that leads to greater 

coronary perfusion,44 increased oxygen and nutrients supplied to the myocardial 

tissue, and sustained cardiac function during increased work.41,44,45  

With the introduction of regular exercise, the heart adapts by growing.46 

There are two ways in which the heart can grow in response to increased work, 

physiological and pathological hypertrophy. Pathological cardiac hypertrophy is 

often characterized by a growth of the myocardium in such a manner that volume 

of the ventricular chambers decreases,47 this can drive decreased function and 
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develop into heart failure. Physiological hypertrophy, often observed in athletes, 

increases ventricular wall thickness without loss in ventricular chamber volumes. 

Researchers have observed enhanced left ventricular function in athletes with 

physiological cardiac hypertrophy.48,49 As discussed in previous sections, exercise 

results in a greater contribution of potassium channels to enhance coronary blood 

flow. However, several questions remain; how do K+-channels sense rapid 

changes in O2 or nutrients and confer greater coronary perfusion? Is the Kv 

channel or its intracellular subunit component the sensor of altered metabolic 

conditions? Does impaired coronary flow confer a decrease in cardiac work 

capacity? 

Increased work (e.g., exercise) requires the matching of oxygen and 

nutrients supplied to the heart to prevent tissue ischemia and damage.50 This is 

achieved in part through the vasodilatory responsiveness of the coronary arteries 

to changes in metabolic redox ratios and oxygen saturation. As cardiac workload 

increases, the ratios and concentrations of metabolic byproducts (e.g., lactate) and 

endogenous stimuli (e.g., H2O2) increase.41,51 In resting conditions, these factors 

are well established as vasodilators.37,52 Additionally, increases in NADH (via 

lactate conversion to pyruvate by lactate dehydrogenase)53 and ROS influence 

vasodilation via interactions with KV channels.54,55 In addition to enhanced 

sensitivity to altered metabolites, exercise enhances the myocardial flow reserve 

in part by enhancing the vasodilatory capacity of the coronary artery.56 The 

vascular benefits of exercise have been attributed to increased levels of 

endothelial derived nitric oxide (NO), or sensitivity of calcium sensitive potassium 
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channels (BKCa), and or ATP-sensitive potassium channels (KATP).56-59 However, 

these have been displaced as major contributors of increased coronary perfusion 

in response to increased cardiac workload during exercise. Tune et al., 2004 and 

others have shown that individual and paired blockade of NO, KATP, adenosine, 

and BKCa, causes a downward shift in coronary blood flow but does not impair 

increased coronary flow during exercise or increased cardiac work.60 If the 

contributing mechanism of coronary flow were blocked, or impaired it would most 

likely translate to no observable increase in coronary perfusion during increased 

cardiac work. Therefore, the question remains, what regulates the change in 

myocardial perfusion in response to increased cardiac work (i.e., exercise)? 

Circulatory system 

A common deleterious event to the organs in the body is a rapid, significant 

starvation of oxygen and/or nutrients.61 Our circulatory systems pervade our 

bodies organs and innervate our tissues. Comprised of a high-pressure delivery 

circuit (arteries) and a low-pressure return circuit (veins), described generally as 

the vasculature, these systems supply essential resources throughout the body. 

These circuits are further grouped into the pulmonary and systemic circulatory 

systems, each comprised of a tree of arteries and veins. The pulmonary circuit 

cycles blood to the lungs where oxygen and carbon dioxide are exchanged in the 

alveolar sacs. Similarly, the systemic arterial circuit dispenses recently oxygenated 

blood throughout the body. The structural components of arteries and veins differ 

from one another to better serve their physiological function. These anatomical 

functions will be described in more detail in their individual sections. 



10 

Some of the earliest observations of vascular physiology were made by 

Hippocrates and Galen. These monumental forebearers of modern medicine and 

science interpreted the world around them as best they could. In 340 BC 

Praxagorus first differentiated arteries which originate from the heart from veins 

which originated from the liver.62 Erasistratus proposed the heart as the origin of 

both arteries and veins. That arteries were a transport for air, that only become 

filled with blood from the veins via invisible anastomoses when the arteries empty 

of air. It was Galen, the physician to the Emperor of Rome, and others who 

proposed an open system model of circulation in which blood ebbed and flowed 

slowly.62 This also included blood having originated in the liver and air (termed 

pneuma) exchanged in the lungs and delivered to tissues via the veins and 

arteries. Once the blood and air had reached the end of a vein or artery it would 

dissipate into the tissues. This flawed knowledge of the body and its mechanisms 

permeated the understanding and interpretations of generations of historical 

figures.62  

For centuries humors and pneuma and an open circulatory system were 

accepted as fact until in 1628 William Harvey published his works, On the Motion 

of the Heart and Blood in Animals.63,64 Harvey used a matured scientific deduction, 

reasoning and importantly experimentation to investigate and demonstrate that 

blood circulated in a closed system. Harvey demonstrated the importance of the 

cardiac mechanical strength as the force behind the movement of blood throughout 

the circulatory system.   

Arteries 
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Arteries deliver oxygen and nutrients throughout the body, ensuring that 

tissues are not deprived of oxygen (i.e., hypoxia).65 The most distinct feature of 

arteries is the maintained rigid tube structure, comprised of multiple layer(s) of 

vascular smooth muscle cells (VSMC), arrayed in such a way that they confer 

significant changes in arterial diameter.66 Arteries are comprised of three distinct 

layers or tunica (derived cognate from the Latin for “tunic” or layer). The first being 

the inner or tunica intima, which is comprised predominantly of endothelial cells. 

The tunica media or middle, which is comprised of the vascular smooth muscle 

cells, tightly controls the diameter of the vessel. Finally, the tunica adventitia or 

outer layer, which is composed of connective tissues that provide the structural 

and connective support.66,67 

The vascular smooth muscle cells that encompass the tunica media are 

arranged in longitudinal, radial, and circumferential fashion to allow for control of 

vascular diameter.68,69 The tight regulation and great range of changes to arterial 

diameter play important roles as arteries become progressively smaller. The 

typical human aorta, is ~25 millimeters in diameter, they have the greatest 

diameter but the least dynamic range instead retaining a greater elasticity to 

cushion the forceful output from the heart.70 Progressing down the arterial tree the 

diameter of individual arteries decreases, however the density and dynamic range 

(~100-300 μm) of arteries increases significantly.71,72 Following the same principle 

observed in electrical circuits with resistors, in which resistors in parallel have a 

multiplied effect compared to resistors in series which have only an added effect.45 

In humans arterioles are typically 50-200 micrometers in diameter,73 this has a 
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significant impact on restricting or enhancing blood flow. Early work done in small 

resistance arteries show that these artery beds have the greatest impact on 

vascular resistance, and thus blood flow.73   

Vasodilation and vasoconstriction1 

As mentioned above, changes in small resistance arterial diameter greatly 

impact blood pressure through modifying vascular resistance.37 This important 

function can either increase (vasoconstriction) or decrease (vasodilation) vessel 

diameter and influence blood flow. The flow of blood through the vasculature 

follows Poiseuille’s law, loosely stated, “the velocity of a liquid flowing through a 

tube is directly proportional to the change in pressure at two points of the tube and 

the fourth power of the radius of the tube and inversely proportional to the viscosity 

of the liquid and tube length.”74 Simply put, assuming that pressure, viscosity, and 

tube length are constant, the most significant contributing factor to changing flow 

is the diameter of the tube. In the case of the human body, our vascular network 

(e.g., arteries) is continuously looping and therefore the length is not an influential 

factor. However, the capacity of resistance arterials to change their diameter (50-

300 μm) creates a significant range in potential resistance. For instance, a change 

in arterial diameter of 100 μm to 80 μm (Δ20μm) decreases flow in that artery by 

approximately 50%. Therefore, when many resistance arteries decrease their 

diameter, total resistance increases, and this decreases blood flow. 

1 Portions of these topics were also discussed previously in the Masters thesis Raph, Sean M, "Role of KVβ2 
subunits in regulation of resistance arterial tone." (2021). Electronic Theses and Dissertations. Paper 3589. 
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Changes in arterial diameter are driven predominantly through increased 

calcium influx and sarcoplasmic release in vascular smooth muscle cells. As with 

dilation, numerous endogenous and exogenous factors can induce vasodilation. 

Here, I will focus on the basic principle of calcium influx and constriction, describing 

several pertinent examples of vasomotor function (i.e., vasoconstriction and 

dilation). 

Regulation of calcium ([Ca2+]) in vascular smooth muscle cells (VSMC): 

Calcium is the driving force for nearly every signaling pathway in the human body, 

such as insulin and neurotransmitter release, and smooth muscle contraction.75-77 

There are two major contributing sources of calcium for VSMC, the extracellular 

calcium and sarcoplasmic pools. The intracellular and sarcoplasmic 

concentrations of [Ca2+] typically reside around 100-140 nM.78 Meanwhile, 

extracellular Ca2+ can exceed concentrations of 2mM.78 As such, the influx of 

extracellular Ca2+ or sarcoplasmic release can significantly increase [Ca2+]i by 10-

1000x times greater. Therefore, the regulation of [Ca2+]i is crucial to maintain 

proper cellular function. In vascular smooth muscle cells, the predominant means 

of calcium influx into the VSMC is via the L-type voltage-dependent Ca2+ channels 

(VDCC).79 The opening of VDCC is dependent on the VSMC membrane 

depolarizing to a more positive potential.80 Sarcoplasmic Ca2+ release can be 

induced via activation of ryanodine receptors after increases in [Ca2+]i and 

membrane depolarization.81,82 Additionally, the inositol triphosphate receptors 

(IP3R) are able to liberate Ca2+ from local stores in the endoplasmic reticulum 

where Ca2+ far exceeds [Ca2+]i.83  
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Myogenic tone: Self-regulation of vessel diameter by resistance arteries is 

crucial to maintain blood pressure and flow. To provide sufficient and consistent 

blood flow the arteries respond to changes in intravascular pressure and shear 

forces to induce a myogenic i.e., muscle derived, tonic response. This is a 

physiological vasoconstriction response that occurs in response to increased 

intraluminal pressures (roughly in the range of 60–100 mmHg). This response is 

mediated via the regulation of arterial smooth muscle cell (a.k.a. arterial myocyte) 

intracellular calcium ([Ca2+]i). Increased arterial myocyte [Ca2+]i stimulates the 

vasoconstriction pathway of the calmodulin-myosin light chain kinase activity 

induced constriction.84 This pathway involves [Ca2+]i binding to calmodulin, the 

Ca2+-calmodulin activates myosin light chain kinase (MLCK). MLCK 

phosphorylates light chain myosin allowing myosin to interact with actin. In the 

presence of ATP this leads to arterial myocyte contraction, that translates on the 

tissue level to arterial constriction, and in response to increased intraluminal 

pressure, myogenic tone.85  

Shear stress-induced regulation of arterial tone2: Changes in intravascular 

pressure alone do not sufficiently explain every condition of arterial tone regulation. 

Additional factors, such as shear stress are capable of inducing endothelium 

dependent tone development.86-88 As is the case with numerous effectors in the 

blood stream, the endothelium lining the arterial walls are the first layer exposed 

to native and foreign molecular stimuli, and mechanical forces i.e., shear stress. 

2 Portions of these topics were also discussed previously in the ‘nitric oxide’ section of the Masters thesis Raph, 
Sean M, "Role of KVβ2 subunits in regulation of resistance arterial tone." (2021). Electronic Theses and 
Dissertations. Paper 3589. 
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This can also be described as the shear force in laminar flow, in which the velocity 

of the fluid at the center of the artery is greater than at the point of contact with the 

tube wall. This difference in fluid velocity is due to the friction exerted on the fluid 

by the tubes ‘stationary surface’ (i.e., the vessel wall). It is the friction between the 

fluid (i.e., flowing blood) and the tube wall (i.e., artery) that exerts a shear stress. 

Increased blood flow drives greater shear stress on the microvascular endothelium 

this drives endothelium dependent vasodilation.89-91 There are a number of 

endothelium derived vasodilators such as calcium-activated potassium channels 

(a.k.a., SKCa/IKCa) as well as nitric oxide (NO), that play a role in shear stress 

induced endothelial response. The SKCa/IKCa channels have been shown as 

important contributors that induce increased endothelial NO in response to 

increased shear stress.89,92 The induction of shear stress induces the conversion 

of L-arginine to L-citrulline by the nitric oxide synthase (NOS) pathway, this 

increases the byproduct NO. The readily diffusible NO moves from the 

endothelium to adjacent vascular smooth muscle cells and activates the soluble 

guanylate cyclase (sGC). In turn, this increases cGMP that activates PKG that then 

inhibits IP3R driven sarcoplasmic Ca2+ release paired with decreased intracellular 

Ca2+, results in vasodilation. 93-97 

Hypoxia induced vasodilation: Decreases in available oxygen to tissues, 

also known as hypoxia, can have severe effects on the body. Hypoxia can occur 

when too little oxygen is available to enter the blood via the lungs (such as at very 

high altitudes), during a vascular obstruction (such as during an ischemic stroke), 

or when the heart is weak and incapable of proper function (such as with ischemia). 
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In systemic circulation, hypoxia can induce vasodilation via inward rectifying 

potassium channels (KIR) in the endothelium.98 Park et al., 2005 revealed in 

isolated rabbit hearts, that hypoxia increased coronary blood flow was significantly 

diminished with the addition of barium (Ba2+), a known inhibitor of KIR channels.99 

The increase in KIR mediated vasodilation was attributed to cyclic-adenosine 

monophosphate (cAMP) driven phosphokinase-a (PKA) signaling cascades. 

Although KIR induced membrane hyperpolarization has also been attributed to 

increased cellular release of potassium during hypoxia or ischemia. Additionally, 

others have shown that hypoxia induced vasodilation can be attributed to 

endothelial derived nitric oxide, prostaglandins, and adenosine via KATP 

channels.100-102

Nitric oxide induced vasodilation: Another significant vasodilator is nitric 

oxide (NO), a byproduct of nitric oxide synthase (NOS) conversion of L-arginine to 

citrulline in vascular endothelial cells. Experiments conducted in the early 1900’s 

by F.W. Mott et al., revealed that in anaesthetized animals the “organic substance” 

choline suppressed arterial blood pressure.103 It was not until the 1980’s that 

scientists identified acetylcholine induced endothelial dependent vasodilation via 

NO.104,105 Endothelial cells comprise the interior face of arteries, and are capable 

of influencing vascular smooth muscle cells and vasomotion via signaling 

molecules NO.106  

Reactive oxygen species mediated vasodilation: Increases in cellular 

metabolism and thus respiration is necessary to meet the needs of highly active 

tissues. However, the resulting change in respiration can drive increases in 
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reactive oxygen species (ROS).107,108 This includes the superoxide anion and 

hydrogen peroxide (H2O2), these species can be derived from aerobic respiration, 

and NADPH oxidase (NOX) activity.109,110 Classically ROS have been considered 

as only detrimental, due to the damaging effects on DNA and tissues.111,112 

However more recently studies have considered ROS, specifically H2O2 as crucial 

signaling molecules.113 For instance increases in H2O2 have been shown to induce 

vasodilation via activation of potassium channels.114 However, the exact 

mechanism of H2O2 mediated vasodilation and activation of these channels are not 

well established. It has been proposed that H2O2 induces oxidation of the thiols to 

affect channel opening and induce vasodilation.115,116 Interestingly, sustained 

increases in ROS uncouple endothelial derived NO mediated vasodilation.117,118 

These observations demonstrate the importance of maintaining a balance of ROS 

so that signaling capacities are preserved and tissue damage is prevented. 

Endothelial derived relaxing factors: The nomenclature, endothelial derived 

relaxing factors (EDRF), encompasses several identified and yet unidentified 

potential mediators. Those that have been identified include but are not limited to, 

ADP, thrombin, H2S, and H2O2.119,120 Typically, the accepted mechanism of these 

EDRF molecules is an activation of soluble guanylate cyclase. For instance, under 

conditions of sheer stress endothelial cells endogenous NOS converts L-arginine 

to citrulline, and as a byproduct NO is released. NO readily diffuses across the 

endothelial membrane into the surrounding tissues, for example smooth muscle 

cells. The diffused NO binds to and activates the guanylyl cyclase which induces 

increased cyclic-GMP (c-GMP).121 cGMP in turn activates cGMP-dependent 
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protein kinases (PKG1) that feed into further cascades that lead to decreased 

[Ca2+]i and vasorelaxation.122,123 Another EDRF, endothelial derived hydrogen 

sulfide (H2S) induces vasodilation via posttranslational cysteine S-sulfhydration 

that activates KATP and KIR channels.124 EDRF molecules can influence local or 

direct changes to vascular tone in response to shifts in metabolic demands.  

Ion channel 

Ion channels are purposed with selectively filtering the passage of ions 

across the membranes of cells to enhance or alleviate the driving force of the 

electro-chemical gradient. There are consistent mechanisms, such as voltage 

sensitivity, or thiolation, which activate or sensitize different channels to serve their 

purpose.  

Inwardly rectifying channels: Inwardly rectifying potassium (KIR) channels 

greatly differ from other K+ channels (e.g., KV) in that they are made up of two 

membrane spanning helices, they more readily allow for influx of K+ rather than 

efflux when membrane potential is negative to EK and have voltage independent 

mechanisms of activation such as gating by pH and ATP.125 KIR currents are lower 

in arterial myocytes due in large part to their positive membrane potential relative 

to EK.126 The KIR-mediated efflux of K+ occurs with increased external K+ and drives 

hyperpolarization.125 Park et al.,2007 showed that in the presence of the KATP 

inhibitor glibenclamide, hypoxia enhanced coronary blood flow in isolated rabbit 

hearts via KIR.127 While KIR are well studied in the vascular smooth muscle cells, 

where they contribute to resting membrane potential and basal tone, in endothelial 
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cells KIR have been proposed to “cooperatively” regulate arterial vasomotor 

responses.128-131

Voltage-gated potassium channels: Comprising 40 genes that make up 

approximately 12 subfamilies depending on their location, structural composition, 

voltage sensitivity, and applied function, the voltage-gated potassium channel are 

the most prolific ion channels.132 For instance, the voltage-gated potassium 

channels (KCNA1) include the sub family Kv1.x.132 These channels are comprised 

of membrane bound alpha and intracellular beta-subunits. The alpha subunits 

contain six distinct regions, and further associate as membrane integrated 

heteromeric alpha subunit complexes, comprised of 4 α-subunits. Within the 

membrane bound region of each alpha subunit is a voltage sensitive structure. 

This specialized region is comprised of 4 arginine residues per α-subunit that make 

up the “gating charges”.133-135 MacKinnon, 2003 and Jiang et al., 2003 have 

described the voltage sensors as “paddles” that confer the positive charges of the 

arginine residues across the membrane in response to voltage changes.133-135 The 

movement of these charged residues through the electrical field of the membrane 

confer electrical work that is coupled to the channel opening. The pore region of 

the α-subunit channel makes up the selectivity filter of the channel. The selectivity 

of the Kv channel allows the passage of potassium and water in a multi-step 

transition through the alpha (α) complex.136 There is an intracellular segment of 

the alpha subunits termed the T1 binding domain. This region is the interface point 

between the alpha and beta-subunit (β) components. The Kvβ-subunits (KCNAB) 

are members of the aldo-keto reductase (AKR) super family and retain their 



20  

catalytic function, reducing carbonyls with the help of cofactors.137-140 While several 

cofactors, such as NADH, have been found to interact with the catalytic binding 

pocket the identification of endogenous carbonyl substrates has continued to elude 

the field.138-140  

Pharmacological intervention to control vascular tone and modify 

blood flow 

 Cardiovascular disease (CVD) is the leading cause of death around 

the globe, accounting for more than 17-million deaths annually.141 The physical 

burden of CVD is paired with a large financial burden calculated to exceed $300 

billion dollars per year and expected to continue increasing.142 A large contribution 

of CVD related injury and death results from diminished vasodilatory capacity or 

physical obstructions that impair blood flow to the myocardial tissue a condition 

known as coronary ischemic heart disease (IHD).143 A number of lifestyle factors 

such as diet, obesity, diabetes, and sedentary lifestyle, are known to significantly 

contribute to the development of IHD and CVD.144-146 The most common forms of 

treatment for these diseases have predominantly been pharmacological 

interventions to enhance blood flow.147 The cause of the ischemia, whether 

obstruction or impaired vasodilatory capacity, determine the intervention. For 

instance, individuals are often prescribed medications to reduce the risk of blood 

and cholesterol derived clots (aspirin and statins). Additionally, to increase blood 

flow drugs like nitrates (nitroglycerine) are often prescribed that activate 

vasodilatory pathways like the soluble guanylyl cyclase cascade.148 Additionally, 

the use of calcium channel blockers is known to cause relaxation in vascular 
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smooth muscle cells.149 For the purpose of this review I will focus on 

pharmacological interventions targeting Kv channels and the Kvβ-subunit. 

Humans were not the first to develop compounds able to target Kv 

channels, several animals including snakes, scorpions and marine snails, 

independently adapted Kv targeting venoms.150 Use of Kv channel targeting small 

molecules, and venom derived peptides could be used in neurological clinical 

settings in an attempt to decrease or increase the frequency of Kv-mediated action 

potential firing.151 In the context of cardiovascular disease, Kv targeting therapies 

are used to correct or alleviate arrythmia in cardiomyocyte tissues.152,153 However, 

the majority of Kv targeting compounds in use overlook the β-subunit its influence 

on Kv channel activity. There is a current lack in the knowledge base of drugs, or 

small molecules with the potential to target the catalytic capacity of Kvβ to enhance 

or impair Kv channel activity. Although, there are studies investigating compounds 

that can disrupt Κv-α/β and potentially impact Kv current, there are as of yet no 

drugs known to target Kvβ.154 Despite this, what is known about enhanced Kv 

channel activity in response to Kvβ sensing or interacting with cofactors, H2O2-

mediated thiolation, and carbonyls, support a possible target with wide ranging 

influence on cardiovascular health.138-140,151,155-157 

Membrane polarization of excitable cells 

The driving factor of membrane potential and excitability is driven 

predominantly through differences in intracellular and extracellular ion 

concentrations and the subsequent electro-chemical gradient. Movement of 

potassium (K+) ions across the membrane exhibit the greatest influence on 
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changes to membrane potential. At rest, vascular smooth muscle cells maintain a 

hyperpolarized membrane potential of -60 to -35 mV.158,159 Using the Nernst 

equation (RT/z)*ln([ΣX]out/[ΣX]in) I can calculate the effect on membrane potential 

for each ions concentration. R is the universal gas constant, T is temperature in 

Kelvin, z is the ionic charge, [ΣX]out is the sum of all external ions e.g., K+, Na+, Cl-

, Ca+2; [ΣX]in is the sum of the intracellular ion concentrations. So, when calculating 

membrane potential, the greatest influencing factor is the concentration of K+. 

Therefore, I can simply state that changes in extracellular [K+] relative to 

intracellular [K+] drive membrane potential more negative (hyperpolarize) or 

positive (depolarized). For example, in arterial functional assays (e.g., myography) 

it is common to induce calcium influx through inducing membrane depolarization 

by externally administering 60 mM [K+] (normal extracellular [K+] is roughly 4–6 

mM). The difference in potassium concentration between the inside (140 mM) and 

outside (4–6 mM) of the cell creates an electro-chemical gradient. Using 

techniques such as electrophysiological patch clamp, researchers in the 1940’s 

and 50’s were able to determine the depolarization of neuronal cells using giant 

squid axons. By measuring the current across the axon membrane after the 

addition of different external stimuli (e.g., 60 mM potassium, or external voltage 

increase) Hodgkin and Huxley were among the first to elucidate membrane 

potential polarization was linked to the movement of ions.107,160  

Comparative physiology: Regulation of myocardial blood flow, cardiac 

health, and disease 
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The use of animals in place of humans to study anatomical, physiological, 

and biological phenomena has been common practice since ancient times.161 

These early anatomists noted significant differences in organ location and size, as 

well as other anatomical structural differences.161 Despite numerous classical 

anatomical observations few reliable physiological comparisons were ever made. 

However during the Renaissance era physiological inquiries would begin emerging 

as regular practice for early physicians and scientists included animal 

experimentation.161 Experiments conducted by William Harvey in the early 1600’s 

applied the scientific method to investigate physiological systems of the human 

body.162 Thanks to these early physiological investigations into the cardiovascular 

system we understand the conservation of function across mammals.163 Despite 

the similarities in cardiovascular function there are significant differences that are 

important to realize, for instance murine resting heart rate is in the range of 500-

600 beats per minute (bpm), in humans it is 60-100 bpm.164 Even with centuries of 

investigation into cardiovascular function, humans are still faced with the daunting 

reality that cardiovascular disease is the leading global killer.141 The importance of 

understanding human cardiovascular function in healthy and diseased states is 

therefore of great importance. This includes further study of coronary physiology 

to better understand how myocardial perfusion may be impacted by altered 

metabolic load and disease. Therefore, it is crucial to include further discussion on 

the topics of regulation of myocardial blood flow, cardiovascular health, and 

disease as it pertains to human physiology. 

Cardiovascular health and regulation of myocardial blood flow 
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As described in earlier sections, the coronary artery branches from the aorta 

as it leaves the left ventricle. Branching off from the left coronary artery (LCA) into 

the circumflex and left anterior descending artery (LAD). These branches supply 

blood to the left side of the heart and are frequently the proverbial culprits of 

ischemic heart disease a contributing factor in poor cardiovascular health 

outcomes. Further, the LCA and LAD provide the required supply of oxygen and 

nutrients to the myocardium at rest and during stress by modifying arterial diameter 

and thus myocardial perfusion. Investigating myocardial perfusion in humans 

requires greater awareness of potential harm of contrast agents to patients.165,166 

At rest, coronary diameter and myocardial perfusion are maintained in large part 

by myogenic constriction.95 During increased work O2 demand, shear force, or 

other factors mediate increased coronary diameter and myocardial 

perfusion.45,95,166-169 However, coronary artery disease, whether obstructive or 

non-obstructive, contributes to approximately 7 million deaths and leaves another 

129 million patients with impaired cardiovascular function.170  

Cardiovascular disease 

There is no singular disease that can be used to define or describe 

cardiovascular disease (CVD), and numerous contributing factors can lead to 

impaired cardiac function.171 One of the most frequent causes of cardiac 

dysfunction is a lack of sufficient oxygen supply as a result of impaired arterial 

function. Decreased arterial dilatory capacity, impaired arterial sensitivity, 

obstructive plaques that narrow arterial diameter, diminished endothelial function, 

disrupted cellular metabolism, comprise only a brief list of possible causes of 
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decreased coronary perfusion and thus cardiac function.1,2,27,28,70,96,141,143-145,171-176  

Therefore, I endeavor to further expand the field of coronary physiology by 

investigating adaption of coronary perfusion regulation. Further expanding our 

understanding of this critical physiological response and can then apply our 

knowledge in the context of disease to develop better targeted therapies.
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HYPOTHESIS AND SPECIFIC AIMS 

Regular exercise prevents and mitigates cardiovascular disease (CVD). 

Among the many beneficial cardiovascular effects of exercise, physical 

conditioning increases maximal myocardial perfusion and increases coronary flow 

reserve. Enhanced myocardial blood flow (MBF) following prolonged exercise may 

support exercise-induced adaptations of the heart, including documented changes 

in cardiac metabolism, electrophysiology, contractility, and structure that directly 

antagonize pathological signatures. Nonetheless, the molecular mechanisms by 

which the regulation of MBF adapts to exercise to promote cardiorespiratory fitness 

and reduced CVD risk are poorly understood. In an acute bout of exercise, 

increased myocardial O2 demand requires instantaneous increases in MBF (i.e., 

increased O2 supply) via coronary vasodilation. Coronary arterial tone is largely 

dependent upon global cytosolic [Ca2+], which is controlled by membrane potential 

and Ca2+ influx via voltage-dependent Ca2+ channels. Acute increases in O2 

demand, such as those that occur during exercise, lead to the increased activity of 

voltage-dependent K+ (Kv) channels in arterial myocytes, resulting in membrane 

potential hyperpolarization and relaxation. Nonetheless, a major gap in knowledge 

exists related to the molecular determinants of Kv channel activation during 

periods of heightened myocardial O2 demand. Our preliminary studies reveal a 

fundamental role for intracellular regulatory subunits of voltage-gated K+ channels 

in establishing the relationship between MBF and myocardial O2 consumption. Our 
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findings suggest that intracellular Kvβ subunits (i.e., KVβ1 and KVβ2), interacting 

as heterotetramers with pore-forming Kv1 proteins in coronary arterial myocytes, 

differentially confer vasoreactivity to O2 tension and demand. Consistent with this, 

ablation of Kcnab2, the gene encoding Kvβ2, abolished coronary vasodilation in 

response to acute hypoxia and elevated external L-lactate, and diminished MBF. 

Studies in large animal models suggest that enhanced Kv channel activity in 

coronary arterial myocytes may contribute to improved MBF following chronic 

exercise.42,44,50,60,169,177 Consistent 

with the role for vascular Kvβ 

proteins in coupling MBF with 

myocardial O2 consumption, which is 

augmented in the exercise-

conditioned heart, the ratio of 

vascular KVβ2:Kvβ1 was increased 

following four weeks of treadmill running in mice. Furthermore, characteristic 

adaptive responses to exercise (e.g., improved exercise capacity, physiological 

cardiac growth) were abolished in KVβ2-/- mice. These findings are consistent with 

our global hypothesis that metabolic regulation of Kv1 activity, coronary 

vasoreactivity, and MBF is modified by the molecular identity of Kvβ proteins in 

arterial myocytes. Moreover, adaptive enhancement of MBF following exercise 

conditioning requires Kv channel remodeling leading to enhanced Kvβ2 function 

(Fig. 1). To test this hypothesis, I have established two aims. 

Fig. 1: Proposed model of Kvβ 
regulation of MBF.
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Aim 1: Determine how coronary Kvβ molecular composition influences the 

relationship between myocardial blood flow and O2 demand. Using a unique 

combination of genetically engineered mouse models, I will determine how 

modifying the heteromeric composition of the Kv1 auxiliary complex in coronary 

arterial myocytes impacts metabolic regulation of Kv currents (IKv), ex vivo 

coronary vasoreactivity, and in vivo MBF.   

Aim 2:  Elucidate the contribution of Kvβ molecular remodeling to enhanced 

myocardial blood flow in the exercise-conditioned heart. I will subject mice to 

an established treadmill running exercise regimen and determine how exercise 

alters the molecular composition of the Kvβ complex in coronary arterial myocytes. 

Using novel transgenic models that enable smooth muscle specific reconstitution 

of Kvβ proteins, I will determine the specific role for vascular Kvβ remodeling in 

exercise-induced adaptations in IKv, metabolic vasodilation, MBF, and cardiac 

performance. 
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CHAPTER 2: MATERIALS AND METHODS3 

Animal genotypes, care, and use: Male wild type (129SvEv, C57BL/6N, FVB) and 

Kvβ2-/-, KvβY90F (129SvEv background) and Kvβ1-/- (C57BL/6N background), 

sm22α-TRE and sm22α-ΤRE:KCNAB1 transgenic mice (FVB background), aged 

12-20 weeks were used. For the transgenic mice sm22α-TRE and sm22α-

ΤRE:KCNAB1, doxycycline was added to the animal’s water at 2 mg/mL plus 5% 

sucrose and was provided ad libitum. This study was performed in compliance with 

the National Institutes of Health Guide for the Care and Use of Laboratory Animals 

and in strict accordance with protocols approved by the Animal Care and Use 

Committee of the University of Louisville.   

Exercise capacity test: Age-matched wild type, Kvβ2-/-, sm22α-TRE and sm22α-

ΤRE:KCNAB1 transgenic mice were randomly assigned into sedentary and FTR 

exercise groups. All mice underwent a 2-day treadmill familiarization period (one 

familiarization session per day) before testing to assess baseline exercise capacity 

3 The majority of methods listed here have been previously published in the following manuscripts 37.
Ohanyan V, Raph SM, Dwenger MM, Hu X, Pucci T, Mack G, Moore JBt, Chilian WM, Bhatnagar A, 

Nystoriak MA. Myocardial Blood Flow Control by Oxygen Sensing Vascular Kvbeta Proteins. Circ Res. 
2021;128:738-751. doi: 10.1161/CIRCRESAHA.120.317715, 168. Dwenger MM, Raph SM, Reyzer 
ML, Lisa Manier M, Riggs DW, Wohl ZB, Ohanyan V, Mack G, Pucci T, Moore JBt, et al. Pyridine nucleotide 
redox potential in coronary smooth muscle couples myocardial blood flow to cardiac metabolism. Nat 
Commun. 2022;13:2051. doi: 10.1038/s41467-022-29745-z 



30 

on the third day. For familiarization sessions, mice were each placed in a lane of 

an Exer 3/6 motorized rodent treadmill (Columbus Instruments, Columbus, OH) 

that was set at a speed of 0 m/min for 10 min, at a 0o incline (with respect to the 

horizontal), and the shock grid set at an intensity of 0.3 - 0.7 mA (2 Hz). After the 

10 min, treadmill speed was slowly increased from 0 to 10 m/min for 12 min. Prior 

to exercise capacity tests (ECT), the mice were weighed, and blood lactate levels 

were measured at rest with a hand-held Lactate Plus sensor (Nova Biomedical, 

Waltham, MA, U.S.A.) via a distal tail clip. Mice were then placed on the treadmill 

and allowed to familiarize with the environment for 3-5 minutes before the 

beginning of the ECT. The treadmill shock grid remained on throughout the 

duration of the ECT at the same intensity and frequency settings as described 

above for the familiarization procedure. ECTs consisted of an initial warmup period 

(9 min; 8.5 m/min; 0o incline), followed by speed increases at increments of 2.5 

m/min every 3 min and incline increases at increments of 5o at minutes 9, 18, and 

27 of the test (see Figure 1G). In this manner, the amount of work performed 

(vertical distance x body mass) over time incrementally increased as the test 

progressed. This type of high intensity, short duration ECT (e.g., Bruce protocol) 

is well established for assessment of exercise performance as a function of VO2 

max and anaerobic crossover points (assessed by initial and final blood lactate 

concentration from venous tail blood and respiratory quotient through indirect 

calorimetry).178,179 The exhaustion criteria used to determine the fatigue point 

during the ECT and during the regular exercise sessions (discussed below) has 

been previously described35 and was as follows: 1) Mouse is subjected to >10 
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seconds of consecutive shocks on electric grid, and/or 2) mouse spends >50% of 

the time spent receiving shocks, for any rolling time interval, and/or 3) mouse 

displays a lack of motivation to resume running upon manual prodding. After 

recording the fatigue point (distance, time and maximal speed achieved at fatigue) 

for each animal, the individual shock grid lane was turned off and the animals was 

immediately removed from the treadmill to measure post-fatigue blood lactate 

levels. Mice were then returned to their home cage with ad libitum access to food 

and water. All mice undergoing FTR training rested for 72 hours before beginning 

a 4-week training regimen. 

Echocardiography and microbubble perfusion: Cardiac function was assessed by 

transthoracic echocardiography using either the Vevo 770 or Vevo 3100 

(VisualSonics) as previously described.180 Mice were anesthetized (isoflurane, 

2.0% induction, 1.0-1.5% maintenance) and placed chest up on an examination 

board while body temperature was continuously monitored and maintained at 36.5-

37.5ºC. Two dimensional images of the parasternal long axis were captured (100 

fps) with a 707-B (30 MHz) scan head. The same anatomical position was used 

for M-mode imaging. Data collected for each animal were obtained from ≥5 

independent cardiac cycles. The experimenter was blinded to experimental group 

for echocardiographic recordings and data analyses. 

Microbubbles were made fresh weekly as needed. The lipid microbubbles 

contrast agent was comprised of distearoylphosphatidylcholine (2.mg/mL) and 

polyoxyetheylene-40-stearate (0.5 mg/mL) resuspended in calcium and 
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magnesium free phosphate buffered saline solution (PBS). The contrast agent was 

then sonicated for 10 minutes in a bath sonnicator at room temperature and briefly 

vortexed to ensure all components were dissolved. Approximately 800 μL of 

contrast agent stock solution was pipetted into 11 mm (or 13 mm) glass crimp-top 

vials. Secure gasket and metal lock lid were secured with hand-held crimping tool. 

In well ventilated chemical hood one 22-gauge needle was used as a vent. A 

second 22-gauge needle attached to a hose connected to perfluorobutane tank. 

The gas was slowly turned on to the point at which the surface of the contrast agent 

inflected, this was maintained for 30 seconds. After such time, both needles were 

removed, and the vial was carefully wrapped in parafilm and placed in the 

amalgamator for 45 seconds. At least one vial from each prepared batch of 

contrast agents was used to calculate the microbubbles attenuation. 

Animals were anesthetized and the fur around the neck and chest were 

removed. ECG gel was applied to the he limbs of the animal which were then 

secured to the platform electrodes. An incision was made above the clavicle and 

fat and connective tissue around the carotid artery was removed. A catheter 

comprised of a 27 guage needle connected to PE tubing filled with heparinized 

saline at 10 units per mL, was secured in the carotid artery. The catheter connected 

to separate syringes containing either microbubbles and saline, or microbubbles 

and dobutamine. Microbubbles, saline, and dobutamine were delivered at a rate 

of 20 μL per minute. The individual concentration of dobutamine prepared was 

calculated based on the weight of each animal in order to administer 10 μg•kg-

1•min-1. 
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Pressure myography: Resistance primary and secondary branches from the 

coronary and third and fourth order branches from mesenteric arterial trees were 

isolated in ice-cold buffer containing (mM): 134 NaCl, 6 KCl, 1 MgCl2, 2 CaCl2, 10 

HEPES, 7 D-glucose, pH 7.4. Arteries were used within 8 hours of initial dissection 

and isolation, for assessment. Experiments were conducted as previously 

described in physiological saline solution, following equilibration.37  

Western Blot: As previously described in Ohanyan, Raph et al., 2021 and Dwenger 

et al., 2022 tissue lysates from WT, Kvβ2-/-, sm22α-rtTA:TRE β1, sm22α-rtTA, 

were collected from brain, and mesenteric arteries and were homogenized in lysis 

buffer containing (in mM): 150 NaCl, 50 Tris-HCl, and 1 EDTA with 0.25% 

deoxycholic acid, 1% NP-40, and Complete Mini protease inhibitor cocktail (Roche; 

per manufacturer’s instructions), pH 7.4. Tissue homogenates were sonicated on 

ice and centrifuged (10,000 xg, 10 min, 4°C). Supernatants were transferred to 

another tube and boiled with Laemmli sample buffer (10 min) and run on a Stain-

free Mini-PROTEAN 4-20% polyacrylamide gel (Bio-Rad). Total protein was 

assessed prior to transfer using a myECL imager (Thermo Fisher Scientific). 

Following transfer of proteins to polyvinylidene fluoride (PVDF), membranes were 

blocked for non-specific binding with 5% milk (wt/vol) in tris-buffered saline (TBS) 

and incubated (overnight, 4°C) in primary antibodies against Kvβ2 (Neuromab, 75-

021, 1:400) or α-tubulin (Sigma Aldrich, T5168, 1:4000) in TBS containing 0.1% 

Tween-20 (TBSt). After washing with TBSt (5x, room temperature), membranes 
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were incubated with horseradish peroxidase (HRP)-conjugated secondary 

antibodies (anti-mouse IgG, Cell Signaling, 7076S, 1:3000). HRP was then 

detected with Pierce ECL Plus Western Blotting Substrate (Thermo Fisher 

Scientific) and a myECL imager (Thermo Fisher Scientific). Densitometry was 

performed for immunoreactive bands using FIJI software (NIH).37,168 

Aortic smooth muscle isolation for culture: Preparation of solutions was described 

previously.168 Enzyme digestion buffer consisted of 2.2 mg Collagenase type 2 and 

1 μl of 20 mM calcium chloride solution, in 1 ml Tyrodes solution in sterile 

Eppendorf. Approximately 1 ml of enzyme digestion buffer is used per aorta 

isolated. Filter solution with 0.2 μm PES filter into clean sterile tube. Allow 5 ml 

Tyrodes solution to come to room temperature for use washing the aorta.  

After anesthetizing the animal, made a horizontal incision in the lower 

abdominal/upper pubic region, cut horizontally from initial incision. Then cut up 

(toward the head) along the sides of the abdominal cavity. Carefully cut the ribs 

and remove the diaphragm to allow access into the thoracic cavity, making a flap 

that can be pinned to ease isolation. Remove all organs, except for the heart, from 

the thoracic and abdominal cavities. The aorta can be found running along the 

spine behind the esophagus. Remove the heart by grasping near the base and 

excising as close to the heart as possible. Carefully remove the connective tissue 

attaching the aorta to the spinal column, all the way to the abdominal cavity. Pin 

the aorta in a chilled dish containing DMEM/fungizone. Remove connective tissue 

and adventitia from aorta. Once the aorta is clean use a 1 ml syringe to inject 
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DMEM into the interior of the aorta to remove blood. Carefully, cut the aorta into 1 

mm segments and transfer to sterile Eppendorf tube. Allow the segments to settle 

to the bottom. In a biosafety cabinet, wash the segments with filtered Tyrodes 

solution, then remove this solution and resuspend the segments in prepared 

enzyme digestion buffer. Loosen the cap of the tube and pace in cell culture 

incubator for four hours, gently agitating the tube every 30 to 60 minutes. At 

completion of this step the tissue should appear as a cloudy mass at the bottom of 

the tube. Spin down the Eppendorf tube at 300 g, 1500 rpm for 5 minutes. 

Resuspend the pellet in DMEM containing 10% FBS and 1% penicillin 

streptomycin. Resuspend the pellet in sufficient quantity for desired plating (i.e., 

24-well, 6-well, or 35 mm Primeria dish). Cells are cultured for five to seven days 

to confluence and passaged into T-25 or utilized for experiments. 

Coronary artery vascular smooth muscle cell isolation: Animals were anesthetized 

by intraperitoneal injection of sodium pentobarbital (150 mg/kg). An incision is then 

made inferior to the sternum and continued horizontally to the base of both left and 

right sides of the rib cage. Then separate the diaphragm from the rib cage being 

careful not to contact the heart. The rib cage is then cut as close to the thoracic 

lateral line to prevent cutting the ribs and potentially damaging the heart. Using 

curved forceps grasp the aorta above the base of the heart and cut superior to the 

forceps. Place the heart in ice cold calcium free magnesium phosphate buffered 

saline (Ca+2 free MgPSS). Carefully transfer the heart to dissection dish containing 

ice cold Ca+2 free MgPSS and pin the heart down so that the left atria is facing 
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away from the dish and is centered. It is recommended that the atria be pulled 

away from the heart and pinned in order to expose the face of the left ventricle (LV) 

and the aorta. The desired region of the coronary artery is the left anterior 

descending (LAD) artery. This will appear as a dark purple line within the wall of 

the LV starting at the aorta and directed toward the apex. Using sharpened D-tip 

forceps carefully grasp the heart tissue to the left of the LAD and using curved 

spring scissors with the curve facing away from the heart slowly cut away layers 

of the myocardium until the LAD is exposed. Be careful not to nick or cut the LAD 

as it will become extremely difficult to see if it loses all the blood. Continue using 

the curved spring scissors with the curve away from the heart down the length of 

the LAD until sufficient area is exposed. Carefully separate the LAD from the 

myocardium by using the scissors. Place the isolated artery in vial containing 1 mL 

Ca+2 free MgPSS.  

After allowing the LAD to settle to the bottom of the vial, remove as much of the 

Ca+2 free MgPSS from the vial as possible without disturbing the tissue. Warm the 

vial and solutions 1 and 2 in 37oC water bath for 1 minute. Add solution 1 to the 

vial and gently agitate in 37oC water bath for 5 minutes, then carefully remove 

solution 1 with minimal disturbance of the tissue. Add solution 2 to the vial and 

gently agitate in 37oC water bath for 5 minutes. Carefully remove solution 2, add 1 

mL Ca+2 free MgPSS to the vial 3 times. Add 0.5-1 mL of Ca+2 MgPSS depending 

on desired cell/volume ratio. Triturate the tissue to liberate vascular smooth muscle 

cells, first with large bore then medium and if desired small bore modified glass 

pipettes. Take a small sample of cell containing solution and check isolation quality 
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on light microscope. Isolated coronary vascular smooth muscle cells were isolated 

as described above and divided for use between proximity ligation assay and 

electrophysiological patch clamp. 

Proximity ligation assay: We utilized the DuoLink proximity ligation assay kit 

(INFO). Slides were prepared with a designated location for the dispersement of 

the cells in solution. Using a hydrophobic Pap-pen, a small circle is made and 

allowed to dry for 5 minutes. Carefully outline the hydrophobic area with a 

permanent marker (Sharpie) and indirectly, gently rinse the prepared slides in 

distilled water. Isolated coronary vascular smooth muscle cells were dispensed 

onto the prepared glass slide and allowed to settle to the slide surface for 10 to 20 

minutes. After this time the Ca+2 MgPSS solution is carefully dabbed away using a 

Kimwipe by presenting the wipe at the edge of the hydrophobic circle. After 

removal of the Ca+2 MgPSS solution, cover the same area with 4% 

paraformaldehyde (PFA) for 10 minutes. Wash the slides two times with fresh PBS. 

After the second wash slides can be stored in PBS for no more than two weeks. If 

continuing, cells are permeabilized by immersing the slides in 0.1% Triton X-100 

in PBS for 10 minutes. Next, we followed the manufacturers recommendations for 

preparing our samples, briefly described here. Approximately 40 μl of Duolink 

blocking solution is added to each sample, enough to cover the designated area. 

Slides are then incubated in a heated humidity chamber for 60 minutes at 37oC. 

During this step we prepared the primary antibody in the Duolink antibody diluent. 

We prepared slides and antibodies for the following target combinations: Kv1.5 
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(Ab), Kv1.5:Kvβ1 (Αb:Ab), Kv1.5:Κvβ2 (Ab:Ab). At the completion of blocking, the 

solution was gently tapped off from the slides and the primary antibody solutions 

were added. Slides are then incubated overnight at 4oC. After this step, Duolink 

PLA probes “Plus” and “Minus” are prepared at a 1:5 ratio in Duolink antibody 

diluent. Primary antibody solution was gently removed from the slides which were 

then washed two times for 5 minutes each in 1x Wash Buffer A, at room 

temperature. After washing buffer was carefully removed, the PLA probe solution 

was added and incubated in a pre-heated humidity chamber for 1 hour at 37oC. 

During this incubation period ligation solution was prepared by diluting 5x Duolink 

ligation buffer at 1:5 ratio in high purity water and mixing. PLA probe solution was 

gently removed from the slides which were then washed two times for 5 minutes 

in 1x Wash Buffer A at room temp. Retrieve the ligase solution and keep on freezer 

block, then add to ligation buffer at 1:40 dilution and mix. Tap off excess wash 

buffer and apply ligation solution. Incubate slides in pre-heated humidity chamber 

for 30 minutes at 37oC. Next, prepare amplification buffer by diluting 5x 

amplification buffer 1:5 in high purity water. Gently tap off ligation solution from 

slides and wash two times for 5 minutes each in 1x Wash Buffer A at room 

temperature. Retrieve the polymerase from the freezer and keep on a freezer 

block. Add polymerase to 1x Amplification buffer at a 1:80 dilution and mix. 

Remove excess wash buffer and apply amplification buffer, incubate slides in pre-

heated humidity chamber for 100 minutes at 37oC. Finally, tap off amplification 

buffer and wash slides two times for 10 minutes in 1x Wash buffer B at room 

temperature followed by 0.01x Wash buffer B for 1 minute. Remove excess wash 
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buffer and mount coverslip using minimal volume of Duolink In Situ mounting 

medium with DAPI. The edges of the cover slips were sealed using clear nail 

polish. Slides were then protected from light and stored in a slide box at 4oC for 

short storage or -20oC for long term storage. 

Electrophysiological whole cell and single channel patch clamp techniques: As 

previously described utilizing the inside-out configuration K+ currents were 

recorded using the gap-free mode of an Axopatch 200B amplifier (Axon 

Instruments). Borosilicate glass pipettes are pulled using a P-87 micropipette puller 

(Sutter Instruments) to a resistance of 7-12 MΩ. Pipettes are filled with a pipette 

solution containing (in mM): 140 KCl, 1 HEDTA, 10 HEPES, 0.0001 iberiotoxin. 

Cells were allowed to adhere to a glass coverslip for at least 10 minutes in a 0.25 

ml recording chamber (Warner Instruments) and bathed in a solution containing 

(in mM): 140 KCl, 1 HEDTA, 10 HEPES, 0.001 gliblenclamide.168 Stochastic 

channel activity of excised patches held at constant potential were recorded in gap-

free mode with a sampling frequency of 10 kHz. Data were analyzed using Clampfit 

(software version 10.6; Axon Instruments).  

As described above, isolated arterial myocytes were allowed to adhere to 

the cover slip of the recording chamber. Using conventional whole-cell patch clamp 

configuration during voltage clamp mode of the Axopatch 200B amplified (Axon 

Instruments). Pipettes made of borosilicate glass were pulled using the P-87 

micropipette puller (Sutter instruments). Acceptable pipette resistance of 5-7 ΜΩ 

and filled with pipette solution comprised of (in mM): 87 K,+-aspartate 20 KCl, 1 
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MgCl2,5 Mg-ATP, 10 EGTA, 10 HEPES and pH 7.2. After cells were allowed to 

adhere to the cover slip solution containing the following was added to the chamber 

(in mM): 134 NaCl, 5 KCl, 1 MgCl2, 0.1 CaCl2, 10 Glucose, 10 HEPES. 

Electronically compensated for series resistance ≥80%. Currents of ouward K+ 

were recorded during 500 msec stepwise depolarizations in increments of 10 mV 

from -70 to +50 mV from an initial holding potential of -70 mV. Voltage-dependence 

of activation was determined from tail currents elicited by repolarization to -40 mV. 

Voltage-dependence of inactivation was determined from standard two-pulse 

voltage protocol with cells underwent stepwise depolarizations from -100 to +50 

mV for 8 seconds followed by a 200 ms pulse of 50 mV. Additionally, voltage-

dependent outward K+ currents were measured in the absence (-) and presence 

(+) of 10 mM lactate and psora-4 (500 nM) (-,+).  

Metabolic phenotyping: WT and Kvβ2-/- mice were single-housed in cages (250 

mm x 150 mm x 240 mm dimensions; 9 L) with ad libitum access to food and water, 

and metabolic and behavioral information was continuously recorded using a TSE 

PhenoMaster / LabMaster high-throughput phenotyping platform (TSE Systems, 

Bad Homburg, Germany). Indirect gas calorimetry was performed using an air flow 

rate of 0.35 L/min and sampling rate of 10 min with reference-air cage readings 

performed during each interval to account for changes in room air conditions. 

Recordings from each mouse were performed over a 24 hr period to monitor 

oxygen consumption (VO2), carbon dioxide production (VCO2) (both normalized to 

body weight), respiratory exchange ratio (VCO2:VO2), food and water 
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consumption, and movement. Energy expenditure (calories/min∙kg) was 

calculated using the Weir equation (heat, H = CVO2 (VO2) + CVCO2(VCO2)/1000), 

with coefficients for CVO2 and CVCO2 = 3.941 and 1.106, respectively. 

Forced treadmill running (FTR): Age-matched wild type and Kvβ2-/- mice were 

randomly assigned into sedentary and FTR exercise groups. All mice assigned to 

FTR groups underwent a 2-day treadmill familiarization period (one familiarization 

session per day) before testing to assess baseline exercise capacity on the third, 

following day. For familiarization sessions, the mice were each placed in a lane of 

a Exer 3/6 motorized rodent treadmill (Columbus Instruments, Columbus, OH) that 

was set at a speed of 0 m/min for 10 min, at a 0o incline (with respect to the 

horizontal), and the shock grid set at an intensity of 0.3 - 0.7 mA (2 Hz). After the 

10 min, treadmill speed was slowly increased from 0 to 10 m/min for 12 min.  

Prior to exercise capacity tests (ECT), the mice were weighed, and blood 

lactate levels were measured at rest with a hand-held Lactate Plus sensor (Nova 

Biomedical, Waltham, MA, U.S.A.) via a distal tail clip. Mice were then placed on 

the treadmill and allowed to familiarize with the environment for a 3-5 minutes 

before the beginning of the ECT. The treadmill shock grid remained on throughout 

the duration of the ECT at the same intensity and frequency settings as described 

above for the familiarization procedure. ECTs consisted of an initial warmup period 

(9 min; 8.5 m/min; 0o incline), followed by speed increases at increments of 2.5 

m/min every 3 min and incline increases at increments of 5o at minutes 9, 18, and 

27 of the test (see Figure 1G). In this manner, the amount of work performed 
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(vertical distance x body mass) over time incrementally increased as the test 

progressed. This type of high intensity, short duration ECT (e.g., Bruce protocol) 

is well established for assessment of exercise performance as a function of VO2 

max and anaerobic crossover points (assessed by initial and final blood lactate 

concentration from venous tail blood and respiratory quotient through indirect 

calorimetry).178,179 The exhaustion criteria used to determine the fatigue point 

during the ECT and during the regular exercise sessions (discussed below) has 

been previously described35 and was as follows: 1) Mouse is subjected to >10 

seconds of consecutive shocks on electric grid, and/or 2) mouse spends >50% of 

the time spent receiving shocks, for any rolling time interval, and/or 3) mouse 

displays a lack of motivation to resume running upon manual prodding. After 

recording the fatigue point (distance, time and maximal speed achieved at fatigue) 

for each animal, the individual shock grid lane was turned off and the animals was 

immediately removed from the treadmill to measure post-fatigue blood lactate 

levels. Mice were then returned to their home cage with ad libitum access to food 

and water. All mice undergoing FTR training rested for 72 hours before beginning 

a 4-week training regimen. 

 Regular forced treadmill running sessions were administered 5 days a week 

(Monday through Friday), for 4 weeks. Each session consisted of a 12 min warmup 

period (5 m/min, 10o incline), immediately followed by either 40 (week 1), 50 (week 

2) or 60 (weeks 3 and 4) min of running. Treadmill speed was assigned at ~50% 

of the average maximal speed attained during the initial ECT before fatigue (12.1 

m/min at 10o incline for both WT and Kvβ2-/- exercise groups). Animals meeting 
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criteria for fatigue as described above were removed from the treadmill for that day 

and returned to the training program on the next day. A cooldown period (5 m/min 

at 10o incline, 5 min) was allowed before returning mice to their home cage with 

ad libitum access to food and water. Following 4 weeks of exercise, mice 

underwent the same ECT protocol (described above) to assess changes in 

exercise capacity.  

Body mass composition analysis: Following the completion of the four-week 

exercise training period, adipose content and lean mass were determined using a 

small animal Lunar PIXIMus X-ray densitomer (Dexascan). Mice were 

anesthetized with 2% isoflurane and subjected to Dexascan measurements of lean 

and fat mass percentages.  

Histology and immunohistochemistry: Hearts were excised and flushed with 1M 

KCl in phosphate buffered saline via cannulation of the aorta. Transverse mid-

ventricular sections with the right and left ventricles visible were fixed with 10% 

neutral buffered formalin for 24 hr. Following fixation, heart sections were 

embedded in paraffin, and sections (4 µm) were cut using a microtome. Following 

standard xylene/ethanol deparrafinization, antigen retrieval was performed with 

0.1 M sodium citrate (pH 6.8) (Sigma), and slides were treated with Sudan Black 

to minimize autofluorescence. Sections were then stained with Alexa Fluor 555-

conjugated wheat germ agglutinin (WGA) (Life Technologies) and Fluorescein-
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conjugated anti-isolectin B4 (Vector Biolabs) and mounted using SlowFade Gold 

Anitfade mountant with dapi (Life Technologies).  

All image acquisition and analyses were performed in a blinded manner. Images 

were acquired from the left ventricular free wall (anterior and posterior) for Alexa 

Fluor 555 (WGA) and Fluorescein (Isolectin B4) using a Nikon Eclipse-Ti 

epifluorescence microscopy system with a 20x objective lens. Myocytes in a cross 

sectional view within the subendocardial region were chosen for analysis using the 

following criteria: 1) oblong-to-circular cell outline, with centric and round nuclei 

with capillaries (Isolectin B4 positive staining) surrounding the cardiomyocyte in 

cross-sectional (rather than oblique) view. For analysis of cross sectional area, 

≥100 cardiomyocytes were counted per animal.  

Quantitative real-time polymerase chain reaction: Total RNA was isolated from 

hearts using a RNeasy Fibrous Tissue Isolation kit (Qiagen), and RNA purity was 

assured by treatments with proteinase K (Qiagen) and DNase (Qiagen). The 

quantity and quality of isolated RNA were determined using a NanoDrop 2000C 

spectrophotometer (Thermo Scientific). RNA was reverse-transcribed for the first 

strand cDNA synthesis with an RNA-directed DNA polymerase, the Avian 

Myeloblastosis Vi-rus (AMV) Reverse Transcriptase (Promega), and Oligo dT 

primers (IDT). Assays were performed in triplicate for each gene and condition, 

and real-time PCR amplification was performed using iTag Universal SYBR Green 

Supermix reagents (Bio Rad) on a 7900TH Fast Real-Time PCR System (Applied 

Biosystems). The threshold cycle (Ct) was obtained, and the relative transcript 
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level was calculated using the 2-ΔΔCt method. The relative expression levels of 

target genes were normalized to that of the endogenous reference gene 

hypoxanthine phosphoribosyltransferase 1 (HPRT1) in each sample, and 

differences in mRNA expression in exercise groups were expressed as fold relative 

to respective sedentary controls. The sequences of primers used are: C/EBPβ3, 

Forward: 5’-ACGACTTCCTCTCCGACCTCT-3’, Reverse: 5’-

AGGCTCACGTAACCGTAGTCG-3’;  Cited4, Forward: 5’-

CATGGACACCGAGCTCATC-3’, Reverse: 5’-CTGACCCCAGGTCTGAGAAG-3’; 

NFAT, Forward: 5’-ACGGGAGTGACCCTCAAA-3’, Reverse: 5’-

CTGACCCCAGGTCTGAGAAG-3’; HPRT1, Forward: 5’-

AGGACCACTCGAAGTGTTGG-3’, Reverse: 5’-AGGGCATATCCAACAACAAAC-

3’.  

 

Statistical analysis: Data are expressed as mean ± SEM. Student’s t-test was used 

to compare two groups. One-way and Two-way ANOVA followed by Tukey multiple 

comparisons test were used for comparison between >2 groups as is appropriate 

for the data sets being compared. A p-value of <0.05 was deemed significant. 
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CHAPTER 3: MYOCARDIAL BLOOD FLOW 
CONTROL BY OXYGEN SENSING VASCULAR KVβ 

PROTEINS4,2

Introduction 

An imbalance between myocardial oxygen supply and demand is a salient 

feature of heart disease, which remains the leading cause of death worldwide.1 

Impaired cardiac function associated with inadequate myocardial perfusion is 

commonly observed in patients with heart failure, hypertension, diabetes, and 

coronary artery disease.2-5 Even in the absence of stenoses in large diameter 

conduit arteries, suppressed vasodilator capacity of small diameter coronary 

arteries and arterioles can lead to ischemia.6,7 Despite the vital importance of 

oxygen delivery to the preservation of cardiac structure and function, the 

fundamental mechanisms by which the coronary vasculature responds to 

fluctuations in myocardial metabolic demand remain poorly understood.

4 This is a final version of a peer reviewed article published as reference 37. Ohanyan V, Raph SM, 
Dwenger MM, Hu X, Pucci T, Mack G, Moore JBt, Chilian WM, Bhatnagar A, Nystoriak MA. Myocardial 
Blood Flow Control by Oxygen Sensing Vascular Kvbeta Proteins. Circ Res. 2021;128:738-751. doi: 
10.1161/CIRCRESAHA.120.317715.  
2This work was also used in part in my Masters thesis Raph, Sean M, "Role of KVβ2 subunits in regulation of 
resistance arterial tone." (2021). Electronic Theses and Dissertations. Paper 3589. 
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In the healthy heart, the coronary arteries and arterioles remain partially 

constricted, and they dilate or constrict further according to myocardial 

requirements for oxygen and nutrient delivery.8,9 As myocardial oxygen 

consumption increases (e.g., due to an increase in heart rate, myocardial  

contractility, or afterload), there is a corresponding demand for an 

increase in oxygen supply to sustain oxidative energy production. However, with 

little reserve for increased oxygen extraction, sustained cardiac function relies 

on the intimate link between local and regional metabolic activity and vasodilation 

of the coronary vascular bed to deliver adequate blood flow to the myocardium 

(i.e., metabolic hyperemia).10 In searching for molecular entities that couple 

vascular function to myocardial oxygen demand, recent studies from our group11, 

12 and others13 have found that increased cardiac work promotes coronary 

vasodilation and hyperemia via the activation of Kv1 channels in smooth muscle 

cells. Nonetheless, how vascular Kv1 channels sense changes in oxygen 

demand to regulate blood flow to the heart is unclear. 

In this study, we tested the hypothesis that regulation of myocardial blood 

flow (MBF) by Kv1 channels depends upon their auxiliary Kvβ subunits. The Kvβ 

proteins are functional aldo-keto reductases that bind NAD(P)(H) and 

differentially regulate channel gating in response to changes in cellular redox 

status.14, 15 Hence, these proteins represent a plausible molecular link between 

metabolic activity, oxygen availability, and Kv activity that could regulate 
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vasoreactivity.16 The mammalian genome encodes three Kvβ proteins, which 

have been shown to control the voltage sensitivity, surface localization, and 

subcellular distribution of Kv1 channels in excitable cells of the cardiovascular 

and nervous systems.17 Consistent with this, in our previous work, we reported 

that Kvβ proteins support the functional expression of Kv channels in 

cardiomyocytes and contribute to the metabolic regulation of cardiac 

repolarization.18 The Kvβ proteins are expressed throughout the coronary 

vasculature of humans19 and rodents,20 and we have recently reported that native 

Kv1 channels of coronary arterial myocytes are heteromeric assemblies of 

Kvβ1.1 and Kvβ2 proteins.20 Using a combination of genetically engineered 

mice with ex vivo and in vivo approaches, we now report that Kvβ1.1 and Kvβ2 

have contrasting roles in regulating MBF and cardiac function under stress, and 

that they impart oxygen sensitivity to vascular tone. 
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Results 

Kvβ2 is required for sustained cardiac pump function during stress. 

Figure 1-1 shows exemplary effects of norepinephrine infusion on arterial 

blood pressure in WT and Kvβ2-/- mice. Norepinephrine infusion increased 

steady state blood pressure in both groups. Consistent with our previous report,12 

norepinephrine led to an increase in arterial blood pressure in WT animals that 

was sustained for the duration of drug administration. However, in Kvβ2-/- mice, 

norepinephrine-induced elevation of pressure was not sustained, but declined 

after ~40 s of infusion. This inability to maintain elevated blood pressure during 

stress is reminiscent of effects in Kv1.5-null mice.12 Therefore, as is the case with 

Kv1.5, Kvβ2 appears to play an essential role in supporting cardiac contractile 

performance under conditions of catecholamine stress and enhanced cardiac 

workload. 

Relationship between myocardial blood flow and cardiac workload is disrupted in 

Kvβ2-null mice. 

The inability of Kvβ2-/- mice to sustain cardiac performance may reflect 

insufficient oxygen delivery during stress. Thus, we postulated that Kvβ proteins 

may be integral to the relationship between myocardial blood flow (MBF) and 

cardiac workload. To test this, we used myocardial contrast echocardiography 

(MCE)11, 12 to compare MBF in WT and Kvβ-null mice. MCE uses high-power 

ultrasound to destruct lipid-shelled echogenic microbubbles in circulation. 
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Subsequent replenishment of signal intensity in a region of interest following 

disruption is used to calculate the tissue perfusion (Fig. 1-2 A). Because MBF 

responds to changes in ventricular workload and myocardial metabolic activity, 

we used MCE to evaluate MBF as a function of cardiac workload (i.e., double 

product of mean arterial blood pressure x heart rate),12 monitored at baseline 

and during intermittent intravenous infusions of norepinephrine (0.5–5 

μg/kg∙min-1). Figure 1-2 B shows representative contrast signal intensities 

plotted over a period of ~10 s after microbubble destruction and fit with a one-

phase exponential function (see inset) in WT (129SvEv), Kvβ1.1-/-, and Kvβ2-/- 

mice (5 μg/kg∙min-1 norepinephrine). The relationship between MBF and double 

product shows a modest elevation of MBF, albeit across a lower workload range 

in Kvβ1.1-/- mice compared with WT mice (Fig. 1-2 C). However, consistent with 

impaired cardiac function under stress conditions described above (see Fig. 1-

1), levels of MBF recorded in Kvβ2-/- mice were markedly reduced. Specifically, 

linear regression analysis showed a significant reduction in the slope of the MBF-

work relationship in Kvβ2-/- mice (Fig. 1-2 D). Note that cardiac workload in 

Kvβ1.1-/- mice was reduced due to lower MAP relative to corresponding wild type 

mice in the presence of 1-5 μg/kg∙min-1 norepinephrine (see Fig. 1-2 C). 

However, MAP, HR, and double product were not significantly different between 

WT and Kvβ2-/- mice over the tested range of norepinephrine. Taken together, 

these data reflect differential roles for Kvβ1.1 and Kvβ2 proteins in regulating 

MBF, whereby loss of Kvβ2 suppresses MBF and impairs cardiac function as the 

heart is subjected to increased workloads. 
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Oxygen sensitivity of coronary arterial diameter is modified by Kvβ2. 

Impaired Kv1-mediated coronary vasodilation results in a markedly 

reduced myocardial oxygen tension during increased metabolic demand.22 We 

therefore posited that coronary vasodilation in response to metabolic stress may 

be impaired by loss of Kvβ2. Arteries of the systemic circulation exhibit robust 

dilation in response to metabolic stressors such as hypoxia and intracellular 

acidosis via a number of purported mechanisms, including activation of Kv 

channels.23, 24 Hence, we examined the ex vivo vasoreactivity of coronary 

arteries isolated from WT and Kvβ2-/- mice in response to an acute reduction in 

oxygen. When subjected to physiological intravascular pressures, isolated 

coronary arteries developed myogenic tone (i.e., 8 ± 2% and 11 ± 2% at 60 and 

80 mmHg, respectively). To evaluate vasodilatory capacity, arteries were 

pressurized (60 mmHg), pre-constricted with 100 nM U46619, and subjected to 

hypoxic bath conditions (physiological saline solution aerated with 95% N2/5% 

CO2 and containing 1 mM hydrosulfite).25-27 Direct measurement of bath O2 levels 

confirmed a significant reduction in O2 from control levels during application of 

hypoxic conditions (Fig. 1-3 A). As shown in Figure 1-3 B (top) coronary arteries 

isolated from WT mice responded to hypoxic perfusate with robust and 

reversible dilation. Vasodilation was not observed when 1 mM hydrosulfite was 

applied in the presence of 20% O2. Consistent with the involvement of Kv1 

channels, the selective Kv1 inhibitor psora-4 (500 nM) significantly attenuated 

(~58%) hypoxia-induced vasodilation. Likewise, hypoxia-induced dilation was 
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significantly reduced in arteries from Kvβ2-/- mice (19.6 ± 6.4%) compared with 

arteries from WT mice (56.9 ± 6.2%) (Fig. 1-3 B–D). Together, these data 

suggest that Kvβ2 proteins facilitate vasodilation to reduced PO2 and support 

the notion that Kvβ proteins link tissue perfusion to local oxygen consumption. 

L-lactate augments IKv in coronary arterial myocytes and induces coronary 

vasodilation via Kvβ2. 

We tested whether Kv1 activity in coronary arterial myocytes is sensitive 

to acute changes in oxygen due to alterations in cellular redox potential via 

elevation of L-lactate. Our reasoning for examining the effects of L-lactate was 

two-fold: first, myocardial underperfusion leads to a rapid decline in tissue PO2, 

increased anaerobic metabolism, and net accumulation of L-lactate that can 

promote feedback coronary vasodilation to increase MBF.21, 28-31 Second, it is 

plausible that Kv1 channels, via association with Kvβ proteins, may be acutely 

responsive to changes in lactate secondary to modification of cellular 

NADH:NAD+ ratio after uptake and interconversion to pyruvate via the lactate 

dehydrogenase reaction.15, 17, 32-35 Consistent with this expectation, using the 

perforated whole cell configuration of the patch clamp technique, we observed 

a significant increase in outward K+ current density (pA/pF) in isolated coronary 

arterial myocytes immediately following (1-3 min) application of 10 mM L-lactate 

in the bath (Fig. 1-4A, C). However, this effect was abolished when L-lactate was 

applied in the presence of the Kv1 blocker psora-4 (500 nM, Fig. 1-4B, D). The 

change in IK induced by application of 10 mM L-lactate in coronary arterial 
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myocytes in the absence and presence of psora-4 is shown in Figure 4E. These 

data indicate that L- lactate acutely potentiates IKV in coronary arterial myocytes. 

We next examined the vasodilatory response of preconstricted coronary 

arteries to increasing concentrations of extracellular L-lactate. As shown in Fig. 

1-4 F and consistent with previous studies,36, 37 isolated coronary arteries that 

were pre-constricted with 100 nM U46619 exhibited step-wise vasodilation in 

response to elevation of external L-lactate (5-20 mM). This effect was abolished 

when L-lactate was applied in the presence of 500 nM psora-4 (Fig. 1-4 G, I), 

consistent with involvement of IKv described above. Furthermore, L-lactate-

induced vasodilation was also abolished in arteries isolated from Kvβ2-/- mice, 

indicating a key role for this subunit in L-lactate-induced vasodilation (Fig. 1-4 H, 

I). These data are consistent with the notion that the regulation of Kvβ2 via 

vascular intermediary metabolism controls coronary vasodilatory function upon 

acute changes in myocardial oxygen tension. 

 

Functional role for Kvβ2 in L-lactate-induced vasodilation of resistance 

mesenteric arteries. 

We next asked whether the role for Kvβ in redox-dependent 

vasoreactivity is confined to the coronary vasculature or is generally observed in 

peripheral resistance arterial beds where Kv1 prominently controls vascular 

tone. For this, we first compared Kvβ protein-protein interactions in arterial 

myocytes of coronary versus mesenteric (3rd and 4th order) arteries using in situ 

proximity ligation (PLA), as previously described.18, 20, 38 The PLA method is 
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based on dual labelling of proteins that are located within close proximity (<40 

nm), and thus, is an approach used to identify protein-protein interactions in 

complexes with molecular resolution. We observed robust PLA-associated 

fluorescent signals in coronary arterial myocytes that were co-labelled with 

Kv1.5 and Kv1.2, Kv1.5 and Kvβ1, Kv1.5 and Kvβ2, or Kvβ1 and Kvβ2 (Fig. 1-

5 A), consistent with heteromeric oligomerization of Shaker channels.20, 39 The 

number of fluorescent sites assigned to these - α/α, α/β, and β/β interactions 

were similar between coronary and mesenteric arterial myocytes (Fig. 1-5 A, B). 

PLA-associated fluorescence in cells labeled for Kv1.5 alone was negligible for 

arterial myocytes of both beds. These data suggest that Kv α/β subunit 

expression patterns and interactions are similar in arterial myocytes of these two 

distinct vascular beds. 

Next, we tested whether knockout of Kvβ1.1 or Kvβ2 alters the regulation 

of mesenteric arterial diameter. Note that ablation of either of these Kvβ proteins 

had no statistically significant effect on the active (i.e., myogenic tone) or passive 

responses to increases in intravascular pressure, nor did it impact 

vasoconstriction responses to direct membrane potential depolarization with 60 

mM K+ or the stable thromboxane A2 receptor agonist U46619 (100 nM). Similar 

to observations in isolated coronary arteries (see Fig. 1-4 F), application of L-

lactate (5-20 mM) resulted in robust and reversible dilation of isolated 

mesenteric arteries (Fig. 1-5 C). L-lactate-mediated vasodilation was insensitive 

to endothelial denudation but was abolished when arteries were constricted with 

elevated external K+, rather than U46619. Consistent with observations in 
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isolated coronary arteries, vasodilation in response to L-lactate was eliminated 

by the Kv1-selective inhibitor psora-4 and loss of Kvβ2 (Fig. 1-5 C–E). The 

dilatory response to L-lactate was not significantly different between arteries 

from Kvβ1.1-/- mice when compared with arteries from corresponding WT 

animals. Moreover, in contrast to the disparate effects of L-lactate, vasodilation 

induced by adenosine (1 - 100 μM) was not significantly different between 

Kvβ1.1-/- or Kvβ2-/- arteries, when compared with corresponding WT arterial 

preparations. Together with results shown in Fig. 1-2–1-4, these data identify 

Kvβ2 as a functional regulatory constituent of Kv1 channels that imparts 

stimulus-dependent redox control of vascular tone. 

 

Increasing the Kvβ1.1: Kvβ2 ratio suppresses redox-dependent vasodilation and 

MBF. 

Native Kv1 channels are comprised of pore-forming subunits associated 

with more than one Kvβ subtype. This combinatorial variability may contribute to 

the diversity and cell-specific adaptability of channel function to a wide range of 

physiological and pathological stimuli. In coronary arterial myocytes, both 

Kvβ1.1 and Kvβ2 proteins are present in native Kv1 auxiliary subunit 

complexes;20 however, our data suggest that these proteins may have divergent 

roles in the regulation of arterial diameter and myocardial perfusion. That is, in 

contrast to our observations made in Kvβ2-/- mice, deletion of Kvβ1.1 did not 

impede MBF. Structural comparison of the two subunits shows a clear difference 

in the N-termini of Kvβ1 and Kvβ2 subunits. The N-termini of Kvβ1 proteins form 
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a ball-and-chain-like inactivation domain, a feature that is lacking in Kvβ2.17 

Thus, we hypothesized that the association of Kvβ1.1 with Kv1 channels may 

serve to counter the regulatory function imparted by Kvβ2. A testable prediction 

based on this hypothesis is that increasing the ratio of Kvβ1.1:Kvβ2 subunits in 

arterial myocytes would recapitulate the effects of Kvβ2 deletion. To examine 

this possibility, we generated transgenic mice with conditional doxycycline- 

inducible overexpression of Kvβ1.1 in smooth muscle cells (Fig. 1-6 A). Briefly, 

this model consists of transgenic mice with a reverse tetracycline trans-activator 

driven by the SM22α promoter (SM22α-rtTA)40 crossed to transgenic mice with 

Kcnab1 downstream of the tetracycline responsive element (TRE-Kvβ1) to yield 

double transgenic (SM22α-rtTA:TRE-Kvβ1) and single transgenic littermate 

control (SM22α-rtTA) mice. Western blot revealed elevated Kvβ1 protein 

abundance in arteries of SM22α- rtTA:TRE-Kvβ1 mice after doxycycline 

treatment, compared with arteries from doxycycline-treated SM22α-rtTA mice 

(Fig. 1-6 B, C). Consistent with a lack of doxycycline effects on Kvβ1 protein in 

peripheral tissues, no statistically significant differences were observed in Kvβ1-

associated band intensities in brain lysates of SM22α-rtTA:TRE-Kvβ1 versus 

SM22α-rtTA mice. 

We next measured the relative levels of Kv1α:Kvβ protein interactions in 

coronary arterial myocytes via PLA. We observed PLA-associated fluorescent 

punctae in coronary arterial myocytes from SM22α-rtTA that were either co-

labelled with Kv1.5 and Kvβ1, or with Kv1.5 and Kvβ2. Consistent with results of 

Western blot experiments described above, we observed a significant increase 
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in Kv1.5:Kvβ1- associated PLA signal in coronary arterial myocytes from 

SM22α-rtTA:TRE-Kvβ1 when compared with myocytes from SM22α-rtTA mice 

(Fig. 1-6 D, E). Notably, Kv1.5-Kvβ2-associated PLA signal was reduced in 

myocytes from SM22α-rtTA:TRE-Kvβ1 when compared with myocytes from 

SM22α-rtTA mice, suggesting that double transgenic mice express vascular Kv1 

complexes with increased ratios of Kvβ1.1:Kvβ2 subunits. Functionally, 

enhanced Kvβ1.1:Kvβ2 subunit composition in arterial myocytes from SM22α-

rtTA:TRE-Kvβ1 was associated with significantly blunted vasodilation of isolated 

mesenteric arteries in response to extracellular L-lactate when compared with 

arteries from single transgenic control mice (Fig. 1-6 F, G). Indeed, these 

observations in SM22α-rtTA:TRE-Kvβ1 arteries were similar to those made in 

coronary and mesenteric arteries from Kvβ2-/- mice, as well as arteries from WT 

mice pre-treated with the Kv1-selective inhibitor psora-4 (see Fig. 1-4 F–I and 

1-5 C–E). In vivo evaluation of the relationship between MBF and cardiac 

workload revealed significantly suppressed MBF in SM22α- rtTA:TRE-Kvβ1 

mice when compared with SM22α-rtTA mice (Fig. 1-6 H). No differences in heart 

rate or MAP were observed between groups of mice. Together, these results 

indicate that Kvβ1.1 in arterial myocytes functions as an inhibitory regulator of 

vasodilation, and that the control of MBF is balanced on the juxtaposing 

functional influences of Kvβ1.1 and Kvβ2 proteins. 
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Discussion 

In this study we identify vascular Kvβ proteins as key regulators of 

myocardial blood flow. Our findings suggest that the auxiliary Kvβ subunits impart 

oxygen sensitivity to Kv1 channel function, enabling them to trigger vasodilation 

in response to an increase in oxygen demand. A functional role of Kvβ proteins in 

imparting oxygen-sensitivity to Kv1 channels and thereby regulating vasodilation 

is supported by the following key findings: 1) Kvβ2-/- mice exhibit acute cardiac 

failure during administration of norepinephrine; 2) MBF is significantly 

suppressed across the physiological range of cardiac workload in Kvβ2-/- mice, 

yet is moderately enhanced in Kvβ1.1-/- mice; 3) vasodilation of isolated coronary 

arteries in response to hypoxia and elevation of extracellular L-lactate is strongly 

attenuated by loss of Kvβ2; 4) whereas ablation of Kvβ proteins does not impact 

vasoconstriction of resistance caliber mesenteric arteries, vasodilation of these 

vessels in response to L-lactate is abolished by ablation of Kvβ2, comparable to 

effects of Kvβ2 deletion in coronary arteries; and 5) increasing the Kvβ1.1:Kvβ2 

ratio in smooth muscle impairs L-lactate-induced vasodilation and suppresses 

MBF, similar to observations made in Kvβ2-/- arteries and mice. Collectively 

these results support the concept that Kvβ1.1 and Kvβ2 cooperatively control 

vascular function and regulate MBF upon changes in metabolic demand. 

Kv1 channels belong to one of several Kv subfamilies that regulate 

membrane potential and [Ca2+]i in arterial myocytes to control vessel diameter 

and blood flow.41 Pharmacological blockade of Kv1 channels reduces whole-cell 
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outward IK by ≥50%,42 whereas increased steady-state IKv results in membrane 

hyperpolarization and reduced Ca2+ influx via voltage-gated Ca2+ channels.43 

The resultant reduction in cytosolic [Ca2+]i leading to myocyte relaxation, and 

vasodilation increases local tissue perfusion. Considering the relatively high 

resting input resistance (1-10 GΩ) of arterial smooth muscle cells, the opening 

or closure of few K+ channels can generate substantial changes in membrane 

potential and vascular tone.44, 45 Consequently, the functional expression of 

native Kv channels of arterial myocytes is dynamically controlled by multiple 

molecular processes, which include post-transcriptional regulation (e.g., 

phosphorylation, glycosylation), subcellular trafficking and recycling, redox 

modifications, as well as association with accessory subunits and regulatory 

proteins.21, 31, 46-48 Adding to this complexity, our observation that deletion of 

Kvβ2 disrupts Kv1-dependent vasodilation is consistent with a functional role of 

this subunit in regulating the vasodilatory response to metabolic stress. 

Kv channels in excitable cells assemble as either homomeric or 

heteromeric structures with varied α4β4 configurations of pore-forming and 

auxiliary subunits.49-52 This ‘mix-and-match’ capability of Kv channels contributes 

to the wide heterogeneity of K+ currents that enables diverse physiological roles 

across different cell types. In our previous work we found that Kv1 channels in 

murine coronary arterial myocytes interact with Kvβ1.1/Kvβ2 heteromers,20 and 

our present findings suggest a divergent functional regulation of vascular tone 

and blood flow by these proteins. These divergent roles are revealed by the 
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observation that even though Kvβ2 ablation suppressed vasodilatory function 

and MBF, the loss of Kvβ1.1 had little impact on arterial diameter ex vivo, but 

elevated MBF in vivo. These findings suggest that Kvβ1 and β2 have somewhat 

divergent and potentially antagonist roles, which may relate to differences in 

their structures. The Kvβ1 has a ball-and-chain inactivation domain at the N-

terminus, a feature that is lacking in Kvβ2. Potentially as a result of these 

differences, individual subunits have differential effects on the gating of non- and 

slowly-inactivating Kv1α channels.53 Specifically, Kvβ1 induces N-type 

inactivation in non-inactivating Kv1α proteins whereas Kvβ2 increases current 

amplitude and shifts the voltage-dependence of activation towards more 

hyperpolarized potentials, with little impact on channel inactivation.15, 32, 53 These 

effects are consistent with a greater steady-state activity of non-inactivating Kv1α 

channels (e.g., Kv1.5) when assembled with Kvβ2, as compared with those 

predominantly consisting of Kvβ1 proteins. 

How the net competing influences of multiple Kvβ subtypes impact the 

function of native Kv1 channels remains to be resolved; however, it has been 

reported that within the same auxiliary complex, the N-terminal inactivation 

function of Kvβ1 is inhibited by Kvβ2 subunits,54 an effect which may be due to 

competition between Kvβ subtypes for the intracellular domain of pore-forming 

Shaker subunits, or through modification of Kvβ1 function via β:β subunit 

interactions. We found that in arterial myocytes both Kvβ1.1 and Kvβ2 proteins 

are expressed in native Kv1 channels, and therefore, it is plausible that the 



61  

greater abundance of Kvβ2 relative to Kvβ1.1 in Kv1 channels of coronary 

arterial myocytes underlies its functional dominance under physiological 

conditions. Consistent with this are the apparent differences in inactivation 

kinetics between slowly inactivating outward K+ currents measured in coronary 

arterial myocytes in comparison with rapidly inactivating (i.e., A-type) currents 

recorded in retinal arteriolar myocytes, which predominantly express Kv1.5 + 

Kvβ1 proteins.55-57 Indeed, our current data obtained from novel double 

transgenic mice overexpressing Kvβ1.1 in smooth muscle suggest that 

increased abundance of Kvβ1 proteins effectively diminishes the vasodilatory 

function attributed to Kvβ2. Thus, based on these findings, we speculate that 

Kvβ1 and β2 play antagonistic roles and that Kv channel remodeling which 

results in functional upregulation of Kvβ1.1 or downregulation of Kvβ2 (i.e., 

elevated Kvβ1.1:Kvβ2 ratio) could impair vasodilation and limit tissue perfusion. 

 

The Kvβ proteins were discovered as functional AKRs, a group of 

enzymes that catalyze the reduction of carbonyl compounds by NAD(P)H.58, 59 

In our previous work, we found that the binding of oxidized and reduced 

pyridine nucleotides to Kvβ proteins differentially modifies channel gating,15, 18, 

32, 60, 61 thus, raising the possibility that the Kvβ subunits provide a molecular 

link between the metabolic state of a cell and Kv channel activity. Given the 

high affinity of Kvβ proteins for pyridine nucleotides,14, 62 it is plausible that 

rapid changes in intracellular redox potential of pyridine nucleotides in arterial 

myocytes may underlie Kv-mediated control of blood flow in the heart upon 
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changes in metabolic demand. 

We recently reported that Kvβ2 subunits facilitate surface 

expression of Kv1 and Kv4 channels in cardiomyocytes and that they 

impart redox and metabolic sensitivity to cardiac Kv channels, thus coupling 

repolarization with intracellular pyridine nucleotide redox status;18 however, to 

the best of our knowledge, the current study is the first to suggest a 

fundamental role for these subunits in controlling resistance vascular tone 

and blood flow. 

Although our data show that Kvβ proteins regulate the diameter of 

resistance arteries subsequent to the modulation of NAD(H) redox via elevation 

of L-lactate, the precise identity of the factors responsible for coupling between 

myocardial oxygen consumption and coronary arterial tone remain unclear. 

Several myocardium-derived ‘metabolites’ (e.g., local O2/CO2 tensions, reactive 

oxygen species such as H2O2, lactate, endothelial-derived factors such as 

arachidonic acid metabolites)9 could conceivably alter intracellular pyridine 

nucleotide redox potential and further work is required to identify specific 

metabolic processes that link intracellular redox changes to Kv activity. The 

function of coronary Kv1 channels could also be affected by other long-term 

biochemical processes. For example, the Kvβ proteins could plausibly alter 

patterns of basal post-transcriptional regulatory pathways (e.g., PKC-mediated 

channel phosphorylation)63 or the surface density of functional channels. 
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However, such differences would likely manifest as differences in myogenic tone 

development or differential responses to vasoconstrictor stimuli,64 which were not 

seen in our study, suggesting that the vasoregulatory effects of Kvβ may reflect 

more dynamic modifications of channel function. 

Even though our study has many strengths, some limitations should be 

considered. Our studies were performed in mice, which exhibit greater heart 

rates and MBF relative to larger mammals, including humans.65 Nonetheless, 

the positive correlation between myocardial oxygen consumption and MBF is 

highly conserved across species, and the parallel importance of Kv1 channels 

in the regulation of MBF is established in small rodents and larger mammals (i.e., 

swine).11-13 Thus, it is likely that regulation of MBF by Kvβ proteins, observed in 

our current study, extends to larger species. Additionally, we cannot exclude the 

possibility that deletion of Kvβ proteins in non-vascular cell types (e.g., 

cardiomyocytes, neurons) may contribute to effects on MBF in vivo. However, 

this is unlikely for several reasons. First, prior work from our group indicates that 

suppression of blood flow in animals lacking Kv1.5, a predominant Kv1α binding 

partner of Kvβ, is restored via its conditional reconstitution in smooth muscle.12 

Second, data from novel transgenic mice generated for the current study 

(SM22α-rtTA:TRE-Kvβ1) indicate that smooth muscle- selective overexpression 

of Kvβ1.1, which increases the ratio of Kvβ1.1:Kvβ2 subunits in native Kv1 

channels in arterial myocytes, leads to robust suppression of vasodilation and 

MBF, similar to observations in global Kvβ2 knockout mice. Additional evidence 
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from ex vivo arterial diameter measurements further supports the role for 

vascular Kvβ proteins in the regulation of vasoreactivity and is consistent with 

the notion that Kvβ subunits of native arterial Kv1 channels facilitate the 

metabolic hyperemia response. 

In summary, we report a novel role for intracellular Kvβ subunits in the 

differential regulation of resistance artery diameter and control of myocardial 

blood flow. Our results indicate that proper coupling between coronary arterial 

diameter and myocardial oxygen consumption relies on the molecular 

composition of Kv1 accessory subunit complexes such that the functional 

expression of Kvβ2 is essential for Kv1-mediated vasodilation. Moreover, the 

current study suggests that perturbations in Kvβ function or expression profile 

(i.e., Kvβ1.1:Kvβ2) may underlie the dysregulation of blood flow in disease states 

characterized by impaired microvascular function and ischemia-related cardiac 

dysfunction. 



65 

Figures 
Figure 1-1 

Figure 1-1. Loss of Kvβ2 impairs cardiac pump function during stress. (A) 

Representative M-mode echocardiographic images obtained from wild type 

(WT; 129SvEv), and Kvβ2-/- mice during infusion of 5 μg/kg∙min-1 norepinephrine. 

(B) Box-and-whisker plot of ejection fraction data for WT and Kvβ2-/- mice at 

baseline, after administration of hexamethonium (HX; 5 mg∙kg-1, i.v.), and during 

norepinephrine infusions (0.5 – 5 μg/kg∙min-1; 2-3 min duration). n = 8 each, 

**P<0.01, ***P<0.001 (two-way RM ANOVA). (C) Arterial blood pressure 

recordings obtained via femoral artery catheter in WT and Kvβ2-/- mice, before 

and after norepinephrine treatment (NE, 5 μg/kg∙min-1, indicated by arrows). 
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Figure 1-2 

 

Figure 1-2. Relationship between myocardial blood flow and cardiac 

workload in Kvβ-null mice. (A) Long axis MCE images showing signal intensity 

from myocardial tissue and cavity before destruction frame and during 

replenishment phase (~10 sec). The left ventricular wall is outlined with a yellow 

dashed line in the destruction frame. (B) Signal intensity versus time (following 

destruction frame) in region of interest in the anterior left ventricular myocardial 

wall of WT (129SvEv), Kvβ1.1-/-, and Kvβ2-/- mice. Data were fit with exponential 

function (see inset). (C,D) Summary of MBF as a function of cardiac workload 

(double product; heart rate x mean arterial pressure) in Kvβ1.1-/- (C) and Kvβ2-/- 

(D) versus strain-matched wild type (WT) control mice. Data were fit with a 

simple linear regression model with slopes: WT (0.00192 ± 0.00031), Kvβ1.1-/- 

(0.00279 ± 0.00016); n = 6-8 mice; WT (0.00241 ± 0.00014), Kvβ2-/- (0.00162 

±0.00022); n = 4-8 mice, *P<0.05, slope of Kvβ2-/- vs. WT. 
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Figure 1-3 

Figure 1-3: Ablation of Kvβ2 attenuates hypoxia-induced coronary 

vasodilation. (A) Summarized bath O2 (%) measured in normoxic and hypoxic 

conditions (perfusate aerated with 5% CO2, balance N2, + 1 mM Na2S2O4); data 

are pooled from measurements obtained with wild type (129SvEv) and Kvβ2-/- 

coronary arteries. n = 7-9, ***P<0.001 (Mann Whitney U). (B) Representative 

arterial diameter recordings in isolated preconstricted (100 nM U46619) coronary 

arteries from wild type (WT; 129SvEv) and Kvβ2-/- mice in normoxic and hypoxic 
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conditions. Ca2+-free perfusate containing nifedipine (nifed; 1 μM) and forskolin 

(fsk; 0.5 μM) was introduced at the end of the experiment to induce maximum 

dilation. (C) Scatter-plot and mean ± SEM showing percent decrease in diameter 

recorded under normoxic (- hypoxia) and hypoxic (+ hypoxia) conditions for 

arteries from WT and Kvβ2-/- mice. Normoxic and hypoxic conditions were both 

applied in continuous presence of U46619, see above (B). n = 5 arteries, 3-4 

mice *P<0.05, ns: P≥0.05 (one-way ANOVA, Tukey). (D) Scatter-plot and mean 

± SEM showing hypoxia-induced dilation (%) for arteries from WT and Kvβ2-/- 

mice. **P<0.01 (Mann-Whitney U test). 
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Figure 1-4 

Figure 1-4. L-lactate enhances IKv in coronary arterial myocytes and 

promotes coronary vasodilation via Kvβ2. (A, B) Representative outward K+ 

current recordings normalized to cell capacitance (pA/pF) in response to step-

wise (10 mV) depolarization to +50 mV from a holding potential of –70 mV in 

isolated coronary arterial myocytes. Currents were recorded before and after 
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application of 10 mM L-lactate in bath solution lacking (A) or containing (B) 500 

nM psora-4. (C, D) Summary current-voltage relationships obtained in coronary 

arterial myocytes before and after application of 10 mM L-lactate in bath solution 

lacking (C) or containing (D) 500 nM psora-4. n = 5-7 cells from 4-7 mice. *P 

<0.05, ns: P≥0.05 (two-way RM ANOVA). (E) Summary of L-lactate-induced 

currents recorded in the absence and presence of 500 nM psora-4. n = 5-7 cells 

from 4-7 mice. *P <0.05 (mixed-effects). (F-H) Arterial diameter traces obtained 

from pressurized (80 mmHg) coronary arteries isolated from wild type (WT; 

129SvEv; F,G) and Kvβ2-/-. (H) mice in the absence and presence of L-lactate 

(5-20 mM, as indicated). Arteries were preconstricted with 100 nM U46619; for 

WT arteries, L-lactate was applied in the absence (top) and presence (bottom) 

of psora-4 (500 nM). Maximum passive diameter was recorded at the end of 

each experiment in Ca2+-free saline solution with nifedipine (nifed; 1 μM) and 

forskolin (fsk; 0.5 μM). (I) Summary plot showing L- lactate-induced dilation, 

expressed as a percent change from baseline diameter relative to maximum 

passive diameter, for arteries isolated from WT (129SvEv; ± 500 nM psora-4) and 

Kvβ2-/- mice. n = 4 arteries from 4 mice for each. *P<0.001; ns: P≥0.05, lactate 

vs. baseline (Friedman). 
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Figure 1-5 

Figure 1-5. Kvβ2 controls redox-dependent vasoreactivity in resistance 

mesenteric arteries. (A) Representative fluorescence images showing PLA-
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associated fluorescent punctae (red) in wild type coronary and mesenteric 

arterial myocytes. Cells were labelled for Kv1.5 alone, or co-labelled for Kv1.5 

and Kv1.2, Kv1.5 and Kvβ1.1, Kv1.5 and Kvβ2, or Kvβ1.1 and Kvβ2 proteins. 

DAPI nuclear stain is shown for each condition (blue). Scale bars represent 5 

μm. (B) Summary of PLA-associated punctate sites normalized to total cell 

footprint area for conditions and groups as in D. P values are shown for coronary 

versus mesenteric arteries (Mann Whitney U). (C,D) Arterial diameter traces 

obtained from pressurized (80 mmHg) mesenteric arteries isolated from wild type 

(C; 129SvEv) and Kvβ2-/- (D) mice in the absence and presence of L-lactate (5-

20 mM, as indicated). Arteries were preconstricted with 100 nM U46619 and L- 

lactate was applied in the absence (top) and presence (bottom) of the selective 

Kv1 channel inhibitor psora- 4 (500 nM). Maximum passive diameters were 

recorded at the end of each experiment in Ca2+-free saline solution with 

nifedipine (nifed; 1 μM) and forskolin (fsk; 0.5 μM). (E) Summary plot of L-lactate-

induced dilation, expressed as the percent change from baseline diameter 

relative to maximum passive diameter, for arteries isolated from WT (129SvEv; 

± psora-4) and Kvβ2-/- mice. n = 5 arteries from 4-5 mice for each. 

*P<0.05; ns: P≥0.05, lactate vs. baseline (Friedman).
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Figure 1-6 
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Figure 1-6. Increasing the ratio of Kvβ1.5:Kvβ2 subunits in smooth muscle 

inhibits L-lactate-induced vasodilation and suppresses myocardial blood 

flow. (A) Schematic diagram describing the SM22α- rtTA:TRE-β1 model. 

Double transgenic animals (+dox) results in activation of the reverse tetracycline 

trans-activator (rtTA) in smooth muscle cells, and drives expression of Kvβ1.1. 

(B) Western blots showing immunoreactive bands for Kvβ1 in whole mesenteric 

artery and brain lysates from SM22α-rtTA (single transgenic control) and 

SM22α-rtTA:TRE-β1 (double transgenic) mice after doxycycline treatment. 

Ponceau-stained membrane (mol. Wt.: ~30-55 kDa) is shown as an internal 

control for total loaded protein. (C) Summarized relative densities of Kvβ1.1-

associated immunoreactive bands in mesenteric arteries and brains of SM22α-

rtTA:TRE-β1 relative to SM22α-rtTA. n = 3 each. *P<0.05, ns: P≥0.05 (one 

sample t test). (D) Representative fluorescence images showing PLA-

associated fluorescent punctae (red) in coronary arterial myocytes isolated from 

SM22α-rtTA and SM22α-rtTA:TRE-β1mice. Cells were labelled for Kv1.5 alone, 

or co-labelled for Kv1.5 and Kvβ1, or Kv1.5 and Kvβ2 proteins. DAPI nuclear 

stain is shown for each condition (blue). Scale bars represent 5 μm. (E) Summary 

of PLA-associated punctate sites normalized to total cell footprint area for 

conditions and groups as in D. n = 6-19 cells from 2-3 mice for each; *P<0.05, 

**P<0.001 (Mann Whitney U). (F) Representative arterial diameter recordings 

from 100 nM U46619-preconstricted mesenteric arteries isolated from SM22α-

rtTA and SM22α-rtTA:TRE-β1 mice in the absence and presence of L-lactate (5-

20 mM), as in Figure 5C,D. Passive dilation in the presence of Ca2+-free solution 
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+ nifedipine (1 μM) and forskolin (fsk; 0.5 μM) is shown for each recording. (G) 

Summary plot of L-lactate-induced dilation for arteries isolated from SM22α-rtTA 

and SM22α-rtTA:TRE- β1 mice. n = 6-10 arteries from 5-6 mice; *P<0.05; ns: 

P≥0.05, lactate vs. baseline (Friedman). (H) Summary relationships between 

myocardial blood flow (MBF) and cardiac workload (double product; heart rate x 

mean arterial pressure) in SM22α-rtTA:TRE-β1 vs. SM22α-rtTA control mice. 

n = 5 each; ***P<0.001 (linear regression). 
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CHAPTER 4: INTEGRATED REDOX SENSITIVITY 
OF VASCULAR KV1 CHANNELS5 

Introduction 

Resistance arterial blood flow is tightly regulated and crucial for 

preserving O2 and nutrient supply to the surrounding tissues.45,169 During 

increased work the resistance arteries dilate to match the O2 and nutrient demands 

of the adjacent tissues.50,60 The increased work alters the metabolic chemistry 

such that the ratio of crucial electron and hydride transport intermediates, the 

oxidized and reduced pyridine nucleotides (NAD+ and NADH) shift in favor of 

NADH.168 The increase in NADH as compared to NAD+ is believed to be an 

important signaling molecule in the vasodilatory response of small resistance 

arteries. Additionally, it is well established that other known compounds, such as 

hydrogen peroxide (H2O2), increase from due to greater mitochondrial respiration, 

and affect vasodilation.115,155 Importantly, voltage-gated potassium (KV) channels 

have been identified as prominent regulators of resistance artery vasodilation.55,181 

These channels consist of membrane bound alpha (KVα) heteromeric complexes, 

and intracellular auxiliary beta-subunits (KVβ), which have been proposed as 

sensors of metabolic change.55,114,167,182,183 The KV-KVβ complexes form 

octameric-heteromers comprised in an α4/β4 formation.43,128,184,185 In the vascular 

5At the time of the writing of this dissertation the data presented in this chapter have been 
submitted to a scientific journal for peer review (December 2nd, 2022). 
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smooth muscle cell KVβ isoforms KVβ1 and KVβ2 have been identified. These β-

subunits differ structurally in that KVβ1 has a ball-and-chain component that rapidly 

inactivates the KV1 channel. Meanwhile, the KVβ2 subunit does not contain this 

inactivating component, and has been shown to have an opposite effect on KV1 

channel activity and vasodilation in the presence of increased NADH. The KV 

subunit KVβ is a member of the aldo-keto reductase superfamily (AKR) and retains 

the catalytic activity of its namesake. These catalytic subunits utilize a co-factor 

such as NADH, and NAD+ to reduce carbonyl substrates.138-140 Additionally, both 

H2O2 and NADH increase with greater cardiac work and have been shown to 

individually induce KV1-mediated vasodilation.155  

The complex signals that regulate vasomotor control of the vascular smooth 

muscle cells are individually well studied. Importantly, in vivo there is no singular 

signal but rather an entire milieu of vasoactive mediators at varying concentrations 

in response to different environmental factors. Therefore, it is crucial to understand 

how the presence of multiple different vasoactive compounds might affect 

vasomotor control.  

The lipid membrane of the cell is sensitive to reactive oxygen species, 

including H2O2. Aldehydes are regular byproducts of cell membranes exposure to 

ROS (H2O2) and are potential substrates for KVβ catalysis. The proximity of the 

KV1-KVβ complex to an increase in co-factor (NADH) and substrates (aldehydes) 

could result in increased catalytic activity of the KVβ subunits. As both NADH and 

H2O2 increase with enhanced cardiac work it can be surmised that more NADH 

would bind to the KVβ subunit, and that more lipid membrane peroxidation is 
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occurring. We tested the hypothesis that Kv1-mediated vasodilation in response 

to H2O2 is modified by smooth muscle metabolic state via intracellular pyridine 

nucleotide redox state. To address this hypothesis, we developed several 

questions which we then investigated using patch clamp electrophysiology in the 

single channel configuration and ex vivo pressure myography. 1) Does the 

presence or absence of either KVβ1 or KVβ2 impact H2O2 induced vasodilation; 2) 

does pretreating isolated vascular smooth muscle cells cells (or vessel) with 10 

mM NADH (or lactate) affect H2O2 induced KV1 channel activity and vasodilation; 

3) does 10 mM NAD+ (or pyruvate) differentially affect KV1 channel activity and

vasodilation; 4) does overexpression of KVβ1 impact KV1 channel activity or 

vasodilation in the presence increased NADH or NAD+ and H2O2. 

Schematic 1. 

Schematic 1. Proposed mechanism of the effects increased NADH and H2O2 

during increased cellular metabolism. This image represents the hypothesis 
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that local changes in cellular metabolism and thus metabolites significantly impacts 

vasodilation and in turn blood flow via enhanced Kv channel activation.  
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Results 

Lactate induces vasodilation via LDH dependent activity. 

Lactate production increases during increased metabolic respiration. The 

balance of lactate:pyruvate is mediated via the lactate dehydrogenase enzyme 

(LDH). This balance is maintained by the modification of pyridine nucleotide 

reduced:oxidized ratio (i.e., NADH:NAD+). Increases in NADH are known to 

enhance vasodilation and whole cell currents via Kv channels.155 In isolated small 

resistance arteries, we have shown that external perfusion of increasing 

concentrations of lactate induces greater vasodilation (Fig. 2-1A, top panel). 

Additionally, that pharmacological inhibition of LDH enzymatic activity significantly 

impaired L-lactate and in turn NADH induced vasodilation (Fig. 2-1A, bottom 

panel).   

NADH in the absence and presence of H2O2 induces significantly greater Kv 

channel activity. 

As described above increases in cytosolic lactate induce an increase in NADH via 

LDH enzymatic activity in isolated mesenteric artery smooth muscle cells. In 

isolated arterial myocytes we compared single channel open probabilities under 

baseline conditions with those in the presence of 1 mM NADH (Fig. 2-2 A). 

Addition of 1 mM NADH significantly increased the nPo and nPO relative to control 

(Fig. 2-2 B, C). However, the channel dwell time was not significantly increased 

(Fig. 2-2 D).  Increased endogenous H2O2 has previously been shown to induced 
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greater vasodilation. Here we reaffirmed the vasodilatory capacity of 10 μM H2O2 

(Fig. 2-3 A i.) in resistance arteries from wild type mice (FVB). Additionally, we 

utilized single channel patch clamp and determined that 10 μM H2O2 significantly 

increased the nPo (Fig. 2-3 B, C) in isolated arterial smooth muscle cells. 

Representative traces of single channel patch clamp experiments of 1 mM NADH 

in the absence and presence of 10μM H2O2 show the events (Fig. 2-4 A). The nPo 

of 1 mM NADH was significantly greater in the presence of 10μM H2O2, as 

compared to 1 mM NADH alone (Fig. 2-4 B). Additionally, H2O2-induced ΔnPo was 

significantly greater in the presence of 1 mM NADH as compared to 10μM H2O2

alone (Fig. 2-4 C).  

H2O2 induced vasodilation is not impacted by overexpression of Kvβ1. 

Endogenous increases in reactive oxygen species (i.e., hydrogen peroxide) occur 

with enhanced cellular respiration. Previous studies have shown H2O2 induces Kv1 

dependent vasodilation.155 However, the mechanism of H2O2 induced modification 

of Kv1 via the Kv auxiliary beta subunits has not been elucidated. There have been 

no studies to our knowledge that have linked either Kvβ1 or Kvβ2 to different 

responses to H2O2-mediated vasodilation. In our SM22α-rtTA:Kcnab1 animals 

given doxycycline via drinking water we saw an increase in Kvβ1 protein isolated 

from mesenteric arteries (Fig. 2-5 A). From these observed increases in Kvβ1 

protein and our previous publication utilizing the same animals, we infer that an 

increase in Kvβ1 expression displaces Kvβ2 in the Kvβ complex (Fig. 2-5 B). Our 
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data show that overexpression of Kvβ1 does not significantly impair or enhance 

H2O2-mediated vasodilation (Fig. 2-5 C).   

H2O2 induced vasodilation in NADH primed resistance arteries is impaired with 

overexpression of Kvβ1. 

During increased work, greater metabolic respiration produces increases in lactate 

and H2O2. As mentioned previously, increases in lactate drive greater NADH via 

LDH enzyme activity. In isolated resistance arteries perfusion of 10 mM L-lactate 

with 10 μΜ H2O2 induced significantly enhanced vasodilation (Fig. 2-6 A i.). 

However, in the presence of pyruvate the effect on vasodilation was not observed 

(Fig. 2-6 A ii.). The H2O2-induced increase in diameter was significantly greater in 

the presence of lactate as compared to control, and 10 mM pyruvate (Fig. 2-6 B). 

In isolated resistance arteries from SM22α-rtTA:TRE-β1 mice that exhibit 

increased Kvβ1 in the Κv-complex, perfusion of 10 mM L-lactate or 10 mM 

pyruvate in the presence of 10 μM H2O2 had no significantly vasodilatory response 

(Fig. 2-6 C i. and ii.).    
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Discussion 

The activity of native vascular Kv1 channels is in part regulated by the redox 

state of cytosolic pyridine nucleotides in smooth muscle as well as tissue-derived 

reactive species such as H2O2.140,167,183,186-189 In a physiological perspective, by-

products, and endogenous vasoactive signaling molecules are present on their 

own. Rather, the milieu of potential vasoactive agents, whether dilatory or 

constrictive in nature, are competing against their respective thresholds of 

activation. Respectively, in instances of increased work (i.e., exercise) both NADH 

and H2O2 have been shown to increase in vascular smooth muscle cells.50,55,114,168 

NADH has been shown to interact with the Kvβ-subunit acting as a hydrogen donor 

for the β-subunits catalytic function of modifying carbonyls.138,140 Park et al., 2015, 

showed that H2O2 induced vasorelaxation and increased whole cell currents were 

impaired in the presence of Kv channel inhibitor 4-AP.155 Further, in intact cells 

dialyzed with NADPH in the presence of 10 mM H2O2 an increased current density 

was observed, that was ablated with the addition of glutathione (GSH) 

reductase.155 These support an interaction of Kv channel enzymatic co-factors, 

and S-glutathionylators that may sensitize the Kv channel. This could cause 

enhanced channel opening, extended dwell time, and rapid catalytic turn-over of 

endogenous substrates. Therefore, we endeavored to investigate whether L-

lactate (i.e., NADH) sensitizes the Kv channel Kvβ-subunit to H2O2. We found that 

the elevation of reduced pyridine nucleotides (i.e., NADH) enhances the 

vasodilatory response to H2O2. Our results suggest that multiple vasoactive 
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metabolites may influence redox-dependent dilatory function via additive effects 

on Kv1 channels via the Κvβ auxiliary subunit complex. 

During increased work, the concentration of metabolites lactate and H2O2

increase in local tissues.168,190 Increases in local lactate concentration results in 

conversion by the lactate dehydrogenase (LDH) enzyme to pyruvate this increases 

the pool of NADH while decreasing NAD+.191 Lactate and NADH haven been 

shown to increase Kv currents in arterial smooth muscle cells.168 By inhibiting LDH 

enzyme activity we have shown that the Kvβ-subunit is modifying Kv-mediated 

vasodilation in response to lactate conversion to NADH (Fig. 2-1). Additionally, 

both H2O2, a known endogenous vasodilatory, and NADH, induce significant 

increases in Kv channel opening (Fig. 2-2 and 2-3). From this increase in Kv 

channel activity we can infer that we would expect an increase in vessel diameter. 

In fact, perfusion of lactate and H2O2 alone induced vasodilation, whereas the 

combined presence of lactate and H2O2 significantly enhanced both the Kv channel 

open probability and the vasodilatory response (Fig. 2-4 and 2-6). Additionally, it 

is crucial to understand the opposing functional responses of the Kvβ1 and Kvβ2 

proteins in modifying Kv channel activity in response to altered metabolic 

conditions. Therefore, using our Kvβ1 overexpression model we found that priming 

of isolated arteries with lactate in the presence of H2O2 significantly impaired the 

observed vasodilatory response. Further supporting possible opposing roles for 

the Kvβ subunits to modify Kv channel activity and thus arterial diameter. 

Furthermore, these data demonstrate the ability to alter the composition of the Kvβ-

subunit complex, or to modify the sensitivity of the catalytic component Kvβ-
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subunits may provide a future pharmacological target. Finally, these findings 

further our understanding of the effects of altered local metabolism on Kv-mediated 

vasodilatory capacity and the role of the Kvβ-subunits as sensors of this change.  
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Figures 
Figure 2-1. 

Figure 2-1. Elevation of L-lactate promotes vasodilation via LDH activity. (A) 

Scheme illustrating LDH-mediated interconversion of lactate to pyruvate, 

associated changes in NADH:NAD+, and proposed impact on IKV underlying 

resistance artery dilation. (B, C) Representative arterial diameter recordings 

before and after application of L-lactate (5-20 mM) in abcence and presence of 

LDH inhibitor GSK 2837808A. (D) Summarized %-change in diameter from 

baseline in response to L-lactate ± GSK 2837808A. n = 3 arteries from 3 mice, P 

value, two-way ANOVA. 
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Figure 2-2. 

Figure 2-2. NADH induces significant increase in nPo of isolated arterial 

myocytes. (A) Representative recordings of single channel patch clamp under 

baseline conditions (top) and in the presence of 1 mM NADH (bottom). 

Administration of 1 mM NADH significantly increased Kv (B) nPo, and (C) relative 

nPo, but not dwell time (D). n = 7 cells from 6 mice each; Values on figure B 

produced a p-value of *p = 0.047 using the Wilcoxon matched-pairs signed rank 

test; values for figure C generated a p-value of *p = 0.031, utilizing the Wilcoxon 

Signed Rank Test; data for figure D ns: p = 0.399, Paired t-test. 
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Figure 2-3.

 

Figure 2-3. 10 μM H2O2-induced increased vasodilation and Kv open channel 

probability. (A i.) Example recording of arterial diameter in the absence and 

presence of bath H2O2 (0.1-10 μM). Maximum passive diameter was obtained at 

the end of the experiment in Ca2+-free solution containing nifedipine (1μM) and 

forskoline (0.5 μM). (A ii.) Summary box and whisker plot of H2O2 (0.1-10 μM) 

induced vasodilation. n = 8 arteries from 5 mice; and Friedman test calculated *p 

= 0.011. (B) Representative single channel patch clamp traces of baseline (top) 

and 10 μΜ H2O2 (bottom). (C) Summary graph showing nPo of baseline and 10 

μΜ H2O2. n = 6 cells from 5 mice; *p < 0.05; ns p > 0.05 vs. 0 μM (baseline control), 

repeated measures ANOVA.  
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Figure 2-4. 

Figure 2-4. Direct effects of H2O2 on native vascular Kv1 channels in the 

presence of NADH. (A) (top) Representative single channel Kv1 recordings of 1 

mM NADH and (bottom) subsequent perfusion of 10 μΜ Η2Ο2 in the presence of 

1 mM NADH. (B) Summarized mean ± SEM Kv1 open probabilities in the presence 

of 1 mM NADH and 1 mM NADH + 10 μM Η2Ο2. n = 7 cells from 6 mice; *p = 0.016, 

Wilcoxon matched-pairs signed rank test. (C) Summary of H2O2-induced ΔnPo 

normalized to baseline. Data were quantified using Clampfit event search function 

to determine the time spent in the open state versus total recording time under 

each condition. Data are expressed for 1 mM NADH and 1 mM NADH + 10 μM 

Η2Ο2 as relative to nPo under baseline conditions. n = 6-7 cells from 5-6 mice; *p 

= 0.042, unpaired t-test using Log-transformed data. 

Figure 2-5. 
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Figure 2-5. H2O2-induced dilation is not affected by over-expression of Kvβ1 

in smooth muscle. (A) Representative image of Western Blot targeting Kvβ1 in 

samples of arterial resistance vasculature. (B) Representative figure of the 

proposed SM22α-rtTA:TRE-β1 Kv-complex model. (C) Summary of %-change in 

dilation in response to H2O2 at 0.1-10 uM in isolated mesenteric arteries from 

SM22α-rtTA (n = 7 arteries from 5 mice) and SM22α-rtTA:TRE-β1 mice (n = 7 

arteries from 7 mice). p > 0.05, SM22α-rtTA vs. SM22α-rtTA:TRE-β1; two-way 

ANOVA. 
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Figure 2-6. 

Figure 2-6. Smooth muscle overexpression of Kvβ1 prevents redox 

modulation of H2O2-induced vasodilation. (A, C) Representative arterial 

diameter traces obtained in the presence of either 10 mM lactate (i.) or 10 mM 

pyruvate (ii.) prior to application of 10 μM H2O2 in arteries from (A) SM22α-rtTA 

and (C) SM22α-rtTA:TRE-β1 mice. Maximum passive diameter was obtained at 

the end of the experiment as described above. Box-and-whiskers plot showing % 

change in diameter in response to H2O2 in the absence or in the presence of either 

10 mM lactate or 10 mM pyruvate in arteries from (B) SM22α-rtTA mice (top; n = 
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5-7 arteries) or (D) SM22α-rtTA:TRE-β1 mice (bottom; n = 5-11 arteries). *p<0.05, 

**p<0.01; ns: p>0.05, one-way ANOVA with Sidaks multiple comparisons test. 
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CHAPTER 5: EXERCISE-ENDHANCED CARDIAC 
FUNCTION AND MYOCARDIAL PERFUSION 

REQUIRE THE VOLTAGE-GATED POTASSIUM 
CHANNEL AUXILIARY SUBUNIT KVβ2. 

Introduction 

Voltage-gated potassium (Kv) channels control membrane excitability in cells of 

the cardiovascular system. The coordinated activity of several types of Kv 

channels expressed in cardiac myocytes functions to return membrane voltage to 

resting potential after the upstroke of an action potential.192 The importance of Kv 

channels to cardiac electrophysiology is underscored by the presence of 

arrhythmias under conditions in which Kv channel function is compromised.193 

Conversely, in vascular smooth muscle, the steady state activity of a subpopulation 

of sarcolemmal Kv channels maintains resting membrane potential and opposes 

depolarization-induced calcium influx via L-type voltage-gated Ca2+ channels. 

Accordingly, several endogenous vasoactive substances evoke constriction or 

dilation via intracellular signaling cascades which culminate in the functional 

modulation of Kv channels. Thus, cardiovascular Kv channels mediate proper 

electrical signaling and by regulating myocyte contractility, play a profound role in 

maintaining cardiac pump function and vascular resistance to blood flow.  

Native Kv channels reside in the sarcolemma of cardiac and vascular 

smooth muscle as macromolecular structures, consisting of four pore-forming α-
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subunits that are variably associated with heteromeric assemblies of intracellular 

and transmembrane auxiliary β-subunits. Members of the Kv1 and Kv4 families 

associate with intracellular auxiliary Kvβ subunits, which confer A-type inactivation 

to otherwise non-inactivating outward K+ currents. The Kvβ proteins are functional 

aldo-keto reductases and catalyze the reduction of aldehydes and ketones to 

alcohols using pyridine nucleotides (e.g., NADH) as cofactors for hydride transfer. 

The high affinity binding of both oxidized and reduced pyridine nucleotides has led 

to the proposal that the Kvβ proteins function as a link between intermediary 

metabolism and membrane excitability. Indeed, because the redox state of 

pyridine nucleotides bound to the Kvβ protein differentially regulates channel 

activation and inactivation properties, these proteins may be critical for Kv channel 

activation and modulation of cardiac action potential duration and blood flow during 

periods of increased oxygen consumption. Nonetheless, an in vivo role for Kvβ 

proteins has not been identified and their relevance to cardiovascular physiology 

remains poorly understood. 

The principal physiological stimulus for increases in myocardial oxygen 

demand by cardiac muscle is an increase in physical activity such as aerobic 

exercise. During acute bouts of exercise, the heart increases oxidative energy 

production by ~6-fold to support higher cardiac output and systemic demand for 

blood flow. In response to intermittent hemodynamic stresses associated with 

recurrent exercise training, the heart remodels by increasing overall mass via 

increased cardiomyocyte size (i.e., hypertrophy). Extensive previous work has 

shown that physiologic cardiac growth in response to exercise involves enhanced 
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capacity for oxidative energy production. The importance of coronary vasodilation 

matching O2 supply with cardiac demand is well understood. However, a 

gatekeeper of enhanced coronary blood flow in response to exercise has yet to be 

elucidated. Previous studies have shown that myocardial perfusion during 

increased cardiac work  requires Kv1 channels and that exercise enhances Kv 

whole cell currents.42,55,181 Additionally, little is currently known regarding the 

importance of proper electrical signaling in response to the physiologic adaptations 

to exercise. 

In this study, we tested the in vivo importance of the Kvβ subunit complex 

in regulating exercise capacity as well as cardiac adaptations to exercise training. 

For this, we used a genetically engineered mouse in which the gene encoding the 

Kvβ2 subunit (Kcnab2) is ablated. We report that Kvβ2-null mice have impaired 

exercise capacity in an established protocol of forced treadmill exercise. Moreover, 

after four weeks of exercise training, enhancement of exercise capacity, 

physiologic cardiac growth, and myocardial perfusion was observed in wild type 

mice but was abolished in Kvβ2-null animals. Our data indicate that Kvβ proteins 

are important in vivo determinants of physiological cardiac adaptation to exercise 

and suggest a relationship between membrane excitability and exercise-induced 

remodeling of the cardiovascular system. 
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Results 

Ablation of Kvβ2 impairs work done in naïve male mice. 

Naïve wild type (WT) and Kvβ2-null (Kvβ2-/-) male mice underwent an exercise 

capacity test after 2 days of familiarization with the forced treadmill apparatus (Fig. 

3-1 A, B). Work is calculated as the distance run times sin(θ), where θ is the angle 

of treadmill, multiplied by the weight of the individual animals, calculated at each 

incline stage. Weight of animals was not significantly different between naive WT 

and Kvβ2-/- animals (Fig. 3-1 C). However, run time, run distance and work were 

significantly lower in naïve Kvβ2-/- male mice (Fig. 3-1 D-F). Blood lactate was 

measured from distal tail clips before and after initial ECT and mice were found to 

have significantly increased blood lactate concentrations at exhaustion (Fig. 3-1 

G).  

Work done after 4-weeks forced treadmill running increases in WT but not Kvβ2-/- 

male mice. 

 After the initial ECT WT and Kvβ2-/- male mice underwent 4-weeks FTR at 50% of 

maximum average capacity. Mice performed FTR for 40 minutes during week 1, 

50 minutes week 2, and 60 minutes for weeks 3 and 4 (Fig. 3-2 A) followed by a 

second ECT. Ablation of Kvβ2-/- did not significantly affect weight or run time (Fig. 

3-2 B, C) compared with WT. However, run distance and work were significantly 

lower in Kvβ2-/- male mice after 4-weeks FTR (Fig. 3-2 D, E).   
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4-weeks exe enhanced cardiac function with dobutamine challenge. 

Cardiac diastolic function improved in WT male mice after 4-weeks exe. The 

percent change of end diastolic volume (EDV), the volume of the left ventricle (LV) 

when maximally dilated, was greater in WT exercised males than their sedentary 

controls that showed a significant decrease in EDV (Fig. 3-3 A, C). Additionally, 

end systolic volume (ESV), was significantly lower in WT sedentary animals 

suggesting greater maximal contraction with dobutamine challenge (Fig. 3-3 B). 

The percent change for both EDV and ESV from rest to stress was significantly 

depressed in sedentary WT mice compared to exercised mice (Fig. 3-3 C). 

Measures of cardiac function, ejection fraction (EF) and fractional shortening (FS) 

increased from rest with dobutamine challenge (a.k.a., stress) in all WT groups 

(Fig. 3-3 D, E). However, the percent change (a.k.a., difference of rest and stress) 

was significantly lower in exercised animals (Fig. 3-3 F). Global longitudinal strain 

(GLS), was not significantly enhanced after 4-weeks exercise training (Fig. 3-3 G). 

However, the percent change in GLS was significantly greater in WT exercised 

animals, compared with their sedentary controls (Fig. 3-3 I). Additionally, the global 

longitudinal strain rate, or the ‘speed’ at which the endocardial wall of the LV travels 

from diastole to systole was not significantly enhanced with 4-weeks forced 

treadmill exercise (Fig. 3-3 H). 
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Exercise enhances Kvβ2 in coronary artery vascular smooth muscle cells. 

Exercise enhances Kv current density,42 and the composition of the Kvβ-subunit 

complex determines the sensitivity of the channel to co-factors NADH and NAD+ 

and modifies the vasodilatory response.37,132,168 Therefore, we inferred that 

exercise enhances the presence of Kvβ2 over Kvβ1 in the Kv channel complex. 

Therefore, we utilized the proximity ligation assay which shows the associations of 

proteins within 40 nm. After 4-weeks of forced treadmill running that there was a 

significant increase in Kv1.5:Kvβ2 in coronary vascular smooth muscle cells from 

exercised WT male mice (Fig. 3-4 B). There was no significant increase in 

Kv1.5:Kvβ1 in exercised  or sedentary controls.  

4-weeks of exercise enhanced cardiac function, and myocardial blood flow in WT 

male mice. 

Both sedentary and exercised male mice had significant increases in heart rate 

following dobutamine challenge (Fig. 3-5 A). However, cardiac output (CO; 

HRxSV) was significantly increased in only exercised animals (Fig. 3-5 B). The 

percent change in heart rate (HR) was significantly lower, and the percent change 

in (cardiac output) CO was significantly greater in exercised animals (Fig. 3-5 C). 

Relative myocardial blood flow (MBF) as a function of CO increased significantly 

in exercised WT mice (Fig. 3-5 D). The ΔMBF in respect to ΔCO also significantly 

increased after 4-weeks exercise training (Fig. 3-5 E). 
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Ablation of Kvβ2 impairs the benefits of exercise to the heart. 

In Kvβ2-/- male mice, EDV was not significantly impacted by increased work, and 

exercise made no significant impact (Fig. 3-6 A). Both sedentary and exercised 

Kvβ2-/- mice had significant decreases in ESV with dobutamine challenge (Fig. 3-

6 B). Additionally, EF and FS increased with dobutamine challenge but were not 

significantly different between sedentary and exercised groups (Fig. 3-6 D, E). 

However, the percent change in EF and FS were significantly lower in exercised 

Kvβ2-/- male mice compared with their sedentary controls (Fig. 3-6 F). Both GLS 

and GLSR were not significantly different between sedentary and exercised Kvβ2-

/- male mice, however, the percent change in GLS was significantly greater after 

4-weeks exe (Fig. 3-6 G-I). 

4-weeks of exercise did not enhance cardiac function, and myocardial blood flow 

in Kvβ2-/- male mice. 

In response to dobutamine challenge both sedentary and exercised Kvβ2-/- male 

mice had significant increases in HR and CO (Fig. 3-7 A, B). However, 4-weeks 

exe did not significantly change HR or CO as compared to sedentary controls. 

Additionally, percent change in both HR and CO significantly declined in exercised 

Kvβ2-/- male mice (Fig. 3-7 C). MBF as a function of CO significantly increased in 

sedentary Kvβ2-/- male mice with dobutamine challenge but did not exceed the 

declining MBFxCO of the exercised Kvβ2-/- male mice (Fig. 3-7 D).  Additionally, 
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the ΔMBFxΔCO of exercised Kvβ2-/- male mice was lower than their sedentary 

controls (Fig. 3-7 E). 

Metabolic phenotyping in wild type and Kvβ2-/- animals. 

We assessed whether loss of Kvβ2 is associated with major alterations in 

metabolic phenotype or diurnal behavior patterns. For this, we performed indirect 

gas calorimetry (VO2, VCO2, RER, energy expenditure), measurements of activity 

(movement), and food and water consumption over a 24 hr period in Kvβ2-/- and 

age-matched wild (WT) type animals. Values of VO2, VCO2, RER, and energy 

expenditure were significantly higher at night (6 pm – 6 am) compared with day (6 

am – 6 pm) for both WT and Kvβ2-/- mice (Fig. 3-8 A-C). While modest (<5%) 

increases in VO2 and VCO2 and decrease in RER were noted at night in Kvβ2-/- 

animals compared with wild type animals, day values were not different between 

groups. Both day and night values of energy expenditure were significantly 

increased (~5%) in Kvβ2-/- animals. However, no differences in day or night total 

activity levels, nor food and water consumption were found between Kvβ2-/- and 

wild type animals (Fig. 3-8 D-F). 

Exercise compliance is not impacted by ablation of Kvβ2. 

Following initial ECT, animals were subjected to an exercise training regimen 

consisting of a period of forced treadmill running 5 days per week for 4 weeks. At 

the end of the exercise training period, cardiac function was examined by 
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echocardiography. When animals were subjected to run for 40-60 minutes at 50% 

of their maximum exercise intensity determined during initial ECTs, there were no 

differences in protocol compliance between wild type and Kvβ2-/- for the duration 

of the exercise training procedure. As shown in Figure 3-9, the percent of 

completed exercise sessions and percent of total exercise time completed for the 

total four-week training period (>90% for each) was similar between experimental 

groups.  

Physiological hypertrophy following exercise training requires Kvβ2 subunits. 

Based on the afore-mentioned results, we further examined heart morphology in 

wild type versus Kvβ2-/- exercised and sedentary animals. Consistent with heart 

dimensions determined by echocardiography, at harvest (24 hours after final 

exercise session), we found a significant increase in heart weight, normalized to 

tibia length and body weight, in wild type animals undergoing exercise conditioning 

compared with age-matched wild type sedentary control animals (Fig. 3-10 A-C). 

Heart weight was not significantly different in sedentary WT or Kvβ2-/- animals. 

Additionally, we did not observe a significant increase in heart weight in Kvβ2-/- 

exercised animals compared with sedentary control animals. 

Kvβ2 subunits are required for exercise induced cardiomyocyte hypertrophy. 

We addressed whether changes in heart weight were associated with cardiac 

myocyte morphology. Figure 3-11 A shows transverse heart sections stained with 
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wheat germ agglutinin conjugated with Alexa Fluor 555 to identify sarcolemma of 

individual cardiac myocytes. Consistent with echocardiographic data and heart 

weight findings, we found that cardiac myocyte cross sectional area was 

significantly greater in hearts of wild type, but not Kvβ2, exercised animals 

compared with corresponding sedentary control hearts. Figure 3-11 C shows 

histograms of cardiac myocyte cross sectional area for wild type and Kvβ2 exercise 

and sedentary hearts. 

Changes in biochemical markers of cardiac growth in exercise are 

abolished by deletion of Kvβ2. We examined whether changes in heart morphology 

in wild type exercised, but not Kvβ2-/- exercised hearts, were associated with 

changes in biochemical markers of cardiac growth. Consistent with previous 

reports, we found that wild type animals undergoing exercise conditioning 

exhibited an increase in transcript expression of cited4, which has been shown to 

be an essential mediator of exercise-induced cardiac growth.194,195 Moreover, a 

negative regulator of Cited4 expression, CEBPβ, was reduced in hearts from wild 

type exercise animals compared with sedentary control animals. A marker of 

pathological remodeling of the heart, NFATc2, was reduced in hearts of exercised 

animals compared with sedentary control animals. Remarkably, in contrast to 

hearts from wild type exercise animals, changes in the expression of Cited4, 

CEBPβ and NFATc2 were abolished in Kvβ2-/- exercised animals. Together, our 

data suggest that Kvβ subunits, which are metabolic regulators or Kv1/4 channels, 

are critical mediators of the physiological hypertrophy response to exercise 

conditioning.  
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Discussion 

Regulation of membrane potential in cardiovascular smooth muscle cells is 

maintained predominantly via Kv channels. The activity of Kv channels greatly 

influences the vasodilatory state of the coronary artery. Τhe Kv channel 

intracellular β-subunit is a catalytically active protein, capable of sensing changes 

in oxygen availability and nucleotide redox ratios. Greater O2 consumption by the 

heart decreases available O2 causing the Kvβ2 dependent hypoxia vasodilation 

response. We can infer that in vivo this hypoxia response would increase coronary 

artery diameter, coronary flow, and myocardial perfusion. Increased coronary 

diameter translates to greater myocardial perfusion to match the O2 demands of 

the heart, this allows for sustained pump function, and prevents injury and death. 

Regular challenges of increased cardiac work (i.e., exercise) induce cardiac 

hypertrophy and an even greater need to meet myocardial blood flow demands. 

Therefore, I investigated the impact of exercise on Kv channel composition, 

exercise capacity, and myocardial perfusion, in naïve and 4-week trained WT, 

Kvβ2-/- male mice.  

Increased cardiac work (i.e., demand) requires a matching of O2 and 

nutrient supply (i.e., vasodilation). Briefly during the transitional state between rest 

and stress the needs demand of the heart exceeds the supply met by the coronary 

artery. Additionally, this uncoupling of O2 supply and demand is paired with a shift 

in metabolism. The altered metabolism drives altered pyridine redox ratio (e.g., 

NADH). In chapter 3 of this manuscript, we uncovered a physiologically relevant 
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role of Kvβ2 as a sensor of altered O2 and NADH (via LDH and L-lactate) to induce 

Kv-mediated vasodilation. From these findings we inferred that ablation of Kvβ2 

would likely impair the coronary vasodilatory response to increased cardiac work. 

We tested our hypothesis that animals lacking Kvβ2 would experience an impaired 

exercise capacity, because of impaired coronary perfusion. Therefore we 

investigated whether in WT animals chronic bouts of increased work (e.g., 

exercise) would enhance myocardial perfusion, exercise capacity, and Kv1.5:Kvβ2 

channel composition.  

We found that exercise capacity was significantly impaired with the ablation 

of Kvβ2. We observed significantly greater exercise capacity in both naïve and 4-

week trained WT mice, that was not observed in naïve or trained Kvβ2-/- male mice. 

Additionally, we found that in coronary aortic smooth muscle cells isolated from 

exercised WT male mice there was a significant increase in Kv1.5:Kvβ2 as 

compared with sedentary controls. Interestingly, Kv1.5:Κvβ1 did not significantly 

change with exercise. These support the hypothesis that exercise increases the 

presence of Kvβ2 over Kvβ1 in the Kv-complex. Further, this shift in the complex 

composition could enhance the vasodilatory capacity of the coronary artery to 

respond to increased cardiac work. Finally, using contrast echocardiography we 

were able to observe and quantify the myocardial perfusion in hearts from 

sedentary and exercised animals at rest and during pharmacological stress 

challenge. We found that after 4-weeks forced treadmill running WT male mice had 

significantly greater myocardial perfusion in response to the stress challenge. 

However, we did not observe this in exercised Kvβ2-/- mice, in-fact myocardial 
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perfusion was significantly impaired and declined in response to the stress 

challenge. From these data we can infer that loss of Kvβ2 in the coronary artery 

significantly impairs vasodilatory reserve and does not enhance vasodilation in 

response to increased cardiac work. Additionally, these data support our 

hypothesis, that the voltage-gated potassium channel intracellular β-subunit acting 

as a sensor of altered nucleotide redox ratios and oxygen availability is a 

necessary component in mediating the cardiovascular adaptive response to 

exercise. Insufficient myocardial perfusion during repeated bouts of increased 

work deprives the heart O2 and nutrients. Potentially incurring a reliance on 

anaerobic, energy poor, no or low growth metabolic pathways. This work provides 

novel insight into the relationship and importance of exercise, cardiovascular 

adaptation, and regulation of membrane potential excitability.  
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Figures 
Figure 3-1 

Figure 3-1. Exercise capacity is impaired in naïve Kvβ2-knockout mice. (a) 

Representative image showing the 2 days of familiarizing the animals to the 

treadmill and shock grid apparatus. (b) Exercise capacity protocol with incline, 
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speed and duration of each stage. (c) Weights of naive wildtype (WT) and Kvβ2-

knockout (Κvβ2-/-) male mice. (d and e) Box and whiskey plots of run time and 

distance by WT and Kvβ2-/- male mice. (f) Box and whisker plot of work done by 

WT and Kvβ2-/- male mice. (g) Box and whisker plot of blood lactate measured at 

baseline and fatigue in WT and Kvβ2-/- male mice. 
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Figure 3-2 

Figure 3-2. Post 4-week forced treadmill running (FTR) exercise induced 

greater adaptation in WT male mice. (A) Representative schematic of 4-week 

forced treadmill running (FTR) protocol. (B) Box and whisker plot of body weight 

of WT and Kvβ2-/- male mice pre- and post- 4-week exe. (C) Box and whisker plot 
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of run time and run distance in WT and Kvβ2-/- male mice after 4-week exe. (D) 

Paired dot and line plot of work conducted by WT and Kvβ2-/- male mice pre- and 

post- 4-week exe. P-value *<0.05. 
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Figure 3-3 

Figure 3-3. 4-weeks exercise enhanced cardiac function in WT male mice. (A, 

B, D, E, G, H) Box and whisker plots of end diastolic volume (EDV), end systolic 

volume (ESV), ejection fraction (EF), fractional shortening (FS), global longitudinal 

strain (GLS), and global longitudinal strain rate (GLSR). (C, F, I) Bar graphs 
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representing the percent change from rest to stress for EDV, ESV, EF, FS, GLS, 

and GLSR, respectively.  
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Figure 3-4 

Figure 3-4. 4-week exe increases Kv1.5:β2 proximity in isolated coronary 

vascular smooth muscle cells. (A) Representative images of isolated coronary 

vascular smooth muscle cells from sedentary (top row) or exercised (bottom row) 

WT male mice (scale bars represent 5 μm). The nuclei are represented in blue 

(DAPI), and puncta in red (Cy3) represent either Kv1.5:Κvβ1 or Kv1.5:Kvβ2, as 

indicated by the column header. Scale bars = 5 μm. (B) Graphical representation 

of the quantified puncta from the respective conditions and targets. P-vale *<0.05. 
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Figure 3-5 

Figure 3-5. 4-weeks of exercise enhanced cardiac function, and myocardial 

blood flow in WT male mice. (A, B) box and whisker plot of heart rate (HR; bpm) 

and cardiac output (CO; HRxSV) from sedentary and exercised WT male mice. (C) 

Bar graph of the percent change (Δ%) from rest to stress of HR and CO in 

sedentary and exercised male mice. (D) Linear regression graph of myocardial 

blood flow (MBF) as a function of CO in sedentary (closed dot) and exercised (open 

dot) male mice. (E) XY graph of the ΔMBF as a function of ΔCO in sedentary 

(closed dot) and exercised (open dot) male mice.  
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Figure 3-6 

Figure 3-6. 4-weeks exe had minimal impact on improving cardiac function 

in Kvβ2-/- male mice. (A, B, D, E, G, H) Box and whisker plots of end diastolic 

volume (EDV), end systolic volume (ESV), ejection fraction (EF), fractional 

shortening (FS), global longitudinal strain (GLS), and global longitudinal strain rate 
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(GLSR). (C, F, I) Bar graphs representing the percent change from rest to stress 

for EDV, ESV, EF, FS, GLS, and GLSR, respectively.  
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Figure 3-7 

Figure 3-7 4 weeks of exercise did not enhance myocardial blood flow in 

Kvβ2-/- male mice. (A, B) box and whisker plot of heart rate (HR; bpm) and cardiac 

output (CO; HRxSV) from sedentary and exercised Kvβ2-/- male mice. (C) Bar 

graph of the percent change (Δ%) from rest to stress of HR and CO in sedentary 

and exercised male mice. (D) Linear regression graph of myocardial blood flow 

(MBF) as a function of CO in sedentary (closed dot) and exercised (open dot) male 

mice. (E) XY graph of the ΔMBF as a function of ΔCO in sedentary (closed dot) 

and exercised (open dot) male mice.  
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Figure 3-8 

Figure 3-8. Mice lacking Kvβ2 subunits same metabolic phenotype as WT 

male mice. (A-C) Metabolic phenotyping of wild type and Kvβ2-null (Kvβ2-/-) 

animals (n = 8 animals each). Shown are day (6 am – 6 pm) and night (6 pm – 6 

am) values of mean oxygen consumption (VO2), carbon dioxide consumption 

(VCO2) (A), respiratory exchange ratio (RER; VCO2 : VO2) (B), and energy 

expenditure (C). (D-F) Summaries of day and night total movement (sum of course 

and fine motion, D), food consumption (E), and water consumption (F). *P<0.05. 

ns: P>0.05. 
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Figure 3-9 

Figure 3-9. Adaptations in exercise capacity following four weeks of treadmill 

running are attenuated in Kvβ2-null animals. (A) Summary of exercise sessions 

and the total exercise time completed, expressed as a percent of the total exercise 

sessions time over a four week (5 days/week) treadmill exercise protocol, for wild 

type and Kvβ2-/- animals (n = 6 animals each). *P<0.05. ns: P>0.05. 
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Figure 3-10 

Figure 3-10. Adaptive increases in heart size in wild type, but not Kvβ2-null 

animals following treadmill exercise conditioning. (RWT = 2 x LVPWd / left 

ventricular internal diameter) (a-c) Summary of heart weight (HW) and heart weight 

normalized to tibia length (TL) and total body weight (BW) in sedentary and 

exercised wild type and Kvβ2-/- animals. *P<0.05, ns: P>0.05. n = 6 animals each 

group. 

a b c
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Table 1: Body mass of sedentary and exercised wild type and Kvβ2-/- mice. 
Body mass 

(g) 

Lean mass (%) Fat mass (%) 

Wild type Post-training 

Sedentary 28 ± 1.2 72.3 ± 0.8 27.0 ± 0.8 

Exercise 26 ± 1.1 80.2 ± 1.9* 20.0 ± 1.8* 

Kvβ2-/- 

Sedentary 25 ± 1.2 75.1 ± 1.8 24.9 ± 1.7 

Exercise 25 ± 0.8 78.2 ± 0.5 21.8 ± 0.6 

Values are mean ± SEM. *P<0.05 vs. sedentary. N = 6 animals per group. 
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Table 2: Comparison of echocardiographic parameters in wild type and 
Kvβ2-/- exercised and sedentary mice and at baseline and during 
dobutamine challenge. 

Abbreviations: HR, heart rate; BPM, beats per minute; EDV, end diastolic volume; 

ESV, end systolic volume; SV, stroke volume; EF, ejection fraction; FS, fractional 

shortening; CO, cardiac output; LVIDd, left ventricular inner diameter at diastole; 

LVIDs, left ventricular inner diameter at systole; LVPWd, left ventricular posterior 

wall at diastole; LVPWs, left ventricular posterior wall at systole; LVAWd, left 

Mean SEM Mean SEM Mean SEM Mean SEM
HR (bpm) 419 ± 5.7 ⨘⨘⨘ 437 ± 14.3*, ⨘⨘ 409 ± 8 ⨘⨘⨘⨘ 423 ± 8 ⨘⨘⨘⨘

Endocardial Values
EDV (μl) 46 ± 2.42 ⨘ 39 ± 2.6* 44 ± 2.97 43 ± 1.88
ESV (μl) 15 ± 1.09 ⨘⨘⨘ 13 ± 1.85 ⨘⨘⨘ 18 ± 1.97 ⨘⨘⨘ 16 ± 1.06 ⨘⨘⨘
SV (μl) 32 ± 2.06 ☥ 26 ± 1.4* 26 ± 1.42 28 ± 1.25
EF (%) 67 ± 1.84 ☥, ⨘⨘⨘ 68 ± 2.36 ⨘⨘ 59 ± 2.07 ⨘⨘⨘ 64 ± 1.59 ⨘⨘⨘⨘

CO (ml/min) 13 ± 0.91 ☥ 11 ± 0.70 ⨘⨘ 11 ± 0.65 ⨘⨘ 12 ± 0.56 ⨘⨘⨘
Chamber Diameter

LVIDd (mm) 3.64 ± 0.07 ⨘⨘⨘ 3.50 ± 0.09 ⨘⨘ 3.49 ± 0.08 ⨘ 3.56 ± 0.06 ⨘
LVIDs (mm) 2.28 ± 0.08 ⨘⨘⨘⨘ 1.99 ± 0.09 *, ⨘⨘⨘ 2.31 ± 0.08 ⨘⨘⨘⨘ 2.18 ± 0.05 ⨘⨘⨘⨘

Wall Thickness
LVPWd (mm) 1.03 ± 0.06 1.14 ± 0.078 ☥ 0.94 ± 0.04 0.91 ± 0.06
LVPWs (mm) 1.47 ± 0.09 ⨘ 1.60 ± 0.069 ☥ 1.31 ± 0.04 1.32 ± 0.06 ⨘
LVAWd (mm) 1.10 ± 0.07 1.19 ± 0.09 1.04 ± 0.05 1.06 ± 0.04
LVAWs (mm) 1.54 ± 0.09 ⨘⨘⨘ 1.66 ± 0.09 1.41 ± 0.05 ⨘⨘ 1.57 ± 0.05

RWT 0.57 ± 0.03 ⨘⨘⨘ 0.65 ± 0.05 ☥ 0.54 ± 0.03 0.52 ± 0.04
n

Baseline
Wildtype Kvβ2-/-

Sedentary Exercised Sedentary Exercised

13 13 12 13

Mean SEM Mean SEM Mean SEM Mean SEM
HR (bpm) 537 ± 7.4 ** 490 ± 12 526 ± 7 514 ± 5

Endocardial Values
EDV (μl) 37 ± 2 43 ± 3 40 ± 5 43 ± 2
ESV (μl) 7 ± 1 10 ± 2 7 ± 1 8 ± 1
SV (μl) 30 ± 1 33 ± 3 32 ± 4 35 ± 2
EF (%) 81 ± 3 77 ± 3 81 ± 1 82 ± 2

CO (ml/min) 16 ± 1 16 ± 1 17 ± 2 18 ± 1
Chamber Diameter

LVIDd (mm) 2.89 ± 0.18 3.02 ± 0.17 3.20 ± 0.18 3.28 ± 0.09
LVIDs (mm) 1.18 ± 0.19 1.27 ± 0.21 1.20 ± 0.13 1.34 ± 0.07

Wall Thickness
LVPWd (mm) 1.39 ± 0.09 1.19 ± 0.09 1.16 ± 0.09 1.13 ± 0.07
LVPWs (mm) 2.03 ± 0.14 1.79 ± 0.12 1.77 ± 0.17 1.82 ± 0.05
LVAWd (mm) 1.41 ± 0.07 1.36 ± 0.09 1.18 ± 0.08 1.10 ± 0.05
LVAWs (mm) 2.12 ± 0.08 1.89 ± 0.13 1.94 ± 0.09 1.87 ± 0.04

RWT 1.00 ± 0.14 0.82 ± 0.10 0.73 ± 0.08 0.69 ± 0.05
n 6 7 4 7

Sedentary Exercised Sedentary Exercised
Wildtype

Stress
Kvβ2-/-
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ventricular anterior wall at diastole; LVAWs, left ventricular anterior wall at systole; 

RWT, relative wall thickness. P-value indicated as “*” is comparing sedentary to 

exercised within each group, “☥” compares sedentary to sedentary or exercised to 

exercised between each group, “⨘” compares rest to stress within each group. 

Number of animals are listed at the bottom of the respective columns for each 

condition. 
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CHAPTER 6: DISCUSSION, CONCLUSIONS AND 
FUTURE DIRECTIONS 

Discussion 

A question that remains from the present study is whether the vasculature 

becomes sensitized as a response to cardiac hypertrophy or if the reverse is true. 

To better state this as multiple questions; 1) Does enhanced coronary vasodilation 

occur due to regular demands placed on the artery; or 2) is the heart able to 

undergo physiological hypertrophy because of the increased blood flow and 

sensitivity of the coronary artery? Both cardiac and arterial myocytes have similar 

Kv channel compositions including Kvβ1 and Kvβ2. However, due to the 

overwhelming influence of the Kv channel on membrane potential it is difficult to 

ascertain the individual tissues dependence on Kv channel composition. There 

exists a population of individuals with Brugada syndrome, where patients exhibit a 

point mutation in Kvβ2 expressed in the heart which during increased stress can 

cause them to experience dysrhythmias and sudden death.193. Furthermore, loss 

of Kvβ2 has been linked to epilepsy, poor prognosis of adenocarcinoma, issues 

with learning and memory retention, and Alzheimer’s. 132,196-199 Understanding, the 

effect and prevalence of point mutations such as this in human populations may 

lead to addressing these questions. 
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The wide distribution of Kv channels and Kvβ-subunits throughout body 

make for greater complexity in using drugs to impair or enhance the channels 

activities. It is first important to understand which Kvα and Kvβ-subunits are highly 

expressed in which tissues. We have previously detailed what is known in the 

literature in Raph et al., 2018, “Biochemical and physiological properties of K(+) 

channel-associated AKR6A (Kvβ) proteins” and Dwenger, Raph et al., 2022, 

“Diversification of potassium currents in excitable cells via Kvβ proteins.” While 

there are several drugs and toxins such as, psora-4 (inhibits Kv1 channels) and 

Iberiotoxin (inhibits BKCa), little is known about drugs that target the Kvβ-subunits 

and enhance their enzymatic or Kv-modifying activities. There has been some 

research into inhibition of the Kvβ-subunits, Alka et al., 2014 found that DOPAC, 

cortisone, and valproate can all, directly or indirectly, impair Kvβ-subunit activity.154 

Additionally, Xu et al., 1997, showed that the Kvβ2-subunit can relieve or inhibit 

Kvβ1 inactivation of the Kv-channel.157 However, there has been little if any works 

investigating whether enhancing the activity or sensitivity of the Kvβ-subunits is 

possible and in what contexts this may be beneficial. For instance, if as we have 

shown, enhanced Kvβ2 sensitivity, to signals of metabolic hyperemia, greatly 

increases vessel diameter and in turn myocardial perfusion. Then we can infer that 

a small molecular that similarly enhances Kvβ2 sensitivity might in-fact alleviate 

restricted myocardial perfusion in diabetic and obese individuals. 

Conclusions 

The entirety of the work presented in this dissertation elucidates an 

important role of voltage-gated potassium channels and their intracellular β-
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subunits as integral components of improved cardiovascular adaptation in 

response to exercise. The findings in these bodies of work demonstrate the 

following; 1) the composition of the Kvβ subunit complex significantly impacts 

vasodilation, IKV, and myocardial blood flow; 2) the Kvβ2 subunit predominantly 

favors vasodilation in response to reduced nucleotide redox state; 3) vasodilation 

in response to H2O2 is modified by smooth muscle metabolic state via intracellular 

pyridine nucleotide redox state; 4) loss or displacement of the Kvβ2-subunit 

significantly impairs exercise capacity and cardiovascular adaptations to chronic 

exercise; 5) exercise drives an enhanced Kv:Kvβ2 relationship; 6) increased 

presence of Kvβ2 in the complex enhances myocardial perfusion. Collectively, I 

have shown that metabolic regulation of Kv1 activity, coronary vasoreactivity, and 

myocardial perfusion is modified by the composition of the Kvβ complex in arterial 

myocytes. Additionally, exercise-induced enhancement of MBF requires Kv 

channel remodeling to enhance Kvβ2 in the channel complex. 

In the work contained in chapter 3, and further supported by appendix A, 

we demonstrated a physiologically relevant role for the Kvβ2-subunit as a sensor 

of altered O2 availability and metabolic change. We demonstrated that in the 

absence of Kvβ2, during increased cardiac work, myocardial perfusion and 

sustained pump function are lost. From here, we further investigated the capacity 

of Kvβ2 to sense changes in O2, and metabolism (i.e., L-lactate) at the isolated 

tissue level. We found that loss of Kvβ2 significantly impaired the vasodilatory 

capacity of isolated coronary and mesenteric small resistance arteries in response 

to hypoxia and L-lactate. Additionally, in whole cell and perforated patch clamp 
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experiments, we found that L-lactate significantly increased the Kv-mediated 

currents of coronary smooth muscle cells. In appendix A we utilized single channel 

patch clamp experiments to established that Kv:Kvβ2 single channel activity 

increases in response to NADH but not NAD+. Further, in appendix A we 

established that there is a local increase in NADH:NAD+ coronary tissues during 

increased cardiac work. From these findings we can summarize evidence that 

supports our hypothesis that: Kvβ2 is a sensor of shifts in O2 and redox ratios 

during increased cardiac work. Further, that the loss of Kvβ2 diminishes Kv 

channel open probability and abolishes vasodilation in response to hypoxia and 

increased NADH. We can infer the loss of Kv-mediated vasodilation is due to 

impaired Kv facilitated membrane hyperpolarization. Interestingly we can use this 

to translates understand the phenomenon we observe with our in vivo contrast 

echocardiography experiments. In which we observed that loss of Kvβ2 

significantly depresses myocardial perfusion in response to increased cardiac 

work.  

In chapter 4 we address the complex question of how the Kv channel 

integrates multiple signals during altered metabolism. We further elucidated the 

role of the Kvβ subunits as sensors of altered metabolic conditions. First inhibiting 

the lactate dehydrogenase conversion of lactate and elevation of NADH, I found 

this significantly abolished lactate induced vasodilation. Further, using single 

channel patch clamp on isolated vascular smooth muscle cells I observed that 

addition of NADH significantly increased Kv channel activity. Additionally, I have 

shown that the endogenous vasodilator H2O2 induces vasodilation and increased 
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Kv channel activity. We furthered this investigation by inferring, based on the 

literature, that during increased cardiac work that local metabolites (NADH and 

H2O2) would also increase. As such, we concluded to investigate the effects of 

NADH and H2O2 at the level of the individual channel and isolated vessels. In the 

presence of both NADH and H2O2 I observed significant increases in H2O2-induced 

change in Kv channel open probability. Additionally, in isolated resistance arteries 

from WT animals I observed a significant increase in the vasodilatory response to 

H2O2 in the presence of NADH. Further, in arteries isolated from animals 

overexpressing Kvβ1 this phenomenon of an enhanced vasodilatory capacity in 

response to NADH and H2O2 was significantly abolished. These data demonstrate 

an enhanced vasodilatory capacity in response to metabolites that reflect 

conditions of increased cardiac work. Further, these data are evidence of a crucial 

role for the sensing capacity of Kvβ2 during altered metabolic conditions (i.e., 

increased cardiac work. 

Regular exercise induces a chronic increase in cardiac work that demands 

greater O2. The repeated responsiveness of coronary arteries to match blood flow 

needs drives an enhanced vasodilatory response met by the pairing of 

endogenous vasodilators (e.g., NADH and H2O2) and the increase in O2 sensors 

(e.g., Kvβ2). The enhanced responsiveness and increased capacity of coronary 

blood flow creates a capacity for greater work and support for enhanced 

myocardial perfusion. I first tested whether the exercise capacity of naïve WT and 

Kvβ2-null animals differed, and we found that the Kvβ2-null animals did 

significantly less work than their WT counterparts. We then trained WT and Kvβ2-
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null mice for 4 weeks using an established forced treadmill running protocol. 

Comparing WT exercised mice with their sedentary controls I observed a 

significant increase in exercise capacity. Additionally, utilizing the proximity ligation 

assay in coronary smooth muscle cells, I identified a significant increase in puncta 

associated with Kv1.5:Κvβ2 in WT exercised mice as compared with sedentary 

controls. Further, in Kvβ2-null exercised animals we saw a significantly depressed 

exercise capacity after 4-weeks of exercise training, as compared with the WT 

exercised group. Finally, we inferred from the work in chapter 3 that an impaired 

exercise capacity in the Kvβ2-null animals could result from impaired coronary 

vasodilatory capacity. Further, that this impaired coronary dilation would manifest 

as an impaired myocardial perfusion during increased cardiac stress. Therefore, 

we utilized the contrast echocardiography technique to visualize the rate of 

myocardial perfusion at rest and during pharmacologically induced increase in 

cardiac work. In WT exercised mice I observed a significant increase in the 

magnitude of myocardial perfusion as compared with sedentary controls. 

However, in the Kvβ2-null exercise animals had a significantly impaired myocardial 

perfusion as compared with their sedentary controls and WT exercised mice. 

Further reinforcing our hypothesis that Kvβ2 is a sensor of O2 and altered local 

metabolic state as reflected by redox ratios. That the Kvβ2 sensor sensitizes or 

directly modifies Kv-mediated activity to favor a more hyperpolarized membrane 

potential, that translates to enhanced vasodilation. Loss of this enhanced 

vasodilatory capacity impairs myocardial perfusion and leads to impaired exercise 

capacity even after 4-weeks of exercise training. 
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Future directions 
 

Numerous cardiovascular diseases include some aspect of impaired 

resistance arterial function or reduced vasoactive responsiveness. There have 

been numerous reviews suggesting Kv and the Kvβ-subunits may be impaired in 

some disease states (i.e., diabetes). Interestingly, in diabetes there is often a 

nucleotide and ROS imbalance, as compared to observations in healthy 

individuals.200 Certain stressors modify Kv1.5:Kvβ2, perhaps other stressors such 

as diabetes would favor enhanced Kv1.5:Kvβ1. We can infer, based on our studies 

and other publications, that enhanced Kvβ1 would favor a more vasoconstricted 

state. Any imbalance in both the signaling (i.e., decreased NADH) and positively 

responding sensor (Kvβ2) would suggest a detrimental outcome. There is also the 

potential that targeting the Kvβ subunits with small molecular to enhancer Kv 

channel activitiy may provide a novel means of enhancing vasodilation in diseases 

of non-obstructive vaso-dysfunction. Additionally, drugs that enhance the 

sensitivity of Kvβ2 in specific tissues with the intent of increasing tissue perfusion 

could reduce recovery time after injury, enhance myocardial perfusion in people 

with low exercise capacity. Conversely, targeting of Kvβ could be used to induce 

a vasoconstriction response to reduce blood loss, minimize internal bleeding, or 

reduce injury from myocardial reperfusion. Although we may speculate on the 

potential benefits of drugs targeting Kvβ any candidates would be decades away 

from clinical use. 
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Study limitations 

 The present study presents novel insight into the physiological relevance of 

the Kvβ-subunits as regulators of vasodilation, myocardial perfusion, and in turn 

exercise capacity, however, there remain some limitations. The use of only male 

mice is disappointing, it is well established that in both exercise capacity, and 

cardiovascular adaptation that males and females differ.201,202 As females make 

up approximately 49-51% of the human population, it is crucial to understand and 

establish relevant effects of disease and interventions (i.e., exercise) in both sexes. 

Additionally, the use of a global knockout animal model presents some difficulty in 

attributing outcomes to a single specific factor (i.e., Kvβ2). The present work would 

be greatly improved with the addition of either a tissue specific overexpression of 

Kvβ2 on the Kvβ2-/--background, or tissue specific overexpression of Kvβ1 to 

emulate the Kvβ2-/-. The second condition is one we have previously shown works, 

associated interactions of Kv:Kvβ1 increase, while Kv:Kvβ2 decreases. This 

impaired both vasodilation in response to L-lactate and decreased myocardial 

blood flow in response to increased cardiac work similar to results observed in 

Kvβ2-/- animals.37 Finally, the present study would have greatly benefited from the 

use of human subjects, and tissues. Researcher using animal models which may 

have evolved slight dissimilarities limit any direct comparison of results. Despite 

the existing moral and ethical questions around the use of both animal and human 

subjects in basic science research, it is important that we strive to further perfect 

our experimental models to better address the questions we are asking. Clinicians 

have shown that accurate echocardiographic measurements can reveal important 
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changes to cardiac function and myocardial perfusion.203 Though despite the 

importance of the use of human subjects for the translational benefits we are 

limited by moral, ethical and financial bounds.  
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APPENDIX A 
Pyridine nucleotide redox potential in coronary smooth muscle couples 

myocardial blood flow to cardiac metabolism.6 

Introduction 

Blood flow to the heart is tightly coupled with cardiac workload and oxygen 

consumption.45,169 Acute elevations of heart rate and myocardial contractile force, 

such as those that occur during a bout of strenuous physical activity, are associated 

with a higher rate of cardiomyocyte oxidative ATP production to support ion 

transport and sarcomeric function.17  Although oxygen extraction from the arterial 

blood supply is near maximal at rest, sustained metabolic activity of the heart 

during stress requires an instantaneous reduction of coronary resistance and the 

consequent enhancement of myocardial perfusion.204 Despite the importance of 

maintaining adequate myocardial oxygen delivery for the prevention of ischemic 

heart disease, molecular mechanisms that underlie the physiologic regulation of 

coronary blood flow remain poorly understood. 

Local metabolic control of coronary arterial tone occurs in part via complex 

intercellular signaling between active cardiomyocytes and intramyocardial 

6 This is a final version of an article published as 168. Dwenger MM, Raph SM, Reyzer ML, Lisa Manier M, 
Riggs DW, Wohl ZB, Ohanyan V, Mack G, Pucci T, Moore JBt, et al. Pyridine nucleotide redox potential in 
coronary smooth muscle couples myocardial blood flow to cardiac metabolism. Nat Commun. 
2022;13:2051. doi: 10.1038/s41467-022-29745-z 
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vasculature.50 In this process, multiple factors likely coalesce to directly or indirectly 

modify the activity of ion channels in the sarcolemma of coronary smooth muscle 

cells (i.e., coronary arterial myocytes).188 In particular, activation of redox-sensitive 

voltage-gated potassium channels (i.e., Kv1) in coronary arterial myocytes, upon 

increased myocardial oxygen demand, promotes rapid membrane 

hyperpolarization, reduced intracellular [Ca2+], and vasodilation.205 The native Kv1 

holo-channel structure consists of four transmembrane pore-forming subunits that 

interface with four intracellular Kvβ subunits.184,206 We previously observed that 

selective modifications to the Kvβ complex composition impact vasoreactivity and 

myocardial blood flow regulation; in particular, the loss of Kvβ2, or conversely the 

overabundance of Kvβ1.1 in vascular Kv1 channels results in suppression of 

metabolic vasodilatory function, and thereby disrupts the relationship between 

myocardial blood flow and cardiac workload.37 Nonetheless, cellular responses to 

metabolic stress in the coronary circulation that ultimately promote Kvβ-dependent 

stimulation of Kv1 activity are unknown. 

 The Kvβ proteins are functionally active aldo-keto reductases (AKRs) that 

bind pyridine nucleotides (i.e., NAD(P)(H)) with high affinity. These proteins 

differentially regulate Kv1 function in heterologous systems and native excitable 

cells.139,199,207,208 Accordingly, we tested the hypothesis that changes in myocardial 

oxygen consumption and demand modulate the redox ratio of pyridine nucleotides 

in arterial smooth muscle and thereby influence the regulatory mode of Kvβ 

proteins and Kv activity. Using a combination of in vivo and ex vivo approaches, 

we show that the intracellular NADH:NAD+ ratio in arterial smooth muscle is 
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sensitive to changes in cardiac workload. Varying the intracellular 

NAD(P)H:NAD(P)+ ratio to reflect enhanced myocardial metabolic demand 

potentiated Kv1 activity in a Kvβ2-dependent manner. Moreover, catalytic turnover 

of pyridine nucleotide cofactors by Kvβ2 was required for redox-sensitive 

modification of Kv1 function and vasoreactivity, and metabolic control of myocardial 

blood flow, underscoring the importance of Kvβ AKR enzymatic properties in 

cardiovascular physiology.   

Materials and Methods 

Animals and animal euthanasia:  All animal procedures were performed as 

approved by the Institutional Animal Care and Use Committees at the University of 

Louisville and Northeast Ohio Medical University. Genetically engineered mouse 

strains in which Kcnab1 or Kcnab2 genes were ablated (i.e., Kvβ1.1-/-, Kvβ2-/-, 

respectively)209,210 or in which tyrosine 90 of Kvβ2 was mutated to phenylalanine 

(Kvβ2Y90F)210 were used for this study. Strain-matched wild type mice (WT; 

C57BL6N for Kvβ1.1-/-, 129SvEv for Kvβ2-/-) were used as controls (indicated in 

figure legends). Due to the potential for confounding effects of estrogen on the 

functional expression of vascular K+ channels,205,211-213 only male mice (aged-3-6 

months) were used. All mice were bred in house and fed normal chow ad libitum. 

Mice were euthanized by sodium pentobarbital (150 mg/kg; i.p.) and thoracotomy, 

and tissues were excised immediately for ex vivo assessments as described below. 
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Human tissue: Deidentified human tissues, obtained through the Midwest 

Transplant Network, were kindly provided for this study by Dr. Tamer Mohamed 

(Division of Cardiovascular Medicine, University of Louisville). Branches of 

superficial and subepicardial left anterior descending coronary arteries were 

dissected from an excised heart (male, 52 yrs old; see Table S1) in ice-cold Ca2+-

free physiological saline solution consisting of (in mM): 140 NaCl, 5 KCl, 2 

MgCl2,10 HEPES, 10 glucose, pH 7.4. Arteries were enzymatically digested to 

isolate individual arterial myocytes as described below.  

 

Isolation of coronary arterial smooth muscle cells: Hearts were excised and 

immediately transferred to ice-cold physiological saline solution containing (in mM): 

134 NaCl, 6 KCl, 1 MgCl2, 2 CaCl2, 10 HEPES, and 7 glucose, pH 7.4. First and 

second-order branches of the left anterior descending coronary artery were 

manually dissected and smooth muscle cells were isolated as previously 

described.214 Briefly, arterial segments were incubated at 37°C in Ca2+-free 

physiological saline (composition described above), containing papain (1 mg/ml) 

and dithiothreitol (1 mg/ml) for 5 min with gentle agitation. Then, the solution was 

replaced with buffer containing trypsin inhibitor (1 mg/ml) and collagenase (type H, 

1 mg/ml) and incubated at 37°C for an additional 5 min with gentle agitation. For 

human tissues, arterial myocytes were digested in collagenase (type H, 3 mg/mL; 

Sigma Aldrich), elastase (1 mg/mL; Sigma Aldrich), and bovine serum albumin (10 

mg/mL; Sigma Aldrich) at 37°C for 30 min with gentle agitation. Digested tissues 
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were washed three times with ice-cold enzyme-free buffer. Cells were liberated by 

gentle trituration with a flame-polished glass pipette and kept on ice until use.  

 

Imaging Mass Spectrometry: Hearts from anesthetized (sodium pentobarbital, 150 

mg/kg, i.p.) mice that were acutely treated with dobutamine (10 mg/kg, i.p.) or 

vehicle (phosphate buffered saline; see Figure 1) were rapidly frozen with liquid 

N2 and immediately excised and stored at -80°C. Thin sections (12 µm) of fresh 

frozen mouse hearts were obtained from a cryostat (Leica CM 1900) and thaw-

mounted onto gold-coated stainless steel MALDI target plates. Serial sections were 

obtained for H&E staining on standard glass microscope slides. Four serial 

sections were obtained for each heart and used for imaging mass spectrometry 

(IMS). An automated sprayer (TM Sprayer, HTX Technologies) was used to apply 

the MALDI matrix to the tissues. 9-Aminoacridine (9AA, hydrochloride salt, Sigma-

Aldrich A38401) was prepared at 5 mg/ml in 90% methanol and sprayed at 0.12 

ml/min, 85°C, and 700 mm/min stage velocity. Eight passes were deposited at 3 

mm track spacing, alternating horizontal and vertical positions between passes. 

Metabolite images were acquired on a 9.4T FT-ICR mass spectrometer (Bruker 

Solarix, Bruker Daltonics) in negative ionization mode at 20 μm spatial resolution. 

Data were acquired in CASI mode, with Q1 isolating m/z 86 with a 6 amu window 

with a detected mass range of 72-350 amu. Images were visualized with 

FlexImaging software (Bruker). Regions of interest were selected to encompass 

the coronary wall and the surrounding tissue. Spectra were averaged for each 
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region of interest, and the intensities for signals corresponding to lactate (m/z 

89.0244) and pyruvate (m/z 87.0088) were exported. 

Smooth muscle and hiPSC-CM co-culture preparation and live-cell fluorescence 

imaging: Vascular smooth muscle cells were isolated using previously described 

methods shown to yield highly pure CD31/CD45/lineage marker-negative and α-

smooth muscle actin-positive cells.215 Thoracic and abdominal aortae were excised 

and placed in ice-cold Dulbecco’s Modified Eagle Media (DMEM) containing 

Fungizone™ (1:1000; Thermo Fisher Scientific). Vessels were cleaned of 

connective tissue, minced into 1 mm segments, and transferred to a sterile 15 ml 

tube and washed (3x) with cold Tyrode’s solution containing (in mM): 126 NaCl, 44 

KCl, 17 mM NaHCO3, 1 MgCl2, 10 Glucose, and 4 mM HEPES, pH 7.4. After 

washing, the solution was replaced with 1 ml of Tyrode’s solution containing 1 

mg/ml collagenase (Type 2, Worthington) and 20 μM CaCl2. The tissue was 

incubated with intermittent agitation (4-5 hrs, 37⁰C, 5% CO2), centrifuged at 300 x 

g, and resuspended in DMEM containing 10% fetal bovine serum and 1% penicillin 

streptomycin. The cells were plated in 35 mM Primaria™ plates (Corning) for 5 

days prior to use (P0-2) in imaging experiments.  

Human induced pluripotent stem cells (iPSCs; line #SCVI15; Joseph Wu 

Laboratory, Stanford University) were reprised from cryogenic storage and plated 

on Matrigel (Corning)-coated tissue culture grade dishes. The iPSCs were 

subsequently propagated in a feeder-free environment using StemFlex Medium 

(Thermo Fisher Scientific), replaced every two days, and maintained under 
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standard incubation conditions (37 ⁰C with 5% atmospheric CO2). When 

approaching 85% confluency, iPSCs underwent clump cell passaging using 

Versene dissociation agent (Thermo Fisher Scientific). Cells were then 

differentiated using the iPSC Cardiomyocyte Differentiation Kit (Thermo Fisher) 

following the manufacturer’s instructions. Briefly, at ~75-80% confluency, cells 

were stimulated to differentiate by the addition of pre-warmed Cardiomyocyte 

Differentiation Medium A (day 1). On differentiation day 3, medium was replaced 

with pre-warmed Cardiomyocyte Differentiation Medium B. At differentiation day 5, 

medium was replaced with pre-warmed Cardiomyocyte Maintenance Medium and 

replenished every other day until differentiation day 10. At this time, differentiated 

cells were subjected to metabolic selection using cardiomyocyte enrichment 

medium (48.1 mL of glucose-free RPMI 1640 Medium, 1.7 mL of Bovine Albumin 

Fraction V 7.5% w/v, 0.4 mL of 1M sodium lactate, and 0.13 mL of 250x ascorbic 

acid solution). This solution was then replaced every other day for 5 days, after 

which, cultures were replenished with kit-supplied Cardiomyocyte Maintenance 

Medium with replacement every other day until use.   

Plasmids for peredox-mCherry were obtained via Addgene (pcDNA3.1-

Peredox-mCherry, #32383) and Ad-peredox-mCherry adenovirus was generated 

by insertion to an adenoviral backbone (Type 5, dE1/E3; Vector Biolabs). After 

reaching 50-80% confluency, arterial myocytes were treated with Ad-peredox-

mCherry (6.4x107 PFUs, 50-100 MOI; 4 h at 37°C). During infection and thereafter, 

cells were maintained in antibiotic-free DMEM supplemented with 2% FBS. For 

arterial myocyte-iPSC-CM co-cultures, Ad-peredox-mCherry-treated (24 h) arterial 
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myocytes were seeded onto iPSC-CM monolayers, and the co-culture was 

maintained in DMEM supplemented with 5% FBS for 48 h prior to imaging.  

Calibration of peredox-mCherry fluorescence for quantification of cytosolic 

NADH:NAD+ was performed as previously described.216 Briefly, cells were 

perfused with a baseline extracellular solution consisting of (in mM): 121.5 NaCl, 2 

KCl, 25 NaHCO3, 1.25 NaH2PO2, 1 MgCl2, and 2 CaCl2 (pH 7.4, maintained by 

aeration with 5% CO2). Bath temperature was monitored throughout all 

experiments with a thermistor probe and maintained at 36.5-37.5°C. Green (ex 

405, em 525) and red (ex 560, em 630) fluorescence was monitored during 

sequential application (10-15 min each) of lactate:pyruvate at ratios of 500, 160, 

50, 20, and 6. At the end of each experiment, maximum and minimum green:red 

fluorescence was recorded in the presence of 10 mM lactate and 10 mM pyruvate, 

respectively. For experiments testing the effects of hypoxia and electrical 

stimulation of co-cultures, cells were bathed in DMEM/5% FBS in an enclosed 

stage-top incubation system (Warner Harvard Apparatus) to allow equilibration of 

the bath solution to controlled O2 levels (1-5%). Co-cultures and arterial myocytes 

alone (i.e., in the absence of iPSC-CMs) were electrically paced from 1-3 Hz using 

platinum electrodes connected to a MyoPacer field stimulator (IonOptix). 

Fluorescence images were acquired using a Keyence BZ-X800 epifluorescence 

imaging system in time-lapse mode with a 4X objective lens. Images were captured 

every 20 seconds in brightfield, green (T-sapphire), and red (mCherry) channels. 

Image series were converted to .avi files and analyzed using FIJI software (NIH).  
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Patch Clamp Electrophysiology: Coronary arterial myocytes were isolated from 

mice as described above. Outward K+ currents were recorded using the 

conventional whole-cell configuration of the patch clamp technique in voltage 

clamp mode of an Axopatch 200B amplifier (Axon Instruments). Borosilicate glass 

pipettes were pulled using a P-87 micropipette puller (Sutter Instruments) to a 

resistance of 5-7 MΩ and filled with a pipette solution containing (in mM): 87 K+-

aspartate, 20 KCl, 1 MgCl2, 5 Mg-ATP, 10 EGTA, 10 HEPES, pH 7.2. In some 

experiments, pyridine nucleotides were added into the internal solution. Cells were 

allowed to adhere to a glass coverslip in a 0.25 ml recording chamber (Warner 

Instruments) and were bathed in a solution containing (in mM): 134 NaCl, 6 KCl, 1 

MgCl2, 0.1 CaCl2, 10 Glucose, 10 HEPES. Series resistance was electronically 

compensated at ≥80%. Outward K+ currents were recorded during a series of 500 

msec step-wise depolarizations in 10 mV increments (-70 – +50 mV) from a holding 

potential of -70 mV. The voltage-dependence of activation was determined from 

tail currents elicited from repolarization to -40 mV. Voltage-dependence of 

inactivation was separately determined from a standard two-pulse voltage protocol 

in which cells were subjected to step-wise depolarizations (-100 – 50 mV) for 8 sec 

followed by 200 msec pulse to 50 mV.     

Single Kv channel activity was recorded using the inside-out configuration 

of the patch clamp technique with symmetrical bath/pipette K+ conditions. Glass 

pipettes (8-10 MΩ) were filled with a solution containing (in mM): 140 KCl, 1 

HEDTA, 10 HEPES, and 0.0001 iberiotoxin (pH 7.3 with KOH). The bath solution 

consisted of (in mM): 140 KCl, 1 HEDTA, 10 HEPES, and 0.001 glibenclamide. 
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Excised membrane patches were held at a constant potential and stochastic 

channel activity was recorded in gap-free mode at a sampling frequency of 10 kHz. 

All electrophysiological data were analyzed using Clampfit 10 software (Axon 

Instruments). Whole cell current densities are expressed as the peak currents at 

each 500 msec depolarizing voltage step normalized to cell capacitance (pA/pF). 

V0.5,act and V0.5,inact are the voltages at half-maximum normalized current (I/Imax) 

determined from fitting data with a Boltzmann function. For single channel analysis, 

open probabilities (nPo) were determined from recordings that had stable channel 

activity for at least two minutes. Values of nPo and amplitude were determined 

using the single-channel search function in Clampfit 10 software. 

Echocardiography: In vivo measurements of myocardial blood flow and cardiac 

function were performed as previously described.37,55 Briefly, mice were 

anesthetized with isoflurane (3% induction, 1-2% maintenance; supplemental O2 

delivered at 1 L/min) and placed on a controlled heating platform in the supine 

position. A small incision was made on the right side of the neck for placement of 

a jugular venous catheter (sterile PE-50 tubing, prefilled with heparinized saline; 

50 units/ml) to deliver contrast agent and drugs. For continuous monitoring of 

arterial blood pressure, a small incision was made on the hind limb and the femoral 

artery was isolated and cannulated with a 1.2 F pressure catheter (Transonic 

Systems), which was then advanced ~10 mm into the abdominal aorta. For 

myocardial contrast echocardiography (MCE), lipid-shelled microbubbles were 

prepared by sonication of decafluorobutane gas-saturated aqueous suspension of 
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distearoylphosphatidylcholine (2 mg/mL) and polyoxyethylene-40-stearate (1 

mg/mL), and intravenously infused at ~5 x 105 microbubbles/min. Imaging was 

performed using a Sequoia Acuson C512 imaging system (Siemens) with a high 

frequency linear array probe (15L8). A multi-pulse contrast specific pulse sequence 

was used to detect non-linear contrast signal at low mechanical index (MI = 0.18 – 

0.25) and data were acquired during (i.e., destruction) and following (replenishment 

phase) a short 1.9 MI pulse sequence to destruct microbubbles within the acoustic 

field. Measurements were performed at baseline, after administration of the 

autonomic ganglionic blocker hexamethonium (5 mg/kg, i.v.), and subsequently 

after consecutive infusions of norepinephrine (0.5 – 5.0 μg/kg/min; 3 min each 

followed by 5 min washout). Mice that did not complete all norepinephrine infusions 

were excluded from the study. All data analyses and calculations of myocardial 

perfusion were conducted offline. Lab Chart 8 software (AD Instruments) was used 

for pressure and heart rate measurements.  

For MCE, gain was adjusted to obtain images without myocardial signal in 

the absence of contrast agent infusion. Long axis images were acquired at a 

penetration depth of 2-2.5 cm. Images were analyzed to determine MBF by fitting 

intensity data from anterolateral regions of interest with an exponential function: y 

= A(1 – e-βt) where y is the signal intensity at time t, A is the signal intensity at 

plateau during the replenishment phase (reflects microvascular cross sectional 

volume) and β is the initial slope corresponding to the volume exchange 

frequency.173 Myocardial blood flow was estimated from 3-5 images per condition 

as the product of β x relative blood volume (RBV; myocardial to cavity signal 
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intensity).173,217 MCE analyses were conducted in a genotype/treatment-blinded 

fashion.  

Ex vivo arterial diameter measurements: Third and fourth order branches of the 

mesenteric arteries were dissected and kept in ice-cold isolation buffer consisting 

of (in mM): 134 NaCl, 6 KCl, 1 MgCl2, 2 CaCl2, 10 HEPES, 7 D-glucose, pH 

adjusted to 7.4 with NaOH. Arteries were cleaned of connective tissue and used 

for diameter measurements within 8 h of isolation. Vessels were cannulated in cold 

isolation buffer on flame polished glass micropipettes mounted in a linear alignment 

single vessel myograph chamber (Living Systems Instrumentation). After 

cannulation, the myography chamber was placed on an inverted microscope and 

arteries were equilibrated to temperature (37oC) and static intralumenal pressure 

(80 mmHg), maintained with a pressure servo control unit (Living Systems 

Instrumentation) under continuous superfusion (3-5 mL/min) of physiological saline 

solution (PSS) consisting of (in mM): 119 NaCl, 4.7 KCl, 1.2 KH2PO4, 1.2 MgCl2, 7 

D-glucose, 24 NaHCO3, and 2 CaCl2, maintained at pH 7.35-7.45 via aeration with 

5% CO2, 20% O2 (N2 balanced). Following equilibrium (45-60 min), intralumenal 

diameter was continuously monitored and recorded with a charge coupled device 

(CCD) camera and edge detection software (IonOptix). Experiments were 

performed to examine the effects of L-lactate (Sigma Aldrich) (5-20 mM) and H2O2

(0.1-10 μΜ) in arteries preconstricted with the synthetic thromboxane A2 analogue 

U46619 (100 nM; Tocris Bioscience). At the end of each experiment, the maximum 

passive diameter was measured in the presence of Ca2+-free PSS containing the 
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L-type Ca2+ channel inhibitor nifedipine (1uM) and adenylyl cyclase activator 

forskolin (0.5 uM) as described previously.214,218 Changes in diameter in response 

to L-lactate are expressed as the change from baseline (i.e., in the presence of 100 

nM U46619) normalized to the difference between baseline and maximum passive 

diameters measured for each vessel. 

 

In situ proximity ligation: Coronary arteries were enzymatically digested to isolate 

individual arterial myocytes, as described above, and allowed to adhere to glass 

microscope slides. After fixation with 4% paraformaldehyde (10 min, room 

temperature), cells were permeabilized with 0.1% triton-X100 and in situ proximity 

ligation was performed following manufacturer’s instructions. Briefly, non-specific 

antibody binding sites were blocked with the supplied blocking reagent and cells 

were labelled with primary antibodies against Kv1.5 (Neuromab, 75-011, 1:50), 

Kvβ1 (Abcam, Ab174508, 1:100), and Kvβ2 (Aviva Systems Biology, ARP37678-

t100, 1:100) overnight at 4°C. Cells were then treated with secondary 

oligonucleotide-conjugated probes, followed by ligation and rolling amplification by 

incubation with manufacturer-supplied ligase and polymerase, respectively. Sites 

of proximity were labelled with fluorophore (ex 554 nm, em 579 nm) and slides 

were mounted and sealed with coverslips. Brightfield and fluorescent images were 

captured using a 20x objective on a Keyence BZ-X800 All-in-One imaging system 

and fluorescent punctate sites and cell footprint area were quantified using FIJI 

software (NIH). 
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Western blot: Tissue lysates were obtained from mesenteric arteries (6-8 pooled 

segments of 3rd and 4th order branches) and homogenized in lysis buffer containing 

(in mM): 150 NaCl, 50 Tris-HCl, and 1 EDTA with 0.25% deoxycholic acid, 1% NP-

40, and Complete Mini protease inhibitor cocktail (Roche; per manufacturer’s 

instructions), pH 7.4. Tissue homogenates were sonicated on ice and centrifuged 

(10,000 xg, 10 min, 4°C). Supernatants were transferred to another tube and boiled 

with Laemmli sample buffer (10 min) and run on a Stain-free Mini-PROTEAN 4-

20% polyacrylamide gel (Bio-Rad). Total protein was assessed prior to transfer 

using a myECL imager (Thermo Fisher Scientific). Following transfer of proteins to 

polyvinylidene fluoride (PVDF), membranes were blocked for non-specific binding 

with 5% milk (wt/vol) in tris-buffered saline (TBS) and incubated (overnight, 4°C) in 

primary antibodies against Kvβ2 (Neuromab, 75-021, 1:400) or α-tubulin (Sigma 

Aldrich, T5168, 1:4000) in TBS containing 0.1% Tween-20 (TBSt). After washing 

with TBSt (5x, room temperature), membranes were incubated with horseradish 

peroxidase (HRP)-conjugated secondary antibodies (anti-mouse IgG, Cell 

Signaling, 7076S, 1:3000). HRP was then detected with Pierce ECL Plus Western 

Blotting Substrate (Thermo Fisher Scientific) and a myECL imager (Thermo Fisher 

Scientific). Densitometry was performed for immunoreactive bands using FIJI 

software (NIH). 

Statistical Analysis: Group data are presented as mean ± SEM, unless otherwise 

indicated. All data were analyzed with Prism 9 software (GraphPad Software) or 

SAS version 9.4 software (SAS Institute, Inc.). Normality was determined for 
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datasets by Shapiro-Wilk tests. Specific tests used to compare experimental 

groups are provided in figure legends. For normal data, unpaired or paired t tests 

were used to compare two groups and one-way ANOVA with post-hoc tests, as 

indicated, were used for multiple comparisons of three or more groups. Linear 

mixed models were used to test for interactions in time and genotype or treatment. 

For non-normal data, outcome variables were log-transformed for normality or 

nonparametric tests were used, as indicated. P<0.05 was considered statistically 

significant. 

Study approval: All animal procedures were conducted as approved by Institutional 

Animal Care and Use Committees at the University of Louisville and Northeast 

Ohio Medical University, in accordance with guidelines set by the National 

Institutes of Health.   
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RESULTS 

Cardiac workload-dependent changes in vascular pyridine nucleotide redox 

potential.  To test whether acute changes in cardiac workload and metabolic 

demand impact the redox state of the myocardium and coronary arterial wall in 

vivo, we used high spatial resolution imaging mass spectrometry (IMS) to visualize 

and compare relative levels of lactate and pyruvate in hearts of mice subjected to 

short-term (i.e., ~5 min) elevation of cardiac workload (high workload) with those 

from low workload control mice (see Figure 1A).219 The intracellular 

lactate:pyruvate ratio is a sensitive surrogate indicator of redox state of the pyridine 

nucleotide pair - NADH:NAD+ ; both ratios are highly sensitive to oxygen levels in 

tissues and rise dramatically during ischemia.220 Hence, we tested whether 

transient changes of myocardial O2 consumption caused by elevated workload 

modulate lactate:pyruvate in the heart and coronary vasculature. For this, we 

subjected mice to stress via administration of the β-adrenoceptor agonist 

dobutamine (10 mg/kg, i.p.) and hearts were frozen immediately (Figure 1B). 

Branches of the left anterior descending coronary arteries were identified in H&E-

stained sections as regions of interest for IMS measurements. Exemplary IMS 

images for lactate (m/z 89.024), pyruvate (m/z 87.009), and merged 

lactate:pyruvate, in hearts from low and high workload mice are shown in Figure 

1C. Comparison of signal intensities revealed significantly higher lactate:pyruvate 

in hearts from high workload mice relative to those in low workload mice both in 

the perivascular region and the coronary wall (Figure 1C, D). These data suggest 

that an acute increase in cardiac workload elevates the lactate:pyruvate ratio in the 
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intramyocardial vasculature, consistent with a rise in intracellular levels of NADH 

relative to NAD+. 

To determine directly whether the NADH:NAD+ ratio in arterial smooth 

muscle cells is sensitive to local cardiomyocyte contractile function, we monitored 

cytosolic NADH:NAD+ ratio using the genetically-encoded fluorescent biosensor 

peredox-mCherry (see Figure S1A).216 Consistent with previous reports, we 

observed a reduction in peredox-mCherry green:red fluorescence in the presence 

of decreasing external lactate:pyruvate in arterial myocytes (Figure S1). At 

baseline, the cytosolic NADH:NAD+ ratio estimated by this technique was 0.0027 

± 0.0001, which is consistent with previous estimates made in vascular smooth 

muscle of porcine carotid strips,186 and indicated that most of the nucleotide is in 

its oxidized form (NAD+). To examine whether the NADH:NAD+ ratio in arterial 

myocytes is affected by the metabolic activity of cardiomyocytes, we seeded 

isolated arterial myocytes expressing peredox-mCherry on two-dimensional 

monolayers of induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs; 

Figure 2A). After incorporation of peredox-mCherry-positive arterial myocytes into 

iPSC-CM monolayers (Figure 2B), we monitored NADH:NAD+ in arterial myocytes 

during step-wise increases in the frequency of electrical stimulation (1⎯3 Hz). 

Consistent with the redox modifications resulting from changes in cardiac workload 

seen in vivo (Figure 1), we observed a significant increase in arterial myocyte 

cytosolic NADH:NAD+ as the pacing frequency was increased (Figure 2C, D). 

These frequency-dependent changes in NADH:NAD+ were dependent on the 

presence of cardiomyocytes (frequency*group interaction, cardiac/arterial myocyte 
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vs. arterial myocytes alone,  p = 0.0007, Figure 2C, D). Electrical pacing of co-

cultures increased cytosolic NADH:NAD+ in arterial myocytes to a similar degree 

as a reduction in chamber O2 levels from 5 to 1% (Figure S2). Moreover, the 

significant elevation of arterial myocyte NADH:NAD+ was prevented by the general 

redox cycling agent 4-hydroxy TEMPO  (tempol; 1 mM; p = 0.1164, Figure S3), 

suggesting that this effect is at least partially dependent on cardiomyocyte-derived 

reactive oxygen species.221 To test the possibility that the changes in pyridine 

nucleotide ratios seen in vivo after β-adrenergic stimulation (Figure 1) were due to 

direct agonist effects in arterial myocytes, we tested whether activation of β-

adrenoceptors on arterial myocytes alters the cytosolic NADH:NAD+ ratio. 

However, application of the synthetic catecholamine isoproterenol modestly 

reduced (e.g., 0.0018 ± 0.0010 in presence of 1 μΜ isoproterenol vs. 0.0022 ± 

0.0001 at baseline), rather than enhanced, the NADH:NAD+ ratio (Figure S4). 

Taken together, these data suggest that inotropic and chronotropic stimulation of 

cardiomyocytes elevates NADH:NAD+ in adjacent arterial myocytes.    

 

Intracellular pyridine nucleotide redox states reflecting augmented O2 

demand increase coronary Kv1 activity. Coronary arterial myocyte Kv1 

channels are essential for proper metabolic hyperemia.37,55,177,181,187 Under native 

conditions, these channels are associated with ancillary Kvβ proteins, which bind 

pyridine nucleotides with high affinity.199,214 Based on results presented in Figures 

1 and 2, we tested whether covaried pyridine nucleotide levels in smooth muscle 

that simulate altered myocardial O2 demand could influence Kv1 activity. For this, 



168 

using the conventional whole-cell configuration of the patch clamp technique, we 

recorded voltage-dependent outward K+ currents after internal dialysis of cells with 

altered NAD(P)H:NAD(P)+ ratios, referred to hereafter as either “oxidized” or 

“reduced” nucleotide compositions (see Table S2 for concentrations and ratios). 

Under the applied patch conditions and nucleotide-free internal solution, the Kv1-

selective inhibitor psora-4 (500 nM) inhibited ~60% of the total outward K+ current 

recorded from isolated coronary arterial myocytes (Figure S5). As shown in Figure 

3A, the magnitude of IK recorded from coronary arterial myocytes perfused with 

reduced nucleotides was significantly higher than the current recorded from 

myocytes perfused with oxidized nucleotides (Figure 3A,B ⎯ i.). No significant 

differences in IK density were observed between groups when the recordings were 

performed in the presence of 500 nM psora-4 (Figure 3A,B ⎯ ii.). Exemplary psora-

4-sensitive IK and summarized current densities in the presence of either oxidized 

or reduced nucleotide ratios are shown in Figure 3A,B ⎯ iii. Reduced nucleotide 

conditions also promoted hyperpolarizing shifts in the voltage-sensitivity of 

activation and inactivation (V0.5,act and V0.5,inact, respectively; Figure 3C and Table 

S3). These data support the notion that the intracellular redox ratio of pyridine 

nucleotides is a critical regulator of Kv1 activity, and that pyridine nucleotides at 

levels expected under conditions of high O2 demand augment Kv1 current density.

In its native state, Kv1 associates with intracellular Kvβ, which is a key 

regulator of Kv1 gating. In the coronary vasculature, loss of the Kvβ2 subunit 

hampers coronary vasodilatory function and suppresses myocardial blood flow.37 
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In arterial myocytes, loss of Kvβ2 does not significantly impact basal IK density, but 

results in modest shifts in V0.5,act and V0.5,inact (Figure S6). However, deletion of 

Kvβ2 completely abolished the pyridine nucleotide sensitivity of Kv current. In 

contrast to effects observed in coronary arterial myocytes from wild type mice, no 

differences in IK density were observed between oxidized and reduced nucleotide 

conditions in cells from Kvβ2-/- mice (Figure 3D). In addition, the loss of Kvβ2 

proteins markedly altered the response in voltage-sensitivity to reduced 

nucleotides; whereas robust hyperpolarizing shifts in V0.5,act and V0.5,inact were 

observed in cells from wild type mice (Figure 3C), depolarizing shifts were 

observed in V0.5,act and V0.5,inact in arterial myocytes from Kvβ2-/- mice (Figure 3E 

and Table S3). Collectively, these data indicate that in coronary arterial myocytes, 

Kvβ2 imparts sensitivity of native Kv1 channels to pyridine nucleotide redox state.  

   

Direct potentiation of native coronary Kv1 channel activity by NADH. We next 

tested whether an elevation of NADH in the cytosolic compartment would affect the 

activity of native coronary Kv1 channels. To test this, we measured the open 

probability of single Kv channels using the inside-out patch configuration. Unitary 

current amplitudes recorded over a range of voltage in the presence of KATP and 

BKCa channel inhibitors (i.e., glibenclamide and iberiotoxin, respectively) showed 

similar conductance values between patches from freshly isolated coronary arterial 

myocytes and Cos-7 cells expressing Kv1.5 (Figure 4A, B). Moreover, single 

channel events with amplitudes similar to that reported for Kv1 channels (+40 

mV)140 were abolished by application of 500 nM psora-4 in the bath solution 
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(Figure 4C-D), further supporting that channel activity observed under the 

specified conditions is mediated by Kv1 channels. At a holding potential of -40 mV, 

application of 1 mM NADH in the bath resulted in an immediate increase in Kv1 

open probability (nPo, Figure 4E, F). In contrast, no change in nPo was observed 

in the presence of NAD+, suggesting that nucleotide-induced changes in Kv1 

activity are dependent on redox state. Similar responses in channel activity in 

response to 1 mM NADH were observed in excised membrane patches from 

human coronary arterial myocytes (Figure 4G). Note that using in situ proximity 

ligation to assess Kv1 subunit interactions as previously described, we found that 

freshly isolated human coronary arterial myocytes, like murine cells, express Kv1 

pore-forming subunits that interact with Kvβ1.1 and Kvβ2 proteins (Figure 

S7).37,208,214 Whereas the NADH-induced increase in open probability was 

unaffected by ablation of Kvβ1.1, this effect was abolished in coronary arterial 

myocyte membrane patches from mice lacking Kvβ2 (Figure 4H, I). Together, 

these results indicate that NADH directly increases the activity of native coronary 

Kv1 channels and that the regulation of Kv1 by NADH is attributed to the Kvβ2 

subunit. 

Redox control of Kv1 activity, vasodilation, and myocardial blood flow 

require intact enzymatic function of Kvβ2. Considering that myocardial 

metabolism modifies coronary arterial myocyte pyridine nucleotide redox state and 

that this regulates Kv1 activity via the Kvβ2 subunit, we next tested whether this 

mode of regulation involves Kvβ2-mediated catalysis. Previous work has shown 
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that the Kvβ2 protein possesses weak aldehyde reductase activity that depends 

on a tyrosine residue at position 90 (Y90) for hydride transfer during the reductive 

catalytic cycle.138,207 Therefore, to examine the role of Kvβ2-catalysis, we isolated 

arterial myocytes from mice in which the catalytic site tyrosine (Y90) of Kvβ2 is 

mutated to phenylalanine (Kvβ2Y90F). The abundance of Kvβ2 protein was not 

significantly different between arteries from Kvβ2Y90F mice compared with those 

from wild type mice (Figure S8). In contrast to the NADH-induced increases in 

single Kv1 channel activity in coronary arterial myocytes from wild type mice 

(Figure 4E, F), no significant change in nPo was observed upon application of 

NADH in coronary arterial myocytes from Kvβ2Y90F mice (Figure 5A, B). These 

observations suggest that catalytic turnover is essential for the redox regulation of 

Kv1 currents by Kvβ2. Next, we examined whether catalytic turnover is also 

required for redox-dependent vasoreactivity and regulation of myocardial blood 

flow in vivo. We previously reported that ablation of Kvβ2 suppresses redox-

dependent vasodilation induced by elevated external L-lactate.37 In agreement with 

these observations, we found that elevation of L-lactate caused vasodilation in 

arteries isolated from wild type mice; however, this effect was abolished in arteries 

from Kvβ2Y90F mice (Figure 5C), indicating that Kv1-mediated vasodilation in 

response to changes in intracellular pyridine nucleotides depends entirely upon the 

catalytic activity of Kv�2. Moreover, vasodilation upon application of H2O2 (0.1 – 

10 μM) was similarly abolished in arteries from Kvβ2Y90F mice (Figure 5D), 

consistent with the role for Kvβ2 catalytic function in the physiologic vascular 

response to endogenous ROS production. 
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Next, to investigate whether Kv1-mediated regulation of myocardial blood 

flow depends similarly on catalytically active Kvβ2, we examined blood flow across 

a range of cardiac workloads, as described previously.37,55 Intravenous infusion of 

norepinephrine led to similar increases in mean arterial pressure and heart rate in 

wild type and Kvβ2Y90F mice (Figure 5E). In wild type mice, increases in cardiac 

workload (double product of mean arterial pressure x heart rate) was accompanied 

by a proportional increase in myocardial blood flow (Figure 5F). Nonetheless, 

myocardial blood flow across the range of observed cardiac workloads was 

significantly suppressed in Kvβ2Y90F mice. The resultant suppression of blood flow 

upon loss of Kvβ2 catalytic function was comparable to that observed in mice 

lacking Kv1α subunits (i.e., Kv1.5 or Kv1.3) or Kvβ2. Collectively, these data 

indicate that pyridine nucleotide binding and catalytic cycling performed by Kvβ2 

mediates the upregulated Kv1 activity underlying physiologic vasodilation and 

enhanced perfusion of the heart during acute metabolic stress.   

Discussion      

The functional upregulation of voltage-gated K+ channels in the coronary 

vasculature mediates metabolic hyperemia in the heart, yet the molecular events 

underlying how these channels sense changes in myocardial metabolism to 

dynamically regulate coronary arterial tone are unknown. In this study, we show 

that cardiac workload-dependent modifications to the pyridine nucleotide redox 

potential of coronary arterial myocytes promote enhanced Kv1 activity and 

vasodilation via the auxiliary Kvβ subunit complex (Figure 6). Catecholamine-
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driven increases in cardiac work in vivo and high frequency stimulation of 

cardiomyocytes ex vivo increase the cytosolic NADH:NAD+ ratio of proximal arterial 

myocytes, consistent with this redox couple serving as a modifiable vascular 

indicator of myocardial oxygen demand. Elevated levels of reduced pyridine 

nucleotides in coronary arterial myocytes promoted increases in Kv1 current 

density; and reduced (i.e., NADH), but not oxidized (i.e., NAD+) nucleotides directly 

stimulated the activity of single native coronary Kv1 channels. Moreover, these 

effects were dependent on the presence of Kvβ2. Consistent with the concept that 

changes in pyridine nucleotide redox state and Kvβ2-mediated cofactor oxidation 

are required for nucleotide-sensitive upregulation of Kv1 activity, the ablation of 

Kvβ2 catalytic function abolished NADH-induced potentiation of Kv1 activity and 

vasodilation and suppressed myocardial blood flow.  

The mechanical workload of the heart and rates of myocardial oxygen 

consumption are relatively stable at rest, yet can increase dramatically in response 

to environmental or physiologic cues. Resting heart rates in humans normally falls 

between 50-85 beats per minute,222 although periods of extreme tachycardia can 

be sustained with rates up to 240 beats per min without lasting structural 

damage.223 Likewise, conscious mice have heart rates of 500-700 beats per minute 

and can be increased to as high as 840 beats per minute.224 Such large ranges of 

myocardial work among mammals are enabled by an intrinsic flexibility of 

myocardial metabolic activity. Under periods of stress, myocardial oxygen 

consumption can increase by as much as 10-fold relative to resting rates.44 

Nonetheless, sustaining a high metabolic rate during periods of stress requires 
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instantaneous and maintained increases in oxygen supply via arterial blood flow. 

Although extensive work has aimed to identify molecular processes regulating 

coronary perfusion as a function of cardiac metabolism, the underlying mechanism 

remains a fundamental enigma in cardiovascular physiology.44,225  

Resistance sized arteries and arterioles of the coronary circulation maintain 

a partially constricted state from which they can readily dilate in response to local 

metabolic signals. In the absence of microcirculatory dysfunction, myocardial 

perfusion can increase 4-5-fold via reduced vascular resistance under conditions 

of high metabolic demand such as strenuous physical activity. For the heart to 

match oxygen supply to consumption, the coronary resistance arteries and 

arterioles modify their degree of tone in an orchestrated manner, by independently 

responding to metabolic, hemodynamic, and neurohumoral  signals.45 In particular, 

the sensing of changes in local tissue metabolism by arterioles directly controls the 

perfusion of the low-resistance coronary capillary bed.226 Previous work has shown 

that small arterioles regulate their diameter in response to changes in local shear 

stress (flow-mediated dilation), which depends upon endothelium-derived nitric 

oxide, particularly in smaller arteries.227-229 While there is currently no consensus, 

it is thought that coronary vascular resistance is dynamically regulated by the 

integration of local physical forces (pressure and flow), neurohumoral modulation, 

and exposure to vasodilator metabolites such as adenosine, pO2, and pH. How 

these various factors influence the function of key effector pathways known to 

modulate coronary arterial myocyte function and vascular tone such as voltage-

gated K+ channels is unknown. The findings presented here provide evidence that 
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the capacity of vascular Kvβ proteins to sense pyridine nucleotide redox state and 

differentially control Kv1 activity is a missing link in the processes that couple 

myocardial metabolism with coronary arterial diameter and blood flow.  

Several lines of evidence described above support a crucial role of the 

pyridine nucleotide sensing by Kvβ as a central event in the regulation of coronary 

blood flow. Previous work has shown that pharmacological inhibitors of Kv1 

channels (4-aminopyridine, correolide) or genetic deletion of specific pore proteins 

that assemble as heteromeric Kv1 channels (Kv1.5, Kv1.3) dissociate changes in 

blood flow from metabolism, resulting in ischemia and cardiac pump 

dysfunction.55,181,230 We have also reported that this behavior of Kv1 members 

depends upon their association with the intracellular auxiliary subunits – Kvβ, such 

that Kvβ2 promotes and Kvβ1 inhibits oxygen-dependent vasodilation.37 

Nevertheless, the mechanism by which Kvβ2 confers oxygen-sensitivity to vascular 

Kv1 channels has remained unclear. Although these channels consist of several 

auxiliary subunits,214 the Kvβ subunits have a unique structure which allows high 

affinity binding to pyridine nucleotides207 and low-rate catalysis of carbonyl 

substrates.138 Because binding of Kvβ alters Kv gating,140 changes in pyridine 

coenzymes in arterial myocytes in response to changes in pO2 could in principle 

regulate Kv1 activity via interacting Kvβ proteins. Indeed, as reported in this study, 

we found that elevated tissue demand for oxygen increases the NADH:NAD+ ratio 

in arterial myocytes and that the ratios of pyridine nucleotides achieved at low pO2 

augment Kv1 activity. Most cells maintain a low NADH:NAD+ ratio under aerobic 

conditions. However, even marginal decreases in O2 availability reduce the rate of 
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oxidative phosphorylation and can lead to the accumulation of NAD in its reduced 

form – i.e., NADH. This change in the redox state of the NADH/NAD+ couple is 

closely reflected in the lactate:pyruvate ratio, which is determined in part by the 

activity of lactate dehydrogenase operating near equilibrium conditions.219,231,232 

Aside from changes in O2 availability, altered NADH:NAD+ induced by diffusible 

metabolites such as ROS or extracellular lactate results in vasodilation and this 

functional response is critically dependent on the expression and catalytic function 

of Kvβ2 (Figure 5 and 37). Loss of lactate-induced vasodilation in arteries from Kvβ-

null animals indicates that the Kvβ complex itself, rather than the pore domain, 

impart pyridine nucleotide redox sensitivity to native vascular Kv1 channels. 

Moreover, our observation that the activity of Kv channels in coronary arteries is 

regulated directly by NADH:NAD+ in proportion to ratios expected under low and 

high oxygen tensions, and that regulation is abolished by the loss of Kvβ2, provide 

compelling evidence of the unique redox sensitivity of the Kv1-Kvβ2 complex and 

its specific dependence on intracellular pyridine nucleotide redox state.  

It is noteworthy that the effects of reduced pyridine nucleotides (i.e., NADH) 

on Kv1 activity extends to the coronary circulation of humans. Indeed, like in 

coronary arterial myocytes of mice, Kvβ proteins are abundant and associate with 

Kvα pore proteins in human coronary arteries (see Figure S7 and 185). In large 

animals and small rodent models, voltage-gated K+ channels have been identified 

as a key effector that establishes the relationship between myocardial oxygen 

consumption and perfusion; however, other redox sensitive cation channels (e.g., 

KATP, BKCa)183 may be influenced by altered pyridine nucleotide levels to impact 
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either basal vascular tone, or vasoactive responses to metabolic stimuli. Moreover, 

it is also unclear whether the mechanism reported here extends to vascular beds 

outside of the heart. Our previous work indicates that Kvβ proteins are expressed 

and functional in small arteries and arterioles of peripheral tissues (e.g., mesenteric 

vessels).37 Nonetheless, we speculate that organ-specific differences in tissue 

metabolism (e.g., basal and stress-related O2 consumption) and associated 

metabolite generation may differentially impact smooth muscle pyridine nucleotide 

redox state, which our current study suggests is a key determinant of Kvβ function 

in the coronary vasculature. Additionally, the compositions of heteromeric Kvα:β 

complexes may be unique to a particular vascular bed to enable distinct functional 

responsiveness of Kv channels to changes in the local tissue environment. 

Our observations are consistent with prior findings suggesting a role for 

reactive oxygen species signaling in regulating Kv activity in the coronary 

vasculature.167,185,188 Specifically, elevated myocardial oxygen consumption is 

associated with increases in the levels of tissue hydrogen peroxide, a potent 

vasodilator that has effects on smooth muscle K+ channels.188 Our data showing 

that the antioxidant tempol prevents frequency-dependent elevation of 

NADH:NAD+ in arterial myocytes is consistent with past reports suggesting that 

hydrogen peroxide and other forms of oxidative stress can acutely modify pyridine 

nucleotide redox ratios,127,189,233 which we show directly influences Kv activity. It is 

likewise plausible that oxidant-induced effects on Kv function may result from 

increased NADPH-oxidase activity or direct channel modifications (e.g., cysteine 

oxidation). Nonetheless, our current data indicate that the binding of reduced 



178 

 

 

nucleotides to the Kv1 auxiliary subunit complex, presumably in the absence of 

these oxidative modifications, is sufficient to drive marked changes in Kv1 open 

probability. Furthermore, ablation of Kvβ2 catalytic function abolished NADH-

evoked increases in channel activity and blunted vasodilation to both lactate and 

hydrogen peroxide, suggesting that Kvβ AKR function is central to the mechanism 

underlying the actions these physiological vasodilators. Based on these findings, 

we propose that changes in the levels of reduced nucleotides upon increased 

oxygen consumption enables direct stimulation of channel activity that is rapidly 

reversed upon catalytic cycling when nucleotide redox state returns to baseline. 

This mechanism is akin to that recently proposed in the excitability of Drosophila 

dorsal fan-shaped body neurons, in which ROS accumulation and the conversion 

of NADPH to NADP+ by Hyperkinetic (orthologue of mammalian Kvβ), underlies 

slow A-type current inactivation, action potential frequency enhancement, and the 

induction of sleep.182 That a similar mechanism may be operative with respect to 

blood flow regulation in vivo is supported by evidence showing that acute increases 

in cardiac workload promotes the accumulation of the lactate:pyruvate ratio in the 

intramyocardial vasculature. Although we could not directly measure NADH:NAD+ 

ratio in vivo, the use of lactate:pyruvate ratio as a surrogate of pyridine nucleotide 

redox state is based on the tight coupled relationship between lactate:pyruvate and 

NADH:NAD+ ratios amply demonstrated in previous studies.219,231 Thus, it is 

plausible that under conditions of increased workload, increased oxygen 

consumption and demand alters coronary arterial myocyte redox state in favor of 

reduced NADH:NAD+.   
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Despite strong evidence supporting this model, the specific processes 

underlying the workload-dependent effects on Kvβ function remain unclear. 

Perhaps the most intriguing finding of our study is the dependence of nucleotide 

sensing on the catalytic activity of Kvβ. In other aldo-keto reductases, the apo-

protein can bind to pyridine nucleotides in the absence of substrate and the 

nucleotide is released only after its oxidation; the release of the nucleotide is 

usually the rate-limiting step in the catalytic cycle.234 A similar kinetic mechanism 

may be operating in Kvβ,138 which seems to be able to bind to nucleotides in the 

absence of any substrate.207 However, for it to impact Kv gating, the cofactor must 

remain bound to the protein or undergo oxidation. Our observation that the 

regulation of Kv by Kvβ2 is abolished when the protein is catalytically incompetent 

favors the latter possibility – i.e., catalytic turnover of the protein is essential for the 

continued regulation of Kv gating under native conditions. Although this study did 

not aim to identify the in vivo substrates of Kvβ catalysis, our previous work 

suggests that lipid-derived aldehydes may be potential candidates for such 

regulation.138,156 Further investigations are required to identify the substrate(s) that 

support Kvβ catalysis and thereby regulate Kv activity and vasodilation under 

conditions of varied myocardial oxygen demand. Nevertheless, our current 

observations offer the first example of a physiologic role for metabolic regulation of 

an ion channel by direct catalytic activity of its subsidiary subunit. Our findings 

therefore constitute a new paradigm for cellular oxygen sensing that may be an 

essential component of cardiovascular function in health and disease. 
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Figures with Legends 

Figure 1: Increased myocardial workload promotes local elevation of lactate:pyruvate ratio in 

the coronary arterial wall. (A) Schematic showing protocol for induction of acute 

cardiac stress prior to collection of tissues for MALDI-MS imaging. To induce high 

cardiac work, anesthetized mice with stable heart rates of 400-450 bpm were 

treated with dobutamine (db; 10 mg/kg, i.p.). Heart rate was continuously 

monitored, and hearts were rapidly cryopreserved in the thoracic cavity and 

excised after 2-3 minutes of stabilized heart rate responses to either db or PBS 
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(vehicle). (B) Symbol plot showing exemplary heart rates recorded every 30 

seconds before (i.e., during induction and stabilization of anesthesia) and after 

administration of either db (10 mg/kg; i.p.) or PBS. (C) Images of left ventricular 

intramyocardial coronary arteries in H & E-stained heart sections and 

corresponding intensity-coded MALDI-MS images showing lactate (Lac) and 

pyruvate (Pyr) relative to background signals in hearts from low and high cardiac 

work mice. x-y resolution: ~20 μm. Insets show magnified region of interest at 

coronary arterial wall. Scale bars represent 200 μm. (D) Box and whiskers plots 

showing lactate:pyruvate ratios in perivascular myocardium (region of interest 

within ~250 μm from coronary wall; top) and coronary wall (bottom) in hearts of low 

and high cardiac work mice. (low cardiac work: n = 16 technical replicates, 4 mice, 

high cardiac work group: n = 8 technical replicates, 2 mice), perivascular, **p < 

0.0001, coronary, **p = 0.0003 (unpaired t test).     
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Figure 2: Arterial myocyte NADH:NAD+ is sensitive to changes in proximal cardiomyocyte 
beating frequency. (A) Schematic illustration depicting the preparation of arterial 
myocyte/induced pluripotent stem cell-derived cardiomyocyte (iPSC-CM) co-cultures. Primary 
aortic vascular smooth muscle cells (passage 0-2) were treated with adenovirus to express the 
NADH:NAD+-sensitive fluorescent biosensor peredox-mCherry (i.). Arterial myocytes were then 
seeded and allowed to integrate (48 hr) onto a two-dimensional monolayer of iPSC-CMs (ii.). 
Imaging was performed on either arterial/cardiac co-cultured myocytes or arterial myocytes 
alone during electrical stimulation (1–3 Hz; iii.) while monitoring peredox-mCherry green:red 
fluorescence. (B) Exemplary brightfield and fluorescence images showing red (mCherry) and 
green (T-sapphire) fluorescence of peredox-mCherry expressing arterial myocytes in the 
presence of non-fluorescent cardiac myocytes in an arterial + cardiac myocyte co-culture. Scale 
bars represent 100 μm. (C) Exemplary time series of arterial myocyte NADH:NAD+ in either an 
arterial/cardiac myocyte co-culture (green trace) or arterial myocytes alone ( – cardiac 
myocytes; black trace) at baseline (0 Hz) and during electrical stimulation (1–3 Hz). (D) Box and 
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whiskers plots summarizing fold-change in NADH:NAD+ in arterial myocytes in arterial/cardiac 
myocyte co-cultures or arterial myocytes alone. Αrterial/cardiac myocytes, n = 50 cells from 5 
independent experiments, 2 vs. 1 Hz, *p = 0.0047; 3 vs. 1 Hz, *p = 0.0012; Arterial myocytes 
only, n = 52 cells from 6 independent experiments, 2 vs. 1 Hz, *p = 0.0029; 3 vs. 1 Hz, *p = 
0.6574 (Linear mixed models, log-transformed NADH:NAD+).  
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Figure 3: Modulation of coronary arterial myocyte IKv upon changes in intracellular pyridine 

nucleotide redox potential. Isolated coronary arterial myocytes were dialyzed with 

pyridine nucleotides at concentrations as indicated in Table S2 for voltage-clamp 

recordings in the conventional whole cell configuration. (A-B) Representative 

outward K+ currents (A) and IK densities (pA/pF; B) recorded in coronary arterial 

myocytes from wild type mice (129SvEv) in the presence of either oxidized or 

reduced pyridine nucleotide redox ratios. Recordings were performed in the 

absence (i.) and presence (ii.) of the Kv1 channel inhibitor psora-4 (500 nM). 

Representative psora-4-sensitive currents (i.e., total outward IK  – psora-insensitive 

IK) and summarized densities are shown in iii. panels. n = 5-6 cells, 4-5 mice for 

each. *P<0.001, oxidized vs. reduced (mixed effects analysis). (C) Summarized 

I/Imax from two-pulse activation voltage protocol (i.) and inactivation protocol (ii.) 

for coronary arterial myocytes from wild type mice in the presence of oxidized or 

reduced pyridine nucleotide ratios. Curves were fit with a Boltzmann function; V-

0.5,act and V0.5,inact are provided in Table S3. n = 5-6 cells, 4-5 mice for each. (D) 

Representative total outward IK and summarized IK density, as in A, recorded in 

coronary arterial myocytes from Kvβ2-/- mice in the presence of either oxidized or 

reduced pyridine nucleotide ratios. n = 8-9 cells, 5 mice for each. (E) Plots showing 

summarized I/Imax with Boltzmann fittings, as in D, recorded from coronary arterial 

myocytes from Kvβ2-/- mice. V0.5,act and V0.5,inact for each condition are provided in 

Table S3. n = 5-7 cells, 4-5 mice for each.   
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Figure 4: Potentiation of native coronary Kv1 activity by NADH requires Kvβ2. (A-B) Unitary 

K+ channel currents (-80-80 mV as indicated, left) and summarized I-V 

relationships (right) from inside-out patch recordings from isolated coronary arterial 

myocytes (wild type 129SvEv, A) or Cos-7 cells transiently expressing Kv1.5 (B). 

A, n = 9 cells; B, n = 4 cells (C) Single K+ channel activity in patches from coronary 

arterial myocytes at a holding potential of +40 mV in the absence and presence of 
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psora-4 (500 nM). (D) Summary of K+ channel open probabilities (nPo) recorded in 

the absence and presence of 500 nM psora-4. n = 6 cells, *P<0.05 (paired t-test). 

(E) Representative single Kv current recordings (holding potential = -40 mV) in the 

absence (ct) and presence of 1 mM NADH (top) or 1 mM NAD+ (bottom). (F) 

Summary of Kv channel nPo recorded before (ct) and after bath application of 1 

mM NADH or NAD+. **P<0.01 (paired t-test). (G) Single Kv channel currents 

recorded from freshly isolated human coronary arterial myocyte membrane 

patches before and after application of 1 mM NADH. nPo values for each condition 

are provided above each set of example traces. Data are representative of 4 

independent experiments (one donor). (H) Inside-out patch recordings in coronary 

arterial myocyte membrane patches from Kvβ1.1-/- or Kvβ2-/- mice before and after 

application of 1 mM NADH. (I) Summary of fold-change in nPo (NADH:ct) in 

patches from wild type, Kvβ1.1-/-, and Kvβ2-/- mice. *P<0.01 (Kruskal-Wallis test).  
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Figure 5: Loss of Kvβ2 catalytic function prevents redox-mediated increases in Kv1 activity and 

vasodilation, and suppresses MBF. (A) Inside-out recordings of Kv1 activity in 

membrane patches from Kvβ2Y90F mice before and after application of 1 mM 

NADH. (B) Summary of Kv1 open probabilities (nPo) in membrane patches form 

Kvβ2Y90F mice before and after application of 1 mM NADH. n = 6 cells from 3 mice; 

ns: P≥0.05 (Wilcoxon matched-pairs signed rank test). (C) Representative arterial 

diameter recordings in arteries from wild type (129SvEv) and Kvβ2Y90F mice in the 

absence and presence of L-lactate (5-20 mM) in the perfusate (i.); and, summary 
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of percent change in diameter in response to L-lactate (5-20 mM) relative to 

baseline (⎯ L-lactate, ii.). ***P<0.001 (two-way repeated measures ANOVA). (D) 

Representative arterial diameter recordings in arteries from wild type (129SvEv) 

and Kvβ2Y90F mice in the absence and presence of H2O2 (0.1-10 μM) in the 

perfusate (i.); and, summary of percent change in diameter in response to H2O2 

(0.1-10 μM) relative to baseline (⎯ Η2Ο2, ii.). ***P<0.001 (two-way repeated 

measures ANOVA). (E) Summary of mean arterial pressure (MAP) and heart rate 

(HR) in wild type and Kvβ2Y90F mice during intravenous norepinephrine infusion (0-

5 μg/kg/min).  n = 4 each, ns: P≥0.05 (two-way repeated measures ANOVA). (F) 

Summary of relationships between MBF (ml/min/g) cardiac work (pressure rate 

product; bpm x mmHg) in wild type (wt; 129SvEv) versus Kvβ2Y90Fmice. **P<0.01, 

slope wt vs. Kvβ2Y90F, n = 4-6 mice, (linear regression). 
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Figure 6: Oxygen demand-sensitive coronary arterial myocyte NADH:NAD+ links blood flow to 

myocardial metabolism via Kvβ2 catalytic function. Schematic representation showing 

proposed model of myocardial blood flow regulation via coronary pyridine 

nucleotide redox potential. Increases in myocardial oxygen consumption and 

cardiac workload promote the rapid elevation of intracellular NADH:NAD+ in arterial 

myocytes in the wall of intramyocardial coronary arteries. This change in redox 

balance modulates the voltage-sensitivity of Kv1 gating via binding and enzymatic 

oxidation of NADH by Kv-associated Kvβ2 proteins. Resultant enhancement of 

steady-state K+ efflux leads to membrane potential (VM) hyperpolarization, 

reduction in intracellular [Ca2+]I, arterial myocyte relaxation, and vasodilation, thus 

increasing blood flow. Created with BioRender.com.  
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APPENDIX B 
Diversification of potassium currents in excitable cells via Kvβ proteins7 

1. Introduction

Numerous physiological processes rely on coordinated cellular ionic 

currents me- diated by transmembrane ion channels. Tight regulation of K+ 

currents is critical for excitable cell functionality as the efflux of K+ along its 

electrochemical gradient is a primary means of cellular repolarization and 

maintenance of the resting membrane potential. Major classes of K+ channels that 

mediate this current include the two-transmembrane helix inwardly rectifying 

potassium channels (Kir), four-transmembrane tandem pore domain potassium 

channels (K2P), and six-transmembrane helix voltage-dependent potassium 

channels. These broader families are further divided into subfamilies; for example, 

Kir-related KATP potassium channels, voltage-gated (Kv) K+ channels, and 

voltage-sensitive Ca2+-activated (KCa) potassium channels [1,2]. In complex 

organisms, the extensive diversity of potassium channel subtypes enables 

refinement of the K+ current morphology and membrane excitability in the context 

of cell-specific functionalities and persistently changing physiological conditions. 

7 This work was published as the following reference 132. Dwenger MM, Raph SM, Baba SP, Moore 
JBt, Nystoriak MA. Diversification of Potassium Currents in Excitable Cells via Kvbeta Proteins. Cells. 
2022;11. doi: 10.3390/cells11142230 
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Voltage-gated K+ channels are widely expressed among excitable cells and 

participate in the control of membrane excitability in neurons, cardiomyocytes, and 

vascular smooth muscle, as well as other cell types. Unlike other voltage-gated ion 

channels (e.g., Nav, Cav), the Kv pore-forming complex is comprised of four 

distinct subunits (Kvα) that form the voltage-sensing, gating, and selectivity 

domains [3–5]. Kvα pore proteins are associated with several classes of 

cytoplasmic protein complexes that regulate subcellular localization and gating 

kinetics [4,6]. Kvβ proteins, which are predominantly associated with the Kv1 and 

Kv4 families, are functional aldo–keto reductases (AKRs) that catalyze the 

NAD(P)H-dependent reduction of carbonyl substrates to primary and secondary 

alco- hols [6]. Intriguingly, Kvβ AKR activity has been shown to regulate channel 

trafficking and gating [7,8]. Thus, the enzymatic properties of these associated 

proteins could conceivably couple membrane excitability to cell metabolism or vice 

versa. That is, Kvβ may regulate membrane potential according to the metabolic 

state of the cell or, alternatively, changes in membrane potential and channel 

gating may modify the local pyridine nucleotide redox potential and contribute to 

long-term remodeling processes [4]. 

Prior examination of cloned Kv subunits in heterologous systems has 

revealed important regulatory functions of Kvβ proteins. Building upon this 

foundation, more recent research has indicated key physiological roles for native 

Kvβ proteins in vivo [9–11]. Accordingly, in this review, we delineated the current 

knowledge of the roles for Kvβ proteins in regulating Kv currents and membrane 

excitability in the nervous and cardiovascular systems. Considering that Kvβ 
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proteins are associated with Kv1 and Kv4 channels, we focused our discussion on 

these channels. We also identified the knowledge gaps related to the complex 

physiological implications of cell-specific integration of distinct Kvα and β proteins 

and adaptive remodeling of heteromultimeric channel complexes. 

2. Structural Determinants of the Kv Function 

Intense investigation of Kv channels was inspired by early serendipitous 

observations of the shaking leg phenotype in mutant Drosophila melanogaster that 

were associated with aberrant K+ conductance and synaptic transmission [12–14]. 

The so-called Shaker locus was shown to underlie “A-type” outward K+ currents 

[15,16] mediated by a diverse array of N- and C-terminal channel splice variants 

[17–20]. The Shaker variants were identified as one of several channel subfamilies 

that also consists of the Shab, Shaw, and Shal proteins [21–23] corresponding to 

Kv1, Kv2, Kv3, and Kv4 vertebrate homologs, respectively [24–28]. Crude 

structural models of Kv multiprotein complexes were predicted via 

electrophysiological studies using various toxins; dendrotoxin was found to bind 

channels consisting of two discrete proteins with molecular masses of ~65 and 37 

kDa [29,30]. Further sedimentation and electrophysiological analyses of toxin-

bound proteins suggested an α4/β4 octameric assembly [31,32] which was later 

confirmed by X-ray crystallography [4] (Figure 1). Each Kvα protein within the pore 

tetramer consists of the voltage-sensing apparatus and the activation gate which 

transitions to the open state upon membrane depolarization to permit K+ 

conductance [4,33,34]. As channel activation proceeds, the selectivity filter slowly 

changes the conformation, returning the channel to an inactivated state (i.e., C-
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type inactivation) [35,36]. Conversely, some Kv subtypes exhibit rapid channel 

inactivation via a “ball-and-chain” mechanism, in which an N-terminal peptide from 

either the α or β subunit occludes the channel pore [37,38]. 

Figure 1. Kv1 α4β4 complex structure. (A) Sideview of the Kv1 holochannel 

structure showing interaction between the pore-forming α tetramer (green) and the 

intracellular Kvβ tetramer (blue). The intracellular T1 domain of the α subunits 

serves as a docking platform for the Kvβ subunits. (B,C) Top-down (B) and bottom-

up (C) views of the structure shown in (A). Distinct peptides are shown with 

differential shading. Adapted with the Pymol software using protein database ID 

7EJ1. 

Whereas the Kvα N-terminus underlies rapid channel inactivation, this segment 

also forms an intracellular docking platform for physical interactions with Kvβ 

proteins. The N-terminal domains of each α subunit assemble to form the T1 
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structure, a hanging gondola-like feature that protrudes into the cytoplasm and 

interacts with the β complex (see Figure 1) [4,39–41]. Each of the four β subunits 

binds to N-terminal loops on the cytoplasmic face of the T1 tetramer [39]. These 

loops are unique to the Kv1 and Kv4 subfamilies and, accordingly, Kvβ subunits 

have only been shown to be associated with these channels [39]. Similar to the α 

complex, the tetrameric β assembly has fourfold symmetry, with each β subunit 

interacting with another in a side-to-end conformation [42]. This arrangement 

creates a β4 structure with a flat surface facing the membrane, promoting a stable 

interaction with the T1 domain [39,42]. Each β subunit consists of a 

triosephosphate isomerase (TIM) barrel composed of eight parallel β strands with 

intervening α helical sequences surrounding the perimeter [42]. Three mammalian 

genes encode Kvβ proteins (i.e., Kvβ1–3), each with conserved C-terminal regions 

and variable N-termini [38,43]. Generally, β1 and β3 proteins have longer N-

terminal segments encoding inactivation peptides relative to β2 variants, which 

lack this structural motif [38,44]. Thus, the diversity of N-terminal peptide 

functionality among the Kvβ gene products may underlie their disparate regulatory 

roles, as discussed below [6]. 

Heterologous co-expression studies indicate that the Kvβ complex 

influences channel function. Generally, the assembly of Kv1 and Kv4 pore proteins 

with Kvβ increases whole- cell Kv current density and modifies voltage sensitivity. 

[6]. For example, co-expression of Kvβ proteins with Kv1.5 produced 

hyperpolarizing shifts in V0.5,act [45]. Likewise, heteromeric Kvβ complexes can 

accelerate N-type inactivation or impart rapid N-type inactivation to otherwise non-
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inactivating pore complexes [6]. Depending on channel composition, these effects 

are mediated by N-terminal peptides within the Kvβ complex, the Kvα pore region, 

or both. 

While co-expression studies have collectively indicated the potential for a 

vast array of mosaic Kvα/β assemblies, heteromerization is not entirely stochastic 

among all Kv subunits as only α and β splice variants of specific subfamilies can 

be associated with each other [23,46–49]. An exception to this subfamily specificity 

is the observation that “electrically silent” subfamilies (e.g., Kv9) require 

heteromerization with specific Kvα proteins for functional expression [50]. 

Structural determinants, such as the N-terminal docking site for the β subunit 

complex, restrict interactions between subunit subtypes [49,51–55]. Nonetheless, 

the molecular diversity garnered by heteromeric complex formation within 

subfamilies (see Figure 2) may be critical for precise control of membrane 

excitability in a manner that accommodates cell-specific processes. Moreover, the 

capability of Kv families to form heteromers with distinct functional profiles may 

enable adaptations in excitability in response to diverse environmental signals as 

discussed throughout the following sections. 
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Figure 2. Molecular diversity of Kv1 complexes. Potential interacting subunits are 

show for Kv1α (top) and Kvβ (bottom) tetrameric structures. Gene names and 

corresponding proteins are listed. Known splice variants for Kvβ proteins are listed 

for each Kvβ in parentheses. 

3. Enzymatic Properties and Regulatory Roles of Kvβ Proteins

Following their discovery, Kvβ proteins were found to have significant 

sequence homology with AKRs [56]. Indeed, it was later shown that Kvβ proteins 

catalyze the reduction of a range of carbonyl substrates via hydride transfer from 

NAD(P)H [57]. Thus, these findings led to the intriguing hypothesis that Kvβ 

proteins represent a molecular link between cellular redox state and membrane 

potential regulation. Similarly to other AKRs, Kvβ proteins are equipped with a C-

terminal catalytic active site and a pyridine nucleotide cofactor-binding pocket [42]. 

Consistent with high-affinity cofactor binding, NADP+ remains bound via 

noncovalent interactions even after extensive washing of purified protein [42,58]. 

The active site conformation promotes ternary complex formation between the 

active site, the pyridine nucleotide cofactor, and the carbonyl substrate [59]. With 

this positioning, the catalytic tyrosine residue forms a hydrogen bond with the 

substrate and facilitates hydride transfer from the pyridine nucleotide cofactor to 

the carbonyl group [59]. Nonetheless, the catalytic rate for purified protein is slower 

than for other AKRs due to rate-limiting hydride transfer and cofactor release 

[7,59,60]. The active site binds pyridine nucleotides with and without a phosphate 

group [58], yet the predominant nucleotide used in vivo is unclear. Prior work has 
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suggested that Kvβ2 specifically uses NADPH, since substituting NADH for 

NADPH under otherwise identical conditions results in the loss of cofactor 

oxidation [7,59]. However, this discrepancy may be due to differences in binding 

affinities (Kd,NADPH < Kd,NADH) [58] and it is plausible that in a cellular setting, 

greater availability of cytosolic NAD(H) compared with NADP(H) may balance 

cofactor utility [58,61,62]. This remains unclear as experiments to test this 

hypothesis in native excitable cells have not been performed. 

Perhaps more importantly, physiological carbonyl substrates for Kvβ and 

their impact on channel function have not been identified. Several in vitro studies 

show that purified Kvβ2 reduces a range of endogenous and exogenous 

carbonyls, yet seems more efficient in reducing aldehydes than ketones [59,63]. 

Along with C-nitro compounds, Kvβ2 readily reduces phenanthrenequinone, 

glycolytic byproduct methylglyoxal, and oxidized phospholipids (1-palmitoyl-2-

oxovaleroyl phosphatidylcholine (POVPC) and 1-palmitoyl-2-arachidonoyl-sn-

glycero-3-phosphocholine (PAPC)) [59,63]. The finding that Kvβ2 reduces the 

products of PAPC is consistent with the notion that Kvβ AKR activ- ity may be 

responsive to membrane oxidative stress under physiological or pathological 

conditions [63]. 

Although knowledge of physiological substrates and cofactors is lacking, 

several studies have shown that Kvβ-mediated AKR activity and pyridine 

nucleotide binding both contribute to dynamic regulation of the Kv function. 

Consistent with this, intracellular dialysis of Cos-7 cells expressing Kv1.5/Kvβ1.3 

with NADPH or NADH reduces the steady-state current, enhances Kvβ-mediated 
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inactivation, and shifts V0.5,act to more hyperpolarized membrane potentials [64]. 

A similar regulatory role is also observed for the Kv1 channels associated with 

Kvβ2 and Kvβ3 proteins. Internal application of NADPH en- hances inactivation 

and reduces the steady-state current mediated by Kv1.5/Kvβ3 [45]. In contrast to 

Kvβ1 and Kvβ3, intracellular dialysis of NADPH shifts the voltage dependence of 

activation of Kv1.5/Kvβ2 complexes to hyperpolarized potentials with negligible 

effects on inactivation [45]. Moreover, C-terminal truncation of Kv1.5 (∆C56 Kv1.5) 

eliminates the pyridine nucleotide sensitivity imparted by Kvβ2 [45]. These results 

suggest that inter- actions between Kvα C-termini and Kvβ pyridine nucleotide-

binding pockets are critical for functional regulation of channel gating by changes 

in intracellular pyridine nucleotide redox state. It should be noted that whereas 

studies examining functional influences of Kvβ proteins on Kv currents have been 

performed in heterologous expression systems, further work is warranted to 

determine predominance of effects in the setting of heteromerization as is the case 

for native channels of excitable cells. 

In addition to differential regulation of Kv activity via the pyridine nucleotide 

redox state, Kvβ catalytic activity itself may confer regulation of the channel 

function [65–67]. Moreover, mutations in both the cofactor-binding pocket and the 

AKR catalytic site of Kvβ1 and Kvβ2 have varied effects on Kv functional 

expression. Amino acid substitutions in the cofactor-binding pocket of Kvβ1 that 

lower the affinity for NADPH result in diffuse mem- brane and cytosolic localization, 

suggesting that cofactor binding may influence channel trafficking and membrane 

targeting [8,68]. However, subcellular localization was preserved for Kv1.2 
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channels expressed with catalytically inactive Kvβ2 mutants [8]. Yet, this result 

was not reproduced for all Kv1 complexes as mutations in both the binding pocket 

and the catalytic sites of Kvβ2 abolished Kvβ-mediated increases in Kv1.4 

expression in Xenopus oocytes [69]. Thus, cofactor binding and catalysis may 

affect channel functional expression depending on the Kvα/β composition and cell 

type. The apparent contradictions in regulatory properties of Kvβ proteins, 

including effects on cellular trafficking and channel gating, suggest that their exact 

physiological contributions may be specific to the cell type and organ systems in 

which they are expressed. The following sections describe the recent works aiming 

to reveal more precise in vivo roles for specific Kv molecular assemblies found 

among different organ systems. Insights into the roles for Kvβ proteins and how 

adaptations in Kv composition may contribute to pathologic phenomena are 

discussed considering the aforementioned regulatory mechanisms. 

4. Regulation of Neuronal Excitability 

Kvβ proteins are heterogeneously distributed in the mammalian brain, with 

an over- lapping presence of Kvβ1 and β2 peptides across neuronal populations 

[70]. Expression studies have indicated that a significant population of heteromeric 

complexes consist of both Kvβ1 and Kvβ2 subunits [70,71]. Thus, neuronal 

homomers composed entirely of Kvβ1 are uncommon as this subunit is mostly 

found in complex with Kvβ2 [71]. Reciprocal coimmunoprecipitation experiments 

demonstrate that several Kv1α proteins form com- plexes with both Kvβ1 and Kvβ2 

in the adult brain [72]. For instance, Kvβ2 is precipitated in complex with Kv1.1, 

Kv1.2, Kv1.4, and Kv1.6, whereas Kvβ1 is precipitated with Kv1.1 and Kv1.4, yet 
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in lower abundance than that observed for Kvβ2 [72]. These results support the 

notion that Kvβ2 is predominant in the mammalian brain and that a relatively lower 

abundance of Kvβ1 is found in the Kv1 and Kv4 channel complexes [72]. 

Comparable observations have been made in the human brain [71]. Considering 

that Kvβ3 is regionally isolated from other Kvβ subunits in the brain, it remains 

unclear whether β3 assembles in complexes with β1 or β2 [70,73]. 

Members of the Kv1 and Kv4 families control the neuronal action potential 

frequency via repolarization and by modulating the voltage threshold for action 

potential genera- tion [74]. Thus, the mosaic expression profile of Kvα and Kvβ 

subunits described above may contribute to varied action potential firing patterns 

among neuronal subpopulations. In particular, cell-specific expression patterns of 

Kvα/β combinations may balance the influence of transient A-type currents and 

delayed rectifier currents as required for spe- cific neuronal functions (Figure 3) 

[70–72]. For example, complexes consisting of Kv1.1 or Kv1.4 with Kvβ1 likely 

underlie the A-type current in neurons within cerebral gray matter, whereas 

complexes in which Kvβ2 predominates give rise to more slowly inactivating 

currents in neurons within cerebral white matter [70–72]. Thus, it is conceivable 

that co- ordinated expression patterns of Kvα and β proteins at the cellular and 

subcellular level mediate diverse excitability characteristics. 

Modifications in the molecular identities of Kv assemblies and their 

subcellular lo- calization may also underlie key developmental changes in neuronal 

function. A fitting example of this is the observation that Kv1.1 channels are absent 

in axons of immature auditory nerve fibers but emerge in nodal structures 
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concurrent with the onset of hearing sensation [75]. Considering that Kv1.1 is 

associated with both Kvβ1 and Kvβ2 in the central nervous system [72], it is 

plausible that Kvβ-mediated modification of current density or voltage sensitivity 

contributes to spike generation and auditory fiber maturation. This is supported by 

a recently reported role in invertebrate neural development in which upregulated 

Kvβ2 was responsible for converting repetitive-firing zebrafish Mauthner cells into 

single spike-generating cells at four days post-fertilization [76]. 

 

Figure 3. Proposed influence of the Kvβ1:Kvβ2 functional expression on IKv 

inactivation and repolarization. Schematic illustration depicting Kv α4β4 channel 

assembly (left) with possible combinations of Kvβ proteins present in native 

heteromultimeric structures. (Center) Expected impact of Kvβ stoichiometry on 

current inactivation rates is exemplified with theoretical trace recordings of de- 

polarization (+++) -evoked whole-cell IKv for cells expressing homogenous 

channel populations with the Kvβ ratios as indicated. Differential effects of the 

bound cofactor for β1(4) and β2(4) configurations are shown in dashed blue traces. 
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(Right) Predicted influence of differential Kvβ stochiometries on action potential 

duration in the presence of low and high cytosolic NAD(P)H:NADP+ ratios. 

The wide range of the K+ current morphology imparted by the diversity of 

Kv com- plex compositions may be essential to the maturation of the central 

nervous system. Re- cent data demonstrate that hippocampal excitatory neural 

termini extensively express Kv1.1/1.2/Kvβ1 heteromers and that Kvβ1-mediated 

channel inactivation upon high- frequency stimulation elicits action potential 

broadening and, consequently, synaptic facilitation [77]. Along with direct effects 

on action potential morphology via modulating channel inactivation, Kvβ proteins 

may indirectly foster synaptic plasticity by way of cytoskeletal interactions that 

enable targeting and clustering of Kv channels at the neuronal membrane. For 

example, Kvβ2 anchors channels to the cytoskeleton in hippocampal neurons by 

interacting with the postsynaptic density protein ProSap2 [78]. Likewise, Kv 

channel clustering and targeting is regulated by Cdk-mediated phosphorylation of 

Kvβ2, which disrupts the interaction between the microtubule plus-end tracking 

protein EB-1, resulting in increased membrane localization [79]. In addition, Kv 

channel complexes inter- act with the post-synaptic density via associations 

between the C-terminal tail end of the transmembrane domain and PSD-95 

proteins [80,81]. Interestingly, this interaction depends on C-terminal length; thus, 

alternative splicing can substantially influence interactions with PSD-95-anchoring 

proteins [80,81]. 

The chaperone functionality of Kvβ likely depends on cofactor binding and 

enzymatic turnover [8,68,69]. Moreover, interactions with PSD-95 and the C-
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terminus of Kvα proteins may modulate the pyridine nucleotide sensitivity of 

neuronal Kv channels as this segment mediates sensitivity to changes in the 

intracellular NAD(P)+/NAD(P)H ratio [45]. Thus, axonal targeting of Kv channels 

could conceivably be sensitive to changes in the cellular redox status through this 

mechanism. Thus, future work to investigate the links between neuronal 

metabolism, redox state, and Kv subcellular localization and their impacts on 

excitability, development, and learning is warranted. Such functional relationships 

may be revealed by loss- or gain-of-function mutations to Kvβ AKR catalytic sites 

and cofactor- binding pockets, as well as phosphomimetics and cytoskeletal 

modifications [10,75,76]. 

Along with the potential effects of Kvβ-mediated regulation on Kv channel 

membrane targeting, AKR catalytic activity and cofactor binding could also 

influence the changes in action potential morphology that occur during the 

development of the central nervous system. For example, the formation of single-

spiking patterns during auditory development, as described above, could also be 

regulated by Kvβ catalysis considering that the enzymatic functions of Kvβ1 and 

Kvβ2 enhance the Kv current density [7,65,75,76]. In contrast, synaptic facilitation 

related to learning processes appear to involve action potential broadening 

resulting from enhanced β1-mediated inactivation [77]. This effect may depend on 

cellular energetic and redox conditions during rapid action potential firing that 

ultimately serves to augment Kvβ1-mediated inactivation [77,82]. Consistent with 

this, repetitive neuronal firing elevates cytosolic NADH levels [82]. Since Kv 

inactivation is enhanced via Kvβ1 in the presence of reduced pyridine nucleotides 
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[64], elevated levels of NAD(P)H in neurons during rapid action potential firing may 

sustain or enhance Kv inactivation and thereby promote action potential 

prolongation (see Figure 3). Nonetheless, this hypothesis remains to be tested with 

electrophysiological experiments that examine whether native neuronal Kv1-

mediated currents are sensitive to acute changes in pyridine nucleotide redox 

state. 

While important questions surrounding the role of Kvβ AKR functionality 

persist, the recent works establish its role in connecting cellular metabolism and 

neuronal excitability as it relates to the initiation of arousal and sleep states. In this 

regard, the Drosophila ortholog of mammalian Kvβ, Hyperkinetic, has been 

isolated as a critical component for light-induced neuronal depolarization, 

enhanced action potential spiking, and behavioral arousal. Of particular 

importance, dynamic influences on K+ conductance may depend on the oxidation 

of Hyperkinetic-bound NADPH [83]. Another study has indicated that wakefulness 

in Drosophila causes the accumulation of reactive oxygen species derived from 

the electron transport chain, leading to the oxidation of Hyperkinetic-bound 

NADPH, reduced Shaker A-type current inactivation, and enhanced action 

potential firing rate, thus ultimately promoting sleep [84]. While the role of Kvβ AKR 

activity in mammalian sleep remains to be tested, these results warrant further 

research into the metabolic sensitivity of neuronal Kv1 channels as a potential 

target for treating a variety of sleep disorders. 

5. Metabolic Regulation of Cardiac Repolarization
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Precise control of the cardiac action potential relies on coordinated Kv 

channel activity in cardiomyocytes. Ventricular and atrial myocytes express 

several Kv pore proteins that interact with Kvβ, including Kv1.2, Kv1.4, Kv1.5, 

Kv4.2, and Kv4.3 [85–88]. Similar to expression patterns observed in the central 

nervous system, past studies have consistently shown the presence of Kvβ1 and 

Kvβ2 variants in association with Kvα subunits in the mammalian heart [86,89,90]. 

For instance, channel assemblies consisting of Kv4.2 and Kv4.3 with Kvβ1.1 

[86,87], as well as Kv1.4, Kv1.5, Kv4.2, and Kv4.3 with Kvβ2 proteins [9] have 

been found in murine cardiomyocytes. Myocardial Kv1.5 proteins appear to be 

associated with both Kvβ1 and Kvβ2 subunits, whereas Kv1.4 subunits are 

associated with Kvβ1–3, and Kv4.3 channels mostly interact with KChIP proteins 

[88]. Nonetheless, subpopulations of individual α/β compositions are region-

specific, which may give rise to distinct current profiles that underlie unique action 

potential morphologies in different regions of the heart [91]. Early phase 1 

repolarization is largely mediated by the transient outward K+ current (Ito), which 

can be separated into two distinct components—i.e., fast (Ito,fast) and slow 

(Ito,slow) [92]. The differential manifestation of these components relies on 

expression patterns of Kv channels and their intracellular subunits; Ito,fast is 

mediated by Kv4.2 and Kv4.3 channels that assemble with KChIP2 and DPP6 [92], 

whereas Ito,slow is mediated by Kv1.4 coupled with Kvβ proteins [88,92]. On the 

other hand, atrial repo- larization features a unique component, IKur, mediated by 

Kv1.5–Kvβ channels [88,92]. Thus, regional heterogeneity in sarcolemmal 

abundance of Kvα and Kvβ proteins likely underlies differential regulatory 
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influences of K+ conductance on cardiac action potential waveforms, Ca2+ 

handling, and myocardial contractility. 

Several studies have examined the impact of genetic ablation of Kvβ 

subunits on Kv currents and action potential waveforms in adult murine 

cardiomyocytes. Targeted disruption of Kcnab1 in mice has no overt effects on 

ECG morphologies or total peak IK density in isolated myocytes relative to wild-

type mice [86]. Yet, kinetic analyses revealed a role of Kvβ1 in coordinating Ito; 

loss of Kvβ1 reduced Ito,fast and increased the Ito,slow density. The absence of 

Kvβ1 also shifted steady-state activation relative to wild-type myocytes by ~10 mV 

[86]. Conversely, mice lacking Kvβ2 exhibit reduced surface expression of all the 

reported binding partners [9]. This effect was associated with reduced Ito, 

IK,slow1, and IK,slow2 densities, action potential prolongation, and increased QT 

interval. Thus, expression of Kvβ proteins by cardiomyocytes appears to support 

the functional expression of K+ channels that orchestrate major repolarizing 

currents. 

In addition to the purported roles in regulating Kv surface expression and 

basal Kv current densities, Kvβ proteins may also participate in the modulation of 

the Kv function and IKv upon fluctuations in myocardial metabolism such as those 

that may occur upon acute changes in cardiac workload and oxygen availability. 

In this regard, the results obtained thus far for native cardiac channels are 

consistent with past results indicating that the redox state of pyridine nucleotide 

cofactors bound to Kvβ differentially impact Kv gating in COS-7 cells. For instance, 

IKv recorded in myocytes isolated from wild-type mice, but not those from Kvβ2−/− 
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mice, showed accelerated inactivation when the cells were dialyzed with the 

pyridine nucleotide ratios that reflect hypoxic conditions [9]. Consistent with faster 

Kv inactivation under these conditions, parallel experiments showed increased 

monophasic action potential duration after the cells were treated with 20 mM 

external lactate to elevate intracellular [NADH]:[NAD+] [9]. Indeed, this delayed 

repolarization was readily reversed upon application of pyruvate (i.e., lowering 

[NADH]i:[NAD+]i) indicating the rapid reversibility of redox effects on the cardiac 

action potential. Beyond regulating cardiac electrophysiology upon acute changes 

in the cardiac workload, it is plausible that this mechanism to some extent underlies 

diurnal oscillations in heart rate and ventricular repolarization [93]. Surprisingly, 

redox modulation of repolarization requires the presence of both β subunits [9,87], 

indicating that Kvβ1 and Kvβ2 subunits may function together to confer metabolic 

sensitivity of current density and action potential duration. Although the dual 

requisite nature of Kvβ proteins in mediating pyridine nucleotide sensitivity of 

cardiac electrical properties is not clear, we speculate that this may arise from the 

net “priming” effect of each Kvβ protein on channel voltage sensitivities and 

inactivation rates that may enable further redox-dependent modulation. 

Though current evidence supports the notion that Kvβ proteins have 

important roles in regulating cardiac electrophysiology, important questions remain 

to be addressed. In particular, these proteins appear to be linked with cardiac 

growth—sex-dependent hypertro- phy is associated with the loss of Kvβ1.1, 

whereas moderate cardiac atrophy is seen with the loss of Kvβ2 [9,11]. How these 

proteins may regulate cardiac myocyte size is unknown, but it may involve IKv-



209 

dependent osmoregulation, altered activation of excitation–transcription 

processes, or voltage- or redox-dependent modulation of anabolic biosynthetic 

pathways. Disturbing the pyridine nucleotide sensing function of Kv channels and 

excitability may itself impact the metabolism of the heart. For instance, acute 

modifications in action po- tential duration in response to altered pyridine 

nucleotide redox state may represent a key feedback mechanism to regulate 

contractility and, thus, oxygen and energetic substrate demand. Along these lines, 

further work is warranted to address whether loss of either Kvβ1 or Kvβ2 may be 

protective or deleterious in the context of myocardial ischemia. Moreover, 

advancing knowledge of how these proteins regulate cardiac excitability could 

provide important insights into the development and progression of cardiac 

arrhythmias secondary to inherited or acquired metabolic disorders. 

6. Control of Vascular Tone and Smooth Muscle Phenotype

Blood flow to tissues is largely determined by the contractility of vascular 

smooth muscle in small-diameter arteries and arterioles, which is in turn controlled 

by membrane potential and steady-state Ca2+ influx via voltage-dependent Ca2+ 

channels. Hence, sar- colemmal Kv channels are central feedback regulators of 

membrane depolarization in smooth muscle that counter depolarization-evoked 

Ca2+ influx [94]. Consistent with this, pharmacological inhibition of Kv1 channels 

causes marked vasoconstriction [95], indicating that tonic activity of these 

channels in smooth muscle cells of pressurized arteries and arterioles serves to 

oppose Ca2+ influx and vasoconstriction. Across species, multiple Kv proteins are 

abundant throughout the resistance vasculature and have been detected in 
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mesenteric, hepatic, retinal, placental, coronary, as well as pulmonary arteries [96–

102]. Arterial smooth muscle cells express Kvα/β channel complexes to varying 

degrees de- pending on vessel location and size, including Kv1.2, Kv1.3, Kv1.4, 

Kv1.5, Kv1.6, Kv2.1, Kvβ1.1, Kvβ1.2, Kvβ2 [96–102]. Similar to other cell types 

discussed above, Kvβ1 and Kvβ2 variants co-assemble with native Kv1 channels 

in smooth muscle cells, yet their physiological roles related to the control of 

vascular Kv1 function, particularly with respect to oxygen sensing, have only 

recently been examined. 

The diameter of small arteries and arterioles is sensitive to changes in 

tissue pO2 in a manner that serves to couple blood flow (i.e., oxygen delivery) with 

fluctuating metabolic demand. Redox-sensitive Kv1.5 channels expressed by 

smooth muscle cells have been recognized as an O2 sensor that contributes to 

pulmonary vasoconstriction in response to hypoxia [103,104]. Conversely, in 

coronary circulation, Kv1 channels represent end effectors that are activated to 

augment the arterial diameter and blood delivery upon changes in myocardial 

workload and oxygen consumption. The requirement of Kv1 channels in coronary 

metabolic vasodilation is supported by observations that mice lacking Kv1.5 or 

Kv1.1 proteins have severely blunted hyperemic responses to increased cardiac 

work [105,106]. These findings have been recapitulated in larger animals with the 

use of pharmacological Kv1 inhibitors [107,108]. Thus, available data collectively 

support a conserved oxygen-sensing role of Kv1 channels in the coronary 

vasculature. Nonetheless, the mechanisms contributing to redox control of these 

channels in the vasculature in the context of altered tissue metabolism are poorly 
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understood [109]. Our work recently found that Kvβ proteins that assemble with 

Kv1.x channels in smooth muscle are critical to the vasodilation secondary to 

metabolic stress. Whereas native channels in coronary smooth muscle cells 

assemble with Kvβ1 and Kvβ2 proteins in the same associated complex [100], 

these proteins have opposing roles in coordinating the oxygen sensitivity of 

coronary vascular tone and blood flow. Using a combination of murine models 

revealed that Kvβ2 is required for the physiological relationship between cardiac 

work and blood flow, whereas Kvβ1.1 has an inhibitory influence [110]. Moreover, 

using an inducible double transgenic model in which Kvβ1.1 is selectively 

overexpressed in smooth muscle, we found that modestly increasing the 

Kvβ1.1:Kvβ2 ratio in Kv1 channels recapitulates the effects of Kvβ2 deletion [110]. 

We propose that these opposing functional impacts on the Kv1 function likely 

reflect different functionalities of Kvβ N-termini and their response to redox shifts, 

although this remains to be tested directly. In support of this, we recently reported 

that the activity of native Kv1 channels in coronary smooth muscle is upregulated 

in the presence of NADH and that this response requires the presence of 

catalytically active Kvβ2 [111]. 

The findings described above are consistent with the concept that the 

heteromeric nature of Kvβ complexes may serve to finetune vasoregulation in an 

intrinsically flexible manner. Thus, we posit that smooth muscle cells may rely on 

oxygen-sensitive mechanisms that modulate Kvβ1:Kvβ2 functional expression in 

response to recurrent physiologic or pathologic stimuli to ultimately render the Kv1 

function more or less responsive to metabolic cues [109,110]. For instance, 
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enhancement of the coronary Kv1 activity following chronic exercise conditioning 

likely contributes to the greater coronary flow reserve in exercise-adapted hearts 

[112]. Stimuli associated with physiological increases in myocardial oxygen 

consumption could conceivably evoke epigenomic or transcriptional regulatory 

processes influencing the abundance of Kv1-associated β proteins. Thus, altered 

molecular stoichiometry of the Kvβ complex may be a key driver of beneficial 

effects of exercise on coronary microvascular function. 

In addition to their importance in regulating vascular tone, the recent works 

have shown that Kv1 channels participate in phenotypic modulation of vascular 

smooth muscle cells [113]. In particular, profiling ion channel expression in 

endoluminal lesions revealed that only two of the channel subunits measured, 

Kv1.3 and Kvβ2, were upregulated in proliferating smooth muscle [113]. Moreover, 

several studies have indicated that inhibition of Kv1.3 can prevent smooth muscle 

proliferation and migration in vitro as well as in the con- text of in vivo vascular 

injury models [114,115], thus prompting investigations into Kv1.3 inhibitors as 

therapeutics to prevent restenosis. While the precise mechanisms underlying this 

role of Kv1.3 in proliferation are still unclear, there is a clear role for voltage-

dependent changes in the channel conformation that activate pro-proliferative 

pathways independent of the transmembrane ion flux [116]. This may involve 

depolarization-induced interactions with proliferation regulatory protein IQGAP3 

and downstream Ras-dependent ERK activation [117]. Parallel to changes in ion 

channel expression, robust metabolic changes also occur during phenotypic 

modulation of vascular smooth muscle; transformation from contractile to synthetic 
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smooth muscle is associated with enhanced glycolysis, LDH activity, and 

glutamine utilization that facilitate proliferation and migration [118,119]. These 

metabolic shifts provide necessary substrates for these processes, but also 

modulate the cellular redox landscape related to the NAD(P)(H) levels and thus 

may influence the Kv1.3 conformation via Kvβ2 interactions. Thus, by integrating 

metabolic signals that occur as a result of exposure to growth stimuli, Kvβ may 

represent a key nodal target for novel therapeutics to prevent or reverse pathologic 

smooth muscle proliferation. 

7. Summary and Remaining Questions to Be Addressed

The currently known physiological roles for Kvβ proteins discussed here are 

summarized in Figure 4. The wide-ranging physiological processes that require 

voltage-gated potassium channels are largely enabled by their extensive structural 

diversity. Indeed, the functional versatility of Kv channels is further extended by 

interactions with multiple types of associated proteins, the most abundant of which 

are Kvβs. Although substantial research effort over the past several decades has 

been devoted to an improved understanding of how these channels facilitate such 

diverse processes as learning and memory, sleep, muscle relaxation, and cell 

growth, new important questions should be addressed. Perhaps the most 

important question is related to the enzymatic functions of Kvβ proteins; while the 

catalytic mechanism has been resolved, the endogenous substrate(s) of Kvβ has 

not been unequivocally identified. Key gaps in knowledge remain as to how 

intracellular events, such as those involved in kinase/phosphatase signaling 

pathways, affect Kvβ catalysis. A number of phosphorylation target residues are 
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found with the N-terminus as well as the conserved C-terminal AKR domain of Kvβ 

proteins [79,120]. Whereas N-terminal serine phosphorylation appears to be 

critical for interactions with the cytoskeleton and cellular trafficking of channels, the 

role of target residues in the C-terminus is unknown. Whether phosphorylation of 

residues near the cofactor or substrate-binding pockets impacts catalytic function 

when Kvβ is assembled within α4β4 structures warrants investigation. Eluci- dating 

how phosphorylation impacts the enzymatic properties of Kvβ may advance the 

identification of which substrates are used by this protein in native cells under a 

variety of conditions. 

As described above, there is now considerable evidence that catalytic 

cycling by Kvβ impacts Kv channel voltage sensitivity and gating. An additional 

question remains as to how Kvβ structural modification secondary to 

substrate/cofactor binding and release impacts the interacting Kvα pore proteins. 

Advanced computational modeling approaches may provide insight into the Kv 

structure–function relationships by examining Kvα/β as well as Kvβ/β interactions 

at each step in the Kvβ catalytic cycle to determine specific effects on the T1-

interacting domain that influence positioning of the voltage sensor within the 

membrane. Furthermore, these efforts may reveal important information on 

whether the conformation of the Kvα voltage sensor and pores could influence 

substrate or cofactor binding and, thus, catalytic efficiency of Kvβ. Such evidence 

may reveal an important role in this channel–enzyme complex in processes of 

molecular memory via effects of membrane excitability on metabolism and redox-

dependent transcriptional regulatory pathways. Future advances in these areas 
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could ultimately prove valuable for extending the capabilities of Kv modulators as 

research tools and therapeutics beyond pore blockers and openers to more 

specific agents that modify the strength of Kv metabolic sensing. 

Figure 4. Summary of the Kvβ functional roles. General regulatory features or Kvβ 

(A) as discussed in Sections 2 and 3 and the key physiological roles for Kvβ 

proteins in the central nervous system (CNS), heart, and vasculature (B) as 
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discussed in Sections 4–6. Created with BioRender.com (accessed on 2 July 

2022). 
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APPENDIX C 

Biochemical and physiological properties of K+ channel associated AKR6A (KVβ) 

proteins 

Voltage-gated potassium (KV) channels play an essential role in the 

regulation of membrane excitability and thereby control physiological 

processes such as cardiac excitability, neural communication, muscle 

contraction, and hormone secretion. Members of the Kv1 and Kv4 families 

associate with auxiliary intracellular Kvβ subunits, which belong to the aldo-

keto reductase superfamily. Electrophysiological studies have shown that 

these proteins regulate the gating properties of Kv channels. Although the 

three gene products encoding Kvβ proteins are functional enzymes in that 

they catalyze the nicotinamide adenine dinucleotide phosphate (NAD[P]H)-

dependent reduction of a wide range of aldehyde and ketone substrates, the 

physiological role for these proteins and how each subtype may perform 

unique roles in coupling membrane excitability with cellular metabolic 

processes remains unclear. Here, we discuss current knowledge of the 

enzymatic properties of Kvβ proteins from biochemical studies with their 

described and purported physiological and pathophysiological influences. 

The aldo-keto reductases (AKRs) comprise a group of oxidoreductase 

enzymes that catalyze the reduction of endogenous and xenobiotic carbonyl 

compounds. These enzymes are ubiquitous among eukaryotic and 
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prokaryotic organisms and share significant structural identity in that they all 

possess a C-terminal active site region within a triose-phosphate isomerase 

(TIM) barrel (α8/β8) motif with three loops at the base of the barrel that govern 

substrate binding.94,95 The utility of this structural arrangement among the 

AKRs allows for flexibility in binding and metabolizing a wide range of 

chemical substrates that includes aliphatic and aromatic aldehydes and 

ketones, monosaccharides, steroids, and polycyclic aromatic 

hydrocarbons.96-98 All AKRs require nicotinamide adenine dinucleotides (i.e., 

NAD(P)H) as a cofactor for hydride transfer 99 and their function can thus be 

modulated by the cellular redox state of electron carriers used in many 

intermediary metabolic reactions. 

Most human AKRs are soluble monomeric proteins that are found in 

the cytosolic compartment. An exception to this are members of the AKR6 

subfamily, which form tetrameric complexes that are associated with the 

pore-domains of voltage-gated potassium (Kv) channels (i.e., the Kvβ 

proteins).100,101 The Kv channels are a large family of transmembrane K+-

permeable ion channels that, via regulation of membrane potential in 

excitable cell types, control numerous physiological processes, including 

neuronal excitability, hormonal secretion, and muscle contraction.35,102,103 

While this assembly between a catalytically active AKR and ion channel has 

stimulated several intriguing hypotheses regarding its evolutionary 

conservation and potential physiological role(s) 104, there is limited 

information about the potential in vivo role for the Kvβ proteins in the 
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cardiovascular, endocrine, and nervous systems, and it is unclear how these 

proteins may regulate diverse cellular physiological processes and 

pathophysiological development. While the enzymatic properties and cellular 

functions of the AKR family have been reviewed (readers are referred to 

95,105), we will discuss the enzymatic properties of the Kvβ proteins, including 

how these properties may relay metabolic information to the Kv channel 

gating apparatus. Additionally, these subunits may serve as molecular 

transducers that couple metabolism and membrane electrical signaling in 

excitable cell types. While underscoring key remaining questions that require 

further investigation, we discuss the potential efficacy of small molecules or 

peptides that selectively modulate Kvβ expression or functionality as a novel 

class of therapeutics that could prevent or reverse pathological changes, and 

therefore may be useful interventions for controlling excitability under a variety 

of different physiological and pathological conditions. 

 

Molecular and structural biology 

In the human genome, there are ~35 genes encoding Kv channel pore 

proteins belonging to 12 subfamilies (i.e., Kv1.x – Kv12.x).106 The basic Kv 

channel tertiary structure consists of a multi-subunit complex of pore-forming 

proteins with a diverse repertoire of associated auxiliary and regulatory 

proteins. The pore domain is formed by the tetrameric assembly of four 

distinct transmembrane subunits (α) that are arranged around a central axis 

to form a membrane-traversing ion conduction pore that is highly selective 



220 

(~10,000 fold more selective for K+ than for Na+) and efficient for K+ transport 

(~107 K+ ions channel-1 sec-1).107-109 Kvα subunits are 70-100 kDa in mass 

and consist of six membrane-spanning α helices (S1-S6) with S1-S4 forming 

the voltage-sensor domain and the S5-S6 segments of each contributing to 

the pore lining with selectivity filter. A highly conserved series of positively 

charged arginine residues within the S4 region form the voltage sensor of the 

channel that responds to changes in membrane voltage to constrict or dilate 

the central pore.110 In native channel complexes, members of a particular Kv 

family (e.g., Kv1) are known to interact with other functional members of the 

same family, giving rise to heteromeric alpha pore complexes with variable 

gating properties, which could ultimately increase diversity among functional 

channels.111,112 This is thought to occur through highly conserved regions 

within the intracellular T1 domain, which also serves as a docking site for 

intracellular subunits. Association with conserved regions among accessory 

Kv proteins also allows for the formation of heterotetrameric auxiliary subunit 

complexes, which, as described below, may further add to the functional 

diversity of native channels. 

Although the expression and assembly of four Kvα subunits is the 

minimum requirement to form a functional channel, association of the pore-

domain with a diverse set of accessory subunits, such as Kvβ, KChAP, 

KChIP, and MinK, imparts multimodal regulatory features to Kv channels in 

vivo.113 Members of the Shaker (Kv1) and Shal (Kv4) families are known to 

associate with Kvβ subunits.114,115 The human genome contains three genes 
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that encode Kvβ proteins (KCNAB1, KCNAB2, KCNAB3) and their transcripts 

are alternatively spliced to generate additional variants. Early studies 

suggesting the functional importance of Kvβ proteins discovered that a leg 

shaking phenotype in Drosophila melanogaster (i.e., ‘hyperkinetic’) was the 

result of a mutation in a homologue of the mammalian Kvβ peptides. 

Subsequent sequence analyses led to the unexpected finding that the Kvβ 

subunits shared significant homology (15-30% amino acid identity) with 

members of the AKR superfamily.104,116 Upon crystallization of Kv1.2-Kvβ2, it 

was found that Kvβ proteins possess a conserved C-terminal β-barrel 

structural fold with tightly bound nicotinamide cofactor and, consistent with 

findings from sequence alignments, the active site had all characteristic 

features of a catalytically active AKR, including a well- conserved cofactor 

binding site and a distinct substrate binding pocket.100,117 Indeed, in these 

earlier reports on the X-ray crystal structure of a Kv channel complex, and 

more recently in a study demonstrating the single-particle cryo-electron 

microscopic structure of Kv1.2-Kvβ2 expressed in lipid nanodiscs 118, electron 

density could be resolved from NADP+ that was bound to the β subunits. 

The active site structure of the AKR6 family is unique in that the α8/β8 

motif has an additional helix attached to a long loop between β9 and α7 near 

the cofactor binding pocket.95 The functional significance of this modification 

that is shared among AKR6 members is not presently clear. At the quaternary 

level, the β1 and β2, which are perpendicular to the central axis of the barrel, 

along with the α2-β5-α3 region, form the intersubunit interface region that 
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participates in β tetramerization, while the α5-α6 region interacts with the T1 

docking domains of the Kvα proteins.100,101 Thus, via the T1 domain, the 

active site of Kvβ can influence the conformation of the voltage sensing 

apparatus and thereby impact gating properties because of catalytic activity 

and/or pyridine nucleotide cofactor binding. 

Enzymology and channel biophysics 

A prerequisite for investigating and understanding the potential 

physiological or pathological roles of the Kvβ proteins is a thorough 

understanding of their catalytic properties and the identification of potentially 

relevant endogenous or xenobiotic carbonyl substrates. The Kvβ proteins 

bind pyridine nucleotides, with binding affinities in the low micromolar range 

(i.e., 0.1-4 μM). The proteins display a ~10-fold greater affinity for NADP(H) 

compared to NAD(H) cofactors.119 Considering that in most metabolically 

active cells, the NADPH:NADP+ ratio is substantially higher than that of 

NADH:NAD+, while the absolute concentration of NADP(H) is much lower 

than that of NAD(H) 120,121, the cofactor predominantly used by Kvβ proteins 

in vivo is not clear and likely varies with respect to cell type. Kvβ2 catalyzes 

the reduction of a wide range of aldehydes and ketones, although preferential 

binding and reduction of aldehydes versus ketones, and higher catalytic 

efficiency for aromatic aldehydes was reported for this subunit.122 For 

example, Kvβ2 shows higher catalytic activity with aromatic carbonyls such as 
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phenanthrenequinone than with straight chain aldehydes such as acrolein or 

4-oxo-nonenal.122 Little or no activity was observed with steroids such as 

cortisone. Significantly, the protein was also found to be active with products 

of lipid peroxidation, such as 1-palmitoyl, 2-oxovaleroyl, phosphatidyl choline 

(POVPC). Given that POVPC and related aldehydes are generated during 

the oxidation of unsaturated fatty acids in the plasma membrane and that Kvβ 

is tethered within close proximity to the membrane, it appears plausible that 

the catalytic function of Kvβ may be to detoxify lipid peroxidation products 

and thereby protect Kv channels from oxidative damage. Alternatively, 

binding to lipid peroxidation products could be a potential regulatory 

mechanism that could alter Kv kinetics under conditions of oxidative stress 

(e.g., to trigger apoptosis). Although future studies are required to distinguish 

between these possibilities and to identify other endogenous substrates, the 

catalytic reactivity of the protein with aldehydes could represent an important 

link that would regulate Kv channel activity as a function of Kvβ catalysis 

(regulation of electrical activity by metabolism) or Kvβ catalysis by Kv activity 

(regulation of metabolism by electrical activity). In either scenario, the link 

between metabolism and excitability could represent a regulatory mode with 

profound implications for neural, cardiac, and muscle excitability. 

The catalytic activity of Kvβ2 has been found to be sensitive to both 

pH and ionic strength. Measurements of the enzyme activity at various pH 

and ionic concentrations found that enzyme activity is maximal between pH 

7.2-7.4 and relatively insensitive to varied phosphate concentrations between 
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100 mM and 250 mM. Yet, at low phosphate concentrations (≤ 50 mM), 

enzymatic activity is significantly decreased 122-124 and is not impacted by the 

addition of NADH and or NAD+, suggesting that the enzyme functions most 

effectively at a specific ionic strength. As with other AKRs such as aldose 

reductase and aldehyde reductase, the mechanism of Kvβ catalysis is 

consistent with an ordered bi- bi rapid equilibrium reaction in which the 

nucleotide cofactor is the first to bind and the last to dissociate. Consistent 

with this, the binding affinities for NADPH and NADP+ by Kvβ2 are 

significantly different, as NAD(P)H binds with 4-times greater affinity than 

NADP+. The sequence of cofactor and substrate binding was confirmed using 

variable concentrations of 4-NB and NADPH to establish the initial velocity, 

the starting rate of enzymatic activity. When plotting initial velocity against the 

different NADPH concentrations, a rapid equilibrium mechanism was 

predominant, indicative of NADPH binding prior to substrate.122 

The cofactor binding kinetics for Kvβ2, determined by monitoring the 

reduction in fluorescence of the Kvβ2 reporter fluorescence by addition of 

each respective cofactor, provided insight into the phasic behavior and rate 

limitation of catalysis.123 By measuring the dependence of observed kfast and 

kslow of kinetic traces on NADP(H) concentration, it was suggested that the 

binding of NAD(P)H to Kvβ could be described as a three-step process 

consisting of rapid formation of a loose enzyme-cofactor association, a slow 

conformational change that securely seats the cofactor in the active site of 

the enzyme, and further stabilization of the NADPH cofactor to its binding 
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site.122,123 The binding of NADP+, however, follows the two step model of 

binding affinity, suggesting that the second conformational change observed 

with NADPH binding that prevents nucleotide exchange is absent in the 

binding of oxidized nucleotide.123 Moreover, studies performed using mutant 

Kvβ2 in which the catalytic site tyrosine (Y90) is replaced with phenylalanine 

(Kvβ2Y90F) suggest that high affinity nucleotide binding is not significantly 

impacted by loss of catalytic function.122 

By binding of cofactors to the Kvβ subunits, Kv channel activation and 

inactivation are sensitive to changes in intracellular pyridine nucleotide redox 

state, which is reflected in the ratio of intracellular NAD(P)H/NAD(P)+.124 

Modulation of Kv activity by oxidized and reduced pyridine nucleotides is 

determined by the identity of Kvβ subunits present.125,126Unlike Kvβ1 and 

Kvβ3, the Kvβ2 subunit lacks an inactivating N-terminus tail-like 

structure.127,128 Despite this structural difference, Kvβ2 has a common 

binding affinity to the α subunit T1 domain.100 Consistent with this, the C-

terminal domain of the Kvα subunits is critical for proper association between 

the Kvα and β subunits.126,129 The underlying region of importance in the Kv1α 

C-terminal domain lies between Arg-543 and Val-583 of Kv1.5, a region with 

differential affinities for NAD(P)H-bound versus NAD(P)+-bound Kvβ. Thus, 

nucleotide-dependent modification in subunit binding affinity and associated 

conformational changes within the Kvα transmembrane region may represent 

a potential mechanism whereby Kvβ redox sensing could alter channel 

biophysical properties. 
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The mechanism and biochemical role of cofactor binding in Kvβ-

mediated catalysis are like that observed with other AKRs, such as aldose 

reductase. As with other AKRs, NAD(P)H binding promotes a change in 

protein conformation that stabilizes the cofactor within the catalytic pocket.123 

The affinity of this interaction produces a large change in free energy that 

drives catalysis. As little energy is derived from substrate binding to achieve 

the transition state, the protein can bind a range of carbonyl substrates. This 

mode of high affinity binding to pyridine coenzyme seems well-suited for ion 

channel regulatory functions of Kvβ, as it reduces the constraints of aldehyde 

binding and renders the cofactor binding pocket an effective sensor of 

intracellular pyridine nucleotides. Thus, physiological changes in intracellular 

NAD(P)H:NAD(P)+ could readily impact Kv gating and membrane potential 

regulation. Under conditions of high intracellular NAD(P)H:NAD(P)+ ratio, 

binding of reduced cofactor generally enhances the degree and rate of 

channel inactivation.124,126 However, this effect can be effectively ‘turned off’ 

upon completion of a catalytic cycle resulting in substrate reduction and 

cofactor oxidation. Accordingly, the net effect of AKR enzymatic function on 

Kv channel activity likely reflects dynamic homeostatic balance between 

pyridine nucleotide redox potential as well as the concentrations and 

molecular identities of local aldehyde and ketone substrates, which 

collectively reflect cellular and subcellular metabolic activity. 
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Physiological roles 

Regulation of membrane excitability by cellular metabolism: Considering that 

Kv channel gating is modulated by intracellular pyridine nucleotides via the 

Kvβ complex as stated above, these proteins have been proposed as a link 

between cellular function and metabolic activity. However, a clear view of how 

the Kvβ proteins operate and modify channel gating behavior in their native 

cellular and tissue environments has not yet emerged. Complicating this issue 

native Kv channels likely consist of heteromeric assemblies of multiple gene 

products and splice variants, which have not yet been functionally 

characterized. Moreover, the expression levels of Kvα and β proteins and 

how their stoichiometry within a given population of functional channels is 

determined may be cell specific. It is also conceivable that the molecular 

identity of predominant subunits utilized by a cell may be modified because 

of changing metabolic cues. Considering the functional diversity imparted by 

variable N-termini of the Kvβ subtypes, the ratio of Kvβ2:Kvβ1/3 present in 

the Kv auxiliary complex could have a significant impact on inactivation 

(Schematic 1).  
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 For example, in channels with non- inactivating Kvα pore subunits (e.g., 

Kv1.5) and predominantly Kvβ2 subunits, channel inactivation may be slower, 

as C-type inactivation would be the primary mode of inactivation.127 

Conversely, in channels consisting of variants of Kvβ1 or 3, channel 

inactivation likely occurs within a faster time frame, as these subunits would 

contribute to rapid N-type inactivation. In addition to interaction and regulation 

of Kvα function by the Kvβ proteins, interaction between multiple types of Kvβ 

can influence the net function of the Kvβ complex on channel gating. For 

example, incorporation of Kvβ2 can lead to significant inhibition of N-type 

inactivation imposed by Kvβ1 subunits within the same channel complex.130 

Nonetheless, the extent to which these subunits impact channel activation 

and inactivation would also be dependent upon pyridine nucleotide redox 
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ratios in the submembrane compartment, as discussed above. Thus, it is 

plausible that the cell could dynamically fine-tune the regulatory properties of 

membrane potential to changing metabolic conditions by altering the ratio of 

Kvβ subunits within the population of functional membrane-inserted channels. 

In the remainder of this section, I will provide a brief overview of the 

importance of Kv channels to the cardiovascular, nervous, endocrine, and 

immune systems, and how the functional expression of Kvβ may influence 

physiological processes of excitable cells types within each. 

Cardiovascular system: In the mammalian heart, multiple types of Kv 

channels mediate outward K+ currents with variable activation and 

inactivation properties that collectively shape the cardiac action 

potential.131,132 Attesting to the importance of Kv channel function to cardiac 

physiology is the robust association between cardiac arrhythmias with 

mutations in Kv channel subunit genes 133,134, as well as defective 

ventricular action potential repolarization in mice lacking Kv proteins.135-137 

The murine heart is known to express Kvβ1.1, Kvβ1.2, and Kvβ2 proteins.138 

Kvβ1 associates primarily with proteins of the Kv4 family and loss of Kvβ1 

reduces the abundance of Kv4.3 in the sarcolemma, blunts transient outward 

K+ current, and prevents modulation of action potential duration by changes 

in pyridine nucleotide redox state.138,139 The physiological role of Kvβ2 remains 

unclear. Considering that the heart expresses multiple Kvβ subtypes, it is 

plausible that the promiscuous association between both Kvβ1 and Kvβ2 
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proteins with Kv1 and Kv4 channels contributes to priming cardiac Kv 

channels for modulation of channel inactivation. Under conditions of altered 

nucleotide redox (e.g., altered cardiac workload stress, ischemia), this 

influences the duration of the early and intermediate phases of repolarization 

of the action potential. 

The Kv channels expressed by vascular smooth muscle are a 

predominant regulator of vascular tone, and therefore control blood flow and 

organ perfusion.140 Kv1 expression and function has been reported in a 

number of vascular beds, including coronary, pulmonary, mesenteric, and 

cerebral arteries, among others.141 Inhibition of Kv1 channels induces 

vasoconstriction, suggesting that Kv1 channels are tonically active in 

vascular smooth muscle to oppose vascular tone development.142 However, 

little is known regarding the expression and function of Kvβ subunits in the 

vasculature. Our laboratory recently reported that murine coronary arterial 

myocytes express heteromeric assemblies of Kvβ complexes in association 

with Kv1.5 alpha subunits, and that genetic deletion of Kvβ2 reduces the 

membrane expression of Kv1.5 143, similar to that reported in neurons and 

heterologous expression systems.144,145 Although we and others have 

speculated that these subunits may play an important regulatory role in 

coupling tissue oxygen demand with vasodilatory function in various vascular 

beds 12,146,147, further research is needed to increase our understanding of 

how the Kvβ proteins operate in the vasculature and how these may 

participate in functional or metabolic hyperemic responses. 
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Unlike most peripheral arteries and arterioles, hypoxia causes rapid 

and profound vasoconstriction of pulmonary arteries.148 This phenomenon, 

referred to as “hypoxic pulmonary vasoconstriction” (HPV), is thought to be 

an important physiological response of the pulmonary circulation that shunts 

blood away from under-ventilated lung tissue.149 However, excessive HPV 

can lead to pulmonary hypertension, right ventricular hypertrophy, and heart 

failure.150 Kv1 channels regulate pulmonary vascular smooth muscle 

membrane potential and mediate the HPV response.151,152 HPV is 

significantly impaired after genetic deletion of redox sensitive Kv1.5 channels, 

and in vivo gene transfer of Kv1.5 normalizes HPV in a model of chronic 

pulmonary hypertension.153,154 The association of the Kv1 channels of the 

pulmonary vasculature with Kvβ proteins may be integral to the HPV 

response. In support of this, bovine pulmonary arteries exhibit a significant 

increase in Kvβ1.1 expression with further progression towards higher order 

pulmonary arteries and arterioles.155 Higher expression of Kvβ1.1 may impart 

enhanced inactivation to Kv channels in small vessels in which HPV is 

apparent by allowing sensing of increases in NADH:NAD ratio upon a 

decrease in mitochondrial oxidative metabolism during periods of hypoxia.156 

Nonetheless, the precise role of the Kvβ1 subunits in the HPV response has 

not been directly tested. 

Nervous system: Multiple types of Kv channels expressed in the central 

nervous system control membrane potential and excitability of neurons, and 
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coordinate diverse processes such as action potential propagation and back 

propagation, neurotransmitter release, and apoptosis.157 The altered activity 

or expression of Kv channel proteins in the nervous system has been 

associated with human pathological conditions such as epilepsy, multiple 

sclerosis, and Alzheimer’s disease.158-161 Neurons express multiple Kv alpha 

subunits that form functional channels, confer A-type K+ currents, and likely 

associate with Kvβ proteins, including dendritic Kv4.1, Kv4.2 and Kv4.3 

subunits 162-164 and presynaptic Kv1.4 subunits.162 Variants of all three Kvβ 

gene products have been found in the brain, with Kvβ2 being the predominant 

form 165-171, suggesting that Kv1 and Kv4 channels may assemble into 

heteromers with considerable functional diversity that may participate in the 

determination of neuronal phenotype. In addition to modulation of channel 

activation and inactivation characteristics, Kvβ proteins may play a 

chaperone role and regulate the subcellular targeting of specific populations 

of Kv channels to distinct neuronal regions (i.e., axonal versus dendritic 

targeting).144,145 Genetic deletion of Kvβ2 in mice increases mortality, reduces 

body weight and results in defects in thermoregulatory processes 172, 

whereas mice lacking Kvβ1.1 have reduced Kv current inactivation, 

frequency-dependent spike broadening, and slower afterhyperpolarization 

compared with wild type mice. These changes in neuronal electrical signaling 

are associated with impaired learning and memory in water maze and social 

transmission tasks.173 Although definitive evidence is lacking, it is possible 

that changes in brain electrical activity could be strongly modulated by Kvβ-



233 

dependent regulation of Kv1 and Kv4 activity during periods of altered 

neuronal cytosolic redox potential, for example, changes in glucose 

metabolism. 

Endocrine and immune systems: Multiple Kv channel subtypes also 

participate in the physiological regulation of membrane potential in several 

cell types outside of the cardiovascular and nervous systems. Studies have 

suggested that these channels, via regulation of Ca2+ influx, also control 

hormonal secretion in cells of the endocrine system. For example, in 

pancreatic beta cells, an increase in Ca2+ influx following increased cellular 

ATP:ADP ratio and inhibition of ATP-sensitive K+ channels (KATP) stimulates 

the release of insulin.161,174 Repolarization of the cell back to resting potential 

and cessation of the secretory process, is mediated, in part, by Kv-mediated 

outward K+ currents, which are likely mediated by a variety of Kv channel 

subtypes, including Kv1, Kv2, Kv4.175 Although the expression profile of 

associated Kvβ proteins in pancreatic islets is not known, modulation of Kv 

activity by these subunits may be essential to proper electrical signaling 

following a glucose-induced rise in NADPH:NADP+ ratio in beta cells.176 In 

addition, Kv1 channels have also been shown to be expressed by cells of the 

immune system.57 Kv1.5 and Kv1.3 are the predominant Kvα proteins in 

macrophages and inhibition of Kv1 channels can prevent macrophage 

activation and proliferation.177-179 Bone marrow-derived macrophages 

express all known variants of Kvβ1, and Kvβ2.1 proteins 180; LPS- and TNF-
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α induced activation differentially impact the abundance of these proteins and 

modify channel inactivation. This suggests that modification of Kv1 channel 

pore and auxiliary subunit composition may reflect an adaptive mechanism 

that could alter the functional properties of cells in the immune system. 

 

Therapeutic implications 

Based on current knowledge of the physiological roles of Kvβ proteins, 

it is plausible that these proteins and their functional properties may represent 

an advantageous therapeutic target over conventional pharmacological ion 

channel blockers for several conditions. Classical inhibitors of AKRs show 

little inhibition of Kvβ-mediated catalysis, and currently, only a few 

pharmacological agents are known to impact Kvβ function; these act primarily 

as inhibitors of catalytic activity or by disrupting the association between the 

Kvβ and Kvα T1 docking domain. A recent study identified the acidic 

dopamine metabolite 3,4-dihydroxphenylacetic acid (DOPAC) as an effective 

inhibitor of Kvβ2-mediated reduction of 4-nitrobenzaldehyde, inhibiting the 

production of 4-nitrobenzyl alcohol by ~40% 181, albeit at supraphysiological 

concentrations. Additional nonendogenous inhibitors such as the 

cardioprotective drug resveratrol and plant derived flavonoid rutin, only 

slightly inhibit Kvβ2 catalytic activity by ~38% each. Alternatively, 

corticosteroids, such as cortisone, directly interact with Kvβ to increase Kv1 

channel activity through binding near the cofactor binding pocket and the 

inter-subunit interface, resulting in dissociation of the Kvβ from the 
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channel.182 There are currently no known pharmacological agonists that can 

selectively enhance Kvβ catalytic function. Further elucidation of compounds 

that can selectively modulate the function of the proteins may be valuable as 

novel therapeutics for the treatment of multiple disorders. Although the 

possibility for using compounds identified by these initial studies as Kvβ 

modulators as therapeutics is unlikely, they provide a useful foundation for 

further research into more beneficial chemical analogues that may possess 

more specific biological actions resulting from altering Kvβ function while 

avoiding off target effects. 
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