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Abstract 

 Cardiovascular diseases are the leading cause of death in America, and 

heart failure (HF) is an important and increasingly difficult to manage disease.  

HF, a clinical syndrome of impaired heart pump function, has poor prognosis, 

increasing incidence, and no cure.  Clinical treatment guidelines focus on the 

treatment of symptoms rather than acting to directly restore heart pump function, 

and better therapeutics are necessary to reverse the course of HF pathology.   

 Normal heart pump function is driven by the release and reuptake of Ca2+ 

ions from the cytoplasm of cardiac myocytes.  In healthy cardiac tissue, transient 

release of Ca2+ occurs rapidly to trigger contraction, and removal is likewise swift 

in order to allow the heart to relax and refill with blood for the next beat.  In failing 

myocardium, Ca2+ release is weak and reuptake is slow, which leads to 

inadequate ejection of blood to the body and poor refilling for the next beat.  Over 

time, this results in the progressive loss of cardiac pump function and, 

subsequently, worsening quality of life. 

 The protein responsible for most diastolic Ca2+ reuptake to the cardiac 

sarcoplasmic reticulum (SR) compartment is the SR Ca2+ ATPase, SERCA2a.  

SERCA2a expression and activity are decreased in failing hearts, and 

experimental therapeutics are currently under development to restore its activity 

in humans.   

 We have utilized a mouse model of inducible Serca2 deletion, the 

Serca2fl/fl mouse, to study the progression of cardiac dysfunction as this key 
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enzyme is lost.  Surprisingly, Serca2KO mice survive 7-10 weeks following 

inducible Serca2 deletion and loss of most SERCA2a protein.  The mechanisms 

by which Serca2KO mice maintain survival for so long with minimal apparent in 

vivo pathology are not well defined, so we investigated cardiac performance in 

Serca2KO hearts and mice by several methods.  We determined the function of 

KO hearts outside the body, in the absence of systemic signaling that may be 

supporting function in vivo, and found that isolated KO hearts had severely 

impaired function even at short times following gene deletion; we studied 

adaptive changes in cardiac Ca2+ handling proteins, including SERCA2a, that 

occur in hibernating mammals between the summer and winter seasons; and we 

enacted a thorough mechanistic dissection of ß-adrenergic signaling pathways in 

SERCA2a-depleted hearts.  We found that Serca2KO hearts deficient in normal 

Ca2+ handling remained able to support a significant functional response to 

adrenergic stimulation, despite the near complete absence of SERCA2a, which is 

normally a key functional substrate for the adrenergic response.  This finding 

indicated that other targets of adrenergic signaling in SERCA-deficient heart 

were surprisingly capable of supporting significant pump function despite poor 

cardiac Ca2+ transport capabilities, and we have identified the myofilament 

protein, cardiac troponin I (cTnI), as a key component of an intact adrenergic 

response under pathological Ca2+ handling conditions. 
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Chapter One 

Introduction and Rationale 
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 Cardiovascular disease is the leading cause of death in America (8, 61, 96).  

Heart Failure (HF), is a chronic, progressive syndrome of impaired heart pump 

function with generally poor prognosis(8).  There is no cure for HF, and current 

therapies largely serve to target symptoms rather than restore heart pump 

function.  Despite aggressive clinical management, mortality from HF remains 

high(79).  Thus, effective HF therapies represent a significant unmet need. 

Cardiac excitation-contraction coupling 

 In order meet the body’s metabolic demands the heart must undergo a 

regular cycle of contraction, to expel blood to the systemic circulation, and 

relaxation, to refill with blood for the next beat.  Cardiac contraction during 

systole is driven by the movement of Ca2+ into the cytoplasm of cardiac 

myocytes, where it interacts with myofilaments, regular arrays of contractile 

proteins, to enable contraction.  Relaxation, or diastole, occurs as this activating 

Ca2+ disengages from the myofilaments and is removed from the cytoplasm.  

This process, termed excitation-contraction (E-C) coupling (summarized in Figure 

1-1), must occur rapidly and faithfully each cardiac cycle and is subject to 

intricate regulation (13).  Defects in E-C coupling and Ca2+ regulation are closely 

associated with contractile dysfunction and play a key role in the progression of 

cardiac pathophysiology (69).   

 Ventricular cardiac myocytes are excitable cells with a resting membrane 

potential (Em) near -80 mV (14).  In the relaxed state, myoplasmic [Ca2+] is low, 

around 100 nM (13).  In response to depolarization of the cell membrane, or 
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sarcolemma, during an action potential, voltage-sensitive L-type Ca2+ channels 

admit an inward Ca2+ current (ICa) (128).  This sarcolemmal Ca2+ influx rapidly 

self-limits due to localized Ca2+-dependent inactivation of Ca2+ channels (154).   

Calcium-induced calcium release 

 Ca2+ flux via ICa interacts with cardiac ryanodine receptor (RyR2) proteins 

embedded in the sarcoplasmic reticulum (SR), the major Ca2+ storage organelle 

in cardiac myocytes, which triggers RyR opening and causes the transient 

release of SR Ca2+ into the cytoplasm.  Ca2+ influx-triggered RyR opening is 

termed Ca2+-induced Ca2+ release (CICR), and is the means by which a trans-

sarcolemmal Ca2+ influx triggers the coordinated release of SR Ca2+.  Cardiac 

RyR2 is a large (565 kDa) (114), homotetrameric (127) transmembrane protein 

that serves as the Ca2+ release channel of the SR.  In response to the binding of 

a small triggering [Ca2+] from ICa, ryanodine receptors enter an activated state, 

triggering a release SR Ca2+ into the cytoplasm which then terminates at higher 

local [Ca2+] (54, 55).  These quantal RyR Ca2+ release events, dubbed sparks 

(27), sum to form the intracellular Ca2+ release transient (23). 

 The cardiac myofilaments, which are composed of interdigitated arrays of 

myosin and actin filaments, sense [Ca2+]i and translate this signal into contractile 

force.  RyR-gated Ca2+ release from the SR raises intracellular free [Ca2+] to 750 

nM (14) and allows Ca2+ to bind the thin-filament Ca2+ sensing protein, troponin C 

(TnC).  Upon Ca2+ binding of TnC, the inhibitory heterotrimeric troponin complex 

undergoes a conformational change (123) to permit strong myosin binding to 
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actin, which in turn enables the myosin ATPase to exert force and cause cellular 

contraction(142).  TnC binds Ca2+ with a Kd of approximately 500 nM, which 

corresponds to the magnitude of Ca2+ transients in normal heart and couples 

contractile force to [Ca2+]I .  This coupling of [Ca2+]i and myofilament force 

production, the force-pCa relationship, is highly sensitive to the cellular 

environment and can be modified by physiological and pathophysiological 

conditions.  In general, increases or decreases in myofilament Ca2+ sensitivity 

coincide with a corresponding increase or decrease in maximal force production, 

though this is not always the case.  Importantly, phosphorylation of cardiac 

troponin I (cTnI) by protein kinase A causes a significant decrease in Ca2+ 

sensitivity without significantly decreasing maximal force production. 

 In order for the heart to complete the contractile cycle and refill with blood, 

this activating Ca2+ must be removed from the cytoplasm to enable relaxation.  

During diastole, cytoplasmic Ca2+ is returned to the SR by the sarco-endoplasmic 

reticulum Ca2+ ATPase, SERCA2a and is extruded across the sarcolemma via 

Na-Ca exchange (NCX) or the plasma membrane Ca2+ ATPase (PMCA).  SR 

Ca2+ reuptake by SERCA2a is the primary mode of diastolic Ca2+ removal, while 

NCX accounts for the majority of the remainder(12, 13).  The exact ratio of SR 

Ca2+ uptake to NCX varies between species.  In normal human ventricle, SR 

Ca2+ reuptake is responsible for 63% of [Ca2+]i removal (119). In rat and mouse 

ventricle the SR is responsible for sequestering 90% of [Ca2+]i each beat (10, 91).  

Defects in diastolic Ca2+ reuptake can significantly impair cardiac relaxation, and 
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are closely associated with cardiac pathophysiology in HF.  Accordingly, cardiac 

Ca2+ sequestration mechanisms, in particular SERCA2a, have been the subject 

of significant study into the process of HF progression and the development of 

therapeutic targets. 

Heart Failure 

 Heart failure (HF) is a severe, progressive clinical syndrome resulting from 

chronic heart pump impairment, and has diverse etiology and presentation.  

Fundamentally, HF is the inability of the heart to supply the body with blood and 

meet metabolic demands.  More than 650,000 new cases arise each year (37, 

61, 125) and the risk of developing HF for Americans aged 40 years or older is 

20% (43).  Prevalence of HF increases with age (37), and 5-year mortality rates 

for HF patients are approximately 50% despite aggressive clinical management 

(90, 125).  The principal symptoms of HF are fatigue, edema of the lungs and 

lower extremities, and breathlessness (8).   

 Profoundly impaired Ca2+ handling is a prominent feature of failing 

myocardium in humans and in animal models (24, 65, 68, 110, 112, 120, 122, 

130, 151).  Broadly, HF can be divided into two categories, each of which 

accounts for roughly half of all cases: HF with LV ejection fraction reduced below 

35-40% (HFrEF, or “systolic” heart failure) (16, 49, 147), and HF with preserved 

ejection fraction (HFpEF), wherein HF symptoms exist while LV ejection fraction 

remains above 50% (115).  Poor ventricular relaxation is a key heart-intrinsic 

defect common in failing hearts (70, 132), particularly in patients of HF with 
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preserved ejection fraction (HFpEF), and can lead to elevated pulmonary 

pressures.  HFpEF in particular has proven difficult to treat using typical clinical 

management strategies such as angiotensin receptor blockers (152), 

angiotensin-converting enzyme inhibitors (31, 84), and beta blockers (32). 

 Existing clinical treatments largely target systemic pathways in an effort to 

reduce demand on the heart, usually by a combination of drugs targeting the 

renin-angiotensin-aldosterone system (ACE inhibitors, angiotensin receptor 

blockers, and mineralocorticoid receptor antagonists), ß-adrenergic signaling 

(beta blockers), and fluid retention (diuretics) (1, 147).  Despite aggressive 

treatment, mortality remains high (90, 124, 125), thus identifying novel methods 

of targeting and restoring function to failing human hearts is a high priority. 

The cardiac Ca2+ pump, SERCA2a 

 Heart muscle has long been known to exhibit significant ATP-dependent 

Ca2+ transport activity (47, 48).  SERCA2a is a 110-kDa P-type ATPase located 

in the sarcoplasmic reticulum membrane of heart and slow twitch skeletal 

muscle.  It consists of ten transmembrane α helices and three cytoplasmic 

domains: an actuator domain; a phosphorylation domain; and a nucleotide 

binding domain, which are connected to the transmembrane helices by α helical 

stalks(144).  SERCA2a is highly similar to the fast twitch skeletal muscle isoform, 

SERCA1a, with which it shares 84% amino acid identity (17, 18, 102, 103).  

SERCA proteins are Ca2+-dependent ATPases that transport Ca2+ ions from the 

cytoplasm into the SR lumen at a ratio of 2 Ca2+ per ATP hydrolyzed.  The 
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SERCA catalytic cycle proceeds as follows (28, 29, 135): one ATP binds the 

cytoplasmic nucleotide-binding domain, while two Ca2+ ions bind amidst the 

transmembrane domains.  The γ phosphate of ATP is transferred to Asp-351 of 

SERCA, creating a phosphoenzyme intermediate (E1P) that occludes the Ca2+ 

binding pocket and prevents Ca2+ release to the cytoplasm.  The E1P 

phosphoenzyme intermediate undergoes a conformational change to the E2 

conformation, which opens the Ca2+ binding pocket to the SR lumen and has 

lower Ca2+ affinity, allowing Ca2+ to release into the SR.  

 Several different isoforms of SERCA are expressed in tissues throughout 

the body under the control of three different genes, SERCA1, SERCA2, and 

SERCA3.  SERCA1a and 1b splice isoforms are highly expressed in fast twitch 

skeletal muscle, SERCA2a is highly expressed in cardiac and slow twitch 

skeletal muscle, and SERCA2b and SERCA3 are widely expressed in muscle 

and nonmuscle tissues.  In all, the three SERCA genes encode more than ten 

splice isoforms that serve to control Ca2+ transport in every tissue of the body.  

The primary sequences of the major SERCA isoforms share significant identity 

and have similar Ca2+ affinity, though the Vmax of SERCA1a is greater than that of 

2a.   

 In vivo, SERCA2a is regulated by a small inhibitory protein, phospholamban 

(PLN) (59, 72, 76).  PLN, a 52 amino acid (6 kDa) protein located in the SR 

membrane, interacts with SERCA2a and inhibits its activity at baseline 

conditions.  In response to stress signaling, such as adrenergic stimulation, PLN 
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can be phosphorylated at Ser 16 by protein kinase A (PKA) and Thr 17 by Ca-

calmodulin dependent kinase II (CaMKII), which relieves SERCA2a inhibition by 

increasing Ca2+ affinity (87).   In this manner, PLN serves as a molecular throttle 

of SERCA2a that modulates cardiac Ca2+ transport in response to physiological 

inputs.   

 The potent effects of PLN regulation and uninhibited SERCA2a activity on 

cardiac function are best illustrated by the phenotype of the PLN knockout 

mouse, in which PLN is not expressed and therefore is unable to regulate 

SERCA2a in heart (35, 83, 91, 100, 134).  PLN-/- mice are viable and do not 

exhibit premature mortality or signs of cardiac dysfunction at normal baseline 

conditions, though they are susceptible to ischemic injury (35).  Rather, PLN-/- 

hearts have greatly augmented cardiac contractile function (100).  Myocytes from 

PLN-/- hearts exhibit substantial increases in Ca2+ transient amplitude and decay 

rate (91).  Importantly, PLN-/- mice do not respond to adrenergic stimulation with 

any further increase in contractile force or velocity, indicating that PLN inhibition 

of SERCA2a activity represents the dominant mechanism regulating cardiac 

contractile function.  

 In order to match blood supply to the body’s requirements, the heart must 

be able to modulate contractility and cardiac output in response to increases in 

demand.  To accomplish this regulation ß1-adrenergic receptor (ß-AR) signaling 

in heart enacts inotropic, lusitropic, and chronotropic responses (respectively 

modulating the force of contraction, speed of contraction, and frequency of 
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contraction)(20).  ß1-ARs are 7-transmembrane receptors coupled at the 

sarcolemma to a heterotrimeric GTP binding protein, Gs.  In response to 

catecholamine stimulation of the ß1-AR, the Gsα subunit dissociates and activates 

adenylyl cyclase (AC), causing the production of the second messenger, cyclic 

AMP (cAMP), from ATP(52).  cAMP activates PKA by causing the PKA 

regulatory subunit to dissociate from the PKA catalytic subunit, which in turn 

phosphorylates numerous functional substrates in cardiac myocytes.  Key targets 

of PKA that directly modulate contractile function include RyR (140), PLN (87), 

which serve to increase SR Ca2+ release and uptake, respectively, and troponin I 

(cTnI) (82, 149), which serves to decrease thin filament Ca2+ affinity and hasten 

relaxation.   

Models of altered SR Ca2+ handling 

 Inherited defects in SERCA2 cause human disease in the form of the 

autosomal dominant disorder, Darier’s disease.  Darier’s disease manifests as a 

disorder of the skin, resulting in keratinized squamous epithelium (106).  

Remarkably, Darier’s patients do not have overt cardiac dysfunction despite 

having just one copy of SERCA2, demonstrating that partial loss of SERCA2 

expression can be compensated in the absence of other cardiac injury. 

 Direct involvement of Serca2 for maintaining proper cardiac function in vivo 

was demonstrated in 1999 by Periasamy and colleagues, who utilized a knockout 

mouse model to study Serca2+/- heart function (118).  Homozygous null mice 

were not observed, indicating that Serca2 is essential for normal survival.  



 

 10 

Relative to wild type mouse heart, Serca2+/- heterozygous mice express 

approximately 55% SERCA2 mRNA and 65% SERCA2 protein, and have 

measurable cardiac impairment, though the degree of functional decline is very 

mild (118).  Serca2+/- heterozygous myocytes similarly have impaired shortening 

amplitude and Ca2+ transients, and have elevated ICa and NCX expression (80).  

Despite these changes and observed functional impairment, Serca2+/- mice show 

no evidence of overt heart disease or hypertrophy (118).   

  Although the Serca2 heterozygous mouse shows that a primary defect 

in SERCA2 levels can affect cardiac function, it represents only one state of 

SERCA2 deficiency and does not exhibit severe cardiac impairment.  A more 

refined approach is therefore necessary to fully investigate the relationship 

between SERCA2 protein level and cardiac function.  In 2009, Andersson and 

colleagues demonstrated that the Serca2 gene could be efficiently deleted in vivo 

using Cre recombinase (2, 3).  In this SERCA2 KO mouse model, exons 2 and 3 

of Serca2 are flanked by LoxP recombination sites.  When acted upon a 

tamoxifen-inducible Mer-Cre-Mer recombinase, expressed by the cardiac specific 

alpha-Myosin Heavy Chain promoter, these exons are efficiently deleted from the 

gene causing loss of Serca2 mRNA and, subsequently, SERCA2 protein.  

Following gene deletion induced by injection of tamoxifen, SERCA2 protein is 

lost from the heart with a half-life of 2-3 days; by 4 weeks post-tamoxifen, cardiac 

SERCA2 protein content is below 5% of original levels.   

 Surprisingly, Serca2KO mice survive 7-10 weeks after Serca2 gene 
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disruption and do not enter overt heart failure until shortly before death, despite 

living for weeks with profoundly impaired cardiac Ca2+ handling.  In initial 

characterizations of the SERCA2 KO mouse model (summarized in Figure 1-2), 

Andersson and others demonstrated that myocytes isolated from KO hearts 4 

weeks post-KO exhibit poor systolic and diastolic function and have 

corresponding weak and slow Ca2+ dynamics (2).  Caffeine-induced Ca2+ 

transients from KO myocytes indicate that SR Ca2+ content in KO hearts is 

reduced to 38% of control 4 weeks after knockout.  Despite this rapid and 

efficient loss of SERCA2 protein from KO hearts, however, KO mice survive 7 to 

10 weeks after tamoxifen-induced Serca2 gene disruption (2, 97).  Furthermore, 

SERCA2 KO mice examined by echocardiography and invasive telemetry exhibit 

remarkably preserved in vivo function at 4 weeks post-tamoxifen, when ex vivo 

isolated myocyte performance is severely compromised: cardiac output of 4-

week KO mice was 80% of control, and fractional shortening was not different at 

that time (2).  Cardiac output and tissue velocity declined from 4 to 7 weeks post-

knockout (97), indicating that KO hearts progress into heart failure as they 

become unable to compensate for lost SR Ca2+ handling function.  The ability of 

SERCA2 KO mice to survive for such an extended period following the loss of 

SERCA2 protein is highly unexpected, given that SERCA2 accounts for 90% of 

diastolic Ca2+ sequestration in mice.  The apparent disconnect between severe 

ex vivo impairment and relatively preserved in vivo function in SERCA2 KO mice 

suggests that KO mice are able to compensate, at least temporarily, for the near-
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complete absence of cardiac SERCA2 protein over the span of multiple weeks 

and millions of cardiac cycles. 

 Following Serca2 gene deletion, KO hearts initiate progressive remodeling 

of other ion transport mechanisms, particularly trans-sarcolemmal Ca2+ transport 

pathways (2, 97).  In SERCA2 KO hearts, expression levels and current density 

of the voltage-gated Ca2+ channel (CaV1.2), the Na-Ca exchanger (NCX), and the 

plasma membrane Ca2+ ATPase (PMCA) are all increased 1.5 to 2-fold above 

controls (97).  This increase in voltage-gated Ca2+ current, in conjunction with  

greater AP duration in KO myocytes, supports systolic Ca2+ influx, while 

increased NCX and PMCA Ca2+ current could account for sustained diastolic 

function following ablation of most SR Ca2+ handling function.  An increase in 

intracellular [Na+]i, corresponding with decreased expression of NKA α1 and α2 

isoforms 7 weeks post-knockout, gradually impairs increased NCX-mediated 

Ca2+ extrusion and contributes to the progressive onset of severe failure in KO 

hearts.   

 In addition to progressive changes in ion currents following Serca2 gene 

disruption, the activity of intracellular and systemic signaling pathways is 

increased.  As early as one week post-knockout, Ca2+-calmodulin dependent 

protein kinase (CaMKII) signaling is increased in KO hearts (137, 138).  At that 

time, total CaMKII protein expression is not different between control and KO 

hearts, but CaMKII phosphorylated at Thr286 is elevated along with increased 

phosphorylation of RyR Ser2814, a CaMKII target.  Serum catecholamines are 
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likewise elevated in KO mice 4 weeks after knockout, indicating that these 

pathways are active while KO hearts are compensating for lost SERCA2 

activity(2). 

 This early characterization of sustained in vivo survival despite significant 

impairment in cardiac Ca2+ handling did not clearly identify how overt HF is 

avoided.  Identifying the mechanism that supports cardiac function in the face of 

significantly impaired Ca2+ handling function is likely to provide important new 

insights into how function can be restored, and is therefore a significant objective 

towards future advances in the treatment of human heart failure. 

Project objectives, rationale, and structure 

 The primary objective of this work was to identify the mechanism by which 

SERCA2-depleted hearts can compensate for severely impaired SR Ca2+ 

handling, and to investigate cardiac function as SERCA2 protein content is 

progressively changed.  Defective Ca2+ transport is common in failing hearts, and 

this is widely regarded to be a key target for therapeutic development.  The 

finding that SERCA2 inducible KO mice temporarily compensate for the loss of 

most SR Ca2+ handling ability is provocative, and the mechanism by which this 

compensation occurs could prove invaluable for developing therapeutic targets in 

failing hearts.  The SERCA2 inducible KO mouse model is therefore an ideal 

platform to investigate the relationship between cardiac performance and 

SERCA2 content. 

 We set out to dissect this relationship in three steps.  First, we investigated 
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the performance of intact hearts isolated from SERCA2 inducible KO mice at 

several times post-knockout.  As the initial characterization of the SERCA2 KO 

mouse used isolated myocyte and in vivo measures of function, the ex vivo 

isolated heart function of KO hearts was completely unknown.  Second, we 

investigated heart performance in hibernating ground squirrels, a complementary 

animal model in which cardiac SERCA2 content varies between the summer 

active and winter torpid states.  And third, we evaluated the function of ß-

adrenergic signaling pathways in SERCA2 KO mice using in vivo, ex vivo, and 

genetic approaches.  The objective of this study was to systematically dissect the 

molecular and genetic basis allowing for sustained heart pump function under 

conditions of profound Ca2+ handling deficits.  Our specific aims were:  

 

Specific Aim 1.  To determine the role of ß-adrenergic signaling in sustaining 

survival following inducible cardiac Serca2 gene deletion in adult mice.   

 

Specific Aim 2.  To investigate the mechanism of Ca2+ handling compensation 

in SERCA2-deficient hearts. 
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Figure 1-1: Schematic of cardiac excitation-contraction coupling.   

Adapted from Davis et al (40). 
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Figure 1-2: Summary of the inducible Serca2 knockout mouse phenotype. 
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Chapter Two 

Prominent heart organ-level performance deficits in a genetic model of 

targeted severe and progressive SERCA2 deficiency. 
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SUMMARY 
 
 The cardiac SERCA2 Ca2+ pump is critical for maintaining normal Ca2+ 

handling in the heart.  Reduced SERCA2a content and blunted Ca2+ reuptake 

are frequently observed in failing hearts and evidence implicates poor cardiac 

Ca2+ handling in the progression of heart failure.  To gain insight into mechanism 

we investigated a novel genetic mouse model of inducible severe and 

progressive SERCA2 deficiency (inducible Serca2 knockout, SERCA2 KO). 

These mice eventually die from overt heart failure 7-10 weeks after knockout but 

as yet there have been no reports on intrinsic mechanical performance at the 

isolated whole heart organ level. Thus we studied whole-organ ex vivo function of 

hearts isolated from SERCA2 KO mice at one and four weeks post-knockout in 

adult animals.  We found that isolated KO heart function was only modestly 

impaired one week post-knockout, when SERCA2a protein was 32% of normal.  

At four weeks post-knockout, function was severely impaired with near non-

detectable levels of SERCA2.  During perfusion with 10 mM caffeine, LV 

developed pressures were similar between 4-week KO and control hearts, and 

end-diastolic pressures were lower in KO.  When hearts were subjected to 

ischemia-reperfusion injury, recovery was not different between control and KO 

hearts at either one or four weeks post-knockout.  Our findings indicate that ex 

vivo function of isolated SERCA2 KO hearts is severely impaired long before 

symptoms appear in vivo, suggesting that physiologically relevant heart function 

in vivo can be sustained for weeks in the absence of robust SR Ca2+ flux. 
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INTRODUCTION 
 

Normal heart pump function requires the highly regulated, cyclical release 

and reuptake of Ca2+ in the myoplasm of cardiac myocytes.  Reuptake of Ca2+ 

into the sarcoplasmic reticulum (SR), accomplished by the cardiac SR Ca2+ 

ATPase (SERCA2), plays a major role in cardiac muscle relaxation and also is 

critical in determining SR Ca2+ load and subsequent systolic Ca2+ release.  

Defects in Ca2+ handling are clearly associated with cardiac dysfunction and 

heart failure(53, 65, 95, 98, 130, 146).  Although diminished Ca2+ flux and 

reduced SERCA2a expression are frequently observed in the failing heart, the 

exact relationship between these observations is not fully known.  It is not clearly 

established whether loss of SERCA2a is a driving primary cause of severe 

cardiac dysfunction or whether this is a secondary consequence of the emerging 

cardiac pathology. 

Serca2+/- mice, which express approximately 60% of normal SERCA2a 

protein content, have only mildly impaired function(80),(74),(118).  Given that 

Serca2 heterozygous mice represent only one state of diminished SERCA2a 

activity, a more refined approach to study the relationship between SERCA2 

expression and heart function in adult mice is necessary.  A recently developed 

model of inducible SERCA2 knockout, the SERCA2 KO mouse, allows for 

selective disruption of the Serca2 gene in the hearts of adult mice(2, 3).  In this 

model, exons 2 and 3 of Serca2 gene locus are flanked by loxP sites, thereby 
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allowing selective disruption of Serca2 in adult cardiac myocytes conferred by a 

tamoxifen-sensitive, cardiac myocyte-expressed MerCreMer transgene(133). 

 This model of genetic SERCA2 manipulation has been characterized in 

vitro in isolated cardiac myocyte studies, as well as in vivo by survival, 

echocardiography and invasive micromanometry studies(2, 97, 138).  Following 

Serca2 gene disruption, SERCA2a protein is rapidly lost from the heart (t1/2 ~3 

days).  Despite the emergence of severe cardiac SERCA2a deficiency within 

weeks, the SERCA2 KO mice survive for up to 10 weeks post-knockout before 

finally succumbing to end-stage heart failure and pulmonary congestion(97).  

Myocytes isolated from SERCA2 KO hearts at 4 and 7 weeks post-knockout 

reveal severe impairments in contractility, intracellular Ca2+ transient magnitude, 

and Ca2+ transient decay rates(2, 97).  The in vivo phenotype at these time-

points as assessed by echocardiography, however, is surprisingly mild. This 

suggests that SERCA2 KO mice are capable of compensating, at least 

temporarily, for the loss of SERCA2 activity for much longer than predicted based 

on current knowledge of cardiac Ca2+ handling and SR function (reviewed in 

(13)).  

 The disconnect between severely impaired in vitro function of isolated 

myocytes with the apparent preserved in vivo function after Serca2 disruption is 

surprising and warrants more detailed study.  Interestingly, a recent parallel study 

using isolated rabbit hearts and the potent SERCA2a inhibitor thapsigargin 

showed that heart pump function can be sustained, at least in the short term, in 
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absence of any appreciable myocyte SR Ca2+ handling capabilities(50).  These 

findings raise important new questions regarding the precise relationship 

between SERCA2a deficiency and the progression of heart failure.  

Although the contractile function and electrophysiology of isolated 

myocytes from inducible Serca2 KO have been studied, and in vivo function has 

been assessed by echocardiography and invasive micromanometry, no studies 

thus far have reported the contractile function of whole hearts isolated from these 

mice.  It therefore remains unclear whether the whole-organ function of KO 

hearts will most closely resemble the severely impaired isolated myocyte 

phenotype or the largely preserved in vivo hemodynamic phenotype.  In order to 

address this gap in knowledge, we isolated hearts at specific time-points after 

cardiac Serca2 gene disruption and directly examined whole heart performance.  

We hypothesized that, similar to isolated myocytes, isolated Serca2 KO hearts 

would exhibit severe contractile dysfunction ex vivo at times when in vivo 

pathology is not yet manifest.  We studied Serca2 KO and FL control hearts at 1 

and 4 weeks post-knockout, time points well prior to the onset of overt pump 

failure, but where severe dysfunction of isolated cardiac myocytes is manifest, to 

establish an organ-level biological SERCA2 dose-response relationship.  Since 

sarcolemmal Ca2+ currents are increased following Serca2 knockout(2, 97, 138), 

we perfused isolated 4-week Serca2 FL and KO hearts with caffeine to reveal 

SR-independent contractile function.  In addition, we used this model to test 

whether altered SR Ca2+ handling could improve the functional recovery of 
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isolated hearts from ischemia-reperfusion injury.  Because there are reports that 

increasing SR Ca2+ load can severely impair recovery from ischemic injury ex 

vivo(35), we hypothesized that decreasing SR Ca2+ content by Serca2 disruption 

would improve the recovery of KO hearts relative to controls.   
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METHODS 

Animal Handling and Ethics Statement 

All experiments were approved by the University of Minnesota Institutional 

Animal Care and Use Committee (NIH Animal Welfare Assurance #A3456-01).  

Mice were housed on a 12-12 hour light-dark cycle and provided rodent chow 

and tap water ad libitum.  All mice were homozygous for loxP sites in introns 1 

and 3 of the Serca2 gene (Serca2fl/fl), and either contained (TG) or did not 

contain (NTG) the αMHC-MerCreMer+/o transgene.  Mice were genotyped as 

described (2).  All mice were injected with tamoxifen dissolved at 10 mg/ml in 

peanut oil (1x 40 mg/kg intraperitoneally).  Serca2fl/fl; TG:αMHC-MerCreMer+/o 

mice efficiently deleted Serca2 in response to tamoxifen and became Serca20 

(KO) in the heart, while Serca2fl/fl; NTG animals retained the floxed Serca2  gene 

and normal SERCA2 expression (FL controls).  FL and KO groups were 

sacrificed by sodium pentobarbital injection (100 mg/kg i.p.) and exsanguination 

at 1 and 4 weeks post-tamoxifen injection and their hearts were removed for ex 

vivo functional analysis (Figure 2-1A).  All mice were 8-12 weeks of age at the 

time of sacrifice, and were of both sexes in roughly equal proportion.  FL and KO 

animals were sacrificed 7 days post-tamoxifen for the 1-week time point, and 29-

30 days post-tamoxifen for the 4-week time point. 

 

Langendorff protocol 
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Mice were anesthetized with sodium pentobarbital (100 mg/kg i.p.) and 

heparinized (250 IU i.p.).  Upon loss of toe pinch reflex, the ribcage was opened 

and the heart was removed to a dish of ice-cold Krebs-Henseleit solution (KHB: 

In mmol/L, 118 NaCl, 4.7 KCl, 1.2 MgSO4, 1.2 KH2PO4, 0.5 NaEDTA, 2.5 CaCl2, 

15 Glucose, 25 NaHCO3, 0.5 NaPyruvate).  The aorta was trimmed and 

cannulated, and the heart was mounted on a Langendorff apparatus (Radnoti, 

Inc) and retrogradely perfused with KHB bubbled with 95% O2 / 5% CO2 and 

maintained near 37 °C with a water jacket.  The atria were removed, and a 

balloon catheter was inserted into the left ventricle (LV) to measure isovolumic 

LV pressure.  An electrode placed at the base of the heart controlled pacing 

frequency, which was set at 7 Hz (pacing cycle length of 1000/7 = 143 

milliseconds) for baseline and equilibration.   

The Langendorff protocol is presented in Figure 2-2A.  Hearts were 

equilibrated at 7 Hz for 5 minutes, followed by stepped changes in pacing 

frequency from 3 to 12 Hz: frequency was first reduced stepwise from 7 Hz to 3 

Hz, then returned to 7 Hz and increased stepwise to 12 Hz in 1-Hz increments.  

Each frequency step was maintained until an equilibrium developed, at which 

point the frequency was again increased (usually ~1 minute per step).  

Parameters from 5 to 10 beats were averaged at this equilibrium state of each 

pacing step.  After pacing steps to 12 Hz were completed, frequency was set at 7 

Hz, perfusion was switched to KHB lacking pyruvate, and hearts were re-
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equilibrated at 7 Hz for 10 minutes to wash out pyruvate from the pacing 

protocol. 

 After re-equilibration, pacing was ceased and hearts were subjected to 20 

minutes of no-flow ischemia, followed by 60 minutes of reperfusion.  7 Hz pacing 

was resumed after 8 minutes of reperfusion and continued until the end of the 

experiment. 

 

Caffeine perfusion 

 Serca2 knockout was performed and 4-week FL and KO hearts were 

mounted in the Langendorff mode as described above.  KHB composition was as 

above, except glucose was 10 mM and pyruvate was not used.  Hearts were 

allowed to equilibrate in normal KHB for 10 minutes.  After equilibration, 5 

minutes of baseline performance were recorded and the perfusate was switched 

to a reservoir containing KHB + 10 mM caffeine.  Hearts were perfused with KHB 

+ caffeine for 10 minutes, followed by 20 minutes washout in normal KHB.  

Pacing frequency was 7 Hz throughout.  Arrhythmic behavior during and after 

caffeine perfusion was defined as the time from start of caffeine perfusion until 

the first 15-second interval in which contractile frequency deviated outside 7 ± 

0.5 Hz (420 ± 30 BPM).   

 

Tissue handling 
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After the Langendorff protocol was complete, hearts were removed from 

the cannula, quickly blotted and weighed, and frozen using liquid nitrogen.  

Frozen hearts were pulverized in a liquid nitrogen-cooled steel deadblow, 

resuspended in 750 µl RIPA (in mmol/L, 50 Tris, 150 NaCl, 1 EDTA, plus 0.5% 

w/v SDS and protease inhibitors [1 mM PMSF and 0.001 mg/ml each of 

aprotinin, leupeptin, and pepstatin, all added fresh]), briefly sonicated, and 

centrifuged at 14,000xg for 2 minutes.  Supernatant protein concentration was 

determined using bicinchroninic acid. 

 

Western Blotting 

 Heart lysates were diluted to 1 µg/µl with RIPA and Laemmli buffer, and 

then 20 µg protein per lane was fractionated on 12.5% Tris-Glycine gels (BioRad 

Criterion) and transferred to PVDF membranes.  SERCA2a and Actin were 

detected by immunoblot (primary antibodies: SERCA2a, 2A7-A1 (Sigma) at 

1:1000; Actin, A-2103 (Sigma) at 1:10,000) using an Odyssey imaging system 

(LiCor, Inc). 

 

Data Acquisition and Statistical Analysis 

Data was acquired using LabChart 6 software (AD Instruments) and 

analyzed using Prism 5.02 (GraphPad).  Significance was tested by unpaired 

two-tailed t test or two-way analysis of variance with Bonferroni post-test, where 
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appropriate.  Significance was set at P < 0.05.  Data is presented as mean ± 

SEM unless SEM was smaller than figure icon. 
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RESULTS 
 

Serca2 FL and Serca2 KO hearts were studied at one and four weeks 

after tamoxifen injection.  Following tamoxifen injection, SERCA2 protein was 

rapidly lost from the heart (Figure 2-1).  One week post-tamoxifen, SERCA2 

protein in KO hearts was 32% of FL control (Figure 2-1B,C).  By four weeks post-

tamoxifen, only faint SERCA2 bands were found in heavily loaded samples 

(Figure 2-1D).  Despite weeks of severe SERCA2a depletion in these mice, there 

were no overt, readily observable differences in animal appearance and no 

differences in heart weight, body weight, or heart weight-body weight ratio 

between FL and KO groups at either the one or four week time points (Table 2-

1).   

Isolated heart contractile parameters at baseline are detailed in Table 2-2.  

One week post-tamoxifen, KO hearts exhibited mild systolic and diastolic 

dysfunction.  The minimal first derivative of LV pressure (dP/dtmin, the fastest rate 

of pressure decay each beat) was significantly reduced in KO hearts compared 

to FL.   In addition, times to 50% pressure rise (T50% Rise) and fall (T50% 

Relaxation or T50R) were significantly increased in KO hearts relative to FL at 1 

week post-tamoxifen.  In comparison, at four weeks post-tamoxifen, KO hearts 

had severe systolic and diastolic dysfunction relative to FL.  In KO hearts LV 

developed pressure and maximal and minimal dP/dt were markedly decreased, 

and end-diastolic pressure (LVEDP) and times to 50% rise and 50% relaxation 

were significantly increased (P < 0.05).  Representative traces of LV pressure 
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(Figure 2-2B, LV pressures; 2-2C, normalized to magnitude) from one-week FL, 

one-week KO, and four-week KO reveal severe, progressive decline in isolated 

heart contractile performance as SERCA2 protein is lost from the myocardium.  

At low to moderate pacing frequencies (3 and 7 Hz, Figure 2-2Bi-ii and 2-2Ci-ii), 

KO hearts contracted more weakly and relaxed more slowly than FL hearts.  At 

higher pacing frequencies, these differences in relaxation performance were 

diminished. At four-weeks KO heart diastolic function was severely impaired at all 

pacing frequencies (Figure 2-2B). 

 Figure 2-3 summarizes one-week and four-week control and KO heart 

systolic function (LVDP) across a broad range of pacing frequencies.  FL hearts 

at both time points exhibited a negative staircase force-frequency response as 

pacing frequency increased above 7 Hz baseline.  At one week post-tamoxifen 

(Figure 2-3A), KO systolic function was diminished at low and high, but not 

moderate pacing frequencies (P < 0.05 between KO and FL at 3-5 and 8-11 Hz).  

At four weeks, however, KO hearts had severe systolic impairment at all pacing 

frequencies (Figure 2-3B). 

 In both one-week and four-week KO hearts, there was a substantial rise in 

end-diastolic pressure (LVEDP) as pacing frequency increased (Figures 2-4A 

and 2-4B).  At four weeks, KO end-diastolic pressures were significantly elevated 

at lower frequencies compared to one-week KO or FL, but at the maximal pacing 

frequency of 12 Hz both KO LVEDPs were similar (one-week KO: 31.5 ± 1.5 mm 

Hg; four-week KO: 36.6 ± 4.2 mm Hg).  Further underscoring the relaxation 
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deficit of KO hearts, times to 50% relaxation (T50R) were significantly prolonged 

in one- and four-week KO hearts relative to FL, particularly at low pacing 

frequencies (Figure 2-5A).  KO hearts had also a significantly prolonged 

contracted state (Figure 2-5B: full-duration at half maximum, FDHM) compared to 

FL hearts at both time points.  Likewise, the peak width (time duration of each 

pressure peak) progressively increased in one- and four-week KO hearts (Figure 

2-5C).  The rest time, defined as the difference between the calculated pacing 

cycle length and the peak width (PCL = 1000 ms s-1/ pacing frequency s-1), thus 

representing the time interval between the end of one peak and the beginning of 

the next, was elevated in KO hearts at low pacing frequencies (Figure 2-5D).  

These measures differed between KO and FL groups at low pacing frequencies 

and converged as pacing rate increased (7 Hz and above: no significant 

differences).   

 Following force-frequency response determination, whole hearts were 

subjected to ischemia-reperfusion (I/R) challenge to test the hypothesis that the 

magnitude of I/R-mediated LV pressure dysfunction is modulated by progressive 

SERCA2a deficiency.  At one-week, KO hearts had reduced pre-ischemic 

baseline LVDP compared to FL hearts, however both groups produced similar 

absolute developed pressures during reperfusion (Figure 2-6A).  In contrast, at 

four weeks, KO hearts recovered much lower developed pressures than control 

hearts during reperfusion.  When the developed pressure of each heart was 

normalized to pre-ischemic baseline values (Figures 2-6B and 2-6D), the 
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recovery of KO hearts was not significantly different from FL controls.  Also KO 

and FL hearts developed similar rigor pressure during ischemia, and recovery of 

LV end-diastolic pressure was not different between groups (Figure 2-7). 

 In an additional set of experiments, we sought to further evaluate Ca2+ 

handling in FL and KO hearts by using caffeine to modulate excitation-

contraction coupling.  Isolated 4-week FL and KO hearts were perfused with 10 

mM caffeine, a ryanodine receptor (RyR) activator, to modulate SR Ca2+ handling 

and reveal non-SR dependent contractile function.  Caffeine perfusion releases 

SR Ca2+ stores, thus forcing hearts to depend on SR-independent Ca2+ handling 

pathways for contractility.  Representative traces of 4-week FL and KO hearts 

during caffeine perfusion are shown in Figure 2-8A.  Upon perfusion with 10 mM 

caffeine, isolated hearts initially underwent a brief period of increased contractile 

force (Figure 2-8B).  Following this initial increase, LV developed pressure 

diminished in both FL and KO and remained low until removal of caffeine during 

washout.  Upon returning to normal KHB perfusion, FL hearts recovered 

developed pressure more rapidly than KO hearts.  LV end-diastolic pressure 

increased during caffeine perfusion in both groups, but to a greater extent in FL 

hearts than KO (Figure 2-8C).  In FL hearts, LV end-systolic pressure (LVESP) 

decreased during caffeine perfusion, whereas in KO hearts LVESP increased 

(Figure 2-8D).  During caffeine perfusion, KO hearts were more susceptible than 

FL hearts to pacing irregularities, defined as a 15-second period in which a 

heart’s contractile frequency deviated outside 7 ± 0.5 Hz.  Each heart’s time from 



 

 32 

the start of caffeine perfusion to the first of these events was plotted in Figure 2-

8E.  Here, 9 of 12 KO hearts, and 0 of 6 FL hearts, experienced arrhythmias 

during caffeine perfusion, and 2 of 6 FL hearts experienced arrhythmias shortly 

after returning to normal KHB perfusion.  
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DISCUSSION 

This study reports new findings of left ventricular whole heart function after 

targeted Serca2 gene disruption with the goal to interrogate organ level 

performance in the context of progressive and severe SERCA2a protein 

depletion.   Under standard conditions at one week after Serca2 gene disruption, 

where cardiac SERCA2a protein content is 32% of control values, isolated whole 

heart performance is surprisingly near normal. In comparison, under the same 

standard testing conditions of whole heart function four weeks after Serca2 gene 

disruption, where cardiac SERCA2a protein is at near non-detectable levels, 

there are severe deficiencies in both systolic and diastolic LV function at the level 

of the isolated intact heart.   Cardiac stress testing by increasing pacing rates 

further and dramatically unmasks relaxation performance deficits at early and 

late time points after gene disruption and establishes the SERCA2a dose-

diastolic performance response relationship.  Overall these new findings parallel 

those obtained previously in isolated myocytes from SERCA2a KO mice(2, 97) 

and are in contrast to in vivo function where heart morphology and whole 

behavior appear relatively normal. This later point is in keeping with findings of 

apparent normal echocardiography assessment, at least in the early weeks after 

severe SERCA2a depletion in vivo(2).   Based on whole heart function results 

reported here it is surprising that SERCA2a KO mice survive well beyond time 

points where intrinsic whole heart performance is severely compromised.  
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Our results from the inducible SERCA2a knockout mouse are interesting 

in the context of previous findings in Serca2+/- mice, which constitutively express 

about 60% of normal SERCA2 protein.  Serca2 heterozygous mice have slightly 

impaired cardiac function, but this does not appear to negatively impact the 

overall health of these mice(80, 118).  The inducible SERCA2 KO mice(3) offer 

greater experimental latitude by permitting study of animals at multiple time 

points between initiation of knockout and the onset of in vivo pathology.  In this 

way it is possible to perform detailed study of heart function as SERCA2 protein 

is specifically and progressively lost from the myocardium.  In this context, 

severe SERCA2a deficiency from 32% of control levels down to near zero levels 

markedly disrupts heart organ function and yet at ~ 1,000,000 cardiac pump 

cycles/day the animal can survive for many weeks before overt cardio-respiratory 

failure ensues. 

The physiological disconnect between the ex vivo heart performance and 

in vivo function is evidence that KO mice are capable of compensating for the 

loss of cardiac SERCA2 protein for up to two months before ultimately failing.  

Along these lines, recent reports on isolated rabbit hearts exposed to the 

SERCA2 inhibitor, thapsigargin, also show a surprising extended time of whole 

heart function that too appears to uncouple  isolated myocyte SR Ca2+ flux and 

whole-heart contractility(50).   

As of yet the mechanism allowing for this compensation is not clear, 

although there are several changes shown to occur following Serca2 disruption 



 

 35 

that may support heart function in the absence of robust SR Ca2+ flux.  For 

example, there are modest increases in the expression and activity of the L-type 

Ca2+ channel, the Na+-Ca+ exchanger, and the plasma membrane Ca2+ 

ATPase(97).  In addition, Na-K ATPase expression and activity is decreased(97), 

and serum norepinephrine is elevated in KO mice(2).  Collectively, these 

changes prompt the hypothesis that Serca2 KO cardiac performance in vivo is 

maintained by enhancing trans-sarcolemmal Ca2+ transport while SR Ca2+ 

handling is reduced.  KO myocytes exhibit greater Ca2+ transients than FL when 

stimulated during caffeine perfusion(139).  The contractile performance of 

isolated KO hearts perfused with caffeine, however, suggests that trans-

sarcolemmal Ca2+ flux is unlikely to account for preserved systolic function after 

Serca2 disruption.  Systolic performance in FL and KO hearts is nearly identical 

during caffeine perfusion.  End-diastolic pressures are lower in KO hearts during 

caffeine perfusion, suggesting that increased NCX and PMCA levels found 4 

weeks post-KO can help sustain diastolic performance.  KO hearts tend to 

deviate from the programmed stimulation frequency, 7 Hz, soon after the 

application of caffeine, indicating that this increased dependence on trans-

sarcolemmal Ca2+ fluxes can sensitize KO hearts to arrhythmic behavior(121).  

This finding is notable because <1 week KO mice exhibit fewer ventricular 

extrasystoles than FL mice in telemetry studies(138).  This difference is likely 

accounted for by the progressive nature of this Serca2 KO model, as the 4-week 

KO hearts used in this study have diminished SR function and greater NCX 
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activity(97) than <1 week KO hearts(138).  Therefore, compensatory changes in 

Ca2+ handling mechanisms of Serca2 KO hearts may contribute to comparatively 

preserved end-diastolic pressures, but not systolic performance, during caffeine 

exposure.  Increased dependence on Ca2+ current, however, may render KO 

hearts susceptible to arrhythmias.  Additional studies will be required to further 

specify how KO hearts maintain systolic performance in vivo as SR function is 

gradually abolished. 

Loss of SERCA2 expression and activity is well documented within a wide 

variety of cardiac pathologies in human patients. However, in this context it is 

interesting to note that patients with Darier’s disease, which owing to Serca2 

loss-of-function mutations are functional Serca2+/- heterozygotes, show no sign of 

cardiac disease or dysfunction(106). This observation supports the apparent 

disconnection between in vivo cardiac function, cardiac SERCA2 content/activity, 

and isolated organ and cell function. 

 Another motivation for studying Serca2 KO mice was to assess the 

relationship between SR function and ischemia-reperfusion injury.  Earlier reports 

of altered SR function using phospholamban deficient mice reported much more 

severe I/R-mediated heart performance deficits than in controls(35).  We 

speculated that a converse model whereby SR Ca2+ uptake and load are 

reduced would have opposite effects and paradoxically could be beneficial in 

terms of relative LV functional deficits in I/R.  In 1-week KO hearts with 

SERCA2a reduced to 32% of control, mean values for LVDP tended to be higher 
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than controls but this did not reach statistical significance by ANOVA analysis.  

Thus, although increasing SR Ca2+ load by phospholamban ablation severely 

impairs recovery from ischemic injury(35), decreasing SERCA2a content to 32% 

or less appears not to confer any benefit to recovery. 

 In conclusion, these findings show that progressive loss of SERCA2 

protein from heart following inducible knockout initiates rapid, severe decline in 

the contractile performance of isolated whole hearts.  Although the mechanisms 

allowing for sustained in vivo cardiac function and survival are currently unclear, 

identifying the manner in which hearts compensate for severely diminished SR 

Ca2+ flux could prove highly beneficial to our understanding of the 

interrelationship between SR Ca2+ derangements and cardiac disease. 
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Table 2-1: Animal Characteristics. 

Group 1wk FL 1wk KO 4wk FL 4wk KO 
Heart Weight (mg) 117 ± 8.6 107 ± 11.0 115 ± 4.3 104 ± 5.2
Body Weight (g) 22.6 ± 2.3 21.6 ± 2.2 22.± 1.2 20.7 ± 2.2
HW:BW Ratio (mg/g) 5.2 ± 0.2 5.0 ± 0.3 5.4 ± 0.2 5.1 ± 0.3
Age (wks) 8.7 ± 0.4 8.9 ± 0.5 11.6 ± 0.2 12.0 ± 0.3
Time Post-Tamoxifen (days) 7 ± 0 7 ± 0.3 29 ± 0.6 30 ± 0.9

 
 
No significant differences in heart weight, body weight, HW:BW ratio, or age 

were found between FL and KO hearts at 1 and 4 weeks post-tamoxifen 

injection.  Unpaired two-tailed t tests were used to compare FL to KO hearts at 

each time point.  Values are mean ± SEM. 
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Table 2-2.  Baseline Isolated Heart Function. 

Group 1wk FL 1wk KO 
# Hearts 4 4 
Developed Pressure (mm Hg) 99.2 ± 8.5 72.6 ± 7.8 (n.s.) 
End-Diastolic Pressure (mm Hg) 5.9 ± 2.1 7.5 ± 0.8 (n.s.) 

dP/dt Max (mm Hg s-1) 3034 ± 268 2232 ± 307 (n.s.) 

dP/dt Min (mm Hg s-1) -2441 ± 292 -1359 ± 148 (*) 

T50% Rise (ms) 25.52 ± 0.63 30.51 ± 1.29 (*) 
T50% Relaxation (ms) 31.16 ± 1.21 41.19 ± 1.26 (**) 
FDHM (ms) 56.68 ± 0.87 71.69 ± 2.42 (**) 

Group 4wk FL 4wk KO 
# Hearts 5 4 
Developed Pressure (mm Hg) 90.4 ± 5.4 20.4 ± 4.9 (***) 
End-Diastolic Pressure (mm Hg) 5.8 ± 0.4 18.8 ± 2.6 (***) 

dP/dt Max (mm Hg s-1) 2512 ± 189 487 ± 120 (***) 

dP/dt Min (mm Hg s-1) -2231 ± 190 -401 ± 88 (***) 

T50% Rise (ms) 27.46 ± 0.54 33.95 ± 1.09 (***) 
T50% Relaxation (ms) 30.42 ± 1.09 41.24 ± 0.78 (***) 
FDHM (ms) 57.88 ± 0.94 75.19 ± 1.55 (***) 

 
Isolated heart performance at baseline 7 Hz pacing frequency.  Values shown, 

other than time to 50% rise, are also presented with other pacing frequencies in 

Figures 2-3, 2-4, and 2-5.  Values represent mean and SEM of each group’s 

isolated heart performance; values for each heart were determined by averaging 

5-10 pressure peaks at each pacing frequency after the heart’s performance at 

that step had stabilized.  *: P<0.05; **:P<0.01; ***: P<0.001 for FL vs. KO at 

either 1 week or 4 weeks post-tamoxifen injection, as determined by unpaired 

two-tailed t test.   
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Figure 2-1: Experimental timeline and SERCA2 protein determination in FL 

and KO hearts. 
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Figure 2-1: Experimental timeline and SERCA2 protein determination in FL 

and KO hearts. 

A, Experimental Timeline.  All animals were injected with tamoxifen then 

sacrificed either 1 or 4 weeks later for heart isolation.  KO mice expressed the 

αMHC-MerCreMer transgene, which efficiently excised LoxP-flanked exons of 

the Serca2 locus in response to tamoxifen.  FL mice received tamoxifen, but 

retained normal SERCA2 levels due to lack of MerCreMer.  B-C, at 1 week post-

tamoxifen, SERCA2 content in KO hearts was diminished to 32% of FL.  D-E, at 

4 weeks post-tamoxifen, faint SERCA2 bands were observed in 20 µg of heart 

lysate.  ***: P<0.001 for FL vs. KO at either 1 week or 4 weeks post-tamoxifen 

injection, as determined by unpaired two-tailed t test. 
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Figure 2-2: Langendorff protocol and individual LV pressure traces. 
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Figure 2-2: Langendorff protocol and individual LV pressure traces. 

A, Langendorff Protocol.  After initial equilibration, pacing frequency was stepped 

between 3 and 12 Hz in 1-Hz intervals.  After pacing at 12 Hz, hearts were re-

equilibrated for 10 minutes in KHB lacking pyruvate and then subjected to 20 

minutes no-flow ischemia and 60 minutes reperfusion.  B, Representative traces 

of LV pressure from 1-week FL (solid line), 1-week KO (dashed line), and 4-week 

KO (dotted line) hearts sampled over 0.6 seconds.  C, Individual peaks 

normalized to developed pressure.  Note the differences in time scale for each 

normalized peak.  i, ii, and iii: 3, 7, and 12 Hz traces, respectively, for either 

absolute LV pressure (B) or LV pressure normalized to own developed pressure 

(C). 
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Figure 2-3: Summary of LV Developed Pressure (LVDP) in isolated 

Serca2fl/fl and KO hearts. 
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Figure 2-3: Summary of LV Developed Pressure (LVDP) in isolated 

Serca2fl/fl and KO hearts. 

A, 1-week KO vs. 1-week FL LVDP across a wide stimulation frequency range 

(3-12 Hz).  B, 4-week KO vs. 4-week FL LVDP.  Both 1-week and 4-week FL 

hearts demonstrated a negative staircase force-frequency response as pacing 

frequency increased from 7 Hz baseline.  1-week KO vs. 4-week KO: P<0.05 at 

all pacing frequencies.  Some FL hearts could not be paced at very low 

frequencies: for 1-week FL, the 3 and 4 Hz data points represent N=3 

observations, not N=4 for all other pacing frequencies.  For 4-week FL, 3 Hz 

represents N=3 observations, and 4 Hz represents N=4 observations, rather than 

N=5 for all other pacing frequencies.  *: P<0.05; **: P<0.01; ***: P<0.001 for FL 

vs. KO at either 1 week or 4 weeks post-tamoxifen injection, as determined by 

two-way ANOVA with Bonferroni post-test.  Symbols are mean ± SEM. 
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Figure 2-4: Summary of LV End-Diastolic Pressures (LVEDP) in isolated 

Serca2fl/fl and KO hearts. 
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Figure 2-4: Summary of LV End-Diastolic Pressures (LVEDP) in isolated 

Serca2fl/fl and KO hearts. 

A, LVEDP of 1-week FL and KO hearts from 3-12 Hz stimulation frequency.  B, 

LVEDP of 4-week FL and KO hearts from 3-12 Hz stimulation frequency.  KO 

hearts at both 1 and 4 weeks post-tamoxifen injection underwent a pronounced 

increase in LVEDP as stimulation frequency increased.  *: P<0.05; **: P<0.01; 

***: P<0.001 for FL vs. KO at either 1 week or 4 weeks post-tamoxifen injection, 

as determined by two-way ANOVA with Bonferroni post-test. 



 

 48 

Figure 2-5: Time to 50% Relaxation (T50R), Full-Duration at Half-Maximum 

(FDHM), Peak Width, and Rest Time in isolated Serca2fl/fl and KO hearts. 
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Figure 2-5: Time to 50% Relaxation (T50R), Full-Duration at Half-Maximum 

(FDHM), Peak Width, and Rest Time in isolated Serca2fl/fl and KO hearts. 

A, T50R; B, FDHM; C, Peak Width; and D, Rest Time in 1-week FL, 1-week KO, 

4-week FL, and 4-week KO hearts across 3-12 Hz stimulation frequencies.  T50R 

(A) is the time (in ms) required for pressure to decay from peak to 50% of peak.  

FDHM (B) is the sum of the time to 50% pressure rise and the time to 50% 

pressure relaxation and indicates time spent in the contracted state.   Peak Width 

(C) is the time duration between initiation of contraction and return to baseline.  

C, dashed line indicates the calculated pacing cycle length in milliseconds (PCL 

= 1000 ms s-1 / Pacing Frequency s-1) to compare the contractile cycle length to 

the maximum possible peak width at each pacing frequency.  Rest Time (D) is 

the difference between calculated PCL and Peak Width.  Symbols indicate mean 

± SEM.  #: P<0.05 FL vs KO (1-week).  §: P<0.05 FL vs KO (4-week).  †: P<0.05 

1-week KO vs 4-week KO. 
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Figure 2-6: LV Developed Pressures (LVDP) and LVDP normalized to 

baseline performance during ischemia-reperfusion injury in Serca2fl/fl and 

KO hearts. 



 

 51 

Figure 2-6: LV Developed Pressures (LVDP) and LVDP normalized to 

baseline performance during ischemia-reperfusion injury in Serca2fl/fl and 

KO hearts.   

A, LVDP of 1-week FL and 1-week KO hearts at baseline, during ischemia (black 

bar, minutes 1-20), and during reperfusion (gray bar, minutes 30-80).  B, as in (A) 

except all values normalized to each heart’s baseline LVDP.  C and D, as with 

(A) and (B) for 4-week FL and 4-week KO hearts.  Baseline values collected 

immediately prior to the onset of ischemia.  One 1-week FL heart encountered a 

bubble in the perfusion line between pacing and ischemia-reperfusion and 

became infarcted, so 1-week FL N=3 for ischemia-reperfusion (Figures 6 and 7).  

Symbols indicate mean ± SEM.  No significant differences between FL and KO at 

1 week or 4 weeks post-tamoxifen injection were found by two-way ANOVA. 
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Figure 2-7: LV End-Diastolic Pressures (LVEDP) during ischemia-

reperfusion  injury in Serca2fl/fl and KO hearts. 
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Figure 2-7: LV End-Diastolic Pressures (LVEDP) during ischemia-

reperfusion  injury in Serca2fl/fl and KO hearts. 

A, LVEDP of 1-week FL and KO hearts at baseline, during ischemia (black bars, 

minutes 1-20), and during reperfusion (gray bar, minutes 30-80).  B, as (A) for 4-

week FL and KO hearts.  FL and KO groups were not significantly different 

(P>0.05) at 1 or 4 weeks post-KO, by two-way ANOVA. 
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Figure 2-8: Caffeine perfusion of isolated 4-week FL and KO hearts. 
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Figure 2-8: Caffeine perfusion of isolated 4-week FL and KO hearts. 

A, Representative traces of LV pressure from FL and KO hearts spanning the 

final minute of baseline recording and the first nine minutes of caffeine perfusion.  

B, LVDP of 4-week FL (N=6) and KO (N=12) hearts upon perfusion with 10 mM 

caffeine.  Washout with normal KHB began after 10 minutes of caffeine perfusion 

and proceeded for 20 minutes.  Baseline (“BL”) indicates heart performance at 

the fifth minute of baseline recording, just prior to caffeine perfusion.  Dead space 

in perfusion line took about 1 minute to clear at both switch timepoints.  C, 

LVEDP of 4-week FL and KO hearts upon perfusion with 10 mM caffeine.  D, LV 

End-Systolic Pressure (LVESP) of 4-week FL and KO hearts upon perfusion with 

10 mM caffeine, normalized to baseline level.  E, Time of survival for 4-week FL 

and KO hearts from beginning of caffeine perfusion until first 15-second window 

in which contractile frequency was outside 7 ± 0.5 Hz.  Log-rank test: P<0.05 

between FL and KO groups.  Icons indicate mean, and error bars indicate SEM 

unless smaller than icon.  Panels B, C, and D analyzed by two-way ANOVA.  

Brackets indicate results of Bonferroni post-tests.   
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Chapter Three 

Seasonal variation of cardiac function in a hibernating mammal 
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SUMMARY 

The hearts of mammalian hibernators maintain contractile function in the face of 

severe environmental stresses during winter heterothermy.  To enable survival in 

torpor, hibernators regulate the expression of numerous genes involved in 

excitation-contraction coupling, metabolism, and stress response pathways.  

Understanding the basis of this transition may provide new insights for treating 

human cardiac disease.  To date, few studies have investigated hibernator heart 

performance during both the summer active and winter torpid state, and seasonal 

comparisons of whole heart function are generally lacking.  To this end, we 

investigated the force-frequency relationship and the response to ex vivo 

ischemia-reperfusion in intact isolated hearts from thirteen-lined ground squirrels 

(Ictidomys tridecemlineatus) in the summer (active, July) and winter (torpid, 

January).  We found, at standard euthermic conditions, that winter hearts relaxed 

more rapidly than summer hearts at low to moderate pacing frequencies even 

though systolic function was similar in both seasons.  Recent proteome data in 

the lab support previous findings that enhanced calcium-handling in winter torpid 

hearts are likely contributing to increased relaxation rate.  Additionally, winter 

hearts developed significantly less rigor contracture during ischemia than 

summer hearts, while recovery during reperfusion was similar in hearts between 

seasons. Winter torpid hearts have an increased glycogen content, which likely 

reduces development of rigor contracture during the ischemic event due to 

anaerobic ATP production. These cardioprotective mechanisms are important for 
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the hibernation phenotype and highlight the resistance to hypoxic stress in the 

hibernator.  
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INTRODUCTION 

 Mammalian hibernators survive tremendous environmental challenges 

during winter by entering a transient heterothermic state, torpor.  During torpor, 

body temperature drops to near ambient level, yet cardiac performance is 

sufficiently preserved to enable life sustaining circulation [Reviewed in (5)].  In 

order to support this winter torpid state, hibernators orchestrate seasonal 

changes in the expression of genes involved in cardiac muscle metabolism, 

excitation contraction coupling, stress responses, and other pathways that are 

thought to collectively confer resistance to cold temperature-mediated heart 

pump dysfunction (19, 66).  These seasonal transitions in gene expression are of 

potential medical interest, as mechanisms underlying the remarkable stress 

resistance of hibernators may lead to new approaches toward remediation of 

heart disease in non-hibernators, including humans.  Despite this potential value, 

relatively few studies have been conducted to elucidate hibernator cardiac 

function in both the summer and winter seasons. 

 During torpor, hibernator hearts demonstrate a physiological robust 

contraction and relaxation cycle, albeit at fewer beats per minute, under severe 

hypothermic conditions that render non-hibernator hearts highly arrhythmic 

(25)(57). Hibernators are also known to be highly resistant to hypoxic stress 

(reviewed by Drew et al (46)).  Cardiac muscle from hibernators has greater 

sarcoplasmic reticulum (SR) Ca2+ uptake capability than that in non-hibernators, 

and are capable of maintaining low diastolic Ca2+ levels at temperatures well 
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below those tolerated by non-hibernator myocytes (92).  In particular, hibernator 

myocardium from the winter torpid state has increased expression of the SR Ca2+ 

ATPase, SERCA2, as well as decreased expression of the SERCA2 inhibitor, 

phospholamban (PLN)(19, 66, 150)relative to hibernator hearts during the 

summer months.  This seasonal increase in the SERCA:PLN ratio is likely highly 

important for enabling contractility during torpor.  Because SR Ca2+ uptake is 

impaired in human heart failure(65, 130),(67), the ability of hibernators to 

seasonally regulate SR function is of significant interest.  Therefore, comparing 

hibernator cardiac function in the summer active and winter torpid states is likely 

to identify functional significance for observed changes in gene and protein 

expression.  Studies of isolated papillary muscle strips and cardiac myocytes 

from hibernator hearts have shown that winter torpid ground squirrel myocardium 

has greater reliance on sarcoplasmic reticulum (SR) Ca2+ handling for 

contractility than tissue from summer active ground squirrels(85, 86, 150).The 

observed seasonal changes in cardiac Ca2+ handling, however, have not been 

evaluated in the physiologically relevant context of the intact heart. 

We investigated here whether whole-heart contractile performance is 

influenced by season in hibernators.  Owing to the increased SR function in 

winter torpid hibernators, we hypothesized that the hearts of winter torpid ground 

squirrels would have enhanced systolic and diastolic performance compared to 

those of summer active animals.  To this end, we isolated whole hearts from 

ground squirrels in summer (July) and winter (January) and determined force-



 

 61 

frequency relationship (FFR) by Langendorff-mode perfusion.  By subjecting 

each heart to progressively-increased stimulation frequencies, we stressed the 

hearts’ ability to sequester Ca2+ each beat, revealing SR contributions to 

contractile function.  Following this, each heart was then subjected to ischemia-

reperfusion injury to determine whether seasonal changes in Ca2+ handling or 

metabolism conferred additional resistance to ischemic damage in torpid hearts.  

To identify mechanisms underlying differences in function between summer 

active and winter torpid ground squirrel hearts, we compared protein expression 

between torpid and active hibernator hearts.  Although it is well established that 

hibernators are highly resistant to hypoxic stress, most such comparisons have 

been made between hibernator and non-hibernator hearts, rather than between 

hibernator hearts during summer and winter.  Thus an additional rationale for this 

study was to test whether hypoxia resistance is a general property of hibernators, 

or whether this is also regulated during torpor.  
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METHODS 

 Animal Care and Husbandry.  Animal husbandry and experiments were 

approved by the Institutional Animal Care and Use Committee of the University of 

Minnesota (protocols #0805A34502 and #1103A97712).  Thirteen-lined ground 

squirrels (Ictidomys tridecemlineatus) of both sexes were trapped from the wild in 

the spring, de-wormed, and housed individually at the University of Minnesota 

Duluth.  During summer months, squirrels were housed at 22°C with a 12-12 

hour light-dark cycle, with water and standard rodent chow available ad libitum.  

To induce torpor, squirrels were transferred to a dark cold-room at 4°C and food 

was removed.  Induction and maintenance of torpor was monitored by the 

sawdust method.  Summer Active ground squirrels were studied in July, and 

Winter Torpor ground squirrels were studied in January.  All ground squirrels 

studied in January were taken from the torpid state (time since last interbout 

arousal: 4.1 ± 1.1 days). 

 Langendorff Heart Preparation.  Squirrels were anesthetized with 

isoflurane gas (5% induction, 2% maintenance, balance pure O2).  Anesthetic 

depth was monitored by toe pinch.  700 IU heparin was administered i.p. after 

anesthetic induction but prior to surgery.  Upon loss of reflex, the chest was 

entered and the heart was surgically removed to a dish of ice-cold Krebs-

Henseleit buffer (KHB: in mmol/liter, 118 NaCl, 4.7 KCl, 1.2 NaH2PO4, 1.2 

MgSO4, 2.5 CaCl2, 0.5 NaEDTA, 15 Glucose, 25 NaHCO3, 0.5 NaPyruvate).  

Lungs and pericardial fat were trimmed away to reveal the aortic arch.  Prior to 
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cannulation, each heart was briefly moved to a nearby scale and weighed.  

Weighing each heart prior to cannulation was necessary to prevent perfusion 

edema from skewing heart weight values; this crudely recorded weight included 

ventricles, atria, aorta, and some pulmonary vessels but not lungs or pericardial 

adipose tissue.   

 The aorta was trimmed, and a 14-gauge notched cannula was inserted 

into the aortic stump and secured with a 4-0 silk suture.  The cannulated heart 

was then perfused in the Langendorff mode (Radnoti Instruments) in a two-phase 

protocol (described below) at a constant pressure of 75 mmHg.  The KHB 

perfusate was bubbled with 5% CO2/95% O2 and maintained at 37°C by water-

jacketed tubing.  Both atria were removed, and left ventricular (LV) pressure was 

measured by a pressure transducer connected to a water-filled balloon catheter 

inserted in the left ventricle.  The pacing frequency was artificially controlled by 

an electrode placed at the root of the right atrium. 

 ex vivo Pacing Challenge and Ischemia-Reperfusion.  While perfused on 

the Langendorff apparatus, each heart was evaluated in two phases 

(Schematized in Figures 2A and 3A).  The first phase consisted of five minutes 

equilibration at a pacing frequency of 6 Hz.  Following equilibration, the pacing 

frequency was decreased from 6 Hz to 3 Hz in 1- and 0.5-Hz increments (6, 5, 

4.5, 4, 3.5, and 3 Hz).  After 3 Hz, hearts were returned to 6 Hz, and then the 

pacing frequency was increased to 10 Hz in 1-Hz increments. At each new 

pacing frequency the heart was allowed sufficient time to achieve stable 
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performance, between 30 and 90 seconds, before moving to the next frequency 

step.  After performance at 10 Hz stabilized, the pacing frequency was returned 

to 6 Hz.  The perfusate source was switched to a reservoir containing pyruvate-

free KHB bubbled with 5% CO2/95% O2, and each heart was re-equilibrated for 

10 minutes at 6 Hz.  Following re-equilibration, the pacing electrode was 

inactivated, and hearts were subjected to 25 minutes of no-flow ischemia 

followed by 60 minutes of reperfusion.  6 Hz pacing was resumed 8 minutes after 

reperfusion was initiated. 

 Upon completion of ex vivo perfusion, each heart was removed from the 

Langendorff apparatus.  A portion of the left ventricle free wall was excised, 

frozen in liquid nitrogen, and stored at -80°C until use.  Tissue samples were 

pulverized with a liquid nitrogen-cooled mortar and pestle, resuspended in RIPA 

buffer (In mmol/liter: Tris 50, NaCl 150, EDTA 1, SDS 0.5% w/v) containing 

protease inhibitors (aprotinin, leupeptin, pepstatin each 0.001 mg/ml, 

phenylmethanesulfonyl fluoride 1mmol/L), sonicated briefly, and sedimented at 

15000xg for two minutes.  The protein concentration of the heart homogenate 

supernatant was determined by the bicinchroninic acid method (Thermo 

Scientific). 

Animal preparation.  For proteome analysis animals were housed as 

described above. Animals in torpor were collected after a minimum of three days 

in a torpor bout, and showed no visible signs of arousal. At the time of sacrifice 

rectal temperatures were taken to verify torpid state (Tb-6-8°C). For the active 
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timepoint, animals were collected in early to mid-August after being in Animal 

Services for 3-4 months for lab acclimation. . Three males and three females 

were sacrificed at each collection point. All animals were fully anesthetized with 

isoflurane and then sacrificed by decapitation. The pericardium was removed 

from around the heart, and the heart was removed from the animal and halved 

sagitally to include both atria and ventricle. Heart dissection was performed on 

ice and dissected heart pieces were rinsed with PBS and rapidly flash frozen in 

liquid nitrogen. The time from decapitation to sample freezing was less than 10 

minutes. Tissue was stored at -80°C. 

Protein extraction, proteolytic digest and iTRAQ® labeling. One half of the 

heart from each animal was used for protein sample preparation. Frozen tissue 

was ground in a fine powder on liquid nitrogen using a mortar and pestle. Tissue 

powder was brought up in iTRAQ lysis buffer (7M urea, 2M thiourea, 0.5M TEAB 

pH8.5, 20% acetonitrile, 4mM TCEP, and Roche phoSTOP. Probe sonication 

was used to lyse samples (30% amplitude, 7 second pulse). Samples were then 

put into PCT tubes and run in a barocycler to efficiently isolate membrane 

proteins and hydrophobic proteins. Samples were transferred to a new tube and 

MMTS was added to a final concentration of 8mM and incubated at room 

temperature for 15 minutes. Bradford assay was used to determine protein 

concentration. 50 μg of protein from the male and 50 μg of protein from the 

female were combined and trypsin digested at a concentration of 1:35 of trypsin 

to total protein and digested overnight at 37°C. Following trypsin digestion 
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samples were cleaned with a 4 mL Extract Clean™ C18 Solid Phase Extraction 

Cartridge from Grace-Davidson (Deerfield, IL). Samples were vacuum 

centrifuged to dryness. Samples were resuspended in dissolution buffer (0.5M 

triethylammonium bicarbonate, pH8.5) to a final concentration of 2 μg/ μL. 3 μg of 

each sample was loaded on to the LTQ for a quality control run. Total ion 

chromatograms were produced to identify blood contamination, and determine 

quality of each sample. For each iTRAQ® 8-plex, 40 μg of each sample was 

labeled with iTRAQ® reagent per manufacturer’s protocol (AB Sciex, Foster City, 

CA). Protein lysates were iTRAQ labeled with one label corresponding to each 

time point. The lysates from two time points were split and labeled with two 

separate iTRAQ labels for technical replicates. After labeling the samples were 

multiplexed together and vacuum-dried. The multiplexed samples were cleaned 

with a 4mL ExtractClean™ C18 SPE cartridge, and the eluate was dried in 

vacuo.  

Peptide Liquid Chromatography Fractionation & Mass Spectrometry- The 

iTRAQ® labeled samples were resuspended in Buffer A (20mM ammonium 

formate pH 10 in 98:2 water: acetonitrile) and fractionated offline by high pH C18 

reversed-phase (RP) chromatography (148). A Shimadzu Promenance HPLC 

(Shimadzu, Columbia, MD) was used with a C18 XBridge column, 150 mm x 2.1 

mm internal diameter, 5 μm particle size (Waters Corporation, Milford, MA). 

Buffer A was 20 mM ammonium formate, pH 10 in 98:2 water:acetonitrile. The 

flow rate was 200 μl/min with a gradient from 2-35% Buffer B over 60 min., 
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followed by 35-60% over 5 min. Fractions were collected every 2 minutes and UV 

absorbance was monitored at 215 nm and 280 nm. Peptide containing fractions 

were divided into two equal numbered groups, “early” and “late”. The first “early” 

fraction was concatenated with the first “late” fraction, and so forth. Concatenated 

samples were dried in vacuo, resuspended in load solvent (98:2:0.01, 

water:acetonitrile:formic acid) and 1-1.5 μg in aliquots were run on a Velos 

Orbirtrap mass spectrometer (Thermo Fisher Scientific, Inc., Waltham, MA) as 

described previously (93) with the exception that the HCD activation energy was 

20 ms.  

 Glycogen Content Assay.  For the glycogen assay animals were housed 

as mentioned above. Animals in torpor were collected after a minimum of three 

days in a torpor bout, and showed no visible signs of arousal. At the time of 

sacrifice rectal temperatures were taken to verify torpid state (Tb 6-8°C). Animals 

collected for the IBA collection point aroused naturally and were awake, active, 

and showed coordinated body movement. Rectal temperatures collected at 

sacrifice showed an active body temperature between 35-37°C. Torpor and IBA 

animals were collected in January and February, when torpor bouts are the 

longest. Animals collected for the summer active time point were collected in 

August, were awake and active, and showed an active body temperature of 35-

37°C. Animals collected for the fall active time point were collected in October, 

were awake and active, and showed an active body temperature of 35-37°C. All 

animals were fully anesthetized with isoflurane and then sacrificed by 
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decapitation. The pericardium was removed from around the heart, and the heart 

was removed from the animal and halved sagitally to include both atria and 

ventricle. Heart dissection was performed on ice and dissected heart pieces were 

rapidly flash frozen in liquid nitrogen. The time from decapitation to sample 

freezing was less than 10 minutes. Tissue was stored at -80°C. 10mg of tissue 

from each sample was ground to powder in liquid N2, and homogenized in 100 

µL of water on ice. Homogenates were boiled for 5 minutes to inactivate 

enzymes, and stored at -20°C. Glycogen assay was performed according to the 

manufacturer’s protocol with 12.5 µL of lysate added to each well, and included 

two replicates and a glucose background control. (Sigma Aldrich, MAK016, St. 

Louis, MO).  

 Data Collection and Statistics.  Langendorff data were collected using 

LabChart 6 (AD Instruments), and analyzed using Prism 5 (GraphPad).  

Statistical significance was evaluated by two-way analysis of variance with 

Bonferroni post-tests or with two-tailed t tests as appropriate.  P < 0.05 was 

considered significant.  For proteome analysis MS RAW files were imported into 

GalaxyP and searched against a customized ground squirrel database generated 

from the NCBI 13-lined ground squirrel genome merged with our RNA-seq 

derived protein sequences and the contaminants database. Files were processed 

into peak lists using ProteinPilot software (AbSciex, Framingham, MA) for protein 

and quantification analysis. All peptides were identified with at least 95% 

confidence and less than a 1% global FDR between the three runs.  Relative 
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quantification was determined by Protein Pilot in a normalized log10-based 

relative iTRAQ ratio format, with the iTRAQ label corresponding to AUG as the 

reference denominator.  Protein expression ratios were calculated in the Protein 

Alignment Template (AbSciex).   
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RESULTS 

 Summer and Winter Ground Squirrel Characteristics.  Body and height 

weight characteristics of the summer and winter ground squirrels used for this 

study are summarized in Table 3-1.  Body weight was significantly greater in 

summer squirrels compared to winter squirrels.  Heart weight and body size (tibia 

length) were not significantly different between seasons.  Although the heart-to-

body weight ratio was higher in winter than in summer, this was due to greater 

body weight in summer animals rather than any difference in heart weight. Heart 

weight-to-tibia length ratios were not different between summer and winter.  

Absolute heart weights were not significantly different between groups. 

 Force-Frequency Relationship.  The two-phase contractile assessment 

protocol applied to each perfused heart is schematized in Figure 3-1A.  Hearts 

were initially perfused with KHB containing 0.5 mM pyruvate to facilitate 

collection of pacing data.  Upon finishing the pacing challenge phase, hearts 

were perfused with KHB lacking pyruvate and re-equilibrated at 6 Hz for 10 

minutes.  KHB lacking pyruvate was necessary for phase 2, ischemia-

reperfusion, in order to avoid the ischemia-protective effects of pyruvate(44, 81).  

After re-equilibration in KHB lacking pyruvate, the pacing electrode was 

inactivated and perfusate flow was stopped for 25 minutes to cause global 

myocardial ischemia.  Following ischemia, hearts were re-perfused for 60 

minutes.  Eight minutes following reperfusion, the pacing electrode was re-

activated at 6 Hz and remained active until the end of the experiment.   
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 Representative individual traces of LV pressure are shown in Figure 3-1B.  

The magnitude of contraction (LV developed pressure) was similar at all 

stimulation frequencies.  Pressure decay was more rapid in winter hearts at low 

(4 Hz) and moderate (6 Hz) pacing frequencies.  There was no difference in 

relaxation at high (10 Hz) pacing frequency (Figure 3-1B). 

 The systolic performance of perfused hearts isolated from summer and 

winter ground squirrels was very similar across a wide range of pacing 

frequencies (Figure 3-2).  Both summer and winter hearts underwent a negative 

staircase force-frequency response (Figure 3-2A).  LV developed pressures 

(LVDP) were not significantly different in winter hearts (Two-way ANOVA: P = 

0.0606 for season effect).  Likewise, LV end-diastolic pressures (LVEDP) were 

not significantly different between summer and winter hearts from 4 to 10 Hz 

pacing frequency and in both groups steadily increased with each frequency step 

above 6 Hz (Figure 3-2B).  Maximal first derivatives of pressure (dP/dtmax) (Figure 

3-2C) were not significantly different between seasons, but minimal dP/dt 

(dP/dtmin) was significantly greater in winter hearts (Two-way ANOVA: P<0.0001 

for season main effect), indicating significantly faster relaxation on a beat-to-beat 

basis across all pacing frequencies.  Winter hearts had significantly shorter times 

of pressure rise (Figure 3-3A, T50Rise: time from 50% to peak contraction) and 

relaxation (Figure 3-3B, T50Fall: time from peak contraction to 50% relaxation).  

The time constant of pressure decay was slightly, but significantly, lower in winter 

hearts at most pacing frequencies (Figure 3-3C). 
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Proteomic analysis.  To pursue the mechanism by which winter torpid 

hearts are able to significantly reduce times of pressure rise and relaxation we 

examined cardiac proteomic data collected from ground squirrel hearts 

throughout the circannual cycle. Notable results from this analysis are detailed in 

Figure 3-7. We found protein expression of several key enzymes involved in 

calcium-handling was altered in torpid hearts relative to summer active hearts.  In 

particular, expression levels of SERCA2, or ATP2A2, and NCX1, or SLC8A1, are 

significantly increased in torpor relative to AUG, while expression of RYR2 and 

PLN are decreased in torpor relative to AUG.   

 Ischemia-Reperfusion.  Following re-equilibration for 10 minutes with KHB 

lacking pyruvate, each heart was subjected to 25 minutes no-flow ischemia, 

followed by 60 minutes reperfusion.  Traces of LV pressure during the final 20 

minutes of ischemia from each summer and winter heart are shown overlaid in 

Figure 3-4.  From these traces it is evident that summer and winter hearts exhibit 

markedly different behavior during ischemia: Summer hearts (gray traces) enter 

rigor more rapidly and reach higher pressures than winter hearts (black traces).  

Typical behavior of an isolated (summer) heart during ischemia-reperfusion is 

shown in the inset box: upon onset of ischemia, hearts rapidly decline in 

contractile force and enter a relaxed phase.  As ATP is gradually depleted from 

the myocardium, an ischemic isolated heart enters a progressively-contracted 

rigor state(99).  Upon reperfusion, hearts are arrhythmic and do not recover 

normal rhythm for several minutes.  The inset horizontal bar indicates the period 
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for each individual pressure tracing shown in Figure 3-4A.  Winter hearts either 

entered a slight contracture phase before reperfusion or did not enter contracture 

at all.  This behavior is quantified in Figure 3-4B-D: both summer and winter 

hearts reached similarly low pressures prior to the onset of rigor (Figure 3-4B).  

Summer hearts attained significantly higher maximal pressures than winter 

hearts during ischemia (Figure 3-4C; Figure 3-5B) and entered contracture 

sooner than winter hearts (Figure 3-4D).  Despite these differences in heart 

function during ischemia, both groups recovered most of their contractile function 

soon after perfusion was resumed (Figure 3-5A) and end-diastolic pressures 

were not different during reperfusion (Figure 3-5B).  There was no significant 

correlation between the maximal pressure achieved during ischemic contracture 

by a winter heart and the time since each winter animal’s most recent interbout 

arousal (Figure 3-5C). To determine if winter torpid hearts were able to resist 

ischemic contracture due to increased glycogen stores in the heart we performed 

a glycogen assay on cardiac tissue from several time points including AUG, 

OCT, TOR and IBA. We found that cardiac glycogen content was lowest in the 

summer active period, and rose through the fall to the torpid and interbout 

arousal states, showing peak content in torpid animals (Figure 3-6). 
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DISCUSSION 
 Mammalian hibernators undergo remarkable adaptations in their 

physiology during the transition from high activity in summer to torpor in 

winter(5).  As hibernators are highly resistant to environmental stress, the 

changes in gene expression that underlie this seasonal transition are of great 

potential medical interest(26).  In order to understand the physiological role 

served by seasonal alterations in myocardial Ca2+ handling and metabolism, we 

evaluated the force-frequency relationship and ischemia-reperfusion 

performance in the intact isolated hearts of active and torpid ground squirrels.  

Prior efforts to evaluate season-dependent function in hibernator cardiac tissue 

utilized isolated cardiac myocytes or papillary muscle strips(113).  Although these 

studies have been highly informative into cellular mechanisms underlying 

contractility during torpor, it remained unclear whether whole-organ performance 

would reflect those findings.  Our main new finding that ischemia-induced 

myocardial contracture varied significantly by season may have important 

implications for the treatment of ischemic injury in non-hibernators. 

Whole heart relaxation performance is superior in winter torpid hearts 

compared to summer active hearts, consistent with rapid diastolic Ca2+ 

sequestration and improved SR Ca2+ handling mechanisms in torpid hibernator 

myocytes (150).  Ca2+ transport out of the cytosol occurs by four pathways 

involving SR Ca2+ –ATPase (ATP2A2), sarcolemmal Na+/ Ca2+ exchange 

(SLC8A1), sarcolemmal Ca2+ –ATPase (ATP2B), and mitochondrial Ca2+ uptake 

(13). Increased protein expression of ATP2A2 and SLC8A1 in torpor relative to 
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AUG correlates with previous transcriptome analysis performed in our lab (19). 

These two mechanisms account for removing 98% of intracellular Ca2+ in rabbit 

ventricular myocytes (9). Additionally, we see decreased protein expression of 

RYR2, although this decrease is not significant. However, decreased expression 

of RYR2 could reduce the amount of calcium that is released into the intracellular 

space. We also see decreased expression of phospholamban (PLN), which is an 

endogenous inhibitor of ATP2A2. All of these factors contribute to the increased 

removal of Ca2+ from the cytoplasm and would result in faster relaxation.  

Our finding that the force-frequency relationship is negative in both 

summer and winter intact hearts is in apparent conflict with prior findings in 

papillary muscle strips, which showed divergent FFR behavior between 

seasons(85, 113).  This difference may be due to the pacing frequency range 

interrogated by the earlier studies, 0.1 to 2 Hz, which, although relevant to the 

torpid state, is well below the normal heart rate of an active ground squirrel (5-7 

Hz).  The present study of whole isolated hearts over a more extensive and 

physiologically relevant frequency range shows that ground squirrel FFR, 

independent of season, is more similar to rat FFR than that of larger 

mammals(104, 111).  The similarity in FFR between active and torpid ground 

squirrel hearts is intriguing given that contractile function of the torpid heart is 

more dependent on SR Ca2+ flux than summer active cardiac tissue(85, 86), and 

that active summer hibernator heart has a far greater SR Ca2+ uptake capability 

than the non-hibernator heart(92, 94).  Given that systolic and diastolic function 
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were highly similar between active and torpid isolated hearts, we hypothesize 

that enhanced SR Ca2+ reuptake in the torpid heart is required for hypothermia 

tolerance and maintenance of low diastolic Ca2+ rather than altering systolic 

contractile function. 

Although hypoxia resistance in hibernators has long been of interest, to 

our knowledge no prior study has reported a seasonal comparison of contractility 

during I-R injury in intact isolated hearts. Numerous studies have compared 

hypoxia responses between hibernators and non-hibernators(21, 22, 56, 101, 

107), have evaluated surrogate measures of cardiac function between hypoxia in 

the summer and winter states(22, 101, 109), or have compared hypoxia 

responses in other organs(39, 58, 88).  In order to determine the functional 

importance of the observed seasonal changes in gene and protein expression, 

however, a direct functional comparison of one hibernator species between 

seasons is necessary. Our findings show that summer active and torpid hearts 

diverge significantly in the development of contracture during ischemia.  Hearts 

isolated from active ground squirrels rapidly enter ischemic contracture, and 

torpid hearts dramatically resist this effect.  This is direct organ-level functional 

evidence in keeping with the known marked seasonal variations in metabolic 

function that underlie the ability of torpid hearts to prevent or limit ATP depletion 

that leads to contracture during bouts of ischemia(99).   

Myocardial ischemia, and accompanying loss of oxygen, makes the heart 

dependent on anaerobic energy production in order to supply energy for 
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metabolic processes. Anaerobic energy production largely depends on the 

availability of adequate glycolytic substrates, with the ischemic heart greatly 

accelerating glycogenolysis at the onset of ischemia(7). In our study we are 

comparing the hibernator heart with the summer active heart, and found a 

differential response to no-flow ischemia (Fig. 4). Summer hearts attained 

significantly higher maximal pressures than winter hearts during ischemia (Figure 

4C; Figure 5B) and entered contracture sooner than winter hearts. Diminished 

ischemic contracture in torpid hearts supports prior results that indicate torpid 

hibernator hearts are primed to utilize glucose (22, 38). Additionally, we observed 

that the glycogen content of torpid hearts is significantly increased in torpid 

hearts compared to summer hearts.   

This increase in cardiac glycogen content is similar to what is observed 

during fasting in non-hibernators(6). These studies also showed that increased 

glycogen content resulted in less injury and improves recovery following no-flow 

ischemia in isolated hearts from non-hibernators(6, 45, 62, 131). Further studies 

compared hearts from fasted and fed rats under no-flow ischemia and found that 

fasted hearts were better protected from ischemic injury, had a lower 

lactate/pyruvate ratio, and increased glycogen utilization(129). These and other 

studies also found that ischemic contracture begins when glycogen breakdown 

stops, and the rate of glucose uptake decreases. These data indicate that the 

ischemic heart is better preserved as long as glycogen is present and available 

for energy production (36). The fact that we observe higher glycogen stores in 
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torpid hearts suggests that hibernators are able to replenish glucose and 

glycogen stores from glycerol liberated from fatty acids during the arousal 

periods. Galster and Morrison found that glucose-equivalent amounts of glycerol 

are mobilized during the periodic arousals to restore glucose reserves, and that 

the majority of these substrates came from fatty acids, while the rest comes from 

proteins from urea and ammonia in urine (60). They also found that glucose 

utilization is restricted during arousals, but is not restricted during hibernation. 

This is further supported by research in our lab that found that glucose that 

enters the heart during arousal remains largely intact, as evidenced by a lack of 

labeled metabolites derived from the TCA cycle (4). Although we observe a 

decreased glycogen content in the heart during the IBA this could be due to the 

timing of collection of the IBA animals. Torpid animals are collected three days 

into a torpor bout when replenished glucose and glycogen levels remain high, 

and the IBA animals are collected upon full arousal. This likely does not allow 

time for glycogen stores to be replenished. It would be beneficial to assay 

glycogen content over the time course of the torpor-arousal cycle to more clearly 

look at changing glycogen levels.   

Another mechanism proposed for the differential response to ischemic 

events in the hearts of fasted vs. fed animals is a lower cytosolic redox state in 

fasted animals. The redox state can profoundly affect the rate of glycolysis by 

inhibiting key regulatory enzymes such as GAPDH(89, 126). A lower redox state 

in hearts from fasted animals, would result in less inhibition of GAPDH, increased 
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glycolysis (but not necessarily glucose oxidation), increased glycogen utilization, 

less accumulation of glycolytic intermediates, and greater anaerobic ATP 

production. . An accumulation of glycogen is also observed in the ischemic heart 

disease hibernating myocardium, where a deregulation of glycogen metabolism, 

from repeated short-term ischemic events, is thought to be related to a 

stimulation of glucose uptake for glycogen synthesis(15, 42, 51, 145). The 

accumulation of glycogen is also found in unloaded myocardium and in the fetal 

heart, suggesting that all of these conditions, including hibernation, induce a 

reliance on glucose for energy provision(41, 143). Increased glycogen stores 

may provide the additional glycolytic substrates during ischemia and reperfusion, 

which allows for increased ATP production, and likely results in maintaining 

calcium homeostasis, resulting in less injury and delayed entry into contracture.  

 In summary, intact hearts from hibernating animals display unique 

seasonal variations in response to cardiac stress.  The new physiological findings 

reported here are supported by proteome analysis showing increases in key 

members of the cardiac excitation-contraction coupling,, as well as glycogen 

assays showing increased glycogen stores in winter torpid hearts which is likely 

used to avoid ischemia-reperfusion injury.   Overall, these findings may have 

implications for translating hibernator heart performance to hearts from non-

hibernators including in humans. 
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Table 3-1: Ground Squirrel Characteristics. 

SUMMER 
(N=10) Mean StdErr
Body Weight (g) 211.54 6.98
Heart Weight (mg) 896 33.93
Tibia Length (mm) 34.3 0.21
HW/BW (mg/g) 4.3 0.27
HW/TL (mg/mm) 26.17 1.11

WINTER 
(N=9) Mean StdErr P (Summer v. Winter) 
Body Weight (g) 156.44 13.58 0.0017 
Heart Weight (mg) 932 31.13 0.4514 
Tibia Length (mm) 33.89 0.42 0.3833 
HW/BW (mg/g) 5.96 0.36 0.0017 
HW/TL (mg/mm) 27.46 1 0.4089 
Body Temperature (°C) 6.96 0.28

Ground squirrels studied in the summer (July) were significantly heavier than 

those studied in winter (January). Heart weights and tibia lengths were not 

significantly different. Heart weight-body weight ratios (HW/BW) were 

significantly different, but this was due to differences in body weight, as heart 

weight-tibia length (HW/TL) ratios were not significantly different between groups. 

P values were determined by unpaired two-tailed t test. 



 

 82 

Figure 3-1: Protocol schematic and individual pressure traces.  
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Figure 3-1: Protocol schematic and individual pressure traces.  

A, Schematic of Langendorff isolated heart protocol.  

B, Representative LV pressure traces from summer active and winter torpid 

ground squirrel hearts and 4, 6, and 10 Hz. Dashed lines: Summer Active.  Solid 

lines: Winter Torpid.  Summer and Winter hearts developed similar systolic LV 

Pressures, and relaxation was faster at low frequency in Winter hearts.   
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Figure 3-2: LV Pressures and derivatives during force-frequency 

determination.  
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Figure 3-2: LV Pressures and derivatives during force-frequency 

determination.  

A, LV Developed Pressure (LVDP) from 4 Hz to 10 Hz stimulation frequency. 

Summer and Winter hearts both underwent a negative force-frequency 

relationship. LVDP was not significantly different between Summer (N=10) and 

Winter hearts (N=9). 

B, LV End-Diastolic Pressure (LVEDP) from 4 Hz to 10 Hz stimulation frequency.  

LVEDP was not significantly different between Summer and Winter hearts. 

C, Maximal first derivatives of LV pressure (dP/dtmax) were not different between 

Summer and Winter hearts.  

D, Minimal first derivatives of LV pressure (dP/dtmin) were greater in Winter 

hearts, suggesting that Winter hearts relaxed more rapidly than Summer hearts. 
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Figure 3-3: Winter hearts exhibit decreased times to peak contraction, 

times to 50% relaxation, and tau. 
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Figure 3-3: Winter hearts exhibit decreased times to peak contraction, 

times to 50% relaxation, and tau.  

A, At low to moderate stimulation frequencies, times between 50% and peak 

contraction were lower in Winter hearts (N=10) than Summer hearts (N=9). Two-

way ANOVA: P<0.0001 for interaction effect.  

B, At low to moderate simulation frequencies, times to 50% relaxation were lower 

in Winter hearts. Two-way ANOVA: P<0.0001 for interaction effect.  

C, Tau, the exponential time constant of pressure decay, was lower in Winter 

hearts. Two-way ANOVA: P<0.0001 for season effect. 
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Figure 3-4: Ischemia-reperfusion contractures were different between 

Summer and Winter hearts. 
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Figure 3-4: Ischemia-reperfusion contractures were different between 

Summer and Winter hearts.  

A, Individual LV pressure traces of every Summer (N=8) and Winter (N=9) heart 

that underwent ishcemia-reperfusion injury. Inset: representative I-R behavior of 

one Summer heart showing pre-ischemic baseline and post-ischemia 

reperfusion. Inset black bar indicates ischemia time shown for all pressure traces 

in A. Summer hearts (gray traces) entered contracture sooner in ischemia than 

Winter hearts (black traces), and developed greater pressures.  Two summer 

hearts from the first experimental phase were excluded from ischemia-

reperfusion analysis; one due to perfusion with pyruvate during ischemia-

reperfusion and the other due to a 30-minute ischemia time. 

B, Ischemic LV pressures prior to onset of contracture were not different (P>0.05) 

between Summer and Winter hearts.  

C, Maximal pressure during ischemia was greater in Summer hearts than Winter.  

P<0.05 by unpaired two-tailed t test. 

D, Summer hearts entered contracture sooner than Winter hearts. Entry to rigor 

contracture was set when a heart’s LVP passed an 8 mmHg threshold.  Of 9 

Winter hearts, only 5 met this criterion, and only one Winter heart entered rigor 

prior to 20 minutes of ischemia; Winter hearts that did not pass 8 mmHg LVP 

were entered as “25 minutes” for this figure.  All Summer hearts entered rigor, 

and only one did so after more than 20 minutes of ischemia.  Unpaired two-tailed 

t test: P<0.05 between Summer and Winter. 
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Figure 3-5: Recovery from ischemia-reperfusion injury was similar in 

Summer and Winter hearts. 
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Figure 3-5: Recovery from ischemia-reperfusion injury was similar in 

Summer and Winter hearts.  

A, LV developed pressures were similar in both groups throughout I-R injury. No 

significant differences were found. Summer (N=8), Winter (N=9) 

B, LV end-diastolic pressures were similar during reperfusion, suggesting no 

differences in the severity of ischemia-reperfusion between groups. Summer 

LVEDPs were higher than Winter at 20 and 25 minutes of ischemia.  

C, Maximal ischemia pressures of Winter hearts were compared to each heart’s 

time since the most recent interbout arousal (IBA). No correlation between the 

severity of ischemic contracture and IBAs was found (R2 = 0.1066, P = 0.3911). 
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Figure 3-6: Cardiac glycogen content in hibernators is low during summer, 

but increases through fall to the torpid and interbout arousal states.   
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Figure 3-6: Cardiac glycogen content in hibernators is low during summer, 

but increases through fall to the torpid and interbout arousal states.   

Cardiac glycogen content was determined by an enzyme-coupled assay.  

Glycogen content was lowest in summer, and increased through fall to the torpid 

and interbout arousal periods.  Summer (N=4) glycogen content was significantly 

different from Fall (N=5), Torpor (N=5), and interbout arousal (N=5) glycogen 

content as determined by one-way ANOVA with Newman-Keuls post test.  

P<0.05 was considered significant.  *, P<0.05; ***, P<0.001. 
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Figure 3-7: Calcium-handling proteins are altered in hibernation.  
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Figure 3-7: Calcium-handling proteins are altered in hibernation.  

Graph represents protein expression in TOR relative to AUG, showing 

significantly increased protein expression for ATP2A2 and SLC8A1, while protein 

expression of RYR2 and PLN decrease in TOR. TOR (N=3) protein expression 

was significantly different from AUG (N=3) for ATP2A2 and SLC8A1 as 

determined by student’s t-test.  P<0.05 was considered significant.   
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Chapter Four 

Investigation of ß-adrenergic signaling pathways in the Serca2 inducible 

knockout mouse 
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INTRODUCTION 

 In failing hearts, Ca2+ handling capabilities are severely impaired, and 

restoring normal cellular Ca2+ handling function is an important mechanistic 

target for novel therapies (65, 110, 130).  To develop more effective treatments 

that directly restore pump function to hearts with poor Ca2+ handling, the 

physiological adaptations undertaken by failing hearts must be understood on a 

mechanistic level.   

 Inducible Serca2KO mice die between 7 and 10 weeks following selective 

cardiac deletion of the Serca2 gene(97).  Initial reports describing the Serca2fl/fl 

mouse model demonstrated that numerous compensatory changes ensue 

following Serca2 gene disruption as KO hearts progress to failure, but it remains 

unclear how those adaptations allow KO hearts to survive two months or more 

while lacking most of their original SERCA2a protein.  The observed changes 

following Serca2 KO include heart-intrinsic changes such as increases in the L-

type Ca2+ channel and NCX, increased activation of CaMKII signaling, an 

accumulation of [Na+]i due to NKA down-regulation, structural changes as the left 

atrium progressively dilates, and elevations in systemic signaling factors ANP, 

BNP, and serum norepinephrine(2, 97, 137, 138).  Although these post-knockout 

adaptations could increase sarcolemmal Ca2+ currents and ostensibly support 

cardiac function in the absence of robust SR Ca2+ handling, the specific 

mechanism allowing KO mice to survive 7-10 weeks post knockout remains 

unclear.  In our previous studies using the Serca2fl/fl mouse ((71) and Chapter 2, 
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above) we found that KO hearts performed similarly to FL controls when 

perfused with the RyR agonist, caffeine, indicating that increases in ICa and NCX 

were not significantly contributing to systolic and diastolic function following loss 

of SERCA2.  Thus, it seems likely that another signaling pathway that became 

altered in KO mice, such as an elevation in serum catecholamines observed to 

occur following knockout is responsible for maintaining survival post knockout.  If 

elevated adrenergic signaling in vivo is supporting SERCA2a-deficient mice for 

months, such a result would mean that SERCA2a-independent adrenergic 

signaling substrates could exert a significant functional role in failing 

myocardium. 

 Given that serum catecholamines were shown to be elevated in KO 

mice(2), we hypothesized that activation of ß-adrenergic signaling pathways in 

KO hearts was improving KO cardiac function and supporting extended survival.  

In addition, the finding that in vivo echocardiography demonstrated preserved 

function even 4 weeks post-knockout, yet ex vivo isolated myocytes and isolated 

hearts were severely deficient at the same timepoint, suggested that increased 

adrenergic drive was supporting function in vivo and was absent during ex vivo 

studies.  We therefore set out to test the role of ß-adrenergic signaling in 

enabling KO cardiac function using ex vivo and in vivo methods.  We studied 

Serca2 FL and KO hearts isolated 1, 2, 3, and 6 weeks following tamoxifen 

injection and assessed adrenergic responses using the ß-adrenergic agonists, 

dobutamine or isoproterenol.  A beta blocker, metoprolol, was administered to 
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KO mice to test whether in vivo ß-AR blockade affected survival following Serca2 

disruption.  A key question remained regarding the Serca2 KO mouse model, 

whether a small, persistent population of SERCA2 protein remained active and 

supported KO function due to inefficiency of LoxP-Cre technology.  To address 

this concern, we perfused FL and KO hearts with the SERCA2 inhibitor, 

cyclopiazonic acid (CPA), and determined CPA-mediated functional loss as well 

as adrenergic responses under acute SERCA2 suppression.  

 Our investigation of ß-adrenergic-mediated functional responses showed 

clearly that SERCA2-depleted hearts retained significant functional reserve that 

could be revealed by ß-AR activation.  To follow up on these initial findings and 

undertake a mechanistic dissection of PKA functional substrates in these failing 

hearts, we crossed the Serca2fl/fl mouse line to two different mouse models 

harboring altered ß-adrenergic signaling targets: the PLN-/- mouse, which lacks 

the key SERCA2 regulator, phospholamban; and the Tg:cTnIAla2 mouse, which 

expresses cardiac troponin I in which PKA-target serines have been mutated to 

alanine, rendering it insensitive to adrenergic-mediated modification(136).  We 

chose  those two models as they represent two adrenergic substrates that have 

each been shown to exert significant effects on cardiac function (100, 149), but 

for which the exact relationship has been difficult to precisely determine.  Each 

substrate could then be studied individually in the context of a heart severely 

deficient in Ca2+ transport as it loses progressive function.  In doing so, we 

predicted that the specific capabilities of PLN and phospho-cTnI would be 
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revealed.  Serca2 knockout was induced in these new mouse lines, and ex vivo 

function and response to ß-adrenergic signaling in FL and KO hearts was 

investigated.   
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METHODS 

Animal Handling and Ethics Statement 

All experiments were approved by the University of Minnesota Institutional 

Animal Care and Use Committee (NIH Animal Welfare Assurance #A3456-01).  

Mice were housed on a 12-12 hour light-dark cycle and provided rodent chow 

and tap water ad libitum.  All mice were homozygous for loxP sites in introns 1 

and 3 of the Serca2 gene (Serca2fl/fl), and either contained (TG) or did not 

contain (NTG) the αMHC-MerCreMer+/o transgene.  Mice were genotyped as 

described (2).  All mice were injected with tamoxifen dissolved at 10 mg/ml in 

peanut oil (1x 40 mg/kg intraperitoneally).  Serca2fl/fl; TG:αMHC-MerCreMer+/o 

mice efficiently deleted Serca2 in response to tamoxifen and became Serca20 

(KO) in the heart, while Serca2fl/fl; NTG animals retained the floxed Serca2  gene 

and normal SERCA2 expression (FL controls). 

Langendorff procedure 

 Mice were anesthetized with sodium pentobarbital (100 mg/kg i.p.) and 

heparinized (250 IU i.p.).  Upon loss of toe pinch reflex, the ribcage was opened 

and the heart was removed to a dish of ice-cold Krebs-Henseleit solution (KHB: 

In mmol/L, 118 NaCl, 4.7 KCl, 1.2 MgSO4, 1.2 KH2PO4, 0.5 NaEDTA, 2.5 CaCl2, 

10 Glucose, 25 NaHCO3,).  The aorta was trimmed and cannulated, and the 

heart was mounted on a Langendorff apparatus (Radnoti, Inc) and retrogradely 

perfused with KHB bubbled with 95% O2 / 5% CO2 and maintained near 37 °C 

with a water jacket.  The atria were removed, and a balloon catheter was inserted 
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into the left ventricle (LV) to measure isovolumic LV pressure.  An electrode 

placed at the base of the heart controlled pacing frequency, which was set at 7 

Hz for baseline and equilibration.  Balloon preload was set between 5 and 10 

mmHg. 

Langendorff pacing and drug perfusion protocols 

 Isolated hearts were perfused with normal Krebs at 7 Hz for 15 minutes for 

initial equilibration, and then the pacing frequency was adjusted from 7 to 12 Hz 

in increments of 1 Hz per 30 seconds.  After this pacing challenge, hearts were 

returned to 7 Hz for 10 minutes, then perfusion was switched from Krebs to a 

reservoir containing Krebs and either 250 nM Dobutamine (DOB), 50 nM 

isoproterenol (ISO), or 5 µM cyclopiazonic acid (CPA).  For DOB and ISO 

perfusion protocols: 10 minutes after switching perfusate the 7-12 Hz pacing 

challenge was repeated, then hearts were returned to normal Krebs at 7 Hz for 

10 minutes and removed from the apparatus.  For CPA protocols: 5 minutes after 

switching perfusate the 7-12 Hz pacing challenge was repeated, then hearts 

were re-equilibrated at 7 Hz for 2 minutes.  Perfusion was then switched to a 

third reservoir containing 5 µM CPA and 50 nM ISO for 5 minutes, 7-12 Hz 

pacing was repeated, and hearts were washed out in normal Krebs for at least 10 

minutes.  Hearts were blotted dry, frozen using liquid nitrogen, and stored at -80 

C.   

Metoprolol treatment 

 After tamoxifen injection, Serca2KO mice were provided either drinking water 
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or water containing the ß1 adrenergic receptor blocker, metoprolol (metoprolol 

tartarate, 2 mg/ml, corresponding to an approximate dose of 350 mg/kg/day) and 

survival was measured following Serca2 gene disruption.  Mice were monitored 

daily, and those observed to have symptoms including respiratory distress, poor 

movement, and poor grooming were declared to be at endpoint and euthanized. 

Serca2fl/fl breeding 

 Serca2fl/fl mice were crossed with PLN-/- (PLNKO) mice lacking the key 

SERCA2 inhibitor, phospholamban.  F1 heterozygous siblings were crossed and 

the Serca2FL and PLNKO alleles were bred to homozygosity (Figure 4-13).  

These mice were Serca2fl/fl;PLN-/- and either expressed (TG) or did not express 

(NTG) the αMHC-MerCreMer transgene allowing for Serca2 gene disruption 

upon tamoxifen injection. 

 In a separate cross, Serca2fl/fl;Tg:αMHC-MerCreMer mice were bred with 

mice expressing a PKA-insensitive mutant of cardiac troponin I, cTnIAla2, in which 

the PKA target serines 23 and 24 have been mutated to alanine(136) (Figure 4-

16).  To ensure complete expression of the PKA-insensitive transgene, this line is 

maintained as cTnI-/-;Tg:αMHC-cTnIAla2.  Heterozygous siblings were bred to 

homozygosity to create the novel mouse line, Serca2fl/fl; cTnI-/-; Tg:αMHC-

MerCreMer; Tg:αMHC-cTnIAla2.
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RESULTS 

Intact ß-adrenergic responses of isolated SERCA2 FL and KO hearts 

 Serca2fl/fl mice either expressing (TG) or not expressing (NTG) the αMHC-

MerCreMer transgene were injected with tamoxifen (40 mg/kg i.p. in peanut oil) 

to induce Serca2 gene disruption in TG animals.  FL control and KO mice were 

sacrificed 1, 2, 3, 4, or 6 weeks after tamoxifen injection, and their hearts were 

removed for functional analysis by Langendorff perfusion.  Figure 4-1 depicts the 

experimental plan followed for isolated heart function and dobutamine perfusion 

of FL and KO hearts 1 and 2 weeks post-tamoxifen.  1- and 2-week FL and KO 

hearts were mounted in Langendorff mode and equilibrated at 7 Hz stimulation 

frequency for 10 minutes.  Hearts were then paced from 5 to 12 Hz in 1-Hz steps 

in a pacing challenge to reveal diastolic insufficiency.  Following pacing 

challenge, hearts were re-equilibrated at 7 Hz for 10 minutes, then perfusion was 

switched to Krebs containing 250 nM Dobutamine, a ß1 adrenergic agonist, for 

15 minutes followed by 10 minutes washout with normal Krebs solution.  KO 

hearts had systolic (Figure 4-2A) and diastolic (Figure 4-2B) impairment 1 and 2 

weeks after tamoxifen injection.  Upon Dobutamine perfusion, all hearts 

demonstrated an intact inotropic and lusitropic response to ß-adrenergic 

stimulation (Figure 4-3, A-C) despite lower SERCA2 content in KO hearts. 

 3-week SERCA2 FL and KO hearts were perfused in a protocol similar to 

that in Figure 4-1, except an additional pacing challenge was administered during 

dobutamine perfusion.  At baseline perfusion conditions, KO hearts had elevated 
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LV End-Diastolic pressures (LVEDP) when switched from 7 to 12 Hz, which was 

corrected during Dobutamine perfusion (Figure 4-4A,B).   

High-Ca2+ inotropy does not correct relaxation deficits of KO hearts 

 It was unclear whether the lusitropic response to Dobutamine in KO hearts 

was due to an intact ß-adrenergic response with diminished SERCA2 protein, or 

whether this was secondary to increased systolic performance under those 

conditions.  To investigate this possibility, 4-week FL and KO isolated hearts 

were perfused with Krebs containing excess [Ca2+] (5 mM Ca2+ with 0.5 mM 

EDTA) as an alternative inotropic stimulus.  KO hearts perfused with high [Ca2+] 

had elevated systolic pressures compared to baseline perfusion (Figure 4-5A.B), 

but end-diastolic pressures also increased (Figure 4-5A,C), suggesting that  

improved inotropy during Dobutamine perfusion was due to adrenergic signaling. 

Metoprolol administration to SERCA2 KO mice 

 To test whether increases in adrenergic signaling following Serca2 gene 

disruption may be sustaining function in SERCA2 KO mice, KO mice were 

administered metoprolol, a ßAR inhibitor, in the drinking water (2 mg/ml) following 

tamoxifen administration.  KO mice given metoprolol survived for a median 

duration of 41.5 days, opposed to 59.5 days for KO mice given normal drinking 

water, indicating that adrenergic signaling may be important in sustaining 

function after Serca2 disruption (Figure 4-6). 

Intact ß-adrenergic response in advanced SERCA2 KO hearts 

 The intact adrenergic response at 1, 2, and 3 weeks post-tamoxifen 
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injection in KO hearts could potentially be attributed to the activity of a small 

remaining pool of SERCA2 protein in KO hearts.  To address this possibility, FL 

and KO hearts were isolated 6 weeks after tamoxifen injection, shortly before 

symptoms of significant heart failure symptoms and mortality would set in (97), 

and evaluated ex vivo by a baseline-pacing and ßAR agonist-pacing protocol 

using 50 nM isoproterenol (ISO).  6 weeks post-tamoxifen, KO hearts 

demonstrated severely impaired baseline performance compared to FL controls.  

6-week KO hearts had an intact inotropic and lusitropic response upon ISO 

perfusion (Figure 4-7A-E): at 7 Hz, LVDP and LVEDP in KO hearts were 

significantly greater during ISO perfusion than at baseline.  Maximal and minimal 

first derivatives of LV pressure (dP/dtMax and dP/dtMin), time from 50% pressure 

rise to peak (T50Rise), and time from peak pressure to 50% decay (T50Relax) 

were likewise improved in KO hearts perfused with ISO.   

Acute SERCA2 inhibition in SERCA2 FL and KO hearts 

 To further investigate whether residual SERCA2 activity in KO hearts could 

contribute to the observed adrenergic response, 4-week FL and KO hearts were 

perfused with the SERCA2 inhibitor, cyclopiazonic acid (CPA, 5 µM in Krebs).  

FL hearts challenged with CPA perfusion were impaired to a greater extent than 

KO hearts by acute SERCA2 inhibition (Figure 4-9A-C and Figure 4-10A, B, D).  

End-diastolic pressures rose in both groups, but to a greater degree in FL hearts 

(Figure 4-10A-C) relative to baseline performance.  T50Rise (Figure 4-11A) and 

T50Relax (Figure 4-11B) were increased in FL hearts following CPA perfusion, 
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but were largely unaffected by CPA in KO hearts.  The pressure full-duration at 

half maximum (FDHM, the sum of T50Rise and T50Relax) was unaffected in KO 

hearts at 7 Hz, but increased with CPA treatment in FL controls (Figure 4-11C).   

 After perfusion with 5 µM CPA, 4-week FL and KO hearts were then 

perfused with Krebs containing both 5 µM CPA and 50 nM ISO to test adrenergic 

reserve in the context of acute SERCA2 inhibition.  T50Rise and T50Relax 

increased in FL hearts, but not KO, between baseline and 5 µM CPA (Figure 4-

12Ai and 4-12Bi), but decreased in both groups when 50 nM ISO was added 

during CPA SERCA2 inhibition (Figure 4-12Aii and 4-12Bii). 

Novel mouse lines to dissect cellular mechanism of intact adrenergic response 

 After identifying that SERCA2 KO mice retained a significant adrenergic 

functional reserve likely to be important for sustained survival post knockout, 

further detail was necessary.  To identify the mechanism supporting intact ß-

adrenergic responses in SERCA2-depleted hearts, Serca2FL/FL mice were 

separately bred with two mouse models manipulating adrenergic signaling 

targets in the heart.   

Serca2fl/fl;PLN-/- “DKO” mouse line 

 Serca2FL/FL mice were crossed with PLN-/- (PLNKO) mice lacking the key 

SERCA2 inhibitor, phospholamban.  F1 heterozygous siblings were crossed and 

the Serca2FL and PLNKO alleles were bred to homozygosity (Figure 4-13).  

These mice either expressed (TG) or did not express (NTG) the αMHC-

MerCreMer transgene allowing for Serca2 gene disruption upon tamoxifen 
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injection.  For experiments using these mice, all animals lacked PLN, and were 

either Serca2fl/fl (“PLNKO”) or Serca2KO (“DKO”).  PLNKO;Serca2fl/fl mice of both 

sexes were injected with tamoxifen (40 mg/kg i.p. in peanut oil), and hearts from 

PLNKO (N=8) and DKO (N=7) mice were isolated 4-5 weeks post-injection for ex 

vivo Langendorff perfusion.  At baseline, DKO hearts had lower LV developed 

pressures than PLNKO hearts (Figure 4-14A) and, at high pacing frequencies, 

had elevated LV end-diastolic pressures (Figures 4-14C and 4-15).  Perfusion 

with 50 nM isoproterenol had no effect on systolic or diastolic performance in 

PLNKO hearts, but resulted in improved LVDP and LVEDP in DKO hearts.  In 

addition, isoproterenol perfusion decreased T50Rise and T50Relax in DKO 

hearts but had no effect on PLNKO times (Figure 4-14B,D). 

Serca2fl/fl;cTnIAla2 mouse line 

 In a separate cross, Serca2fl/fl;Tg:αMHC-MerCreMer mice were bred with 

mice expressing a PKA-insensitive mutant of cardiac troponin I, cTnIAla2, in which 

the PKA target serines 23 and 24 have been mutated to alanine (Figure 4-16).  

To ensure complete expression of the PKA-insensitive transgene, this line is 

maintained as cTnI-/-;Tg:αMHC-cTnIAla2.  Heterozygous siblings were bred to 

homozygosity to create the novel mouse line, Serca2fl/fl; cTnI-/-; Tg:αMHC-

MerCreMer; Tg:αMHC-cTnIAla2, in which PKA phosphorylation of cTnI cannot 

contribute to the lusitropic response upon ß-adrenergic stimulation.  Mice from 

this line either expressing or not expressing αMHC-MerCreMer were injected with 

tamoxifen, and hearts from Serca2fl/fl;cTnIAla2 (FL, N=9) and Serca2KO;cTnIAla2 
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(KO, N=5) mice were extracted 4 weeks post-injection for ex vivo Langendorff 

perfusion.   

 At baseline conditions, cTnIAla2;Serca2KO mice had poor systolic and 

diastolic function compared to FL controls (Figure 4-17A-B).  Developed 

pressures in FL hearts, and in ISO-perfused KO hearts, followed a negative 

staircase as pacing frequency increased.  Isoproterenol perfusion caused an 

increase in LVDP in both FL and KO hearts (Figure 4-17A), and a decrease in 

LVEDP in both groups, although KO hearts could not relax fully at high pacing 

frequencies during ISO perfusion (Figure 4-17B).  T50Rise and T50Relax, 

similarly, were higher in KO hearts at baseline and during ISO perfusion (Figure 

4-18A,B).  At 7 Hz, ISO perfusion decreased T50Rise and T50Relax in both FL 

and KO hearts, but rise and relax times in KO hearts remained significantly 

greater than FL during ISO (Figure 4-19).
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DISCUSSION 

 We show here that Serca2 KO hearts unexpectedly retain physiologically 

relevant inotropic and lusitropic responses to ß-adrenergic stimulation.  This 

response is present and robust regardless of the time hearts are studied 

following Serca2 knockout.  The ability of SERCA2-depleted hearts to increase 

systolic and diastolic function upon activation of ß-ARs is particularly surprising, 

given that SERCA2 has long been thought to be the primary effector of 

adrenergic-mediated functional responses in heart.  Two possibilities, not 

mutually exclusive, most likely explain this finding: first, small amounts of 

SERCA2 protein are functionally robust when they are fully active during 

adrenergic stimulation; second, other PKA targets in heart are significantly more 

capable of supporting an adrenergic response than previously realized.  It is 

likely that both of these conspire to support the function of SERCA2-depleted 

hearts following inducible knockout, but the specific contributions of each 

functional substrate in heart warrant detailed examination.   

 With this study, we demonstrate for the first time that PLN-/- hearts, when 

depleted of SERCA2, have baseline functional impairment which is corrected by 

adrenergic stimulation.  This is a provocative finding, and suggests that elevated 

baseline systolic performance of SERCA2-replete PLN-/- hearts may have 

masked relevant cardiac function during studies of PLN’s role in the adrenergic 

response (35, 83, 91, 100).  The original studies of PLN-/- mice observed little to 

no lusitropic enhancement upon isoproterenol treatment, and it is possible that 
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systolic function was sufficiently augmented in those mice and tissues so as to 

mask observation of other effects.  By slowing down cardiac function within the 

context of a PLN-/- heart, previously unappreciated function of other adrenergic 

signaling substrates, particularly cardiac troponin I (136, 149), may become 

apparent.  The novel Serca2fl/fl;PLN-/- mouse line therefore represents a uniquely 

valuable tool to assess cardiac functional reserve, in which maximal SERCA2 

activity can be selectively titrated by choosing specific times post-knockout for 

study.  In addition, SERCA2-depleted hearts expressing PKA-insensitive 

cTnI(136) and normal PLN fail to fully respond to adrenergic stimulation, 

providing a new in vivo demonstration of a significant role for cTnI 

phosphorylation in controlling lusitropic responses.  These results, along with 

preliminary results showing ß blockade may reduce survival following Serca2 

disruption, demonstrate that an intact adrenergic response is key for supporting 

function following SERCA2 depletion. 

 Taken together, these findings show that systolic and diastolic function can 

be restored to hearts with significantly impaired SR Ca2+ handling capabilities.  

This can be achieved without adding SERCA2a protein or directly increasing its 

activity, which has important implications for the development of heart failure 

therapeutics: delivery of Serca2 to HF patients via adeno-associated virus is 

currently under development  (63, 77, 78).  Despite significant clinical effort, 

progression of heart failure symptoms is only slowed or partially reversed by 

existing therapies, and no cure has been found.  The current paradigm of clinical 
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HF management focuses on management of symptoms and reduction of cardiac 

demand using beta blockers, inhibitors of the renin-angiotensin-aldosterone 

system, vasodilators, and diuretics, all systemic agents that do not serve to 

directly restore cardiac pump function (147).  Current experimental heart failure 

treatments are largely focused on new combinations of existing therapeutics 

(such as LCZ696, a combination ARB-neprilysin inhibitor) (117), efforts to directly 

restore heart function focus on Serca2a gene delivery using adeno-associated 

viruses (63, 77, 78), and positive inotropy by direct myosin activation (30, 105, 

141). 

 Our novel findings demonstrate that approaches to directly target existing 

SERCA2 activity or myofilament function may complement existing therapies.  

Indeed, a novel myosin activator, omecamtiv mecarbil, demonstrated promising 

results in a recent clinical trial (30, 141), and an in vitro development platform for 

identifying direct activators of SERCA2 has been developed (33, 64).  The 

Serca2fl/fl mouse model represents an excellent preclinical test platform for 

continuing the development of either treatment mode, as it is an in vivo model in 

which SERCA2 content and activity can be selectively titrated.  Ideally, future 

studies with the mouse models used here will continue the development of these 

potential therapeutics.  One recent study using Serca2fl/fl mice showed that 

chronic administration of the myofilament Ca2+ sensitizing drug, levosimendan, 

could improve in vivo functional measures up to 7 weeks following Serca2 

knockout, demonstrating the utility of this mouse model as a therapeutic testing 
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platform (73). 

 One key concern facing the studies described here is the possibility that 

increased systolic activity due to adrenergic stimulation may in turn increase 

diastolic tissue velocity via physical recoil.  The principal use of ex vivo isolated 

whole hearts in this study makes it difficult to fully rule out this concern, which 

can be addressed in future studies studying individual Serca2KO myocytes.  In 

addition, characterization of the Serca2fl/fl;PLN-/- and Serca2fl/fl;cTnIAla2 mouse 

lines has thus far only been performed in isolated whole hearts; evaluating these 

novel mice in vivo by echocardiography and invasive hemodynamics, and ex vivo 

using isolated individual myocytes, is a high priority moving forward. 

 We have shown here, for the first time, that hearts subjected to severe 

SERCA2a deficiency and profound cardiac Ca2+ impairment remain capable of 

significant functional responses to ß-adrenergic stimulation.  We have also 

performed a genetic dissection in vivo of PKA functional substrates in order to 

ascertain the mechanism supporting this response, and revealed previously 

unappreciated function of cTnI phosphorylation in enacting meaningful cardiac 

relaxation performance. 
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Figure 4-1: Example timeline and experimental overview. 
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Figure 4-1: Example timeline and experimental overview.   

A, Serca2 knockout was induced in Serca2FL/FL mice by i.p. injection of 10 mg/ml 

tamoxifen in peanut oil (1x 40 mg/kg).  Following tamoxifen injection, hearts were 

removed for ex vivo functional analysis by Langendorff perfusion.  B, Hearts were 

equilibrated for 10 minutes in normal Krebs Henseleit buffer, then paced from 5 

to 12 Hz in 1-Hz increments (Data shown in Figure 4-2).  After pacing stress, 

hearts were re-equilibrated in Krebs for 10 minutes. Perfusion was then switched 

to Krebs containing 250 nM dobutamine for 15 minutes, followed by 10 minutes 

washout in normal Krebs (Figure 4-3). 
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Figure 4-2: 1- and 2-week SERCA2 KO hearts exhibit systolic and diastolic 

dysfunction during pacing stress test.  
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Figure 4-2: 1- and 2-week SERCA2 KO hearts exhibit systolic and diastolic 

dysfunction during pacing stress test.   

FL (10), 1-week KO (6), and 2-week KO (6) hearts were paced from 5 to 12 Hz in 

1-Hz increments to reveal systolic and diastolic impairment.  A, Left Ventricular 

(LV) Developed Pressure.  Two-way ANOVA: P<0.0001 for genotype.  All 2-week 

KO LVDPs, P<0.001 vs FL by Bonferroni post-test.  B, LV End-Diastolic 

Pressure.  Two-way ANOVA: P<0.0001 for interaction and genotype.  Stars 

indicate results of Bonferroni post-tests between KO and FL.  **: P<0.01; ***: 

P<0.001.  Error bars: SEM unless smaller than icon.
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Figure 4-3: 1- and 2-week SERCA2 KO hearts exhibit an intact response to 

ß-adrenergic stimulation.   
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Figure 4-3: 1- and 2-week SERCA2 KO hearts exhibit an intact response to 

ß-adrenergic stimulation.   

After pacing steps performed in Figure 4-1, hearts were returned to 7 Hz and 

were allowed to equilibrate for 10 minutes.  Hearts were then perfused for 15 

minutes with Krebs containing 250 nM dobutamine, followed by washout with 

normal Krebs for 10 minutes.  Black bar on each panel indicates window of 

dobutamine perfusion; note the slight lag time between perfusion switch and 

beginning of effect, corresponding to dead space in the perfusion line. A, LVDP 

of FL, 1-week KO, and 2-week KO hearts during this protocol, and B, maximum 

first derivative of pressure (LV dP/dtMax), indicate systolic response of all groups 

to dobutamine.  C, minimum first derivative of pressure (LV dP/dtMin) 

demonstrates increases in the maximum speed of pressure decay during 

dobutamine perfusion.  Error bars: SEM unless smaller than icon. 
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Figure 4-4: 3-week SERCA2 KO hearts respond to adrenergic stimulation. 

 

 



 

 121 

Figure 4-4: 3-week SERCA2 KO hearts respond to adrenergic stimulation. 

A, 3-week SERCA2 KO hearts were evaluated by a stepped pacing protocol at 

baseline and during perfusion with 250 nM dobutamine in which pacing was 

increased from 7 to 12 Hz at an interval of 1 Hz per 30 seconds.  After the 12 Hz 

incremental step under baseline and dobutamine-perfused conditions, hearts 

were returned to 7 Hz for 60 seconds, switched abruptly to 12 Hz for 30 seconds, 

and then returned to 7 hz for washout.  Bars with delta indicate point at which 

data shown in panel B was collected. 

B, maximal rise of end-diastolic pressure upon abrupt pacing switch challenge.  

KO hearts had an exacerbated rise in end-diastolic pressures upon abrupt pacing 

switch.  During dobutamine perfusion this was normalized to FL baseline levels, 

demonstrating an intact adrenergic response at 3 weeks post-knockout.  

One-way ANOVA with Bonferroni post-tests: *, P < 0.05 vs FL/FL; ^, P < 0.05 vs 

KO; #, P < 0.05 vs FL + DOB; FL/FL vs. KO + DOB: n.s. 
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Figure 4-5: High-calcium inotropy does not decrease 4-week SERCA2 KO 

diastolic pressures. 
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Figure 4-5: High-calcium inotropy does not decrease 4-week SERCA2 KO 

diastolic pressures. 

A, representative trace of LV pressure from a 4-week SERCA2 KO heart as it is 

switched from Krebs containing 2.5 mM Ca2+ and 0.5 mM EDTA to Krebs 

containing 5 mM Ca2+ and 0.5 mM EDTA.    

B, LVDP and C, LVEDP for FL (N=2) and 4wk KO (N=6) hearts under normal 

and high-Ca Krebs.   
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Figure 4-6:  Median survival trends lower in KO mice treated with 

metoprolol. 
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Figure 4-6: Median survival trends lower in KO mice treated with 

metoprolol.   

KO mice were provided drinking water with metoprolol (2 mg/ml) in drinking water 

after tamoxifen injection (40 mg/kg i.p. in peanut oil).  Median survival of KO mice 

without metoprolol was 59.5 days, whereas it was 41.5 days for KO mice 

provided metoprolol.  N = 4 per group.  Log-rank test: P = 0.0849. 
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Figure 4-7:  6-week SERCA2 KO hearts respond to isoproterenol 

stimulation. 
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Figure 4-7: 6-week SERCA2 KO hearts respond to isoproterenol 

stimulation.   

A, representative trace of LV pressure of an FL (gray) and 6-week SERCA2 KO 

(black) heart as they transition from perfusion with normal Krebs to 50 nM 

isoproterenol.  FL and KO hearts both respond with increased inotropy and 

lusitropy.  B, C, representative traces of individual beats from FL and KO hearts 

before (solid line) and after (dashed line) the switch to isoproterenol perfusion.  

D, E, summarized LVDP and LVEDP data from isolated FL and 6-week SERCA2 

KO hearts.  Groups analyzed by one-way ANOVA with Bonferroni post-tests.  D, 

all group pairs P<0.05 vs. each other.  E, all group pairs except FL Baseline vs. 

FL ISO (n.s.) P<0.05 vs. each other.  Symbols: P<0.05 vs FL Baseline (*); FL 

ISO (#); KO Baseline (^); KO ISO ($). 
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Figure 4-8: Systolic and diastolic performance is improved in 6-week 

SERCA2 KO hearts perfused with isoproterenol. 
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Figure 4-8: Systolic and diastolic performance is improved in 6-week 

SERCA2 KO hearts perfused with isoproterenol. 

A, dP/dtMax and B, dP/dtMin at 7 Hz for FL and 6-week SERCA2 KO hearts 

perfused with normal Krebs (Baseline) and 50 nM isoproterenol (ISO).  C, times 

from 50% pressure rise to peak (T50Rise) and D, times from peak pressure to 

50% relaxation (T50Relax).  In all groups, 50 nM isoproterenol elicited a 

significant inotropic and lusitropic effect.  Groups analyzed by one-way ANOVA 

with Bonferroni post-tests.  A, C: all group pairs P<0.05 from each other except 

FL Baseline and KO ISO (n.s.).  B, D: all group pairs P<0.05 from each other.  

Symbols: P<0.05 vs FL Baseline (*); FL ISO (#); KO Baseline (^); KO ISO ($). 
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Figure 4-9: Cyclopiazonic acid impairs systolic function in FL hearts to a 

greater degree than in 4-week SERCA2 KO hearts. 
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Figure 4-9: Cyclopiazonic acid impairs systolic function in FL hearts to a 

greater degree than in 4-week SERCA2 KO hearts. 

Serca2FL/FL mice were injected with tamoxifen (40 mg/kg i.p. in peanut oil).  4 

weeks after injection, hearts were isolated from FL and KO mice and evaluated 

by Langendorff perfusion in three phases.  Hearts were perfused with normal 

Krebs buffer (baseline) at 7 Hz for 15 minutes to equilibrate then paced from 7-12 

Hz at 30 seconds per 1 Hz step.  After pacing, hearts were re-equilibrated at 7 

Hz for 10 minutes then perfusion was switched to Krebs buffer containing 5 µM 

cyclopiazonic acid (CPA), a potent SERCA2 inhibitor.  Five minutes after 

switching to CPA, the 7-12 Hz pacing steps were repeated.  Hearts were 

returned to 7 Hz and perfusion was switched to Krebs containing both 5 µM CPA 

and 50 nM isoproterenol for five minutes, 7-12 Hz pacing steps were repeated, 

and then hearts were washed out at 7 Hz with normal Krebs. ### move this to 

methods 

A, representative traces of LV pressure from FL and 4-week SERCA2 KO hearts 

perfused with Krebs (solid line) and 5 µM CPA (dashed line).  B, change in LVDP 

between baseline Krebs and 5 uM CPA perfusion.  C, change in LVDP between 

baseline and CPA perfusion expressed as a fraction of baseline LVDP.  ***, 

P<0.0001 by two-tailed Student’s t test. 
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Figure 4-10: Cyclopiazonic acid impairs systolic and diastolic performance 

in FL hearts to a greater extent than 4-week SERCA2 KO hearts. 
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Figure 4-10: Cyclopiazonic acid impairs systolic and diastolic performance 

in FL hearts to a greater extent than 4-week SERCA2 KO hearts. 

A, B, representative LV pressure traces from FL (A) and KO (B) hearts perfused 

with Krebs (gray trace) and 5 µM CPA (black trace). 

C, D, summary of LVEDP and LVDP during pacing challenges.  FL hearts 

experienced significant loss of systolic and diastolic function upon CPA 

treatment, whereas KO hearts were not as severely affected by acute SERCA2 

inhibition. 

Groups were compared using two-way ANOVA with Bonferroni post-tests.   

C, P<0.0001 for interaction.   

Post-tests: All FL baseline vs. KO baseline P<0.001.   

All FL baseline vs. FL CPA: P<0.001 except 7 Hz, P<0.01.   

KO Baseline vs FL CPA: 8, 9 Hz P<0.05; 7, 10, 11, 12 Hz n.s.  

KO Baseline vs KO CPA: 7, 8, 9 Hz P<0.05; 10, 11, 12 Hz n.s. 

D, P<0.0001 for interaction. 

Post-tests: KO Baseline vs KO CPA: 8-11 Hz P<0.05; 7, 12 Hz n.s. 

KO Baseline vs. FL CPA: 7, 8 Hz P<0.05; 9-12 Hz n.s. 
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Figure 4-11: Cyclopiazonic acid impairs LV pressure rise and decay time in 

FL, but not KO, hearts. 
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Figure 4-11: Cyclopiazonic acid impairs LV pressure rise and decay time in 

FL, but not KO, hearts. 

A, Time from 50% to peak pressure rise during pacing steps from 7-12 Hz in FL 

and KO hearts.  Hearts were perfused with Krebs (circles), then with 5 µM CPA 

(squares).  T50Rise was increased in FL hearts following CPA perfusion, but was 

not changed in KO hearts. 

A, post-tests: KO Baseline vs FL CPA: all n.s. 

FL Baseline vs. FL CPA: all P<0.001 except 12 Hz, P<0.05. 

 

B, Time from peak pressure to 50% decay during pacing steps from 7-12 Hz in 

FL and KO hearts.  T50Relax was increased in FL hearts following CPA 

perfusion, but was not changed in KO hearts.  Groups compared using two-way 

ANOVA with Bonferroni post-tests.   

B, post-tests: KO Baseline vs. KO CPA: 7 Hz P<0.05; all others n.s. 

 

C, Full-duration at half-maximum (FDHM), the sum of T50Rise and T50Relax 

representing the duration of the active state of contraction, for FL and KO hearts 

at 7 Hz.  FL hearts have an extended FDHM when perfused with CPA, whereas 

the FDHM of KO hearts is not affected by CPA treatment.  Groups were 

compared using one-way ANOVA with Bonferroni post tests.  *:P<0.05; 

***:P<0.001.
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Figure 4-12:  Changes in pressure rise and relaxation times in FL and KO 

hearts perfused with 5 µM CPA and CPA + 50 nM isoproterenol. 
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Figure 4-12: Changes in pressure rise and relaxation times in FL and KO 

hearts perfused with 5 µM CPA and CPA + 50 nM isoproterenol. 

Differences in T50Rise and T50Relax between three perfusion phase: 1, 

Baseline Krebs; 2, 5 µM CPA; and 3, 5 µM CPA + 50 nM isoproterenol.  T50Rise 

and T50Relax were measured at 7 Hz during each perfusion phase, and the 

differences between phase 1 and 2, and between 2 and 3, are detailed here. 

A, i, the duration of LV contraction (T50Rise) increased in FL hearts upon CPA 

perfusion to a greater extent than in KO hearts.  ii, When FL and KO hearts were 

switched from 5 µM CPA to perfusate containing both 5 µM CPA and 50 nM 

isoproterenol, rise times decreased indicating hastening of contraction even 

during SERCA2 inhibition. 

B, i, the duration of LV pressure decay (T50Relax) increased in FL hearts upon 

CPA perfusion to a greater extent than in KO hearts.  ii, When FL and KO hearts 

were switched from 5 µM CPA to perfusate containing both 5 µM CPA and 50 nM 

isoproterenol, relaxation times decreased in both groups, indicating an intact 

lusitropic response to adrenergic stimulation even during acute SERCA2 

inhibition.  Groups were analyzed by one-way ANOVA with Bonferroni post-tests. 
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Figure 4-13:  SERCA2 KO x PLN KO breeding diagram. 



 

 139 

Figure 4-13: SERCA2 KO x PLN KO breeding diagram.   

Serca2FL/FL mice were crossed with PLN-/- (PLNKO) mice lacking the key 

SERCA2 inhibitor, phospholamban.  F1 heterozygous siblings were crossed and 

the Serca2FL and PLNKO alleles were bred to homozygosity (Figure 4-13).  

These mice either expressed (TG) or did not express (NTG) the αMHC-

MerCreMer transgene allowing for Serca2 gene disruption upon tamoxifen 

injection.  For experiments using these mice, all animals lacked PLN, and were 

either Serca2fl/fl (“PLNKO”) or Serca2KO (“DKO”).  
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Figure 4-14: SERCA2 KO; PLN-/- isolated heart performance and 

isoproterenol response. 
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Figure 4-14: SERCA2 KO; PLN-/- isolated heart performance and 

isoproterenol response. 

Serca2FL/FL;PLN-/- mice were injected with tamoxifen (40 mg/kg i.p. in peanut oil) 

to induce Serca2 knockout in mice expressing MerCreMer recombinase.  4-5 

weeks after tamoxifen injection, hearts were excised from SERCA2 FL or 

SERCA2 KO mice and evaluated by Langendorff perfusion.  Hearts were 

equilibrated for 15 minutes in normal Krebs (Vehicle), paced from 7-12 Hz in 1 

Hz increments, and re-equilibrated for 10 minutes at 7 Hz before switching 

perfusion to a reservoir containing 50 nM isoproterenol in Krebs.  7-12 Hz pacing 

challenge was repeated, and hearts were returned to normal Krebs at 7 Hz for 10 

minutes. 

A, LVDP during pacing challenge of 4-5 week FL and KO hearts lacking PLN.  

Isoproterenol perfusion increases LVDP in SERCA2 KO hearts, but has no effect 

on developed pressures in FL controls. 

B, At 7 Hz, T50Rise times are greater at baseline in KO hearts than FL.  Rise 

times are decreased by isoproterenol perfusion in KO hearts, but not FL controls. 

C, LVEDP during pacing challenge.  At baseline, end-diastolic pressures in FL 

hearts do not rise above preload levels, whereas KO hearts are unable to relax 

fully at high pacing frequencies.  After perfusion with 50 nM isoproterenol, KO 

hearts relax fully at all pacing frequencies, indicating an intact lusitropic effect of 

isoproterenol in a PLN-/- heart. 

***: mean P<0.05 vs. all other groups at that pacing frequency. 
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D, At 7 Hz, T50Relax times are greater in KO hearts than FL.  Relaxation times 

are lower in KO hearts when perfused with isoproterenol, demonstrating an intact 

lusitropic response. 

B, D analyzed using one-way ANOVA with Bonferroni post-tests.  *:P<0.05; 

**:P<0.01; ***:P<0.001 vs indicated mean. 
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Figure 4-15:  LV End-Diastolic pressures at maximum pacing frequency in 

SERCA2 KO; PLN-/- hearts. 
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Figure 4-15:  LV End-Diastolic pressures at maximum pacing frequency in 

SERCA2 KO; PLN-/- hearts. 

4-5 week SERCA2KO; PLN-/- hearts are unable to relax fully at high pacing 

frequencies.  This impaired relaxation performance is corrected upon 

isoproterenol perfusion.  Groups were compared using one-way ANOVA with 

Bonferroni post-tests.  **: P<0.01. 
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Figure 4-16: Serca2FL/FL x cTnIAla2 breeding scheme. 
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Figure 4-16: Serca2FL/FL x cTnIAla2 breeding scheme. 

Serca2fl/fl;Tg:αMHC-MerCreMer mice were bred with mice expressing a PKA-

insensitive mutant of cardiac troponin I, cTnIAla2, in which the PKA target serines 

23 and 24 have been mutated to alanine (Figure 4-16).  To ensure complete 

expression of the PKA-insensitive transgene, this line is maintained as cTnI-/-

;Tg:αMHC-cTnIAla2.  Heterozygous siblings were bred to homozygosity to create 

the novel mouse line, Serca2fl/fl; cTnI-/-; Tg:αMHC-MerCreMer; Tg:αMHC-cTnIAla2, 

in which PKA phosphorylation of cTnI cannot contribute to the lusitropic response 

upon ß-adrenergic stimulation.  
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Figure 4-17: SERCA2 KO; cTnIAla2 isolated heart systolic and diastolic 

pressures. 
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Figure 4-17: SERCA2 KO; cTnIAla2 isolated heart systolic and diastolic 

pressures. 

A, LV developed pressures of 4-week FL (N=9) and SERCA2 KO (N=5) hearts, 

all expressing PKA-insensitive cTnIAla2, during pacing challenge.  LVDP in both 

groups is increased upon adrenergic stimulation. 

B, LV end-diastolic pressures of 4-week FL and SERCA2 KO hearts expressing 

cTnIAla2.  Isoproterenol perfusion reduces LVEDP in both groups, but SERCA2 

KO hearts are unable to completely relax at high pacing frequencies. 
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Figure 4-18:  SERCA2 KO; cTnIAla2 times to 50% pressure rise and 50% 

pressure decay are improved in FL and KO isolated hearts by isoproterenol 

perfusion. 
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Figure 4-18: SERCA2 KO; cTnIAla2 times to 50% pressure rise and 50% 

pressure decay are improved in FL and KO isolated hearts by isoproterenol 

perfusion. 

A, T50Rise during pacing challenge of 4-week FL and KO hearts expressing 

cTnIAla2.  Isoproterenol perfusion decreases T50Rise in both FL and KO groups.  

KO hearts perfused with isoproterenol remain significantly slower than 

isoproterenol-perfused FL hearts.  Two-way ANOVA with Bonferroni post-tests: 

FL+ ISO vs KO+ISO tests are P<0.05 or lower for all pacing frequencies except 

12 Hz (P>0.05). 

B, T50Relax during pacing challenge of 4-week FL and KO hearts expressing 

cTnIAla2.  Isoproterenol perfusion decreases T50Relax in both FL and KO groups.  

KO hearts perfused with isoproterenol remain significantly slower than 

isoproterenol-perfused FL hearts.  Two-way ANOVA with Bonferroni post-tests: 

FL+ ISO vs KO+ISO tests are P<0.01 or lower for all pacing frequencies except 

12 Hz (P>0.05). 
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Figure 4-19: Isoproterenol decreases rise and relaxation times in SERCA2 

KO hearts expressing cTnIAla2, but not to FL control levels. 
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Figure 4-19: Isoproterenol decreases rise and relaxation times in SERCA2 

KO hearts expressing cTnIAla2, but not to FL control levels. 

A, T50Rise at 7 Hz in 4-week FL and KO hearts expressing cTnIAla2.  Perfusion 

with 50 nM isoproterenol decreases T50Rise in FL and KO hearts, but KO hearts 

remain slower than FL hearts. One-way ANOVA with Bonferroni post test.  FL vs 

KO+ISO: P>0.05.  All other pairs P<0.05. 

B, T50Relax at 7 Hz in 4-week FL and KO hearts expressing cTnIAla2.  Perfusion 

with 50 nM isoproterenol decreases T50Relax in FL and KO hearts. KO hearts 

remain slower than FL hearts when perfused with isoproterenol, demonstrating 

myofilament lusitropic effect.  One-way ANOVA with Bonferroni post-tests.  FL vs 

KO+ISO: P>0.05.  All other pairs P<0.05. 
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Chapter Five 

Conclusions and Discussion 
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 In normal hearts, pump function is predominantly driven by sarcoplasmic 

reticulum-mediated Ca2+ flux.  During heart failure, failing cardiac myocytes 

become progressively impaired in SR Ca2+ uptake and release, which diminishes 

Ca2+ transient amplitude, slows decay rate, and forces greater reliance on trans-

sarcolemmal Ca2+ removal pathways.  Under these conditions of poor Ca2+ 

release and reuptake, the myocyte’s functional response to each Ca2+ transient 

becomes increasingly important (Figure 5-1).   

 The overall goals of this study were: 1, to determine the functional limits of 

the heart as SERCA2 content was manipulated; 2, to determine whether 

seasonal changes in Ca2+ transport mechanisms augmented hibernator heart 

function; and 3, to identify the mechanism by which SERCA-depleted hearts 

maintain function in the face of severe Ca2+ dysregulation.   

 I found that SERCA-depleted hearts from Serca2KO mice underwent an 

immediate and severe decline in function following Serca2 gene disruption.  

These findings in ex vivo isolated hearts demonstrate severely compromised 

function following knockout, which is at odds with the in vivo phenotype of 

inducible KO mice, which have relatively well maintained cardiac performance 

until 7 weeks post-knockout (2).  This discrepancy between severe ex vivo and 

mild in vivo phenotypes strongly suggests that the maintenance of in vivo cardiac 

function is a result of systemic signaling activity.  The finding that caffeine-

perfused hearts from FL and KO mice had no differences in systolic function 

supports the idea that systemic signaling, rather than myocyte-intrinsic 
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compensatory responses, is responsible for supporting cardiac function when SR 

Ca2+ flux is severely diminished.   

 Accordingly, it is likely that the observed increase in Na/Ca exchange 

following Serca2 KO is a symptom of progressive failure like that seen in other 

models of heart failure (121), rather than just a direct compensatory response.  

These findings collectively indicate that increases in serum catecholamines 

observed in KO mice are conferring a significant benefit to cardiac pump function 

and survival following Serca2 gene disruption.   

 Results from comparing isolated ground squirrel hearts between the 

summer active and winter torpid states indicate that a slight improvement in 

diastolic tissue velocity was present in torpid-isolated hearts.  In all, however, the 

contractile performance of hearts from active and torpid ground squirrels was 

remarkably similar, which suggests that the known changes in SERCA2 and PLN 

expression in torpor occur to resist hypothermia rather than to augment 

contractile function.   

 The most significant finding from hibernator hearts was a pronounced 

reduction of LV pressure during ischemic challenge in torpid-isolated hearts.  We 

attribute this finding to altered metabolic function during torpor, rather than 

differences in Ca2+ handling, and efforts are currently underway to evaluate the 

role of increased carbohydrate storage and utilization capacity in maintaining 

heart function during torpor. 

 The data showed, by administering dobutamine and isoproterenol to 
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Serca2KO hearts early (1-3 weeks post-knockout) and late (6 weeks) in the 

progression of SERCA2 loss, that SERCA2-depleted hearts retained a significant 

functional reserve despite severely impaired baseline performance.  Upon ß-

adrenergic stimulation, KO hearts responded with significantly improved systolic 

and diastolic function regardless of time following Serca2 gene disruption.  The 

degree to which KO hearts responded to adrenergic stimulation was unexpected, 

and demonstrated that hearts with depressed SR Ca2+ transport activity 

remained capable of robust contractile function.   

 The intact adrenergic response of SERCA2-deficient hearts was 

unexpected because PLN has been regarded as the major determinant of the 

cardiac adrenergic response.  The SERCA2 KO mouse model undergoes a 

substantial loss of SERCA2a, which is the substrate for PLN’s control over 

cardiac performance.  Therefore, the finding that the adrenergic response was 

both intact and robust in KO hearts indicated that additional mechanisms 

supporting cardiac function were contributing to the response.  The mechanisms 

underlying this intact adrenergic reserve were unclear, but several possibilities 

were apparent: first, small amounts of SERCA2a could be capable of significant 

Ca2+ transport when fully active, thereby allowing SR Ca2+ stores to fill and 

support increases in systolic and diastolic contractile function; second, targets of 

PKA other than PLN, in particular ICa and cardiac troponin I, could themselves 

exert substantial control over cardiac function.  The next step was to separately 

utilize PLN-/- mice and cTnIAla2 mice to specifically investigate the function of PLN 
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and cTnI, both in the context of a Ca2+ handling-deficient heart and without the 

other effect present. 

 In these studies, utilizing mouse models in which specific substrates of PKA 

were ablated, we demonstrated significant functional capabilities of cardiac 

troponin I in mediating relaxation in SERCA2a-deficient hearts.  The main 

mechanistic insight of these findings is that by enabling relaxation performance in 

a severe model of cardiac Ca2+ dysregulation, cTnI can exert a substantial 

lusitropic effect on heart that has lost most of its systolic and diastolic Ca2+ 

transport capability.  Poor cardiac Ca2+ transport plays a key role in the 

progression of heart failure (65, 130), so identifying cardiac targets that function 

in that context is will be crucial to the design and development of new therapies. 
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Figure 5-1: Cardiac function in normal and failing hearts. 
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Figure 5-1: Cardiac function in normal and failing hearts. 

Schematic representation of the roles of SR Ca2+ transport and myofilament Ca2+ 

responsivity in supporting cardiac function in normal and failing hearts. 
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Chapter Six 

Future Directions 
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 Future studies that logically follow from this work are numerous, and can be 

divided into two categories: first, there are experiments that should be performed 

as direct follow-ups to our existing study in order to thoroughly characterize the 

novel mouse lines we have developed; and second, there are longer-term goals 

to be pursued using our findings and newly developed tools as a platform. 

Short-term objectives  

 In the short term, there are several key experiments of high priority for the 

progression and publication of this project.  First, our findings thus far using the 

novel Serca2fl/fl;PLN-/- and Serca2fl/fl;cTnIAla2 mice, while provocative, have been 

performed solely in isolated perfused hearts at one timepoint following tamoxifen 

injection.  It will be essential to provide greater detail into these models using 

both a series of different timepoints following Serca2 disruption and additional 

methods of evaluation.  In particular, the study of cell shortening and Ca2+ 

transient kinetics, using isolated individual myocytes from these mouse lines, will 

provide significant further detail into the mechanisms our isolated heart findings 

have revealed.  One key concern that must be addressed is whether physical 

recoil of ISO-treated whole hearts is enhancing diastolic function.  Studying the 

shortening properties of isolated KO cardiomyocytes will allow us to determine 

whether whole-organ recoil is contributing to the enhancement of diastolic 

performance we observe following isoproterenol perfusion.  Another study that 

should be performed in short order includes an expanded metoprolol survival 

study comparing KO mice to those subjected to beta blockade, in order to 
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increase statistical power.  During this experiment, tissue from KO+vehicle and 

KO+metoprolol mice will be periodically saved in order to assess the activation 

states of PKA- and CaMKII-dependent signaling pathways as SERCA2a loss 

progresses.  From our preliminary survival studies of KO mice provided 

metoprolol, we were not able to determine whether premature death in 

metoprolol-treated KO mice was due to heart organ-level functional deficits, or 

whether this was due to hypotension or other systemic effects of beta blockade.  

KO mice have previously been shown to undergo progressive atrial enlargement, 

increases in serum natriuretic factors, and increases in lung weight following 

cardiac SERCA2 depletion (2, 97).  It is currently unknown whether premature 

death in metoprolol-treated KO mice is accompanied by accelerated symptoms 

of heart failure such as those observed in previous KO studies.  Comparing the 

onset and progression of these symptoms will be highly informative as to the 

mechanisms supporting cardiac function following SERCA2 knockout that are 

disrupted by beta blockade.   

 Following the expanded analysis of SERCA2 KO survival during beta 

blockade, post-knockout survival of the Serca2fl/fl;PLN-/- and Serca2fl/fl;cTnIAla2 

mouse lines will similarly be determined.  We have substantial evidence that the 

changes made to adrenergic signaling pathways in each of these mouse lines 

correspond to significant organ-level functional changes, and we hypothesize 

that the augmented cardiac performance of Serca2fl/fl;PLN-/- and impaired 

performance of Serca2fl/fl;cTnIAla2 hearts will manifest as an extension and 



 

 163 

reduction, respectively, of post-SERCA2 knockout lifespan in each line. 

Long-term objectives  

 After the above studies are complete, we propose that our newly developed 

mouse models will be a useful resource for the development and preclinical 

testing of new cardiac therapeutics.  Current development of novel experimental 

therapeutics is focused on several distinct approaches: direct restoration of 

SERCA2 expression to failing hearts using adeno-associated viruses (63, 77, 78, 

153); positive inotropic agents that improve contractile function in a Ca2+-

independent manner (30, 105, 141); and direct activators of SERCA2a are 

currently being developed (34, 64).  An in vivo system in which SERCA2a protein 

expression can be carefully titrated, such as the SERCA2 KO mouse, will surely 

prove invaluable for the improvement of therapeutics designed to restore normal 

Ca2+ handling capabilities or improve cardiac function during conditions of severe 

Ca2+ handling impairment.   

 A key finding of these studies is that as SR Ca2+ derangement progresses, 

the roles of myofilament Ca2+ responses and other signaling pathways become 

more prominent in sustaining cardiac function.  Early studies detailing the role of 

SR Ca2+ handling in the cardiac adrenergic response, using PLN KO mice, found 

that PLN-deficient mice were hypercontractile under baseline conditions and that 

adrenergic stimulation did not cause further increases in performance.  These 

studies were performed in healthy mice, showing that in healthy, intact cardiac 

tissue SR Ca2+ uptake and release can account for the majority of cardiac 
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functional reserve.  Additional studies, using healthy mice and myocytes 

expressing modified troponin I protein, showed that direct manipulations of 

myofilament Ca2+ sensitivity could also account for a significant proportion of 

cardiac diastolic reserve function.  Because adrenergic responses become 

altered in failing hearts as membrane receptors become inactivated and 

internalized, the relative contribution of each of these mechanisms has been 

difficult to reconcile.  Furthermore, many animal models of heart failure utilize 

physical injury and ventricular remodeling to model the progression of cardiac 

disease, which complicates the analysis and interpretation of injury model 

findings.  The Serca2 KO mouse therefore is a unique experimental model with 

which to determine the contributions of different PKA substrates within the 

context of cardiac Ca2+ dysregulation, without the confounding effects of 

ventricular remodeling and injury.  Accordingly, future studies using this model 

will focus on further direct manipulation of individual functional subtrates, such as 

troponin, RyR, the L-type Ca2+ channel, and PLN at specific times after Serca2 

gene disruption, with an objective to fully define the relative contributions of these 

major functional effectors as SR Ca2+ handling is progressively impaired. 

 The studies detailed here were performed in rodent models of cardiac 

function.  While these systems are useful from a mechanistic standpoint it is also 

necessary to expand study to larger model systems, in order to more closely 

approach the function of human myocardium.  Recent evidence from rabbit 

hearts, which feature Ca2+ handling similar to that of human heart, demonstrates 
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that heart pump function can be sustained even while SR Ca2+ cycling is acutely 

inhibited by thapsigargin perfusion.  These studies utilized working-mode isolated 

rabbit heart perfusion and showed that after perfusion with the potent SERCA2 

inhibitor, thapsigargin, cardiac pump function was partially blunted shortly after 

perfusion, but was sustained for up to 60 minutes before eventually failing.  

Myocytes isolated from thapsigargin-treated rabbit hearts showed no correlation 

between isolated cell SR function and whole-heart contractility.  Although 

provocative, this study did not attempt to define the mechanisms supporting 

cardiac function in further detail.  In conjunction with our studies, these findings 

indicate a significant capability for heart to function in the absence of robust SR 

Ca2+ cycling and deserve further detailed investigation.  Additional experiments in 

isolated rabbit hearts should be performed to evaluate cardiac adrenergic 

responses during acute thapsigargin inhibition of SERCA2a, as we have done in 

SERCA2a-depleted mouse hearts.  Adrenergic responses remaining in 

thapsigargin-treated rabbit hearts must be largely due to signaling targets other 

than PLN, and the magnitude of improvement in systolic and diastolic function 

upon adrenergic stimulation will reveal these contributions.  That cardiac function 

can be sustained following severe ablation of SR Ca2+ handling function in the 

larger, more human-like hearts of rabbits again suggests that myofilament Ca2+ 

responses could become more important for pump function as SR function is 

diminished.  Further future studies directed at individual myofilament proteins 

using this model will be useful to determine the relative roles of these 
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mechanisms in supporting cardiac function during Ca2+ dysregulation. 

 Currently, SERCA2 gene delivery using adeno-associated virus vectors is 

undergoing evaluation in clinical trials (CUPID).  Results from the CUPID trials 

have thus far been promising, but AAV-mediated viral delivery remains difficult to 

widely implement due to cost of virus production and, more importantly, the 

prevalence of neutralizing antibody titers in patient populations.  Alternative 

approaches to directly restore SR Ca2+ handling function are under 

development, and novel methods have recently been developed for high-

throughput screening of compounds that alter SERCA2 activity.  SERCA2 

activating compounds are a tantalizing target for clinical implementation, but so 

far preclinical efforts have been limited to in vitro screening and myocyte-based 

secondary validation of hit compounds.  Significant additional efforts are needed 

to deliver SERCA2-targeting drugs to clinical trials.  SERCA2 KO mice are an 

ideal model system with which to expand upon in vitro studies of SERCA2 

activating compounds, due to the ability to specifically titrate SERCA2 away from 

the myocardium.  SERCA2 KO hearts can be studied at early timepoints, such as 

1 and 2 weeks post-knockout, at which SERCA2 protein is significantly, but not 

completely, diminished.  Under these conditions, SERCA2 activating compounds 

can then be delivered to partially SERCA2-deficient hearts and myocytes, and 

functional responses evaluated.  The inducible SERCA2 KO mouse serves as a 

means of specifically initiating SR Ca2+ impairment without physical remodeling 

of the heart, and will complement studies of SERCA2-activating drugs in wild 
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type mice with injury- or volume overload-induced heart failure.   

 Tuning the heart’s inotropic and lusitropic function using myofilament-

targeted drugs is an additional therapeutic approach to restore function in hearts 

with impaired Ca2+ release and reuptake.  Drugs targeting this axis of cardiac 

function do so by either altering the myofilament force-pCa relationship or by 

activating the myosin ATPase.  Thus far, positive inotropic agents that serve to 

increase myofilament Ca2+ sensitivity have been difficult to implement as 

therapeutics despite extensive study.  Levosimendan, a prominent member of 

this drug category, had limited efficacy in several large clinical trials and caused 

an increase in adverse events, including abnormal heart rhythm (108, 116).  

Ca2+-sensitizing agents cause the delayed release of myofilament-bound Ca2+ 

during diastole, potentially increasing arrhythmia risk due to action potential 

prolongation and triggered activity (11, 75).  The propensity for positive inotropes 

that increase myofilament Ca2+ sensitivity to induce arrhythmias is a significant 

drawback that necessitates a more refined approach to management of cardiac 

inotropy and lusitropy.   

 Omecamtiv mecarbil (OM), a myosin-activating compound, has recently 

undergone first-in-man clinical trials, demonstrating that careful application of 

inotropic agents in heart failure may be beneficial (30, 141).  OM, which 

increases force production by improving the myosin duty ratio without altering the 

force-pCa relationship or the cardiomyocyte Ca2+ transient (105), represents the 

first member of a new drug class with promising clinical implications.  This new 
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means of enacting positive cardiac inotropy has already shown promising results, 

and aggressive development of additional myosin activating compounds is 

warranted.  SERCA2-deficient mice are an excellent platform to test and develop 

novel myosin-targeted positive inotropes, as impairments in cardiac Ca2+ 

transport are common in heart failure.   

 In summary, the development and refinement of new, cardiac-directed heart 

failure therapeutics is ongoing and vibrant despite the significant clinical 

challenges of treating cardiovascular disease.  Many new pathways and 

approaches have been identified in recent years.  Insights from this thesis point 

to the cardiac sarcomere as a key mechanistic target for new therapies, 

particularly in the context of the diseased and failing heart. 
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