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Myofilament-based physiological
regulatory compensation preserves
diastolic function in failing hearts with
severe Ca** handling deficits

Frazer I. Heinis, Brian R. Thompson, Rishi Gulati, Matthew Wheelwright, and Joseph M. Metzger

Department of Integrative Biology and Physiology, University of Minnesota Medical School, Minneapolis, Minnesota, USA.

Severe dysfunction in cardiac muscle intracellular Ca** handling is a common pathway underlying
heart failure. Here we used an inducible genetic model of severe Ca* cycling dysfunction by the
targeted temporal gene ablation of the cardiac Ca** ATPase, SERCA?2, in otherwise normal adult
mice. In this model, in vivo heart performance was minimally affected initially, even though Serca2a
protein was markedly reduced. The mechanism underlying the sustained in vivo heart performance
in the weeks prior to complete heart pump failure and death is not clear and is important to
understand. Studies were primarily focused on understanding how in vivo diastolic function could
be relatively normal under conditions of marked Serca2a deficiency. Interestingly, data show
increased cardiac troponin | (cTnl) serine 23/24 phosphorylation content in hearts upon Serca2a
ablation in vivo. We report that hearts isolated from the Serca2-deficient mice retained near
normal heart pump functional responses to B-adrenergic stimulation. Unexpectedly, using genetic
complementation models, in concert with inducible Serca2 ablation, data show that Serca2a-
deficient hearts that also lacked the central -adrenergic signaling-dependent Serca2a negative
regulator, phospholamban (PLN), had severe diastolic dysfunction that could still be corrected

by p-adrenergic stimulation. Notably, integrating a serines 23/24-to-alanine PKA-refractory
sarcomere incorporated cTnl molecular switch complex in mice deficient in Serca2 showed blunting
of B-adrenergic stimulation-mediated enhanced diastolic heart performance. Taken together,
these data provide evidence of a compensatory regulatory role of the myofilaments as a critical
physiological bridging mechanism to aid in preserving heart diastolic performance in failing hearts
with severe Ca?* handling deficits.

Introduction

Heart failure is a major cause of combined morbidity and mortality in humans worldwide (1-3). Despite
best practices in clinical therapy, the 5-year mortality rate is very poor. Heart failure is a progressive and
largely intractable clinical syndrome characterized by an overall decline in the pumping function of the
heart. Heart failure can be subdivided clinically into heart failure with persevered ejection fraction (HFpEF)
and heart failure with reduced ejection fraction (HFrEF) (4-6). HFpEF is just as common as HFrEF and
results from poor myocardial muscle relaxation leading to inadequate filling and increased pressures in the
left ventricular (LV) chamber, indicating marked diastolic dysfunction (7). HFpEF is prevalent in the aging
population, wherein 40% or more of patients with heart failure have normal systolic performance yet the
heart is failing (8). These patients present with the classic heart failure symptoms of breathlessness and
fatigue owing to poor relaxation function of the LV chamber. There is no cure for heart failure except heart
transplantation, which is woefully inadequate for the millions of patients with heart failure. Thus, there is
an urgent need to discover and implement new strategies to aid the failing heart.

The molecular and cellular pathways to heart failure are complex and multifold (4). Of note, defective
cardiac myocyte intracellular Ca?* handling is a well-documented key component underlying diminished
function in the failing heart (9). In this context, significant experimental focus has centered on a deeper
mechanistic understanding of intracellular Ca** mishandling in the failing myocardium. In failure, tran-
scription levels and protein content for the cardiac Ca?* ATPase (SERCAZ2a), the key transporter of Ca?*
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into the sarcoplasmic reticulum (SR), are significantly depressed in failing myocardial tissue as derived
from animal studies and demonstrated in patients with heart failure (9, 10). A strong relationship follows,
pointing to defective SR Ca*" uptake and the consequent slow myocardial relaxation as a key component
underlying diastolic heart failure.

The molecular complexities underlying heart failure make it challenging to implement animal heart
failure models with defective SR Ca?* uptake in the absence of other factors known to affect diastolic perfor-
mance, including fibrosis, ischemia, and hypertrophy (4). In this context, a genetic system of inducible dele-
tion of the cardiac SERCA2a gene provides an excellent model for investigating the relationship between
impaired Ca?* cycling and contractile dysfunction during heart failure, without complications due to struc-
tural alterations or ischemia (11-13). With high temporal and spatial precision, cardiac Serca2 gene deletion
provides a unique model to efficiently delete Serca2a and ultimately leading to overt heart failure (11-15).

This model system has been studied extensively and is very well characterized from the myocyte to
whole-organ levels (11-13, 15-23). Briefly, as overviewed here, upon Serca2 gene excision, SERCA2a
protein content in the SR declines precipitously (half-life, 2.5 days) so that, from 2 weeks after ablation,
there is little to no SERCA2a protein present (11-13). Most surprisingly, in vivo heart performance is little
affected during the first 6 weeks after SERCA2a depletion, and only after that time does overt heart failure
become apparent with death at approximately 8-10 weeks. This finding has been reported several times
previously (13, 23). Loss of SERCA2a does not alter myocyte or ventricular morphology (no evidence
of hypertrophy), does not cause structural alterations, and there is no evidence of fibrosis (13). Marked
compensatory adaptations are notable in this model that preserve LV function, including marked increases
in the trans-sarcomlemmal L-type Ca?* current, increases in the L-type Ca?* channel, and increases in the
sodium/calcium exchanger (NCX) and in the plasmalemma ATPase (12, 13, 18-20, 23). This shifts the
profile of Ca?* cycling away from SR centered (95%) to downregulation in SR function with increased sar-
colemma-based Ca?* extrusion. This transition away from nearly exclusive SR-dependent intracellular Ca**
handling in the mouse heart resembles, at least initially, a Ca?* handling profile more like that observed in
the human heart, where transsarcolemmal Ca*" extrusion processes play a more substantial role than that
in the normal mouse heart (13, 20, 24). Accordingly, hearts from the SERCA2-deficient mice are highly
arrhythmia resistant, owing to the massive reduction in SR Ca** load (16). Isolated myocytes show marked
reduction in twitch force and Ca?* amplitude, and they show slowed Ca?* transient decay rates (13). In
vivo, serum catecholamines are elevated and the cAMP/PKA phosphoprotein content is correspondingly
increased, including increased PKA-dependent phospholamban (PLN) phosphorylation (18). We, and oth-
ers, hypothesize that these adaptations, including the heightened activation of cAMP/PKA phosphopro-
tein system (13, 18), are key in sustaining Ca?* cycling and heart performance for several weeks in these
mice after SERCA2 gene ablation (13, 18).

Therefore, this animal model serves as a unique system to investigate the myocardium-intrinsic
mechanisms of diastolic performance under conditions of severe SR-based Ca?* cycling deficits that
are highly associated with the failing heart. Diastolic performance refers to the relaxation function of
the heart muscle that, in turn, is dependent upon a complex interplay between myocyte intrinsic fac-
tors (Ca?* cycling/ myofilaments) and cell extrinsic factors including the extracellular matrix, fibrosis,
and scarring. Thus, in this model of heart failure, the absence of LV remodeling, hypertrophy, fibrosis,
or ischemia enables unique focus on myocyte intrinsic factors that affect mechanical relaxation perfor-
mance in the transition to failure. The observation or near normal in vivo diastolic function, despite
severe SR deficiency, suggests that myofilament mechanisms provide a functional bridge to abrogate
impending myocardial failure.

We report here, in Serca2a-deficient hearts, f-adrenergic stimulation corrects contractile impairments
at the level of the whole heart. Unexpectedly, using genetic complementation models, in concert with
inducible Serca2 ablation, data show that Serca2a-deficient hearts that also lacked the key B-adrenergic
signaling-dependent Serca2a negative regulator, PLN, had severe diastolic dysfunction that could still be
corrected by B-adrenergic stimulation. This result pointed to f-adrenergic regulatory systems outside the
canonical SR-based Ca?" cycling pathway. Importantly, by using a sarcomere-incorporated PKA-refrac-
tory cardiac troponin I (Tnl) molecular switch complex, results show a blunting of B-adrenergic stimu-
lation—mediated enhanced heart relaxation performance. Collectively, these data provide evidence of an
emerging compensatory regulatory role of the myofilaments as a physiological bridging mechanism to aid
in preserving heart diastolic performance in failing hearts with severe Ca?* handling deficits.
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Results

A main focus of this work was centered on LV diastolic performance, as defined by mechanical relaxation
of the ventricle, and were quantified here by reporting LV end-diastolic pressures (LVEDP) over a range
of pacing (7-12 Hz) at the whole heart level (11) (Supplemental Figure 1; supplemental material available
online with this article; https://doi.org/10.1172/jci.insight.163334DS1). LVEDP is a well-established clin-
ical parameter of overall diastolic heart performance (25). Unless otherwise indicated, experiments were
performed at 2—6 weeks after SERCA gene ablation (Figure 1A), a period during which it is well established
that in vivo heart performance is surprisingly little affected, even though SERCAZ2a protein is very low
(<2%) to undetectable (11, 13, 18-20). In terms of both residual SERCA2a content and LV function, data
from animals between the 2- and 6-week after SERCA ablation period were comparable (schematized in
Figure 1A). The majority of the data was collected at 4 weeks + 1 week after ablation, with these data being
similar. In these animals in vivo, data show that cardiac TnI (cTnl) serine 23/24 phosphorylation status is
significantly increased in vivo (Figure 1).

Severe myocardial diastolic dysfunction by inducible marked SERCAZ2a deficiency. To further characterize the
effects of SERCA2a deficiency on heart performance, Serca2?f mice engineered to express the aMHC-Mer-
CreMer transgene (KO mice) were studied in comparison with non-MerCreMer transgenic Serca2/! litter-
mates (FL mice), as controls. FL and KO mice were injected with tamoxifen to induce cardiac-specific Ser-
ca2 gene excision, and hearts were removed for ex vivo functional analysis by Langendorff methodology.
Per the hypothesis guiding these studies, focus was on myocardial diastolic performance using LVEDP as
a clinically meaningful parameter in relaxation function and the emergence of congestive heart failure (2,
4, 26). Time to 50% relaxation was also assessed as another valid parameter of heart diastolic function.

We, and several other groups, have well established highly efficient Serca2a gene excision with this induc-
ible system as well as the consequent rapid loss of cardiac Serca2a protein content (Figure 1). As well docu-
mented in these previous studies, this model system enables the highly efficient and reproducible rapid decay
in SERCAZ2a content, with an in vivo half-life of about 2.5 days (11-13, 18, 20, 22, 23). These published
data establish that, from 2 weeks and onward after gene excision, SERCAZ2a protein content is at residual to
undetectable levels (<2%; Figure 1) (11). These works further demonstrate that SERCA2a excision does not
alter the content of other key SR/Ca?* handling proteins, including no effect on RYR2, RYR-P, PLN, or calse-
questrin protein content, nor is there any evidence of fibrosis or LV hypertrophy in these hearts (12, 13, 22).

In supplement to the main focus on mice studied at 4 weeks = 1 week after SERCA gene excision
(Figure 1A), in a separate study, we examined heart function at 1 and 2 weeks after tamoxifen, wherein
FL and KO hearts were mounted in Langendorff mode and equilibrated at 7 Hz stimulation frequency
for 10 minutes (Supplemental Figure 1). Hearts were then paced from 5 to 12 Hz in 1 Hz steps in a heart
stress test pacing protocol well demonstrated to reveal diastolic dysfunction in disease models. At 1 week
after excision, where Serca2a protein content is reduced by > 75%, LVEDPs were significantly increased
during cardiac pacing. LVEDPs were further markedly increased in KO hearts during pacing stress at
2 weeks after excision, and LVEDPs remained elevated throughout the 2-6 weeks study period, where
Serca2a protein is ~2% of control values (11-13). LVDPs were also significantly depressed at baseline
pacing conditions (Supplemental Figure 1).

Severe diastolic dysfunction in SERCA2a-deficient hearts corrected by [-adrenergic stimulation. We next test-
ed the effects of B-adrenergic stimulation on LV function in Serca2-KO hearts over the 2—6 weeks after
gene excision period (Figure 1 and Supplemental Figure 1). For these studies using p-adrenergic ago-
nists, we found similar acute results on LV function using dobutamine (DOB) and isoproteronol; thus,
they are used here interchangeably in the following studies. Following pacing challenge, hearts were
reequilibrated at 7 Hz for 10 minutes before perfusion was switched to Krebs containing 250 nM DOB,
a B, adrenergic agonist, for 15 minutes followed by a 10-minute washout with normal Krebs solution.
Here, as above, KO hearts had marked systolic and diastolic impairment owning to Serca2 deficien-
cy. Surprisingly, upon B-adrenergic agonist perfusion, both floxed controls and Serca2-KO hearts dis-
played similar (not statistically different) enhanced LVDP. Most notably, LVEDP, which was markedly
increased in KO hearts, was fully corrected with LVEDP restored to control values upon p-adrenergic
stimulation (Figure 1). Serca2 KO hearts also had a significant response to f-adrenergic stimulation
in terms of * dP/dt and T50Rise/T50Relax times (Supplemental Figure 2). These findings indicate
a robust intact physiological response to f-adrenergic stimulation in terms of restoration of diastolic
function, despite the marked Serca2 deficiency in the KO hearts.

JCl Insight 2024;9(6):e163334 https://doi.org/10.1172/jci.insight.163334 3



. RESEARCH ARTICLE

A Serca2a protein <2% B 8 Hz 12Hz Cc LVEDP: cardiac stress test
I I
in vivo normal in vivo failure 80+ *
I | L
Tamox  q4,dy period -
\’é 1 I 604 P i
] ] ] ] l ] uh
1 T 1 1 T 1
0 2 4 6 8 10 I ) 7
Weeks £ E 40
o E
28 :
[%]
D o 201 _§
[oN ) _L v
-P FL KO M > KO + dobutamine e | v |
SERCA2 0 T O @
N
Tl &0
; peTh o o
5 seconds
- cTnl
Figure 1. Marked restoration in LV function in SERCA2-KO hearts by acute f§-adrenergic stimula-
FL KO tion. (A) Timeline for studying LV performance in hearts isolated post Serca2 gene ablation, with
p-PLN experimental focus at 2-6 weeks, wherein Serca2a is depleted yet in vivo heart function is little
- affected. (B) SERCA2-KO and control FL hearts were evaluated by a stepped pacing protocol at
- PLN baseline and during perfusion with/without 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 pacing step under baseline or
=015 * dobutamine-perfused conditions, hearts were returned to 7 Hz for 60 seconds, switched abruptly
S . Z 015 t0 12 Hz for 30 seconds, and then returned to 7 Hz for washout. Vertical bars (red) with A indicate
g o.10 o . - point at which summary data shown in C was collected. (C) Summary data of cardiac stress test-
= 0.05 :8 o-10 - i induced peak elevation in LV end-diastolic pressure (red vertical bars in B). One-way ANOVA with
"_.’ ’ % S e L] Bonferroni post hoc tests: *P < 0.05 versus FL/FL; *P < 0.05 KO versus KO + DOB. FL, n = 9; KO, n
o . : '36-_0_00 = 6. (D) Western blots for SERCA2, p-cTnl, total cTnl, p-PLN, and total PLN. -P is a PLN KO control.
FL KO FL KO Quantification of the phospho to total cTnl and PLN graphically represented. n = 6; *P = 0.0025.

Chemical inhibition of SERCAZ function in KO hearts confirms SERCAZ2a deficiency. Owing to the fast turn-
over of SERCAZ2a protein in the heart, t, , 2.5 days, we and others find residual to undetectable SERCA2a
protein starting a 2 weeks and beyond after gene excision (Figure 1D) (11, 13, 22, 23). Nonetheless, we
investigated whether any residual SERCAZ2 protein could help account for the robust dynamic physiolog-
ical performance we observed in the SERCA2-KO hearts upon B-adrenergic stimulation (Figure 2). Thus,
FL and KO hearts were perfused with the potent SERCA2 inhibitor, cyclopiazonic acid (CPA, 5 uM in
Krebs). Upon CPA perfusion in FL hearts, LVDP markedly decreased and LVEDP significantly increased
(Figure 2). In contrast, CPA had little effect to no effect on the SERCA-KO hearts. Here, upon cardiac
pacing stress, end-diastolic pressures increased to a greater degree in FL hearts than in SERCA2 KO hearts.
T50Rise and T50Relax were significantly increased in FL hearts following CPA perfusion but were not
significantly altered by CPA in KO hearts (Supplemental Figure 3). The LV pressure full-duration at half
maximum (FDHM, the sum of T50Rise and T50Relax) was significantly increased with CPA treatment in
FL controls, whereas it had no significant effect in KO hearts (Figure 2 and Supplemental Figure 3).

Next, after perfusion with 5 uM CPA, FL and KO hearts were then perfused with Krebs containing both
5 uM CPA and 50 nM isoproterenol (ISO) to test for any residual B-adrenergic reserve in the context of serve
SERCA2 deficiency together with acute SERCA2 chemical inhibition. As above, with CPA, T50Rise and
T50Relax significantly increased in FL hearts, with no effect detected in KO hearts, between baseline and 5
uM CPA (Supplemental Figure 3). Interestingly, T50Rise and T50Relax were significantly and comparably
altered in FL and KO hearts when ISO was added during CPA SERCA?2 inhibition (Supplemental Figure 3).
Overall, these data provide additional support for the lack of functional SR in these hearts.

High-Ca** inotropy does not correct relaxation deficits of KO hearts. Diastolic performance is known to
be sensitive to mechanical effects stemming from the magnitude of systolic pressure development, as
attributed to the physiological process of dynamic recoil on myocardial relaxation (27-30). Thus, it was
unclear whether the improved relaxation function observed in KO hearts upon p-adrenergic stimulation
was due to dynamic recoil effects from the increased systolic performance or rather was due to mechanical
load—-independent myocyte cell intrinsic—dependent processes. To investigate this, systolic function was
directly increased by increasing the [Ca?*] in the perfusate. FL and KO hearts perfused with high [Ca?*]

JCl Insight 2024;9(6):e163334 https://doi.org/10.1172/jci.insight.163334 4
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Figure 2. Effects of CPA chemical i

nhibition of the Serca2a ATPase in hearts after Serca2 gene ablation. KO data are at 2-6 weeks after gene ablation

(Figure 1A). (A and B) Representative LV pressure traces from FL (A) and KO (B) hearts perfused with Krebs (gray trace) and 5 uM CPA (black trace). In each
experiment, pacing was increased stepwise from 7 Hz to 12 Hz and then back to baseline 7 Hz, as in Supplemental Figure 2. (C) Representative traces of
LV pressure from FL and SERCA2-KO hearts perfused with Krebs (solid line) and 5 uM CPA (dashed line). (D) Time from peak pressure to 50% decay during

pacing steps from7to12HzinFL a

nd KO hearts. T50Relax was increased in FL hearts following CPA perfusion, but it was not significantly changed in KO

hearts. Groups compared using 2-way ANOVA with Bonferroni post hoc tests. (E) Summary of change (A) in LVDP between baseline Krebs and 5 uM CPA
perfusion. ***P < 0.0001 by 2-tailed Student’s t test. (F) Change in LVDP between baseline and CPA perfusion expressed as a fraction of baseline LVDP.
***p < 0.0001 by 2-tailed Student’s t test. (G) Full-duration at half-maximum (FDHM), the sum of T50Rise and T50Relax representing the duration of the

active state of contraction, for FL a
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nd KO hearts at 7 Hz. FDHM of KO hearts is not affected by CPA treatment. n = 6 FL, 7 KO.

had similar magnitude increases in systolic pressures, as compared with baseline perfusion (Figure 3).
Interestingly, whereas LVEDP was not significantly altered in FL under high Ca?*, end-diastolic pressures
were markedly increased in KO hearts by high-perfusate Ca?* (Figure 3). These data are evidence that the
B-adrenergic stimulation—-mediated enhanced relaxation performance in SERCA-KO hearts is not due to
the increased systolic performance-based elastic recoil, or related mechanical effects, but rather indicates
that myocyte intrinsic signaling processes underlie the enhanced diastolic performance.

Genetic dissection of relaxation performance in SERCA2-deficient hearts regarding the role of PLN. An unexpected
finding here is that the SERCA2-KO hearts retained a highly significant diastolic functional reserve upon f-ad-
renergic stimulation and not different from that of control SERCA2 replete hearts. B-Adrenergic stimulation is
well known to markedly enhance myocardial contractile performance via several key phosphoproteins. In terms
of relaxation performance, a prominent and well-studied phosphoprotein is PLN (9). Thus, to investigate the
mechanism supporting intact 3-adrenergic responses in SERCA2-depleted hearts, Serca2’ mice were crossbred
with PLN™~ mice to probe the interplay between adrenergic signaling and PLN-based Ca?* cycling in the SER-
CA2a-deficient heart. The Serca2?®;PLN~~ mouse line was generated using F1 heterozygous siblings crossed
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and the Serca2-FL and PLN-KO (PLN™) alleles were bred to homozygosity (Figure 4). These mice either
expressed (TG) or did not express (NTG) the eMHC-MerCreMer transgene, allowing for Serca2 gene disruption
upon tamoxifen injection. For experiments using these mice, all animals lacked PLN and were either Serca2/
(PLN-KO;Serca2-FL) or Serca2-KO (PLN-KO;Serca2-KO). Serca2 and PLN ablation are confirmed in Figure
4 and Figure 5. At baseline, PLN-KO;Serca2-KO hearts had significantly lower LV-developed pressures than
PLN-KO;Serca2-FL hearts (Supplemental Figure 4). During cardiac stress testing at high pacing frequencies,
PLN-KO;Serca2-KO hearts had significantly elevated LVEDP, as compared with PLN-KO;Serca2-FL hearts
(Figure 4). B-Adrenergic stimulation had no effect on systolic or diastolic performance in PLN-KO;Serca2-FL
hearts, as reported earlier in PLN-KO hearts (9). Surprisingly, B-adrenergic stimulation significantly improved
LVDP and LVEDP in the PLN-KO;Serca2-KO hearts (Figure 4 and Supplemental Figure 4). In addition, 3-ad-
renergic stimulation significantly decreased T50Rise and T50Relax times in PLN-KO;Serca2-KO hearts. In con-
trast, T50Rise and T50Relax times were not altered by p-adrenergic stimulation in PLN-KO;Serca2-FL hearts
(Supplemental Figure 4).

Genetic dissection of relaxation performance in SERCAZ2-deficient hearts regarding the role of myofilaments.
Based on the unexpected finding that f-adrenergic stimulation markedly enhanced myocardial relax-
ation in hearts depleted of both SERCA2 and PLN, we next investigated the role of myofilaments. We
focused on cTnl, a well-studied phosphoprotein in the myofilaments known to have a modulatory role
in myocardial relaxation performance in response to f-adrenergic stimulation (31, 32). To this end, a
new mouse model was developed wherein Serca2’/;Tg:aMHC-MerCreMer mice were crossed with
mice expressing a PKA-insensitive mutant allele of ¢Tnl, cTnI*"2, in which all the PKA target serines
23/24 have been mutated to alanines (Figure 5). To ensure the complete expression of the PKA-insen-
sitive ¢Tnl transgene in the sarcomeres, this line was maintained on the homozygous cTnl-null back-
ground: ¢Tnl”;Tg:aMHC-cTnI**2, To this end, heterozygous siblings were bred to homozygosity to
generate the mouse line Serca2”/;,cTnl/~;Tg:aMHC-MerCreMer;Tg:aMHC-cTnI**2, Thus, in this line
all sarcomeric ¢Tnl is cTnIA%2 (33). Accordingly, in terms of cTnl, this line is fully refractory to PKA-
based serine 23/24 phosphorylation, as confirmed here (Figure 5F).

Upon Serca2 gene excision, at baseline pacing conditions, the Serca2-KO;cTnIA"? hearts had greatly
reduced systolic and diastolic function, as compared with FL controls (Figure 5). Developed pressures in
FL hearts, and in ISO-perfused KO hearts, followed a negative staircase as pacing frequency increased
(Figure 5). B-Adrenergic stimulation caused a significant decrease in LVEDP in both FL and KO groups.
Interestingly, KO hearts could not relax as fast (T50Relax slower) as FL during p-adrenergic stimulation
(Figure 5). These data provide evidence for a key role of ¢Tnl as a physiologically relevant phosphoprotein
in facilitating relaxation performance under conditions of severe SERCA?2 deficiency.

In vivo effects of B-adrenergic signaling blockade in SERCA2-KO mice. It has been proposed previously that,
under conditions of severe SERCA2a deficiency, physiological compensation may sustain heart performance
via heightened sympatho-adrenal axis stimulation (18). This is supported by our finding of elevated cTnl serine
23/24 phosphorylation status in the heart in vivo (Figure 1). Thus, to test whether increases in f-adrenergic
signaling following Serca2 gene disruption may contribute to sustaining cardiac function in SERCA2-KO mice
in vivo, KO mice were administered metoprolol, a B, inhibitor, in the drinking water (2 mg/mL) following
tamoxifen administration. Overall, there was a significant survival difference among controls and the SER-
CA-excised mice, with or without metoprolol. Data further show that KO mice with metoprolol died earlier
than the KO mice () metoprolol, with more than 50% dead prior to a single death in the () metoprolol group
(Figure 6). KO mice given metoprolol survived for a median duration of 41.5 days, as compared with 59.5
days for KO mice given normal drinking water. However, this difference did not gain significance over the full
survivor analysis (P = 0.065). Collectively, these data underscore the complexities of survival analysis in this
model system. These results further suggest that multiple signaling mechanisms are likely present that contrib-
ute to animal survival after Serca2 ablation. Ultimately, the complete mechanistic dissection of these signaling
processes will be challenging to dissect and will require extensive future experimentation to bring to resolution.

Discussion

Heart failure is a complex clinical syndrome of reduced heart performance (4, 8, 34). Mechanistic
studies of heart failure are challenging, owing to the multiple pathways and signaling networks affected
(4, 25, 35). One unifying theme of the failing heart involves, at least in part, marked derangements in
the intracellular Ca?* handling processes controlling myocardial function (9). Whereas Ca?* handling
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Figure 3. Increased LV developed pressure by high calcium in perfusate does not correct increased diastolic pressures in SERCA2-KO hearts. (A) Rep-
resentative original LV pressure traces from SERCA2-KO heart as it is switched from Krebs containing 2.5 mM Ca** and 0.5 mM EDTA to Krebs containing
5 mM Ca? and 0.5 mM EDTA. (B and C) LVDP (B) and LVEDP (C) for FL (n = 2) and 4-week KO (n = 6) hearts under normal and high-Ca Krebs. KO 4.5 mM
versus 2.5 mM: **P < 0.01, ***P < 0.001.

dysfunction is prominent in the failing human heart, dissecting its role in failure is complicated by the
myriad alterations arising from other factors, including structural effects, hypertrophy, scarring/fibrosis,
and ischemia. Here, we investigated the role of severe Ca?* handling dysfunction in heart performance
using a genetic model of inducible SERCA2 gene excision leading to failure without hypertrophy, fibro-
sis, or ischemia (11-15, 20, 22, 23).

Our main new findings show a compensatory increase in cTnl serine 23/24 phosphorylation content in
hearts in vivo upon SERCA2a depletion. We propose that this serves as a physiologically relevant mecha-
nism to enhance diastolic function under conditions of severe Ca?* cycling dysfunction. Data show a robust
heart pump functional reserve capacity in the SERCAZ2a-depleted hearts. Notably, upon B-adrenergic stimu-
lation, marked deficits in diastolic performance in the SERCA2-KO hearts were fully corrected and not dif-
ferent than control SERCA2 replete hearts. Data further show complete f-adrenergic stimulation—mediated
correction in diastolic performance in SERCA2a-deficient hearts in which PLN, the PKA-dependent dom-
inant negative regulator of SERCA2a, was ablated. Importantly, transgenic hearts with sarcomeric incor-
poration of a PKA-insensitive cTnl molecule markedly blunted the effect of the p-adrenergic stimulation to
correct diastolic performance in SERCA2a-deficient hearts. This result derives from a posttranslational regu-
latory effect of ¢Tnl to titrate sarcomeric Ca®* sensitivity as a mechanism to facilitate hastened myofilament
relaxation (31, 32). Collectively, these findings provide mechanistic insights into the failing myocardium by
unmasking a major role of dynamic compensatory myofilament regulatory performance in serving as a key
physiological bridge to preserve diastolic function in hearts with severe Ca?" handling deficits.

In humans, compensatory heightened activation of the B-adrenergic axis is a physiological bridging
mechanism to stem heart pump failure resulting from severe Ca?" handling dysregulation (4, 35). Serum
catecholamines are also shown to be elevated in heart failure animal models with SERCAZ2a deficiency
(18). In particular reference to diastolic performance, we found that severely SERCA2a-depleted hearts that
also lack the key PKA-target phosphoprotein PLN maintain robust B-adrenergic stimulation—dependent
enhanced myocardial relaxation performance. This finding is in contradistinction with present paradigms of
essential and near exclusive control elements of SERCA2a/PLN in the dynamic control of diastolic heart
performance (9). Our results suggest that the physiological interplay between the SR and myofilaments shifts
dramatically toward an increased physiologically relevant role of the myofilaments governing relaxation per-
formance under conditions with marked Ca?* handling dysregulation. Thus, wherein healthy heart diastolic
performance is dominated by SR control mechanisms (most notably in rodents), in failure, this shifts to the
myofilaments. Because in the healthy human heart, Ca** handling control is significantly less SR dependent
than in the murine system (36), we posit that the results provided here would translate physiologically to
the failing human heart, pointing to an even greater role for myofilaments in regulatory control of diastolic
performance in human myocardium than demonstrated here in the mouse model. This, in turn, suggests an
opportunity to target the sarcomere for diastolic dysfunction remediation in the failing heart.
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Figure 4. Effects of PLN gene KO on LV performance in Serca2 gene-ablated hearts. (A) SERCA2-KO x PLN-KO breeding diagram. Serca2™/ mice were
crossed with PLN~- (PLN-KO) mice lacking the key SERCA?2 inhibitor, phospholamban (PLN). F1 heterozygous siblings were crossed, and the Serca2-FL and
PLN-KO alleles were bred to homozygosity. These mice either expressed (TG) or did not express (NTG) the aMHC-MerCreMer transgene allowing for Serca2
gene disruption upon tamoxifen injection. For experiments using these mice, all animals lacked PLN and were either Serca2™ (PLN-KO;Serca2-FL) or Ser-
ca2-K0 (PLN-KO;Serca2-K0). (B-D) Serca2/f;PLN-- mice were injected with tamoxifen (40 mg/kg i.p. in peanut oil) to induce Serca2 KO in mice expressing
MerCreMer recombinase. 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 to 12 Hz in 1 Hz increments, and reequilibrated for 10 minutes at 7 Hz before switching perfusion to a reser-
voir containing 50 nM isoproterenol in Krebs. The 7-12 Hz pacing challenge was repeated, and hearts were returned to normal Krebs at 7 Hz for 10 minutes.
(B) Representative original LV pressure recordings in Serca2 FL and KO hearts with complete PLN deficiency and in the presence or absence of acute B-ad-
renergic stimulation. (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. ***P < 0.05 for KO (no Iso) versus all other groups at that pacing frequency. (D) LVEDP at maximum
pacing frequency in SERCA2-KO; PLN™~ hearts. Serca2-K0O; PLN™~ hearts are unable to relax fully at high pacing frequencies. This impaired relaxation perfor-
mance is corrected upon isoproterenol perfusion. Groups were compared using 1-way ANOVA with Bonferroni post hoc tests. **P < 0.01. n = 9 per group. (E)
T50 Relax at 7Hz ***P < 0.001, **P = 00.012, *P = 0.0171 using 1-way ANOVA with Tukey post hoc test. (F) Western blots for SERCA2, p-cTnl, and total cTnl in
PLN-KO hearts. C, a control SERCA replete heart sample; M, Marker. n = 5 per group.

Our findings provide evidence that the mechanism by which compensatory modification of myofila-
ments serve to regulate myocardial relaxation performance during failure directly involves the molecular
switch molecule of the sarcomere, cTnl. It is known that cTnl is a PKA-dependent phosphoprotein with
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Figure 5. Effects of myofilament incorporation of cTni(Ala2) on LV performance in Serca2 gene-ablated hearts. (A) Breeding scheme.

Serca2™® x cTnlAla2 breeding scheme. Serca2™";Tg:aMHC-MerCreMer mice were bred with mice expressing a PKA-insensitive mutant of cardiac
troponin I, cTnlAla2, in which the PKA target serines 23/24 have been mutated to alanine. To ensure complete expression of the PKA-insensitive
transgene, this line is maintained as cTnl~~;Tg:aMHC-cTnlAla2. Heterozygous siblings were bred to homozygosity to create the mouse line Serca2™";
cTnl”~;Tg:aMHC-MerCreMer; Tg:aMHC-cTnlAla2, in which PKA phosphorylation of cTnl cannot contribute to the lusitropic response upon B-adren-
ergic stimulation. (B) Representative original LV pressure recordings in Serca2-FL and -KO hearts with complete cTnl(Ala2) incorporation into the
myofilaments and studied in the presence or absence of acute B-adrenergic stimulation. (C) LV end-diastolic pressures of FL and SERCA2-KO hearts
expressing cTnlAla2. Isoproterenol perfusion reduces LVEDP in both groups, but SERCA2-KO hearts are unable to completely relax at high-pacing
frequencies. FL (n = 9) and SERCA2-KO (n = 5) hearts all expressed PKA-insensitive cTnlAla2, during pacing challenge. (D) T50Relax times during
pacing challenge of FL and KO hearts expressing cTnlAla2. Isoproterenol perfusion decreases T50Relax in both FL and KO groups. KO hearts per-
fused with isoproterenol remain significantly slower than isoproterenol-perfused FL hearts. Two-way ANOVA with Bonferroni post hoc tests: FL +
ISO versus KO + ISO tests are P < 0.01 or lower for all pacing frequencies except 12 Hz (P > 0.05). (E) LVEDP as a measure of relaxation is reduced
with 1SO. *P < 0.05. (F) Western blots of SERCA2, p-cTnl, total cTnl, p-PLN, and total PLN. -P, PLN-KO control; M, marker. Quantification of p-PLN
to total PLN content graphically represented. *P = 0.0166, n = 5 per group.
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Figure 6. Survival study in mice after Serca2 gene ablation in the presence and absence of chronic p-adrenergic axis
blockade. KO mice were provided drinking water with metoprolol (2 mg/mL) after tamoxifen injection (40 mg/kg i.p.
in peanut oil). Two studies were performed with all data presented in the figure. The first group (metoprolol) contained
3 males and 6 females, and the second group (no metoprolol control) contained 5 males and 4 females. Both groups
received a tamoxifen injection to induce excision of the SERCA2a gene by Cre recombinase and ablation of SERCA2a
expression. They were given metoprolol, a selective f1-adrenergic receptor antagonist, at a concentration of 2 mg/mL
in their drinking water from the time of tamoxifen injection until death.

capacity for dynamic modulatory control of myofilament responsiveness to cycling intracellular Ca?* (31,
32, 37). Previously, we showed in transgenic mice and in direct gene transfer studies that myocytes engi-
neered with the constitutively on PKA-mimetic ¢Tnl serines 23/24D incorporated into the sarcomeres
had a direct effect to accelerate myocyte relaxation (31). That study provided direct evidence that both
¢Tnl and PLN are critical in modulating cardiac muscle relaxation performance. It was further postulated
that, under disease conditions featuring Ca?* mishandling, as in heart failure, cTnl would have a marked-
ly greater role in modulating relaxation performance. The present findings provide direct support to this
hypothesis by showing PKA-refractory cTnl serines 23/24A significantly blunting diastolic performance in
hearts with SERCA2a deficiency. This is demonstrated by the significant difference in LVEDPs observed in
B-adrenergic—stimulated Ala2 hearts, with and without Serca2. Because cTnl serines 23/24A significantly,
but incompletely, abrogated B-adrenergic stimulation relaxation performance, other myofilament proteins
are likely also involved in compensating for Ca** dysregulation—based diastolic function. In this context,
several candidates can be considered, including MyBP-C, a sarcomeric phosphoprotein shown to modulate
cardiac performance (37). Additional studies will be required to fully dissect any role of MyBP-C or other
myofilament proteins in including notably TnT, myosin, titin, and others in further refining diastolic per-
formance in the failing heart.

Numerous animal models have been developed to investigate the complex mechanisms underlying heart
failure. These include ischemic injury, pressure overload, pacing, diet, and numerous genetic models (4, 38—40).
Presently, there is no ideal heart failure model, as each has its own inherent strengths and limitations. This is
not surprising, because, in human heart failure, it is understood that the pathways to pump failure are complex
and multifold (4, 25, 35). That said, there is strong evidence that dysregulation in cardiac Ca’" handling is a
unifying component of the heart failure signature (9). With this in mind, we focused studies on otherwise nor-
mal mice that can be reproducibly induced to overt heart failure upon temporally regulated control of SERCA2
gene deletion (11-13, 18, 22, 23). A strength of the model rests in high precision and reproducibility of this
system’s highly efficient gene excision mechanism coupled with the short half-life of SERCA2a in vivo (11-13).
This model affords the opportunity to isolate effects due to Ca?* handling deficits independently of other heart
failure associated alterations, including fibrosis, mal-adaptive hypertrophy, and ischemia that have also been
implicated in diastolic heart failure (4). In addition, the results here in a murine model of inducible heart failure
find parallels in rabbit whole heart studies in which the Serca2a pump was disabled via chemical inhibition.
Upon application of thapsigargin, and blockade of SR-based Ca’* uptake, the rabbit heart performed at an
unexpectedly high level for hours, prior to complete pump failure (41). This is important, as the intracellular
Ca?*-handling process in the rabbit heart parallels closely that of the human myocardium (36).

It is further apparent that the molecular dissection of the relative roles of cTnl and PLN in -adrenergic—
mediated hastening of cardiac relaxation has been challenging and controversial. For example, as we pre-
viously discussed (31), the question can be advanced as to whether data from PLN-KO mice are informa-
tive in understanding the basis of relaxation in otherwise normal hearts with both PLN and Tnl present.
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As we have discussed previously, in a converse experiment where Tnl is ablated, force develops in the
absence of altered intracellular calcium (31). These studies indicate the essential role of Tnl in the heart;
however, they cannot be taken as evidence of the relative importance of Tnl and PLN as determinants of
relaxation in the context of normal heart performance. Based on the present findings, TnI-P clearly has an
essential role in the normal myocyte expressing both SERCA2a/PLN. Furthermore, PLN, as the key inhib-
itor of SERCAZ2 function, plays a dominant role in the context of the genetically engineered PLN-deficient
(and Tnl replete) heart that has unfettered SERCA2a function by virtue of PLN ablation (42). Thus, exper-
iments performed in the absence of PLN, and with normal Tnl, shift the relative importance of ¢cTnl-PLN
toward PLN, with unfettered SERCA2a-based Ca?* uptake capacity.

Clinical treatment for human heart failure involves application of drugs that block the B-adrenergic
stimulation pathway (43-45). pB-Blockers have been shown to be effective in reducing morbidity and
mortality in patients with heart failure. Nonetheless, despite excellent care, the 5-year survival rate for
patients remains very poor. In discussing our findings in the context of heart failure clinical care, we
speculate that B-blocker application is a double-edged sword, in terms of diastolic performance. On the
one hand, the negative chronotropic effects of these drugs would serve to prolong diastole to help miti-
gate effects due to slow myocardial relaxation. However, myofilament-based compensatory effects would
also be blunted and place physiological limits on beat-to-beat pacing necessary to preserve adequate
chamber filling in diastole. One consequence of this treatment regime is the well-noted negative effects
on exercise tolerance in patients with heart failure (4).

In summary, we have shown that hearts with severe SERCA2a deficiency and profound cardiac Ca*
cycling impairment remain capable of robust functional responses to B-adrenergic stimulation. This is particu-
larly striking, in terms of the preserved diastolic function, as Serca2a-based Ca?" handling is thought to be the
essential pathway required for physiological relaxation performance (9). Genetic dissection of canonical PKA-
based regulatory phosphoproteins implicate cardiac troponin as having a key role in bridging physiological
diastolic heart function under conditions of severe Ca?* cycling dysfunction, as observed in the failing heart (9).
These findings suggest a shift from SR-based to myofilament-based diastolic regulatory control process in Ca?*
handling deficient failing hearts. We posit that, if the regulatory lusitropic effects of ¢Tnl, as evidenced in the
present study, could be translated to the human heart, this may reduce the requirements for negative chrono-
tropic acting drugs and, in turn, improve exercise tolerance and survival.

Methods

Sex as a biological variant

Groups were studied and analyzed in using blinded experimental design. Adult male and female mice (age
3-5 months) were studied with no clear differences discerned by sex; accordingly, the male and female
results were pooled. All lines were backcrossed onto C57BL/6 genetic background.

Animal handling

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 (Serca2™'"), and either con-
tained (TG) or did not contain (NTG) the tMHC-MerCreMer transgene (transgene was heterozygous in all
groups). Mice provided by Geir Christensen (Ullevaal University Hospital, Oslo, Norway). All mice were
genotyped, as described previously (11). All mice were injected with tamoxifen dissolved at 10 mg/mL in
peanut oil (1x 40 mg/kg i.p.). As we and others show in this system, Serca2?®;Tg:aMHC-MerCreMer*/°
mice efficiently deleted Serca2 in response to tamoxifen and became severely Serca2 protein deficient (KO)
in the heart (11-13, 15, 17-23). Serca2¥"; NTG littermate animals serve as controls as they retained the
floxed Serca2 gene and have normal SERCA2 expression (FL controls).

Langendorff procedure

We used procedures well validated and implemented by us previously to assess mouse whole heart
function (11, 46-50). Mice were anesthetized with sodium pentobarbital (100 mg/kg i.p.) and hepa-
rinized (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 KCI, 1.2 MgSO,, 1.2
KH,PO,, 0.5 NaEDTA, 2.5 CaCl,, 10 glucose, 25 NaHCO,; Sigma-Aldrich). The aorta was trimmed
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and cannulated, and the heart was mounted on a Langendorff apparatus (Radnoti Inc.) and retro-
gradely perfused with KHB bubbled with 95% O,/5% CO, 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 was 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. LVDPs were robust as consistent with a well-perfused healthy myocardium.

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 (11). 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 DOB, 50 nM ISO) as -adrenergic agonists, or 5 uM CPA.
In this study, the acute effects of DOB and ISO were similar. 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 reequilibrated at 7 Hz
for 2 minutes. Perfusion was then switched to a third reservoir containing 5 uM 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.

Serca2™" breeding

Serca2™® mice were crossed with PLN~~ (PLN-KO) mice lacking the key SERCA2 inhibitor, PLN (42).
F1 heterozygous siblings were crossed, and the Serca2-FL and PLN-KO alleles were bred to homozygosity.
These mice were Serca2";PLN~~ and either expressed (TG) or did not express (NTG) the aMHC-Mer-
CreMer transgene (maintained heterozygous), allowing for Serca2 gene disruption upon tamoxifen injec-
tion, as confirmed by genotyping.

In a separate cross, Serca2?1;Tg:aMHC-MerCreMer mice were bred with mice expressing a PKA-insen-
sitive mutant of ¢Tnl, cTnl*%? in which the PKA target serines 23/24 have been mutated to alanines (33)
(provided by Richard Moss, University of Wisconsin, Madison, Wisconsin, USA). To ensure the complete
expression of the PKA-insensitive transgene, this line was maintained on a background null for endogenous
cTnl (¢Tnl™") (51), termed cTnl”~;Tg:aMHC-cTnI*%2, Heterozygous siblings were bred to homozygosity
to create the line Serca2%;,cTnI”~;Tg:aMHC-MerCreMer; Tg:aMHC-cTnI*%2, as confirmed by genotyping.

Metoprolol survival studies in Serca2a gene-deleted mice
Two randomly assigned groups of SERCA2a"" mice were injected i.p. with tamoxifen to induce exci-
sion of the SERCA2a gene by Cre recombinase with subsequent termination of SERCA2a expression.
The first group received metoprolol, a selective fl-adrenergic receptor antagonist, at a concentration
of 2 mg/mL in drinking water from the time of tamoxifen injection until death. Medicated water
was made fresh every 2 days using powdered metoprolol (Sigma-Aldrich) mixed into sterilized water
from the same stock of water as the nonmedicated drinking water used for group 2. Medicated water
was kept in red UV-filtering bottles to prevent degradation of the drug. Mice were allowed to drink
ad libitum, and water was not restricted in either group (treated or control). Mice were euthanized if
veterinary services determined that the health of the mouse had decompensated to a point where it was
unethical to allow the mouse to live in that state, generally < 12 hours before expected death. Two mice
were euthanized in this manner. Results were analyzed in Prism (GraphPad), using a survival function
to give Kaplan-Meier survival statistics.

Western blotting

For Figure 1, hearts were excised from the mice 4 weeks after tamoxifen and frozen quickly in liquid nitro-
gen. For Figure 4 and Figure 5, hearts went through the Langendorff procedure described above, where
they had baseline measurements and ISO measurements; then, they were washed out until they reached
pre-ISO function, at which time they were quickly frozen. The hearts were then pulverized and solubi-
lized in RIPA buffer. Brief sonication samples were added to Laemmli buffer plus B-mercaptoethanol and
boiled for 5 minutes. Samples were then run on 4%-20% or 12% Bio-Rad Criterion TGX gels. Gels were
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transferred to PVDF membranes and then blocked overnight at 4°C in 5% milk TBS-T or 3% BSA TBS-T.
Primary antibodies were added in blocking buffer and incubated for 1 hour at room temperature. Prima-
ry antibodies used were SERCA2 (Abcam, ab150435, 1:1,000), phospho-PLN (MilliporeSigma, 07-052,
1:500), PLN (Invitrogen, MA3-922, 1:1,000), phospho-cTnl S23/524 (Cell Signaling Technology, 4004,
1:500), and cTnl (Novus, 4C2cc, 1:2,000). Secondary antibodies used were IRDyeCW goat anti-rabbit
(LI-COR, 926-32211) and IRDye 680RD goat anti-mouse (LI-COR, 926-68070) at 1:5,000; they were incu-
bated in blocking buffer for 1 hour at room temperature. Blots were visualized on LI-COR Odyssey scanner
and quantified in the analysis software. Full blots are shown in the supplemental figures.

Rigor and reproducibility
Statistics. Data are presented as mean + SEM. Data were acquired using LabChart 6 software (AD Instru-
ments) and analyzed using Prism 5.02 (GraphPad). Significance was tested by unpaired 2-tailed ¢ test or 1- or
2-way ANOVA with Tukey and Bonferroni post hoc test, where appropriate. Significance was set at P < 0.05.
Study approval. All experiments were approved by the University of Minnesota IACUC (NIH Animal
Welfare Assurance #A3456-01).
Data availability. Values for all data points in graphs are reported in the Supporting Data Values file.
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