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Mechanisms of Sinoatrial Node Dysfunction in
Heart Failure With Preserved Ejection Fraction
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Lizbeth Sanchez, BS; Joshua I. Goldhaber®, MD; Joseph K. Yu, BS; Jialiu A. Liang, BS; Weixin Liu, BS;
Natalia A. Trayanova(®, PhD; Eugenio Cingolani®®, MD

BACKGROUND: The ability to increase heart rate during exercise and other stressors is a key homeostatic feature of the
sinoatrial node (SAN). When the physiological heart rate response is blunted, chronotropic incompetence limits exercise
capacity, a common problem in patients with heart failure with preserved ejection fraction (HFpEF). Despite its clinical
relevance, the mechanisms of chronotropic incompetence remain unknown.

METHODS: Dahl salt-sensitive rats fed a high-salt diet and C57BI6 mice fed a high-fat diet and an inhibitor of constitutive nitric
oxide synthase (Nw-nitro-L-arginine methyl ester [L-NAME]; 2-hit) were used as models of HFpEF. Myocardial infarction
was created to induce HF with reduced ejection fraction. Rats and mice fed with a normal diet or those that had a sham
surgery served as respective controls. A comprehensive characterization of SAN function and chronotropic response was
conducted by in vivo, ex vivo, and single-cell electrophysiologic studies. RNA sequencing of SAN was performed to identify
transcriptomic changes. Computational modeling of biophysically-detailed human HFpEF SAN was created.

RESULTS: Rats with phenotypically-verified HFpEF exhibited limited chronotropic response associated with intrinsic SAN
dysfunction, including impaired 3-adrenergic responsiveness and an alternating leading pacemaker within the SAN. Prolonged
SAN recovery time and reduced SAN sensitivity to isoproterenol were confirmed in the 2-hit mouse model. Adenosine
challenge unmasked conduction blocks within the SAN, which were associated with structural remodeling. Chronotropic
incompetence and SAN dysfunction were also found in rats with HF with reduced ejection fraction. Single-cell studies
and transcriptomic profiling revealed HFpEF-related alterations in both the “membrane clock” (ion channels) and the “Ca*
clock” (spontaneous Ca** release events). The physiologic impairments were reproduced in silico by empirically-constrained
quantitative modeling of human SAN function.

CONCLUSIONS: Chronotropic incompetence and SAN dysfunction were seen in both models of HF. We identified that intrinsic
abnormalities of SAN structure and function underlie the chronotropic response in HFpEF.
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receptor (3-AR) stimulation on the heart is a physio-
logical response experienced during emotional and
physical stressors. Impaired heart rate (HR) response to
acute stress (also known as the fight-or-flight response)
is manifested in patients with chronotropic incompetence,
which has been associated with adverse outcomes and

The positive chronotropic effect of P-adrenergic

increased mortality in heart failure (HF) with preserved
ejection fraction (EF).'? However, the mechanisms
responsible for chronotropic incompetence in HF with
preserved EF (HFpEF) remain unclear. Impaired function
of the sinoatrial node (SAN) has been posited in patients
with HFpEF? but others implicate extrinsic factors (lim-
ited biventricular compliance,* impaired vasodilation,’
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Clinical Perspective

What Is New?

* We identified latent sinoatrial node dysfunc-
tion in heart failure with preserved ejection frac-
tion (HFpEF) that can be unmasked under stress
testing.

e Our integrated approach revealed functional, struc-
tural, and molecular features underlying the defec-
tive sinoatrial node function in HFpEF.

» Although transcriptomic profiling reveals changes
in multiple disease-associated genes, depressed
“membrane clock” and “Ca2* clock” components
are closely linked to the impaired sinoatrial node
function.

What Are the Clinical Implications?

* Provocative testing can be valuable to elicit func-
tional abnormalities to facilitate HFpEF diagnosis.

» Considering the exceptionally high clinical and epi-
demiological convergence between atrial fibrillation
and HFpEF, sinoatrial node dysfunction may under-
lie the development of abnormal atrial rhythms in
HFpEF.

elevated pulmonary pressure® and other peripheral
and autonomic abnormalities®). SAN dysfunction has
been extensively studied in other diseases,”® including
chronic HF with reduced EF (HFrEF)>'° establishing
the foundation for theories on the mechanisms of SAN
arrhythmias.”'" Moreover, SAN dysfunction facilitates
the development of atrial fibrillation,’? a rhythm disorder
associated with HFpEFR™

We hypothesized that SAN dysfunction underlies
chronotropic incompetence in HFpEF. To investigate the
role of the intrinsic cardiac pacemaker on chronotropic
incompetence in HFpEF, we performed extensive SAN
phenotyping (both at baseline and after stress) in the
well-characterized Dahl salt-sensitive (DSS) rat model of
HFpEF. This model has features reminiscent of human
HFpEF, including: (1) signs of HF with no decline in
global systolic function'®; (2) comorbidities including
hypertension, insulin resistance, and hyperlipidemia''®;
and (3) adverse electric remodeling with high incidence
of sudden death."'® Given the heterogeneity of HFpEF
subphenotypes and the variety of comorbidities in human
HFpEF, the main findings were validated in the 2-hit
HFpEF mouse model.’®

METHODS

The data, analytical methods, and study materials will be
made available to other researchers by reasonable request
to the corresponding author for the purposes of reproducing
results or replicating procedures. Descriptions and sources
of reagents and an expanded Methods section are provided
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in the Supplemental Material. All animal procedures were
reviewed and approved by the Institutional Animal Care and
Use Committee of Cedars-Sinai Medical Center.

Statistical Analysis

Pooled data are expressed as meantSEM. Statistical com-
parisons were performed using GraphPad Prism 9 (San Diego,
CA). Differences between groups were tested using a 2-tailed
unpaired Student t test, or where repeated measures were
necessary, either repeated measures ANOVA or mixed-effect
model was used for occurrences of missing data. Post hoc
pair-wise testing was Bonferroni-corrected for multiple com-
parisons. Proportions were tested using the Fisher exact test.
Kaplan—Meier analysis was used for survival rates with the log-
rank test. P<0.05 was considered statistically significant.

RESULTS

Exercise Intolerance and Chronotropic
Incompetence of HFpEF Are Associated With
Lower -AR Responsiveness

DSS rats fed a high-salt diet developed phenotypic
changes of HFpEF'" The experimental timeline is shown
in Figure 1A. All animals underwent initial screening
by echocardiography (Table S1). Between 14 and 18
weeks (Figure 1B), EF remained unchanged in high-salt
diet—fed DSS rats compared with those fed a normal-
salt diet (control). In contrast, analysis of E- and A-waves
from pulse-wave Doppler mode and E- and A’-wave
changes in tissue Doppler showed diastolic dysfunction
as evidenced by decreased E/A ratio (Figure 1C) and
increased E/E’ ratio (Figure 1D). Hypertension, which is
one of the most prevalent comorbidities in human HF-
pEF? was developed in high-salt diet—fed DSS animals
(Figure 1E). Importantly, high-salt diet—fed DSS animals
exhibited signs of HF (eg, weakness, decreased mobility,
labored breathing, and/or body edema), as indicated by
the elevated HF score in Figure 1F. Rats with HF signs
and echo-verified diastolic dysfunction (and preserved
EF) were diagnosed with HFpEF and used for experi-
ments discussed hereafter. Pulmonary congestion was
verified by increased lung weight/tibia length ratio in HF-
pEF animals compared with controls (Figure S1).

To assess the chronotropic reserve, we used cardio-
pulmonary exercise stress testing. Despite no changes in
baseline HR, all animals presented an increase in HR at
maximal exercise capacity (Figure 1G and 1H). However,
HFpEF animals showed a significantly smaller increase
in the maximal HR compared with control animals (Fig-
ure 1G and 1H), indicative of chronotropic incompe-
tence. Exercise intolerance was observed in HFpEF
animals (Figure TH, inset), similar to that seen in HFpEF
patients.! Although the reduced functional capacity may
limit the maximal HR response to exercise (Figure 11),
impaired HR regulation may also occur after exercise
cessation.?? In control animals, typical postexercise HR
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Figure 1. Cardinal exercise intolerance and chronotropic incompetence of HFpEF phenotyping are associated with lower -

adrenergic receptor responsiveness.

A, Experimental design. Dahl salt-sensitive rats were maintained on normal-salt (0.4%) or high-salt (8%) dietary regimens from 7 weeks of age
and HFpEF verified between 14 to 18 weeks old. B, Representative left ventricular M-mode echocardiographic images (top) of EF analysis
(bottom). C, Representative images (top) of pulse-wave Doppler showing E (early filling)— and A (atrial filling)-wave changes (bottom). D,
Representative images (top) of tissue Doppler describing E”- and A”-wave changes (bottom). E, Noninvasive blood pressure measurements. F,
Heart failure score defined by the following parameters: appearance, breathing, mobility, edema, and weight. (Continued)
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Figure 1 Continued. G, Representative telemetry ECG recordings. H, Resting, maximal, and recovery of HR in response to exercise test
(inset, functional capacity measured as the total running distance). n=10 animals in each group. I, Relationship between functional capacity

and maximal HR response (Pearson coefficient). Data are fit by linear regression; dashed lines represent 95% CI. J, HR recovery time after the
maximal exercise test, data are fit by 2 exponential decay. K; In vivo isoproterenol stress testing was used to determine the chronotropic reserve.
L, Representative ECG recordings. M, Quantification of 3-adrenergic—induced heart rate increase. Data are expressed as meantSEM. Unpaired
Student ttest (B=F, H, insets). Repeated measures ANOVA followed by Bonferroni post hoc test (H, J, and M). *£<0.05; **~<0.01; **£<0.001.
DAP indicates diastolic arterial pressure; EF, ejection fraction; HFpEF, heart failure with preserved ejection fraction; HR, heart rate; ISO,
isoproterenol; MAP, mean arterial pressure; and SAP, systolic arterial pressure.

recovery was shown with 2 distinct phases: the first, a
fast phase characterized by exponential HR recovery—
mainly because of parasympathetic reactivation—fol-
lowed by the second, a slow component characterized by
a gradual decay of HR as the result of the sympathetic
withdrawal (Figure 1J). The prolonged HR recovery after
exercise in HFpEF revealed 2 subtypes of chronotropic
incompetence: (1) submaximal peak of HR (Figure 1G
and 1H); and (2) inadequate HR recovery (Figure 1J).
To exclude potential interference of limited functional
capacity from the chronotropic response, we carried out
an in vivo pharmacological stimulation test with isopro-
terenol, a nonselective agonist of B-AR (Figure 1K). Vali-
dating our exercise findings, HFpEF animals had a lower
chronotropic response to B-AR stimulation compared
with controls (Figure 1L and 1M). To study the potential
impact of chronotropic response on cardiac output, we
performed a dobutamine stress echocardiogram on con-
trol and HFpEF rats. Importantly, HFpEF rats presented
inadequate cardiac output reserve in response to dobu-
tamine infusion (Figure S2).

Given the heterogeneity of HFpEF subphenotypes, we
also conducted experiments using the recently described
2-hit mouse model.'® Mice concomitantly fed with a high-
fat diet (metabolic hit) and nitric oxide synthase inhibitor
(hypertensive hit) manifested increased left ventricu-
lar filling pressures and preserved EF as measured by
noninvasive echocardiogram (Figure S3A-S3D; Table
S2), elevated systemic blood pressure (Figure S3E), and
increased lung weight/tibia length ratio (Figure S3F).
Although no statistical differences were seen at baseline
or maximal HR in HFpEF mice compared with controls,
the fractional increase in HR in HFpEF mice was signifi-
cantly smaller (Figure S3G). Limited exercise tolerance
(Figure S3G, inset) and delayed postexercise HR recov-
ery (Figure S3H) were also seen in HFpEF animals. Our
findings in 2 different models of HFpEF demonstrated
exercise intolerance and limited chronotropic response,
mirroring the clinical features of human HFpEF. Although
both HFpEF models showed an inadequate cardiac out-
put response to dobutamine (Figure S4), the impaired
chronotropic response was the major driver in DSS
HFpEF rats (Figure S2), while a marginal increase in
stroke volume appeared to be the main factor in HFpEF
mice (Figure S4).

To elucidate whether our findings were unique to
HFpEF, we characterize them in a previously established
model of HFrEF® Rats with characteristic signs of HF

48 January 4, 2022

and reduced EF (<45%) were referred to as HFrEF
(Figure SbA-S5C) and compared with controls (Table
S3). Despite the significant change of absolute HR in
response to exercise in HFrEF compared with controls
(Figure SBD), the fractional increase was similar between
groups. HFrEF rats also presented reduced exercise
capacity (Figure SBD, inset) and delayed postexercise
HR recovery (Figure SBE). Accordingly, as previously
seen in HFrEF patients,” corrected SAN recovery time
(cSNRT) was prolonged in HFrEF rats compared with
controls (Figure SBF). Moreover, limited chronotropic
response to in vivo B-AR stimulation was observed in
HFrEF rats (Figure SBG). In summary, most of the func-
tional changes in SAN function and exercise capacity
observed in both models of HFpEF were not exclusive
of this condition, and were also seen in rats with HFrEF.

Impaired SAN 3-AR Responsiveness Reveals
Uncoordinated Recruitment of Pacemaker
Clusters Favoring Rhythmic Abnormalities

Autonomic imbalance, which contributes to impaired
chronotropic response, has been described in human
HFpEFR' To exclude a contribution from autonomic in-
nervation in vivo, we optically mapped an intact SAN/
atrial preparation ex vivo. Figure 2A shows that the func-
tional and anatomic boundaries of the rat SAN are simi-
lar to those of the human SAN.* Representative acti-
vation maps demonstrate that, under spontaneous sinus
rhythm, the earliest activation site is located at the right
atrial posterior wall, which anatomically corresponds to
the location of the SAN (Figure 2A). In concordance with
our in vivo findings (Figure 1K—1M), a blunted beating
rate response to B-AR stimulation was also evident in
isolated SAN tissue from HFpEF rats compared with
controls (Figure 2B). Given the fact that B-AR isoforms
and GRKs (G protein—coupled receptor kinases) work in
concert to desensitize, internalize, and ultimately down-
regulate B-AR in HFrEF ventricular myocardium,?* we
next evaluated the abundance of these key proteins in
the SAN. Neither mRNA nor protein expression of f3-
AR isoforms (B, and ,) were changed in the SAN of
HFpEF rats compared with controls (Figure S6A and
S6B). Moreover, no significant changes were observed
in the protein expression of cardiac isoforms of GRKs
(GRK2 and GRKD) or phosphorylation levels in the ac-
tivating site of GRK2:¢7 (Figure S6B). In accordance
with the rat HFpEF model, SAN/atrial preparation from
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Figure 2. Impaired SAN g-adrenergic receptor responsiveness reveals uncoordinated recruitment of pacemaker clusters
favoring rhythmic abnormalities.

A, Representative images of isochronal voltage maps under spontaneous SR and Iso stimulation. B, Spontaneous SR and concentration—
response curve for Iso were used to evaluate ex vivo beating rate; n=7 animals in each group. C, Locations of the SAN leading pacemaker
(dots), defined as the earliest activation site, and the effects of -adrenergic stimulation on the leading pacemaker site location. Each colored dot
represents an estimated location from b-s recordings from an animal replicate replotted onto a schematic SAN region. D, Occurrence of abnormal
SR throughout the dose—response curve to Iso (left) and representative electrogram traces (right). E, Representative Masson trichrome—stained
sections of SAN (left) and quantification (right). F, Conduction velocity within the SAN region at spontaneous SR and concentration—response
curve for Iso. Data are expressed as mean+SEM. Repeated measure ANOVA followed by Bonferroni post hoc test (B and F). Fisher exact test
(D). Unpaired Student ¢ test (E). *F<0.05; *£<0.01. CT indicates crista terminalis; Epi, epicardium; Endo, endocardium; HFpEF, heart failure with
preserved ejection fraction; Iso, isoproterenol; LA, left atria; RA, right atria; SAN, sinoatrial node; and SR, sinus rhythm.
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phenotypically verified 2-hit HFpEF mice presented an
attenuated beating rate in response to isoproterenol
(Figure S7A), compared with controls. The presence of
an oscillatory leading pacemaker site (Figure S7B; Video
S1), irregular beating rate, and conduction blocks were
also observed (Figure S7C).

To functionally characterize the activation pattern of
the SAN in both experimental groups, high-resolution
optical mapping was performed (Figure 2C). Although
1 control SAN preparation displayed 2 competing acti-
vation sites, the remaining samples had a single coor-
dinated leading pacemaker focus. (-AR stimulation
slightly shifted the leading pacemaker toward the supe-
rior aspect within the SAN area. Conversely, even at
baseline, multiple disorganized leading pacemaker sites
were observed in HFpEF SAN preparations, while p-AR
stimulation failed to shift and resynchronize the lead-
ing pacemakers (Figure 2C). In concordance with the
chaotic activation pattern, 86% of HFpEF SAN prepa-
rations developed irregular rhythms (eg, atrial bigeminy,
sinus arrest, tachybradycardia, and atrial fibrillation) on
isoproterenol stimulation identified by field atrial/SAN
electrogram (Figure 2D). By contrast, only 1 control
SAN preparation displayed a brief bigeminy episode,
while most of the controls sustained high beating rates
under coordinated sinus rhythm (Figure 2D).

The SAN is almost entirely insulated from the sur-
rounding atria by fibrosis, fat, and discontinuous myofi-
bers.?® Masson trichrome staining distinguished the SAN
region surrounding the SAN artery from the neighboring
atria (Figure 2E). Increased SAN fibrosis was observed
in HFpEF SAN compared with controls (Figure 2E).
Although fibrotic remodeling of SAN can impact electric
conduction,?® no significant change in conduction veloc-
ity within the SAN region was observed between groups
at baseline (Figure 2F). However, after -AR stimulation,
a dose-dependent increase in beating rate, supported by
faster electric impulse propagation, was seen in controls
but not in HFpEF SAN preparations (Figure 2F). Taken
together, this shows that impaired chronotropic response
is associated with the presence of multiple intranodal
pacemakers, revealing a distinctive pattern of intrinsic
SAN dysfunction in HFpEF,

Adenosine Challenge Reveals Areas of SAN
Exit Block

Intracardiac programmed electric stimulation was used
to measure the cSNRT as a measure of in vivo SAN
function (Figure 3A and 3B). Supporting our hypothesis
of impaired SAN function, Figure 3C shows prolonged
c¢SNRT in HFpEF animals compared with controls. Circa-
dian HR oscillation shows similar diurnal variation, as well
as narrower HR variability, during the nocturnal period
in HFpEF compared with control animals (Figure 3D),
supporting the autonomic dysfunction previously report-
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ed in both humans and animal models."'® While these
HFpEF changes are associated with increased mortality
(Figure 3E), it is important to point out that the overall
mortality reported here includes not only sudden death
(as we previously reported’®), but also that attributed to
following protocol-mandated euthanasia criteria because
of severe distress in the animals.?’

Given previous results, we tested the SAN func-
tion in an intact ex vivo atrial/SAN preparation.?® Opti-
cal maps during pacing-induced suppression of sinus
rhythm led us to identify areas of dysfunction within the
SAN and the presence of conduction blocks. Substan-
tiating our in vivo findings, we also found longer cSNRT
in HFpEF SAN compared with controls (Figure 3F). In
concordance with our findings in the DSS rat HFpEF
model, atrial/SAN preparation from 2-hit HFpEF mice
presented longer cSNRT compared with controls (Fig-
ure S7D). We further stressed the rat SAN by exposure
to adenosine (1 ymol/L, as complete SAN arrest can
be seen at higher concentrations?®). As expected, ade-
nosine-induced suppression of SAN automaticity was
observed by a reduction of the intrinsic beating rate in
both groups. However, cSNRT was longer in HFpEF,
while remaining unchanged in control SAN tissue (Fig-
ure 3F). Using our integrated mapping approach, we
mapped several regions of SAN conduction pathways
responsible for the conductibility of electric impulses
to the right and left atria."?*?® Interestingly, no conduc-
tion block was detected in control samples exposed to
adenosine; however, an interatrial block was observed
in 67% of HFpEF samples (Figure 3G). These results
indicate that HFpEF animals have a vulnerable SAN
fail-safe mechanism for automaticity and conduction in
response to stressors.

Suppressed Membrane Clock in HFpEF SAN

To explore the molecular basis of the SAN dysfunction
in HFpEF rats, we performed next-generation RNA se-
quencing in isolated SAN tissue. SAN specificity was
verified by sequencing SAN and atrial tissue from control
rats. Accordingly, control SAN tissue presented higher
levels of Hen4 (hyperpolarization-activated cyclic nucleo-
tide-sensitive isoform 4), Shox2 (short stature homeobox
2), and Tbx3 (T-box transcription factor 3) compared with
atrial tissue (Figure S8A), confirming enriched molecular
markers of SAN. RNA sequencing revealed changes in
the expression of 835 genes in HFpEF SAN compared
with controls (635 upregulated and 200 downregulat-
ed; Table S4). Taking into consideration recent studies
profiling the molecular signatures of different cell types
that populate the SAN at the embryonic stage,** we
only observed a significant loss of Igfbp5 (insulin-like
growth factor binding protein 5) and Hecn4 (belonging
to compact SAN) in HFpEF SAN, without enrichment of
transitional/atrial-like genes (Figure S8B). Thus, these
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Figure 3. Unmasked SAN dysfunction by adenosine challenge reveals conduction block.

A Intracardiac electrophysiology study was used to determine the SAN function. B, Representative ECG recordings. C, Quantification of cSNRT
time (corrected by intrinsic CL). D, Histogram of the circadian oscillation of heart rate during day (Ieft) and night (right). Individual standard
derivation of heart rate was used as a measure of HRV; n=10 animals in each group. E, Survival analysis of control and HFpEF rats to 18 weeks
of age. F, Representative image of electrodes placement surrounding the ex vivo SAN/atrial tissue loaded with a voltage-sensitive dye (left).
Overdriving suppression of SAN for assessing the cSNRT was achieved by rapid pacing from the RA. cSNRT was quantified before (baseline)
and after treatment with adenosine (1 umol/L) for 10 min (middle). Representative optical action potential traces during RA pacing and time
taken to recover the sinus rhythm (right). G, Overview of HFpEF SAN maps uncover the presence of conduction blocks. Data are expressed as
mean+SEM. Unpaired Student ¢ test (C and D). Log-rank test (E). Repeated measures ANOVA followed by Bonferroni post hoc test (F). Fisher
exact test (G). *P<0.05; *A<0.01; **R<0.001. CL indicates cycle length; cSNRT, corrected sinoatrial node recovery time; HFpEF, heart failure
with preserved ejection fraction; HRV, heart rate variability; Iso, isoproterenol; LA, left atrium; RA, right atrium; SAN, sinoatrial node; and SNRT,
sinoatrial node recovery time.
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findings do not indicate a molecular shift toward a less
nodal phenotype in HFpEF SANS.

Ingenuity Pathway Analysis was performed to inves-
tigate the upregulated and downregulated canonical
pathways (Figure 4A; Table Sb). Along with these find-
ings, gene ontology analysis revealed that SAN dysfunc-
tion in HFpEF animals was associated with significant
enhancement of multiple disease-associated genes,
including those related to inflammation, extracellular
matrix remodeling, and metabolic pathways (Table S6).
To verify whether the transcriptome changes align with
the available human database, further Ingenuity Pathway
Analysis in silico analysis was used. By objectively filter-
ing our analysis to the tissue type and disease, the clos-
est related disease to SAN dysfunction was sick sinus
syndrome. As highlighted in the volcano plot, among the
5 potential genes related to human sick sinus syndrome
(Hcen4, Cacnald [calcium voltage-gated channel subunit
a1D], Myh6 [myosin heavy chain 6], Sntal [syntrophin
a1], and Scnba [sodium voltage-gated channel o subunit
5]), there were 2 (Hen4 and Cacnad) significantly down-
regulated in the HFpEF SAN transcriptome compared
with control samples (Figure 4B). A comprehensive rep-
resentation of differential expression of membrane and
Ca?* clock genes in HFpEF SAN is shown in Figure
S9. RNA sequencing data have been deposited in the
National Center for Biotechnology Information's Gene
Expression Omnibus (accession No. GSE184120).

Next, we probed selected proteins to validate our RNA
sequencing data. In agreement, we found a decrease in
protein levels of Ca 1.3 ([calcium channel, voltage-depen-
dent, L-type, a1D subunit] encoded by Cacnald gene;
Figure 4C). To assess the functional implications of these
findings, we then assessed the Ca?* current in isolated
SAN cells, which revealed the typical spindle-shaped mor-
phology of pacemaker cells with absent (or poorly present)
t-tubules (Figure 4D). We consistently observed reduced
L-type Ca?* currents in HFpEF cells compared with con-
trols (Figure 4E and 4G). No changes in cell capacitance
were observed between groups (Figure 4F). Although 2
distinct L-type Ca?* channels are expressed in the SAN—
Ca,1.2 ([calcium channel, voltage-dependent, L-type, a1C
subunit] encoded by Cacnalc [calcium voltage-gated
channel subunit a1C]) and Ca 1.3 (the most predomi-
nant isoform in SAN cells®')—Ca, 1.2 expression remained
unchanged between groups (Figure S10C). The contribu-
tion of T-type Ca®* channels, mainly Ca 3.1 (calcium chan-
nel, voltage-dependent, T-type, a.1g subunit; encoded by
Cacnalg [calcium voltage-gated channel subunit a1g]),
has also been demonstrated in pacemaker cells. In our
study, we found Cav3.1 expression in SAN tissue (Figure
S10A) and patch-clamp studies carried out in control
SAN cells revealed an expected leftward shift of the cur-
rent—voltage relationship, peaking at a more hyperpolar-
ized voltage (=30 mV) compared with L-type Ca®" current
(peak at O mV; Figure S10B). Interestingly, T-type Ca?*
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current density was 23-fold smaller than L-type, thereby
indicating a minor contribution of T-type Ca®* current in rat
pacemaker cells, as also described in different species.®
To obtain insights into the contribution of L-type Ca®
channels to the lower chronotropic reserve of HFpEF rats,
we stimulated SAN cells with isoproterenol (1 pmol/L).
Although the peak current in HFpEF SAN cells (after iso-
proterenol stimulation) was smaller than in controls, the
fractional increase of Ca?* current on isoproterenol stimu-
lation was similar between groups (Figure 4H). Despite
these changes, the maximal diastolic membrane potential
remained unchanged between groups (Figure S11).

Hcn4 is another critical component of the pacemaker
function and is indicated as a potential player in the
SAN dysfunction in HFpEF animals. As shown in Fig-
ure 41, a decrease in the Hcn4 protein content of SAN
from HFpEF rats compared with controls largely corre-
lated with the dramatic reduction in whole-cell / conduc-
tance (Figure 4J and 4K). No changes were observed
at relevant diastolic membrane potentials (=60 to —30
mV; Figure 4K inset). Moreover, the lack of change on /f
density on isoproterenol stimulation reveals a perturbed
I modulation by B-AR stimulation in SAN from HFpEF
animals (Figure 4L). Although decreased /., and / den-
sities were found in SAN cells from 2-hit HFpEF mice
compared with controls (Figure S12A and S12B), these
changes were modest compared with those seen in
HFpEF rats.

Compromised Intracellular Ca?* Transients in
HFpEF SAN

Several mechanisms account for the automaticity of pace-
maker cells, including the interdependency of the mem-
brane and Ca?* clocks,® the latter being the intracellular
Ca?* release governed by ryanodine receptors and the
electrogenic Na/Ca®* exchanger (NCX).''%® Thus, we
characterized Ca?* transients in SAN cells within the intact
tissue loaded with a Ca?* indicator using a high-speed 2D
confocal microscopy. Figure bA represents time-course
images of automatic Ca?* transients within the intact SAN.
In control, rhythmic Ca®* transients occurred simultane-
ously throughout the entire SAN (Video S2). Interesting,
even under baseline condition, dysrhythmic cells with Ca?*
waves, surrounded by rhythmic cells, were observed in
random regions within the primary SAN region from HF-
pEF (Figure 5B; Video S3), while B-AR stimulation led to
aberrant sinus rhythm only in HFpEF SAN (Video S4).

To investigate whether Ca?* handling is affected in
the SAN of HFpEF animals, the membrane potential
of isolated SAN cells loaded with a Ca?* indicator was
voltage-clamped at —60 mV to minimize any contribu-
tion of the membrane clock. Triggered action potentials
O mv square voltage pulses at 1 Hz) demonstrate simi-
lar steady-state twitch Ca?* transient amplitude at base-
line between groups (Figure 5C and 5D). Unchanged
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Figure 4. Transcriptome profiling of HFpEF SAN identifies multiple disease-associated mechanisms underpinning depressed
membrane clock.

A Enriched upregulated and downregulated canonical pathways. B, Volcano plot of fold change relative to control SAN. Highlighted genes
indicate the potential genes related to human sick sinus syndrome, as predicted by in silico analysis; n=4 samples each group. C, Representative
Western blot images (top) and quantification of Ca 1.3 (encoded by Cacnald [calcium voltage-gated channel subunit a1D]) protein expression
(bottom). D, Representative isolated SAN cells loaded with the voltage dye show the typical spindle shape of pacemaker cells with absent
T-tubules (scale bar, 10 um). E, Representative L-type Ca* channel currents recorded in isolated SAN cells. F, Cell capacitance. (Continued)
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Figure 4 Continued. G, Average peak current density—voltage relationship of /., in control (=9 cells from 3 animals) and HFpEF (n=7 cells from 3
animals). H, Peak current at 0 mV in the absence or presence of Iso 1 pmol/L. I, Representative Western blot images (top) and quantification of Hcn4
protein expression (bottom). J, Representative time courses of / funny current recorded in isolated SAN cells. K, Average peak current density-voltage
relationship of / in control (n=6 cells from 3 animals) and HFpEF (n=5 cells from 3 animals; bottom), inset highlights no difference in | current density
between —60 and —30 mV. L, Peak current at =140 mV in the absence or presence of Iso 1 pmol/L. Data are expressed as mean=SEM. Statistical
significance was determined using an unpaired Student ttest (C, I, and F). G, Mixed-effect model with Bonferroni post hoc test. H, K, and L, Repeated
measures ANOVA followed by Bonferroni post hoc test. *A<0.05; *A<0.01; **A0.001. Ca, 1.3 indicates calcium channel, voltage-dependent, L-type,
a1D subunit; FC, fold change; HCN4, hyperpolarization-activated cyclic nucleotide-sensitive isoform 4; HFpEF, heart failure with preserved ejection
fraction; IL-6, interleukin 6; Iso, isoproterenol; Myh6, myosin heavy chain 6; NO/ROS, nitric oxide/reactive oxygen species; PKA, protein kinase A; SAN,

sinoatrial node; Scnba, sodium voltage-gated channel o subunit 5; Sntal, syntrophin o.1; and V,, membrane potential.

Ca?" transient amplitude may reflect the role of Ca 1.2
in maintaining the bulk of Ca?" in the SAN, as pro-
posed.® Considering that Ca?" handling is affected by
a frequency-dependent mechanism,®” and the fact that
HFpEF animals have a lower response to isoproterenol,
Ca?* transients were assessed at a constant beating rate
(Figure 5C and 5D). Elevation of Ca?* transient ampli-
tude was observed in control SAN on B-AR stimula-
tion, while no significant change was found in HFpEF
SAN cells (Figure 5C and 5D). Cytosolic Ca** removal,
measured as the Ca?* transient decay time, was simi-
lar between groups at baseline (Figure 5E). However,
the enhancement of Ca?" reuptake on B-AR stimula-
tion was only observed in control cells; Ca?* reuptake
remained unchanged in HFpEF SAN cells (Figure 5E).
We then checked the sarcoplasmic reticulum Ca?" load
and Ca?* extrusion by applying a rapid caffeine-induced
Ca?* release, which activates Ca®* extrusion via /. (Fig-
ure 5F). No significant changes were observed in the SR
Ca?* content (Figure 5G) and /., between groups (Fig-
ure BH), as also observed in chronic HF37%38

Computational Modeling of Biophysically-
Detailed Human HFpEF SAN Model

Last, our experimental findings regarding the membrane
clock and Ca?* clock remodeling in HFpEF were integrat-
ed into a quantitative human SAN model®® (Figure 6A).
Without isoproterenol, HFpEF SAN models exhibited
identical spontaneous action potential morphology, and
beating rate compared with controls (Figure 6B). In con-
trast, all HFpEF models exhibited submaximal beating
rate (76%1 versus 94 bpm; Figure 6B and 6C), delayed
beating rate response (t_, 3.6+1.2 versus 1.6 s), and
prolonged beating rate recovery (‘Eoﬁ, 3.2+0.5 versus 1.4
s; Figure 6D). Consistent with our experimental findings,
the increase in Ca?* transient amplitude of HFpEF mod-
els under isoproterenol stimulation was also smaller than
that of the control (Figure S14B and S14C).

Next, we investigated the efficacy of targeting the
remodeled membrane versus the Ca®" clock of HFpEF
SAN models in ameliorating the chronotropic response
(Figure 6E and 6F). To accomplish this, membrane clock
remodeling or Ca?* clock remodeling of HFpEF SAN
models were independently reversed (ie, returned to
control model parameter values). The increase in beat-
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ing rate under isoproterenol was attenuated in HFpEF
SAN models when Ca?* clock remodeling was targeted
compared with when membrane clock remodeling was
targeted (1.46+£0.21 bpm versus 19.66+0.65 bpm); the
beating rate of the control model increased by ~20.2
bpm under isoproterenol. Both t_ and T fell to values
comparable to that of control in HFpEF SAN models
when membrane clock remodeling was targeted. Con-
trarily, both t_and t_, remained significantly larger in
HFpEF SAN models when Ca?" clock remodeling was
targeted (Figure 6F). In summary, targeting membrane
clock remodeling in HFpEF SAN models ameliorated
all aspects of chronotropic response but targeting Ca?*
clock remodeling did not.

In previous experiments, we sought to understand
what would happen if an aspect of pathophysiologic
remodeling was reversed. Next, however, we conducted
a sensitivity analysis to determine how maximal beating
rate under isoproterenol changed with respect to each
individual membrane clock and Ca?" clock parameters
across all HFpEF SAN models (Figure 6G). We chose
to focus on submaximal beating rate as the presenta-
tion of chronotropic incompetence to treat because it is
one of the standard metrics used to diagnose patients in
the clinic.22 The magnitude and sign of a sensitivity coef-
ficient indicate the degree of change and its correlation
between beating rate and a specific parameter. We found
that the parameters k (/. activation kinetics) and g,
(funny current conductance) had the largest impacts on
maximal beating rate under isoproterenol (0.98%£0.02
and 0.1520.02, respectively). Consistent with our previ-
ous simulation results, changes to the membrane clock
are associated with changes in maximum beating rate
under isoproterenol. Moreover, these results suggest that
| would be a particularly promising therapeutic target

Cal
for treating chronotropic incompetence.

DISCUSSION

HFpEF is now regarded as a systemic syndrome that goes
beyond left ventricular diastolic dysfunction.? Although
the pathophysiology of chronotropic incompetence as-
sociated with exercise intolerance remains uncertain,
it is a cardinal feature of human HFpEF. By investigat-
ing the mechanisms underlying the limited chronotropic
response in HFpEF animal models, we identified SAN

Circulation. 2022;145:45-60. DOI: 10.1161/CIRCULATIONAHA.121.054976
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Figure 5. Compromised intracellular Ca?* transients in SAN of HFpEF.
A, Time series of 2D confocal images of pacemaker cells within the intact SAN (scale bar, 60 um). B, A still frame from a 2D confocal image

of Ca?* fluorescence in a wide field of the explanted HFpEF SAN tissue, showing 2 neighbor cells: 1 under intrinsic sinus rhythm (marked by
white dashed lines), and 1 with Ca® waves (marked by yellow dashed lines); scale bar, 20 pm. B, Right, The differential oscillatory pattern. C,
Membrane depolarization—induced global cytosolic Ca?* transient (top) and representative Ca* transient in control and HFpEF SAN cells under
baseline and Iso stimulation (bottom). D, Mean Ca?* transient amplitude. E, Mean time constant of Ca?* decay (Tau). F, Representative tracings
of application of a caffeine solution after pacing to steady state at 1 Hz provided a measurement of caffeine-induced inward NCX current and

). Mean values were obtained from control (h=10-12 cells from 3 animals) and
HFpEF (n=15-18 cells from 3 animals). Data are expressed as mean=SEM. Repeated measures ANOVA followed by Bonferroni post hoc test
(D and E). Unpaired Student ttest (G and H). *A<0.05. HFpEF indicates heart failure with preserved ejection fraction; Iso, isoproterenol; NCX,
Na*/Ca?* exchanger; SAN, sinoatrial node; and SR, sarcoplasmic reticulum.

SR load. G, Mean SR Ca?* load. H, Mean peak NCX current (/

NCX:
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Figure 6. Computer simulations reveal the dominant role of HFpEF-associated membrane clock remodeling on the impaired
sinoatrial node -adrenergic receptor responsiveness.

A, Computer simulation workflow. Incorporation of ionic remodeling into biophysically detailed human sinoatrial node membrane kinetic model
(top). First, ionic remodeling of the MC (80% and 34% reduction in funny current and L-type Ca*" current conductances) was incorporated (pink).
Subsequently, additional Ca®* handling parameters (SERCA, RyR, L-type Ca**) were tuned so that the resultant HFpEF models recapitulated
changes in experimental Ca* transient dynamics. When testing for CI (bottom), models were challenged with a 40-s pulse of 1 pmol/L ISO;
maximal BR, BR response (rm), and BR recovery (t ) were quantified. B, Instantaneous BR plotted vs time for control (Continued)
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Figure 6 Continued. (black) and HFpEF (red) models subject to a 40-s 1-umol/L ISO pulse; representative action potentials (left) for control
(black) and collection of HFpEF (red) sinoatrial node models with and without ISO (inset). Violin plots of (C) maximum BRs, and (D) BR response
(ron, left) and BR recovery (roﬂ, right) of HFpEF models subject to 1-pmol/L ISO pulse; black horizontal lines indicate corresponding control
values. E and F, Contributions of MC and CC remodeling to Cl. E, Steady-state BRs with and without ISO. F, BR response (1:0”, left) and BR

recovery (t_,

right) of models with either MC remodeling (blue) or CC remodeling (green); horizontal black bars indicate control model dynamics.

G, Bar graph of sensitivity coefficients of membrane and calcium clock parameters. The sensitivity coefficients represent how changes in each

of these parameters affect BR. BR indicates beating rate; |
clock remodeling; Cl, chronotropic incompetence; |

Cal!

il

Ca®* current, L-type; |
funny current; HFpEF, heart failure with preserved ejection fraction; ISO, isoproterenol; MC,

Ca?* current, L-type; CC, calcium clock; CCR, Ca?*

Cal

membrane clock; MCR, membrane clock remodeling; Na, sodium; K, potassium; NCX, Na*/Ca®" exchanger; RyR, ryanodine receptor; and SERCA,

sarco(endo)plasmic reticulum Ca2+-ATPase.

dysfunction induced by stress. Our integrated approach
revealed evidence of chronotropic incompetence in both
types of HF (HFrEF and HFpEF), and carefully charac-
terized functional, structural, and molecular features un-
derlying the defective SAN function in HFpEF.

Although autonomic and endothelial dysfunction’
and lower cardiopulmonary reserve®® are critical compo-
nents of exercise intolerance in HFpEF patients, here we
expand the current knowledge proposing SAN dysfunc-
tion as a new component contributing to the impaired
exercise tolerance in HFpEFS Our findings demonstrate
impaired cardiac output reserve in HFpEF which has been
shown to be a critical determinant of exercise intolerance
in HFpEF patients.*! Disease-associated SAN dysfunc-
tion has been described in many heart conditions,~942
but has not been examined in HFpEF. Studies in human,
canine, and mouse SAN demonstrated that maladaptive
structural remodeling in heart disease with SAN dysfunc-
tion leads to anatomic obstacles favoring conduction
abnormalities."*?® Moreover, increased SAN fibrosis may
create additional insulation layers in the SAN pacemaker
complex, which can impair the synchronization of different
pacemaker clusters, thereby facilitating multiple leading
pacemakers.”?28 Thus, source—sink mismatch and inad-
equate SAN redundancies essential for protecting heart
rhythmicity predispose the SAN dysfunction in HFpEF,
by which lethal arrhythmias could occur.'®*® Supporting
the H,FPEF ** and HFA-PEFF* diagnostic scores, our
findings advocate for exercise testing to unmask chrono-
tropic incompetence and facilitate HFpEF diagnosis.

Multiple animal models of HFpEF have been devel-
oped*® and faithfully recapitulate critical features of
human diseases.'*'"'%=2! Taking into consideration that
hypertension is one of the most prevailing risk factors
in patients with sick sinus syndrome,*” the remarkable
hypertensive feature of the DSS rat HFpEF model
coincides with the high prevalence in human HFpEF2
This rat model also has insulin resistance and hyper-
lipidemia,®'® further increasing its relevance to human
HFpEF. Moreover, we recently reported impaired SAN
function using a HFpEF model that replicates the chron-
ological development of this disease and the epidemio-
logical evidence of sex-related distribution.*® In addition,
our results were partially replicated in the recently
described 2-hit model of HFpEF. Taken together, these
findings suggest that chronotropic incompetence is a

Circulation. 2022;145:45—-60. DOI: 10.1161/CIRCULATIONAHA.121.054976

common condition associated with HF caused by intrin-
sic SAN dysfunction in HFpEF.

The current view of spontaneous cardiac pacemaking
activity relies on the synchronous function of voltage-
dependent ion channels (named membrane clock) cou-
pled to a Ca?" clock, generating highly interdependent
and synchronic oscillations.3* However, the diversity of
cell types populating the leading SAN region gives an
extra, yet decisive, structural complexity that goes beyond
its fibrotic insulation. Multiple intranodal pacemakers
have different sensitivity to physiological and pathological
stimulations,*® which are fundamental to maintaining SAN
robustness, especially during fight-or-flight response
needs.?>*® The coexistence of similar, but not identical,
pacemaker cells within the SAN and surrounding work-
ing atrial myocardium has been proposed, 25264 and these
observations might be justified by differential mRNA car-
gos of SAN pacemaker cells.2°3° Although shifts in the
molecular signature of SAN toward transitional cells
seem not to be responsible for the SAN dysfunction in
HFpEF, enrichment of gene clusters related to oxidative
stress and inflammation may further amplify the severity
of the disease.5%! While transcriptome profiling at single-
cell resolution has provided a molecular transcriptome
atlas of SAN tissue at the embryonic stage,?* the chal-
lenges imposed by adult stages (eg, low and variable yield
of viable pacemaker cells, irregular shape, and large cell
size) represent a technical limitation of the present study.

Given the vital importance of adequate B-AR
response, multiple components of the pacemaking
machinery exert clear and quantifiable contributions
to maintain and/or accelerate the HR, while the loss
of these components impairs the proper regulation of
rate response.?®34 Depressed expression and function
of the membrane clock components may account for
the reduced chronotropic reserve in HFpEF, which has
also been linked to SAN dysfunction in transgenic mice
lacking Ca 1.3 or Hcn4.52% The role of Hcn4 channel
has been investigated in HFpEF, where it was hypothe-
sized that prolonging diastole can favor complete myo-
cardial relaxation, thereby leading to decreased filling
pressures.® However, ivabradine, a selective inhibitor of
I, failed to improve diastolic function and exercise toler-
ance in HFpEF patients.?®%¢ Our results further ques-
tion the rationale for ivabradine in HFpEF. Interestingly,
despite the presence of chronotropic incompetence in
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HFrEF, ivabradine has proven to be beneficial in HFrEF
patients in the absence of bradycardia.®” Distinct mech-
anisms of chronotropic incompetence and SAN dys-
function in different forms of HF may account for these
differences. Thus, the identification of unique molecular
signatures of SAN dysfunction in HFrEF and HFpEF
warrants further investigation.

In summary, exercise intolerance and limited chrono-
tropic response in HFpEF are associated with functional,
structural, and molecular remodeling of the SAN leading
to defective fail-safe mechanisms. Impaired SAN robust-
ness in HFpEF is characterized by reduced chronotropic
response to 3-AR stimulation and uncoordinated recruit-
ment of pacemaker clusters under stress conditions that
favor rhythmic abnormalities.

Limitations and Perspectives

Some limitations of the present study should be noted.
First, although we showed concordant findings from 2
distinct HFpEF models, the limitations of translating the
findings to humans were recently discussed? and sup-
port the need for improved preclinical models. Second,
although this study provides granular details of mecha-
nisms responsible for SAN dysfunction, we did not es-
tablish a direct link to exercise intolerance. Despite these
limitations, the present study brings novel mechanistic in-
sights into SAN dysfunction in HFpEF. Future studies are
needed to establish the potential role of novel specific
therapies to target this condition.
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