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Abstract

Background: Heart failure (HF) is a chronic disease with high morbidity and mortality
among older populations. Chronic HF ultimately affects both the right (RV) and left (LV)
ventricles and often presents with extra-cardiac outcomes including pulmonary
hypertension (PH). Study of biventricular failure and its extra-cardiac consequences has
been challenging in pre-clinical models, suggesting new models may be beneficial to
uncover new mechanisms of disease. Potassium channels are implicit regulators of
vascular tone and are strongly but independently associated with PH and LV dysfunction.

Aim: We hypothesized that deletion of the potassium rectifier channel Kv1.5 would cause
biventricular HF, thus representing a new model from which to understand ventricle-
specific mechanisms of HF.

Methods and Results: We used a model of global vasoconstriction by genetic deletion of
potassium rectifier channel Kv1.5 (Kv1.5 KO). Male and female mice were studied at middle
age (12-13 months) as this is when HF risk begins to increase with age. In response to Kv1.5
KO, both the LV and RV experienced elevated afterload. While Kv1.5 KO mice developed
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RV systolic dysfunction with hypertrophy and fibrosis, the LV developed mild hypertrophy and diastolic dysfunction.
Consistent with biventricular remodeling, Kv1.5 KO mice also displayed higher liver and lung weights and exercise
intolerance.

Conclusion: Deletion of Kv1.5 causes systemic and pulmonary vasoconstriction with distinct outcomes in the LV and
RV. This model of biventricular dysfunction may be useful for studying extra-cardiac consequences of HF and
understanding ventricle-specific mechanisms of disease.

INTRODUCTION

Heart failure (HF) is an enormous public health problem and continues to grow in prevalence and
significance, in part due to the aging of the U.S. population"’. Chronic HF ultimately affects both the right
(RV) and left (LV) ventricles, resulting in biventricular failure, and often presents with extra-cardiac
outcomes including pulmonary hypertension (PH). PH is a major contributor to morbidity and mortality in
HF®. In both HF and PH, it is RV function that predicts survival®*. However, no RV-directed therapies
currently exist and those that target LV-based mechanisms are often not effective’, underscoring the need to
understand RV mechanisms distinct from those in the LV.

The diverse array of potassium (K') channels in the cardiovascular system is an implicit regulator of vascular
tone!”. Among the types of K* channels are voltage-regulated (Kv) channels. Kv1.5, also known as KCNAS, is
an oxygen and redox sensitive member of the Kv family"” that is widely expressed in vascular smooth muscle.
The classical function of Kv1.5 is control of cell excitability. Outward K* current flows through Kvi.5,
resulting in a resting membrane potential that blocks voltage-gated calcium influx and smooth muscle
contraction. Inhibition of channel activity thus results in accumulation of positively charged K* within the
cell, membrane depolarization, activation of voltage-gated Ca** channels and thus vasoconstriction™. Loss of
Kv1.5 activity results in vasoconstriction in the LV coronary supply"” and in pulmonary artery (PA) smooth
muscle cells""”. Indeed, hypoxia-mediated loss of Kv1.5 activity has been widely described in the pulmonary
vasculature'®, and it is strongly associated with pulmonary vascular remodeling and development of PH!""\.
These findings suggest that Kv1.5 may be critical for regulation of vascular tone as it relates to both LV and
RV function. However, the implication of loss of this channel on RV and LV remodeling is not well
understood. Given that Kv1.5 is distributed throughout the systemic and pulmonic vasculature, we
hypothesized that deletion of Kv1.5 would cause biventricular HF, thus representing a new model from
which to understand ventricle-specific mechanisms of disease. We set out to test this hypothesis in middle-
aged (12-14 months) mice. This age roughly extrapolates to 50 years in humans"*? and is the age at which HF
risk begins to rise due to age-related changes to the cardiovascular system!.

MATERIAL AND METHODS

Mouse model and overall experimental design

Male and female middle-aged (~12 months) S129 control (Con) or transgenic Kv1.5 knockout (KO) mice
were used for these experiments. All protocols were approved by the University of Wyoming Institutional
Animal Care and Use Committee (IACUC). S129 mice were purchased from Charles River. Kv1.5 KO (a
model of global vasoconstriction by genetic deletion of potassium rectifier channel Kv1.5) mice were shared
from Northeastern Ohio Medical University (Vahagn Ohanyan). All mice were bred and raised at the
University of Wyoming with free access to standard rodent chow (Lab Diet 5001) and water. Twenty-four
hours prior to euthanasia, the mice performed a graded exercise time-to-exhaustion test. Briefly, mice were
first allowed to acclimate on the treadmill, followed by a beginning speed of 6 m/min at a fixed incline with
gradual increases in speed until the mouse could no longer maintain speed"*. Twenty-four hours after the
treadmill test, mice underwent echocardiography followed by euthanasia by pentobarbital overdose. Total
heart, LV, and RV weights were collected along with left tibia length (TL) for normalization. Liver weights
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and lung weights were collected to quantify edema. Tissues were snap frozen in liquid nitrogen or preserved
in optimal cutting temperature (OCT) for subsequent analysis.

Echocardiography

Cardiac function was assessed via transthoracic echocardiography using Visual Sonics Vevo 2100 with a
40 mHz probe (FUJIFILM VisualSonics Inc., Toronto, Canada). Mice were anesthetized with 2% isoflurane
in 1 L/min compressed air to maintain a heart rate above 400 BPM (beats per minute) during systolic and
diastolic analysis. Core temperature was monitored via a lubricated rectal probe and maintained at 37 °C
with a heating platform. Respiratory rate and heart rate were monitored using a 4-lead limb
electrocardiogram (ECG) system (FUJIFILM VisualSonics Inc., Toronto, Canada). Parasternal short axis
views of the RV and LV were captured in B-Mode and M-Mode. Parasternal long axis views of the LV, aorta
(AO), and PA were captured in B-Mode for vascular diameter measurements and LV ejection fraction (EF).
Pulse wave Doppler views of the PA in transverse modified short axis, while the AO views were captured in
caudally modified long axis view to minimize angulation of the beam to vascular flow. RV M-Mode tracings
were used to assess wall thickness by dissecting the anterior wall in line with the left sternal margin and mid-
septal wall. LV M-Mode tracings were captured at the widest LV diameter in parallel to the papillary muscles
at the widest diameter of the LV. Short axis B-Mode tracings of the LV and RV were used to assess fractional
area change (FAC). Pulse wave Doppler views were traced for PA acceleration and ejection times (PAT and
PET, respectively), and velocity time integrals (VTI) of the AO and PA. These values - when coupled with B-
Mode diameter measurements of the AO and PA - were used to calculate stroke volume (SV) and pulmonary
vascular resistance (PVR). Diastolic analysis was assessed via apical 4-chamber views of both ventricles.
Tissue and pulsed-wave Doppler, as well as M-Mode images of the lateral mitral (MV) and tricuspid (TV)
annulus, were captured to measure early (E, E’) and late (A, A’) diastolic velocities, along with mitral and
tricuspid annular plane systolic excursion (MAPSE and TAPSE, respectively).

Histology

LV and RV were frozen in Optimal Cutting Temperature immediately post-dissection and stored in -80 °C.
4 pm sections were cut on a pre-cooled cryostat (Leica Biosystems). For assessment of cardiomyocyte size,
sections were stained using wheat germ-agglutinin as previously described"”. Briefly, frozen sections were
thawed, soaked in TBST (tris-buffered saline (TBS) and with Tween 20, and permeabilized in Triton X-100.
In absolute darkness, wheat germ agglutinin-lectin (Sigma-Aldrich) was added to bind and fluoresce the
myocyte membrane. Sections were washed three times in phosphate buffered saline (PBS) and mounted for
imaging. Slides were imaged by a fluorescent Olympus IX71 inverted microscope (Olympus).
Cardiomyocyte-projected area and best-fit ellipse aspect ratio were calculated, using Image] (version1.53a,
National Institutes of Health (NIH), USA) in a blinded manner.

For assessment of fibrosis, LV and RV sections were stained using Picro-sirius red (Abcam 246832)
protocols. Briefly, RV sections were hydrated using distilled water. Sufficient picro sirius red solution was
added to cover tissue sections and incubated for one hour. Tissue sections were dipped in 0.5% acetic acid
solution and washed in 75%, 90% and 100% ethanol. Images were acquired at 6X and processed with
Image]"*..

gRT-PCR

RNA was isolated following the standard TRIzol protocol and reverse-transcribed using the High-Capacity
RNA-to-cDNA (complementary DNA) kit (Fisher Scientific). Gene expression was quantified by
quantitative real-time polymerase chain reaction (QRT-PCR) using PowerSYBR Green PCR Master Mix on
an ABI 7300 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). Ribosomal 18s was used as
housekeeping control. Data are presented as fold-change within genotype and sex. Oligonucleotide
sequences were as follows:
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ANF Forward: GCCGGTAGAAGATGAGGTCATG,

ANF Reverse: GCTTCCTCAGTCTGCTCACTCA;

BNP Forward: CGCTGGGAGGTCACTCCTAT,

BNP Reverse: GCTCTGGAGACTGGCTAGGACTT;

o-MHC Forward: CCCAGGATCTCTGGATTGGTCT,

a-MHC Reverse: GGCAGGAAGAGGAGTAGCAGA;

B-MHC Forward: GAGCATTCTCCTGCTGTTTCCTT,

B-MHC Reverse: CTCCTCTGCTGAGGCTTCCTTT.

a-SMA Forward: GCTGGACTCTGGAGATGG;

a-SMA Reverse: GCAGTAGTCACGAAGGAATAG;

Periostin Forward: CCATTGGAGGCAAACAACTCC;

Periostin Reverse: TTGCTTCCTCTCACCATGCA;

Collagen 3 Forward: TTGGGATGCAGCCACCTTG;

Collagen 3 Reverse: CGCAAAGGACAGATCCTGAG.

Statistical analyses

Upon confirmation that the data were normally distributed, they were analyzed by two-way analysis of
variance (ANOVA; genotype x sex), followed by Student's t-test within each sex. Significance was set a priori
at P < 0.05. Statistical tests were performed using GraphPad Prism v10. Data are expressed as mean =+

standard error of the mean (SEM).

RESULTS

We confirmed loss of KCNAS5 expression in the LV and found that it was profoundly reduced in KO mice
compared to Con [Figure 1A]. As expected, KO mice had a smaller aortic diameter compared to Con
[Figure 1B] and aortic acceleration time (AAT) was reduced in Kv1.5 KO [Figure 1C], consistent with
previous reports of elevated mean arterial pressure in these mice””. We confirmed loss of KCNAS5 expression
in the RV and found it was profoundly reduced in KO mice compared to Con [Figure 1D]. Kv1.5 KO mice
had smaller PA diameters compared to Con [Figure 1E]. Pulmonary pulsed wave Doppler was used to assess
surrogate markers of pulmonary pressures. PA acceleration time (PAT) was reduced in both sexes, suggestive
of higher PA pressures [Figure 1F] and consistent with established findings in models of loss of Kv1.5.

Both sexes underwent cardiac remodeling in response to global Kv1.5 KO as evidenced by higher heart
weights normalized to TL (data not shown). Both sexes demonstrated higher LV weights normalized to TL
(LV/TL) [Figure 2A] and LV myocyte cross-sectional area [Figure 2B and C] in male mice. RV weights were
also elevated [Figure 2D] and RV myocyte cross-sectional area was larger in Kv1.5 KO, indicating RV
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Figure 1. Model of systemic vasoconstriction by Kv1.5 KO. (A) KCNAS5 expression in the LV was downregulated in male KO mice and
female KO mice. (B) Aortic diameter was smaller in KO male and female mice. (C) Aortic artery acceleration time (AAT) was faster in KO
male and female mice. (D) KCNAS expression in the RV was downregulated in male KO mice and female KO mice. (E) Pulmonary artery
(PA) diameter was smaller in male and female KO mice. (F) Pulmonary artery acceleration time (PAT) was lower in KO male and female
mice. Data are expressed as mean £ SEM. *P < 0.05 within sex t-test by Student's t-test. Blue: male (M), red: female (F).

hypertrophy in both sexes [Figure 2E and F]. We quantified expression of the hypertrophic gene program!*
and found higher expression of brain natriuretic peptide (BNP) in the KO male LV [Figure 3A] and elevated
atrial natriuretic factor (ANF) expression in the KO male LV [Figure 3B]. Although a-myosin heavy chain
(0-MHC) expression was unchanged [Figure 3C], B-myosin heavy chain (3-MHC) expression was higher in
the male KO [Figure 3D], together suggestive of LV hypertrophy in the male. In the RV, BNP expression was
unchanged [Figure 3E]. However, ANF expression was robustly induced in the male RV [Figure 3F].
Although a-MHC expression was unchanged [Figure 3G], B-MHC expression was higher in both sexes
[Figure 3H], together suggestive of RV hypertrophy. Together, these changes in mass, cell size and
hypertrophic gene expression are suggestive of a biventricular hypertrophic phenotype in the setting of loss

of Kv1.5.

We then quantified fibrosis in both ventricles. Surprisingly, the LV did not undergo fibrotic remodeling,
though Con animals at this age had relatively high collagen deposition compared to reports in younger
animals [Figure 4A and B]. The RV underwent fibrotic remodeling with Kv1.5 KO with higher deposition of
collagen compared to Con [Figure 4C and D]. Gene expression of pro-fibrotic markers was not different in

either ventricle (data not shown).
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Figure 2. Cardiac remodeling in response to Kv1.5 KO. (A) LV/TL was elevated in both male and female KO mice. (B) LV myocyte cell size
was elevated with Kv1.5 deletion in male mice. (C) Representative images of LV lectin-stained cardiac myocytes. Scale bar: 20 mm. (D)
RV/TL was elevated in male and female KO mice. (E) RV myocyte cell size was elevated in male and female KO mice. (F) Representative
images of RV lectin-stained cardiac myocytes. Scale bar: 20 mm. n = 3 mice with technical triplicate for histology. Data are expressed as

mean £ SEM. *P < 0.05 within sex by Student's t-test. Blue: male (M), red: female (F).

To understand changes in LV and RV function with Kv1.5 deletion, we performed comprehensive
echocardiography (summarized in Table 1). While LV EF was preserved in KO male mice, EF was lower in
KO female mice, albeit not clinically significant [Figure 5A and B]. LV FAC was also preserved compared to
Con [Figure 5C]. Mitral annular plane systolic excursion (MAPSE), a more sensitive measure of LV systolic
function, was decreased in KO males [Figure 5D]. Deletion of Kv1.5 reduced LV diastolic function by
prolonged isovolumic relaxation time (IVRT) in KO male mice [Figure 5E]. Although E/A and E/e’ were
higher than adult control values [Figure 5F and GJ, Kv1.5 KO did not otherwise influence LV diastolic

function.

Ultrasound does not permit quantification of RV EF; thus, we quantified RV FAC, a well-accepted
surrogate!”. RV FAC was reduced in KO female mice [Figure 6A], and RV SV was reduced in both sexes
[Figure 6B] compared to Con. TAPSE, a more sensitive measure of RV systolic function, was also decreased
in KO mice [Figure 6C]. Markers of RV diastolic dysfunction were not different in KO mice, with preserved

E/e’ and IVRT [Table 1].

HF often affects the peripheral tissues and results in extra-cardiac outcomes; thus, we quantified lung and
liver weights. Kv1.5 KO male mice had elevated liver weights and liver weight normalized to tibia length
[Figure 7A and B], indicative of backward pressures from the RV into the systemic circuit. KO female mice
had elevated lung weights and a trend towards elevated lung relative to tibia length [Figure 7C and D],
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Figure 3. Transcriptional activation of hypertrophic gene expression in the LV and RV in response to Kv1.5 KO. (A) Brain natriuretic peptide
(BNP) expression in the LV was upregulated in KO males and unchanged in females. (B) Atrial natriuretic factor (ANF) expression in the
LV was upregulated in KO males and unchanged in female KO mice. (C) a-myosin heavy chain (a-MHC) expression in the LV was
unchanged in male and female KO mice. (D) B- myosin heavy chain (B-MHC) expression was upregulated in KO males and unchanged in
female KO mice. (E) BNP expression in the RV was unchanged. (F) ANF expression was upregulated in KO males and unchanged in
females. (G) a-MHC expression in the RV was unchanged. (H) B-MHC expression in the RV was upregulated in KO male and female mice.
*P < 0.05 by Student's t-test to compare within-sex differences between KO and Con. Data are expressed as mean £ SEM. Blue: male (M),

red: female (F).

suggestive of pulmonary edema [Figure 7C and D]. Both male and female Kv1.5 KO mice demonstrated
significant exercise intolerance, with reduced treadmill time to exhaustion [Figure 7E].

DISCUSSION

HF is a chronic disease with high morbidity and mortality, especially in aging populations. Potassium
channels are implicit regulators of vascular tone and may contribute to the development of HF, though the
contributions of potassium channel function on both ventricles remain unclear. We set out to test the
involvement of Kv1.5 in RV and LV remodeling. We demonstrate that global deletion of Kv1.5 results in
biventricular remodeling that is not identical in the RV and the LV. While the RV underwent hypertrophic
and fibrotic remodeling with systolic dysfunction, LV hypertrophy was milder with a diastolic dysfunction
phenotype. Consistent with biventricular remodeling, Kv1.5 mice also demonstrated signs of pulmonary and
liver edema as well as exercise intolerance. Together, loss of Kv1.5 affects both the RV and the LV; thus, we
suggest that this model may be useful for studying the effects of biventricular remodeling and its extra-

cardiac consequences.

Left ventricular failure is the most common type of HF. However, because the cardiopulmonary system is a
closed-loop system, elevated pressures on either side of the heart can lead to backward pressure transmission
and consequent remodeling. In the LV, high pressures backward propagate to the lungs and in the RV, high
pressures result in high pressures in the vena cava and ultimately, the whole central venous system, typically
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Figure 4. Cardiac fibrotic remodeling in response to systemic Kv1.5 KO. (A) Fibrosis in the LV was unchanged by Kv1.5 KO. (B) LV
picrosirius red stain representative images. Scale bar: 20 mm. (C) RV fibrosis was elevated in male and female KO mice. (D) RV picrosirius
red stain representative images. Scale bar: 20 mm. Data are expressed as mean = SEM. n = 3 mice with technical triplicate for histology,
*P < 0.05 within sex by Student's t-test. Blue: male (M), red: female (F).

manifesting as liver edema"®!. Therefore, pulmonary and systemic congestion are consequences of
biventricular HF"). In the present work, we noted signs of both liver and pulmonary congestion as well as
exercise intolerance. In the present work, loss of Kv1.5 resulted in more significant changes in RV structure
and function compared to the LV, as evidenced by exacerbated RV hypertrophy and fibrotic remodeling.
Further, the RV demonstrated declines in systolic dysfunction that were not evident in the LV. It is perhaps
not surprising that the RV responded more robustly to Kvi.5-mediated vasoconstriction as it is well reported
that the RV poorly tolerates afterload compared to the LV™. In response to similar percentage increases in
afterload (pulmonary vs systemic pressure), RV SV declines more than the observed declines in LV SV.
Therefore, while we did not perform longitudinal studies and consideration of other ages is warranted, our
data strongly suggest that RV failure resulted in impaired LV function, thus contributing to the biventricular
outcomes of loss of Kv1.5 and its extra-cardiac consequences.

The mechanism by which loss of Kv1.5 results in biventricular failure is of high significance and remains
incompletely elucidated. Kv1.5 primarily regulates vascular tone, and we clearly demonstrate that loss of
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Figure 5. LV echocardiography in Kv1.5 KO and Con mice. (A) Representative LV Ejection Fraction (EF) M-mode images. (B) LV EF was
higher in KO male but mildly lower in KO female. (C) LV fractional area change (FAC) was unchanged. (D) Mitral annual plane systolic
excursion (MAPSE) decreased in KO males and was unchanged in females. (E) Mitral isovolumic relaxation time (IVRT) increased in KO
males and was unchanged in females. (F) Early filling divided by late filling (E/A) and G) E/e’ did not differ by genotype. *P < 0.05 as
assessed by Student's t-test to compare within-sex differences between KO and Con. Data are expressed as mean £ SEM. Blue: male (M),
red: female (F).

Kv1.5 results in pulmonary and systemic vasoconstriction. Thus, it is feasible that direct effects of afterload
are responsible, and this is consistent with the RV remodeling occurring before, or at least more robustly
than, in the LV. However, since our model was a global deletion of Kv1.5, we cannot be confident that our
phenotype was due to vasoconstriction. Although KCNAS5 is widely expressed in vascular smooth muscle
cells, it is also expressed in cardiomyocytes'*. Consistent with electrical mechanisms, adenoviral
transfection of KCANS5 in myocytes shortens the duration of the action potential and rapidly excites
myocytes'””. Loss-of-function mutations in KCNAS5 have been identified in patients with atrial fibrillation®*.
Thus, it is possible that deletion of Kv1.5 affects LV or RV rhythms that differentially remodel the RV and
LV via non-afterload-mediated effects. Surprisingly little is known about expression of Kv1.5 in the heart in
models of HF. However, in patients with ischemic cardiomyopathy, KCNAS5 expression in the LV was low
compared to controls, but unchanged in dilated cardiomyopathy™. In a rat model of PH, RV expression of
Kv1.5 was reduced, but unchanged in the LV. In this case, downregulation of Kv1.5 decreased repolarization
reserve in failing RV myocytes, thereby contributing to RV arrhythmogenesis®. Future work with cell-type-
specific models of loss of KCNA5 will yield valuable insight into how loss of Kv1.5 results in biventricular HF
through potentially distinct RV and LV mechanisms and by which cardiovascular cell types.

Chronic HF is an enormous public health burden in aging adults. Risk for HF is low at young ages, but
begins to increase around age 50, reaching prevalence rates near 2% by age 60 and 10% by age 80"”. In the
present study, the mice more closely mirrored “middle-aged” rather than “aged,” yet they exhibited some
signs of aging, including elevated RV and LV fibrosis and impaired LV filling, even in control animals. While
not a goal of this work and, to our knowledge, not yet experimentally tested, it is possible that Kv1.5
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Figure 6. RV echocardiographic data from Kv1.5 KO and Con mice. (A) RV FAC was lower in KO females. (B) RV stroke volume (SV) was
lower in both KO male and female mice. (C) Tricuspid annual plane systolic excursion (TAPSE) was lower in Kv1.5 KO. *P < 0.05 by
Student’s t-test. Data are expressed as mean + SEM. Blue: male (M), red: female (F).

Table 1. Summary of echocardiography in male and female Con and Kv1.5 KO mice

Female Male
Con KO Con KO Two-way ANOVA
HR (bpm) 426+39  422+£10 420+12  435+15
LV EF (%) 65+1 58 +2* 62+2 66 +2* Interaction
LVFAC (%) 47+1 46+3 45+3 47 +£2
LV systolic/global function
LVSV (uL) 556+54 483+45 732+79 60.2+4.] Sex
MAPSE 0.6+0.05 0.6+0.05 0.8+0.04 0.6+0.04* Genotype
MV E/A 1.3+0.1 1.3+0.1 1.4+0.1 1.4+0.2
LV diastolic function
MV IVRT 282+39 257426 193+2 25.4+1.7%
RV FAC (%) 383+51 27.8+32* 452+0.8 412+2.4* Genotype
RV systolic/global function RV SV (uL)  455+45 27.6+13* 483+27 381+3.0* Genotype
TAPSE 1.0+0.1 0.7+01* 11+£0.1 0.9+0.03* Genotype
TRE/A 05+01 0.6+0.1 0.5+0.1 0.4+0.04
RV diastolic function
TRIVRT 248+37 209+09 222+64 256+45
LVAW (mm) 1.3+0.1 1.6+0.1* 1.4+0.04 1.7+0.1" Genotype
RVFW (mm) 0.7+0.01 0.8+0.1 0.7+0.02 0.8+0.1
LV/RV/vascular morphometry
AO (mm) 1.4+0.01 13+0.03* 1.4+0.03 13+0.03* Genotype
PA (mm) 1.5+£0.04 13+0.1* 1.5+0.1 1.4+0.04 Genotype
PAT (ms) 17.8+0.7 155+1.1 18.0+0.7 14.2+10* Genotype
PET (ms) 584+24 60.0+24 559+21 57.6+19
Pulmonary/aortic vascular flow measures
PAT/PET 03+£0.01 0.3+0.01" 03+£0.01 0.25+0.02* Genotype
AAT (ms) 18.6+0.8 16.0+£0.5* 20.7+0.8 17.5+0.9*  Genotype

Data are expressed as mean + SEM. *P < 0.05 within sex by Student's t-test. HR: Heart rate; EF: ejection fraction; FAC: fractional area change; SV:
stroke volume; MAPSE: mitral annular plane systolic excursion; E/A; early/atrial; MV: mitral valve; IVRT: isovolumic relaxation time; TAPSE:
tricuspid annular plane systolic excursion; TR: tricuspid; AW: anterior wall; FW: free wall; AO: aortic diameter; PA: pulmonary artery diameter; PAT:
pulmonary acceleration time; PET: pulmonary ejection time; AAT: aortic acceleration time; ANOVA: analysis of variance.
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Figure 7. Peripheral response to Kv1.5 KO. (A) Liver weight was elevated in KO males. (B) Liver weight to tibia length was elevated in male
KO mice. (C) Lung weight was elevated in Kv1.5 KO female mice and (D) lung weight relative to tibia length trended towards significance
in KO female mice (P = 0.08). (E) Treadmill time to exhaustion was lower in KO mice of both sexes. Data are expressed as mean = SEM.
*P < 0.05 within sex by Student's t-test. Blue: male (M), red: female (F).

expression changes with aging in the heart. Kv1.5 expression is reduced in the heart in models of
hypertrophy”® and the aging heart is widely established to be hypertrophic. Aging results in loss of diurnal
expression of Kv1.5 in 18-20-month-old mice compared to young - a finding that the authors suggest may
prime the aged animals for risk of arrhythmia™/. Skeletal muscle arterioles have also been reported to show a
non-significant trend towards lower Kv1.5 expression with age in 24-month-old rats". Further study of
Kv1.5 expression and activity across the aging cardiovascular system will likely yield valuable mechanistic
insights into the contributions of Kv1.5 to HF risk, as well as to other cardiovascular diseases in which
potassium channels play an important role.

One of the strengths of the present work was our inclusion of both male and female mice. Although we did
not set out a priori to determine sex differences and did not observe profound differences between male and
female mice in response to Kv1.5 deletion, we did identify subtle differences worth discussing. Male Kv1.5
KO mice had more LV hypertrophy and transcriptional activation of hypertrophic gene expression
compared to female mice. On the other hand, Kv1.5 KO female mice had more RV hypertrophy and fibrosis
than males. PH and RV dysfunction are well characterized by significant sex differences. Young women are
more likely than men to develop PH; however, once diagnosed, female patients tend to survive longer than
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their male counterparts””'!. Although the precise mechanisms underlying these sex differences remain
incompletely understood, estrogen undoubtedly plays a role, as it exhibits antihypertrophic and antifibrotic
effects”. Young healthy females have superior RV systolic performance compared to males®, likely due to
the positive impact of estrogen on RV function. Given the robust protective effects of estrogen, it is
interesting that loss of Kv1.5 resulted in worse RV function in females compared to male mice. However, as
acknowledged, the mice in the present work were not young. With advancing age, mice undergo estropause,
characterized by persistently low estrogen and estrous cycles of varying lengths, with eventual cessation of
cyclicity around 12-14 months of age”’. Thus, although we did not measure estrogen in the present work, we
posit that the loss of estrogen in the setting of loss of Kv1.5 is detrimental for RV function. Future efforts to
understand RV and biventricular remodeling in the setting of natural aging and underlying sex differences
are warranted.

Limitations

We acknowledge several limitations. The mice in the present study were housed in Laramie, Wyoming, at an
elevation of 7,220 ft above sea level. Therefore, our mice developed RV or LV dysfunction under mild
hypoxic stress that may not be as profound in mice that reside at sea level. Our ability to use
echocardiography to quantify RV function was limited. Invasive hemodynamics provide additional
resolution of cardiac function and can help identify ventricular-vascular interactions, as well as load-
independent systolic and diastolic measurements””. Although we confirmed a robust loss of Kv1.5
expression in both the LV and RV, we cannot exclude the possibility of compensatory changes in the
expression of other K" or membrane channels. KCNK3, in particular, is known to correlate with PH
pathogenesis"”*l. The role of this and other channels in the context of biventricular HF warrants further
consideration.

In conclusion, we demonstrate that global deletion of Kv1.5 results in biventricular remodeling that is not
identical in the RV and the LV. This model may be useful for studying the effects of biventricular remodeling
and its extra-cardiac consequences.
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