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The sympathetic nervous system increases HR by activating B-adrenergic receptors (B-ARs) and increasing cAMP in sinoatrial node
(SAN) myocytes while phosphodiesterases (PDEs) degrade cAMP. Chronotropic incompetence, the inability to regulate heart rate
(HR) in response to sympathetic nervous system activation, is common in hypertensive heart disease; however, the basis for this is
poorly understood. The objective of this study was to determine the mechanisms leading to chronotropic incompetence in mice
with angiotensin Il (Angll)-induced hypertensive heart disease.

C57BL/6 mice were infused with saline or Angll (2.5 mg/kg/day for 3 weeks) to induce hypertensive heart disease. HR and SAN
function in response to the B-AR agonist isoproterenol (ISO) were studied in vivo using telemetry and electrocardiography, in iso-
lated atrial preparations using optical mapping, in isolated SAN myocytes using patch-clamping, and using molecular biology. Angll-
infused mice had smaller increases in HR in response to physical activity and during acute ISO injection. Optical mapping of the SAN
in Angll-infused mice demonstrated impaired increases in conduction velocity and altered conduction patterns in response to ISO.
Spontaneous AP firing responses to ISO in isolated SAN myocytes from Angll-infused mice were impaired due to smaller increases
in diastolic depolarization (DD) slope, hyperpolarization-activated current (Is), and L-type Ca®" current (Icar)- These changes were
due to increased localization of PDE4D surrounding 31- and B,-ARs in the SAN, increased SAN PDE4 activity, and reduced cAMP
generation in response to ISO. Knockdown of PDE4D using a virus-delivered shRNA or inhibition of PDE4 with rolipram normal-
ized SAN sensitivity to B-AR stimulation in Angll-infused mice.

Angll-induced hypertensive heart disease results in impaired HR responses to -AR stimulation due to up-regulation of PDE4D and
reduced effects of cAMP on spontaneous AP firing in SAN myocytes.
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Graphical Abstract

PDE4D promotes SAN B-AR desensitization in hypertensive heart disease
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1. Introduction

nervous system outflow to the heart as well as structural and electrical re-
modelling of the myocardium.* Heart rate (HR) is a critical regulator of car-

Hypertension is the most common form of cardiovascular disease’ and is diac performance that is controlled by the intrinsic properties of the

the number one risk factor for the development of heart failure.

23 sinoatrial node (SAN) and its modulation by the autonomic nervous sys-

Hypertension increases myocardial work resulting in elevated sympathetic tem (ANS).>® Impaired HR regulation in response to physical activity or
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stress, denoted chronotropic incompetence, is common in the setting of
hypertensive heart disease and heart failure and is associated with in-
creased mortality.””

Increases in HR occur predominantly through sympathetic postganglio-
nic release of norepinephrine onto SAN myocytes. Norepinephrine binds
to B1- and B,-adrenergic receptors (ARs) on SAN myocytes, which activate
adenylyl cyclase and increase cyclic adenosine monophosphate (cAMP)
production.>® A rise in intracellular cAMP elicits a positive shift in
steady-state activation of the hyperpolarization-activated current (lf) by
direct binding of cAMP to hyperpolarization-activated cyclic nucleotide
gated (HCN) channels. This results in larger inward current during the start
of diastolic depolarization (DD) and an increase in SAN spontaneous ac-
tion potential (AP) firing frequency.6 Additionally, cAMP increases SAN
myocyte AP firing via cAMP-mediated activation of protein kinase A
(PKA) and subsequent increases in L-type Ca?" current (Ica; carried by
Cav1.2 and Cav1.3) and effects on sarcoplasmic reticulum (SR) Ca®'-
handling proteins that determine Ca®" transient (CaT) morphology.>¢'°
Membrane currents and SR Ca®" handling represent a coupled system con-
trolling diastolic depolarization in SAN myocytes.'®

Phosphodiesterases (PDEs) are critical regulators of cAMP signalling in
the SAN"""2 and have been shown to blunt cardiac B-AR signalling."
PDE3 and PDE4 are major contributors to total PDE activity in the SAN
and potently regulate SAN function.""">'* The PDE4 family accounts for
~60% of total cardiac PDE activity in rodent hearts.">'*"> Furthermore,
the PDE4D isoform predominantly regulates $-AR-induced cAMP signal-
ling in the heart and is well conserved between rodent and human cardio-
myocytes.!16-1°

Recent studies have demonstrated that chronotropic incompetence in
the setting of human and animal models of hypertensive heart disease
and heart failure result from SAN dysfunction, a blunting of maximum
HR, as well as direct p-AR desensitization of the SAN.>"*> Consistent
with this, our lab has demonstrated that mice infused with the vasocon-
strictor angiotensin Il (Angll) have overt hypertensive heart disease, SAN
dysfunction, and reduced responsiveness of the SAN to B-AR stimula-
tion.>** Despite these findings, the mechanisms responsible for B-AR de-
sensitization of the SAN in hypertensive heart disease are still unknown. As
such, the aim of the present study was to directly assess HR and SAN
function in response to B-AR stimulation in mice with Angll-induced
hypertensive heart disease. We show that Angll promotes progressive
chronotropic incompetence due to impaired B-AR regulation of spontan-
eous AP firing in SAN myocytes and that PDE4D plays a major role in this
process.

2. Methods

2.1 Experimental techniques

This study used male wildtype C57BI/6 mice between the ages of 13 and 16
weeks. Mice were infused with saline or Angll (2.5 mg/kg/day) for 3 weeks
using osmotic minipumps (Alzet, Cupertino, CA). Cardiac structure was
assessed by echocardiography.>*** HR and SAN function were assessed
using telemetry in awake and freely moving mice as well as electrocardiog-
raphy in anaesthetized mice.”>* SAN function and conduction patterns
were assessed using high-resolution optical mapping in isolated atrial pre-
parations.**~2¢ Spontaneous AP morphology and ionic currents (I, lcay)
were investigated using patch-clamping in isolated SAN myocytes.24'25
Ca®* transient morphology was measured using Ca®" imaging in isolated
SAN myocytes. cAMP levels and PDE activity were assessed using com-
mercially available kits.>> SAN mRNA abundance and protein levels were
investigated using qPCR and western blotting.>** Co-localization of
PDE4D and B-ARs was assessed using immunocytochemistry. In some
cases, mice were injected retro-orbitally with a custom made
adeno-associated virus stereotype-9 (AAVY; 1.5 x 10" genomic copies/
mouse) encoding an shRNA for murine PDE4D (or scrambled control) un-
der the control of the U6 promoter (Vector Biolabs, Malvern, PA). Mice
were used experimentally 5 weeks after virus injection. When combined
with Angll infusion, Angll pumps were implanted two weeks after virus

injection. For surgeries and tissue isolations, mice were anaesthetized using
isoflurane (2%, inhalation). Mice were euthanized by cervical dislocation
under isoflurane anaesthesia. Details for these approaches are available
in the Data Supplement.

All experimental procedures were approved by the University of
Calgary Animal Care and Use Committee and were in accordance with
the guidelines of the Canadian Council on Animal Care and the NIH guide
for the care and use of laboratory animals.

2.2 Statistics

All data are presented as means + s.E.M. Statistical analysis was conducted
using Prism version 9 (GraphPad Software). Normality of the data was as-
sessed by Shapiro—Wilk test. Normally distributed data were analysed
using Student’s t-test, two-way analysis of variance (ANOVA) with a
Holm-Sidak post hoc test, or two-way repeated measures ANOVA with
a Holm-Sidak post hoc test as indicated in the figure legends.
Non-parametric tests were used when data were not normally distributed.
For cellular experiments, hierarchical statistical analyses were used to ac-
count for non-independent sampling (i.e. differences in the number of cells
obtained from each animal). Statistical tests are reported in each figure le-
gend, and differences are reported as *P < 0.05, **P < 0.01, ***P < 0.001,
or #¥**P < 0.0001.

3. Results

3.1 Chronic Angll promotes chronotropic
incompetence and -AR desensitization

in vivo

As expecte three weeks of Angll infusion increased systolic and
diastolic blood pressure (see Supplementary material online, Figure S1A)
and resulted in cardiac hypertrophy as evident by increases in heart
weight/tibia length (see Supplementary material online, Figure S1B and C).
Echocardiography further demonstrates the occurrence of ventricular
hypertrophy as indicated by increases in left ventricular anterior and pos-
terior wall thickness, as well as reductions in left ventricular internal diam-
eter, after 3 weeks of Angll infusion (see Supplementary material online,
Table S7). Right and left atrial area was also increased after 3 weeks of
Angll (see Supplementary material online, Table S7).

HR was monitored by telemetry in conscious mice during Angll (or sa-
line) infusion (see Supplementary material online, Figure S2). Activity in-
creased over three weeks of saline and Angll infusion with no
differences between these groups (see Supplementary material online,
Figure S2A). Conversely, increases in HR in association with increasing ac-
tivity were reduced in Angll-infused mice (see Supplementary material
online, Figure $2B and C). Intrinsic HR, measured during acute weekly injec-
tions of the ANS blockers atropine (10 mg/kg) and propranolol (10 mg/kg),
also progressively declined during Angll infusion (see Supplementary
material online, Figure S2D). At the end of three weeks of Angll infusion,
HR decreased during high activity compared to saline-infused mice with
no differences in activity levels between groups (see Supplementary
material online, Figure S2E and F). Furthermore, heart rate variability
(HRYV; a surrogate measure of ANS activity), as assessed by the standard
deviation of RR-intervals (SDNN) and root mean squared of the successive
differences in RR-interval (RMSSD), was reduced during low and high
activity in Angll-infused mice (see Supplementary material online,
Figure S2G and H).

To directly assess HR responses to B-AR stimulation, mice were acutely
injected with the B-AR agonist isoproterenol (ISO; 10 mg/kg). ISO rapidly
increased HR in both saline- and Angll-infused mice (Figure 1A and B); how-
ever, peak HR responses to ISO were smaller in Angll-infused mice com-
pared to saline-infused controls (Figure 1C and D). Collectively, these data
demonstrate that Angll-infused mice exhibit SAN dysfunction and an im-
paired ability to increase HR in response to sympathetic nervous system
activation and B-AR stimulation.

d,24'27'28
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Figure 1 Chronotropic incompetence and impaired SAN electrical conduction in mice with Angll-induced hypertensive heart disease. (A) Representative
ECG recordings in anaesthetized saline- and Angll-infused mice in control conditions and following acute intraperitoneal injection of isoproterenol (ISO; 10 mg/kg).
(B—D) Summary of HR over time following ISO injection (B), average resting and peak HR responses to ISO (C) and change (A) in HR after ISO injection (D) in
anaesthetized saline (n = 10) and Angll-infused (n = 7) mice. Data in panels B and C analysed by two-way repeated measures ANOVA with Holm-Sidak post hoc
test. Data in panel D analysed by Student’s t-test. (E) Representative activation maps and initial activation sites in isolated atrial preparations from saline- and
Angll-infused mice in control condition and after superfusion of ISO (10 nM). Dashed lines indicate the crista terminalis (CT). Scale bar =2 mm. RA, right atrium;
SVC, superior vena cava; IVC, inferior vena cava; IAS, interatrial septum. (F) Optical action potentials (OAPs) from the SAN region of the right atrial posterior wall
for saline- and Angll-infused mice before and after ISO. Red lines represent linear fitting of diastolic depolarization (DD) slope. (G—L) Summary data and A values for
atrial preparation beating rate (G and H'), conduction velocity (CV; I and J), and OAP DD slope (K and L) from saline (n = 5) and Angll (n = 6) atrial preparations
before and after application of ISO. Data in panels G, I, and K analysed by two-way repeated measures ANOVA with Holm-Sidak post hoc test. Data in panels H, |,
and L analysed by Student’s t-test.



PDE4D impairs SAN function in heart disease

2701

3.2 SAN electrical conduction and }-AR
responsiveness are impaired in Angll-infused

hearts

To investigate the basis for impaired HR responses to 3-AR stimulation in
Angll-infused mice, SAN electrical activation and conduction responses to
ISO were investigated using high-resolution optical mapping in isolated at-
rial preparations. Activation maps of the right atrial posterior wall adjacent
to the crista terminalis (Figure 1E) were used to quantify the location of the
initial activation site within the SAN as well as local conduction velocity
(CV) in control conditions and after application of ISO (10 nM). As ex-
pected, ISO shifted the initial activation site superiorly in saline hearts®*°
(Figure 1E). In contrast, initial activation sites were highly variable in control
conditions and displayed irregular shifts in the presence of ISO in
Angll-infused hearts (Figure 1E). Furthermore, there was an increase in
the occurrence of abnormal rhythms such as sinus pauses and rapid ectopic
firing in atrial preparations from Angll-infused mice after ISO infusion (see
Supplementary material online, Figure S3).

Optical APs recorded from the SAN region of the right atrial posterior
wall show that the diastolic period between successive APs shortened in
response to ISO but this effect was smaller in hearts from Angll-infused
mice (Figure 1F). Consistent with this, as well as the reduced intrinsic
rate and impaired B-AR responsiveness seen in vivo, atrial preparations
from Angll-infused mice demonstrated lower intrinsic beating rates and re-
duced responsiveness to ISO compared to saline-infused controls
(Figure 1G and H).

Local CV inthe SAN region of the right atrial posterior wall was lower in
Angll-infused mice compared to saline-infused mice in control conditions
(Figure 11). ISO increased CV in both groups; however, Angll-infused
mice had diminished responses to ISO compared to saline-infused controls
(Figure 11 and J). Optical action potentials (OAPs) were also analysed to
quantify changes in DD slope in control conditions and in response to
ISO (Figure 1K and L). In control conditions, DD slope was reduced in
Angll-infused mice (Figure 1K). ISO increased DD slope in both groups;
however, these effects were smaller in Angll-infused hearts (Figure 1L).

3.3 Angll impairs -AR regulation of SAN
myocyte electrophysiology

To further assess the mechanisms for 3-AR desensitization in the SAN of
Angll-infused mice, the effects of ISO on spontaneous APs in isolated SAN
myocytes were measured (Figure 2). Consistent with the reduced intrinsic
rates and decreased B-AR responsiveness observed in vivo and in isolated
atrial preparations, isolated SAN myocytes from Angll-infused mice had re-
ductions in spontaneous AP firing frequency and DD slope in basal condi-
tions as well as smaller increases in AP firing frequency and DD slope after
application of ISO (10 nM; Figure 2A—E).1SO increased action potential dur-
ation at 50% repolarization (APDsg) in SAN myocytes from saline- and
Angll-infused mice to a similar extent (see Supplementary material
online, Table S2). There were no differences in maximum diastolic potential
or any other measurements of SAN AP morphology between treatment
groups in control conditions or in response to ISO (see Supplementary
material online, Table S2).

lfand I, are each importantly involved in mediating B-AR dependent
increases in DD slope and HR.® Accordingly, the effects of ISO (10 nM)
on lfand |, were measured in isolated SAN myocytes from saline- and
Angll-infused mice. I¢ density was reduced in control conditions and after
application of ISO in Angll-infused mice (Figure 2F—H ). While ISO increased
l¢ density in both groups, the increase in |¢ density was smaller in SAN myo-
cytes from Angll-infused mice (Figure 2H, Supplementary material online,
Figure S4). Analysis of I¢ steady-state activation kinetics shows that the volt-
age for 50% channel activation (V1/2(act)) Was not different between groups
in control conditions; however, ISO induced a smaller shift in Vy,5(c) in
SAN myocytes from Angll-infused mice compared to saline-infused con-
trols (Figure 21 and J, Supplementary material online, Figure S$4,
Supplementary material online, Table S3). No differences were observed

in the slope factor for I activation at baseline or in response to ISO (see
Supplementary material online, Table S3).

There were no differences in SAN I, density at baseline between
saline- and Angll-infused mice (Figure 2K and L). ISO (10 nM) increased
lcaL density in both groups; however, the magnitude of the increase was
smaller in SAN myocytes from Angll-infused mice (Figure 2M,
Supplementary material online, Figure S5). Analysis of I, steady-state ac-
tivation kinetics showed that maximum conductance (Gmax), V1/2(act) and
lca slope factor were not different at baseline between saline- and
Angll-infused mice (Figure 2N, Supplementary material online, Figure S5,
Supplementary material online, Table S4). In response to SO,
Angll-infused mice had smaller increases in lc, 1, Gmax and Vi/p(acyy com-
pared to saline-infused controls (Figure 2N and O, Supplementary
material online, Table S4). There were no differences in the slope factor
for I, activation between saline- and Angll-infused mice after application
of ISO (see Supplementary material online, Table $4).

Consistent with AP data, CaT frequency was lower in SAN myocytes
from Angll-infused mice in control conditions (see Supplementary
material online, Figure S6). Application of ISO increased CaT frequency
in SAN myocytes from saline- and Angll-infused mice, but the increase
was smaller in Angll SAN myocytes (see Supplementary material online,
Figure S6). There were no differences in SAN myocyte CaT amplitude or
decay times in control conditions between saline- and Angll-infused mice
(see Supplementary material online, Figure S6). ISO (10 nM) increased
CaT amplitude (see Supplementary material online, Figure S6A-C) and
shortened CaT decay times; however, these responses to ISO were re-
duced in Angll SAN myocytes compared to saline controls (see
Supplementary material online, Figure S6).

3.4 PDE4D desensitizes -ARs in the SAN in

Angll-infused mice

Impaired B-AR signalling could occur due to down-regulation of B-ARs in
SAN myocytes or disruption of downstream cAMP signalling.”'31 There
were no differences in protein levels of B1- and f,-ARs in the SAN between
saline- and Angll-infused hearts (see Supplementary material online,
Figure S7A and B). Despite this, ISO (10 nM) induced smaller increases in
intracellular cAMP in SAN myocytes from Angll-infused mice (Figure 3A).
PDE4D is a major regulator of cAMP production following B-AR activation
in murine hearts.*> Whole cell SAN PDE4D levels were not different be-
tween groups (Figure 3B and C); however, phosphorylated PDE4D was ele-
vated in the SAN of Angll-infused mice (Figure 3D). Consistent with this,
there was an increase in whole cell PDE4 activity in the SAN of
Angll-infused mice (Figure 3E).

Immunocytochemistry was used to determine the co-localization of
PDE4D with B-ARs in SAN myocytes from saline- and Angll-infused
mice (Figure 3F and G). These data demonstrate that the co-localization
of PDE4D with B4- and B,-ARs was increased in Angll SAN myocytes
(Figure 3H and [). Co-immunoprecipitation of Bi- and PB,-ARs with
PDE4D also demonstrated increased PDE4D localization surrounding
both B-ARs in the SAN of Angll-infused mice (Figure 3/ and K). There
were no differences in the mRNA expression of any of the major cardiac
PDE4 isoforms in the SAN after Angll infusion (see Supplementary
material online, Figure S7C).

3.5 PDE4D knockdown increases SAN -AR

responsiveness in Angll-infused hearts
To investigate the role of PDE4D in regulating B-AR signalling in the SAN,
mice were injected retro-orbitally with an AAV9 carrying an shRNA for the
murine PDE4D isoform (or scrambled control) (Figure 4A). Five weeks
after AAV9 injection at 1.5 x 10"" genomic copies/mouse, robust infection
of the right atrial posterior wall was observed (see Supplementary material
online, Figure $8), which resulted in a ~65% knockdown of PDE4D in SAN
tissue (Figure 4B and C).

First, the effects of PDE4D knockdown (PDE4D KD) were investigated
in normal mice. There were no differences in HR in anaesthetized mice in
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Figure 2 Effects of B-AR stimulation on SAN myocyte electrophysiology in Angll-infused mice. (A) Representative spontaneous APs in isolated SAN myocytes
from saline- and Angll-infused mice in control conditions and after superfusion of ISO (10 nM). Scale bars apply to all recordings. (B and C) Summary of AP firing
frequency in control conditions and after application of ISO (B) and the change in AP firing frequency after ISO (C). (D and E) Summary of SAN myocyte DD slope
in control conditions and after application of ISO (D) and the change in DD slope after application of ISO (E). n = 12 cells from four mice for saline and 15 cells from
five mice for Angll. See Supplementary material online, Table S2 for additional AP morphology parameters. (F) Representative I recordings in isolated SAN myo-
cytes from saline- and Angll-infused mice in control conditions and after superfusion of ISO (10 nM). Voltage clamp protocol shown to the right of the recordings.
(Gand H) Ir density at =70 mV in control conditions and after application of ISO (G) and the change in I density after application of ISO (H). (land J) It V1/2@acy in
control conditions and after application of ISO (/) and the change in If V1,2 after application of ISO (/). n=7 cells from four mice for saline and 10 cells from
seven mice for Angll. Full [ IV curves and steady-state activation curves are provided in Supplementary material online, Figure S4. Refer to Supplementary material
online, Table S3 for additional l¢analysis. (K) Representative |, recordings in isolated SAN myocytes from saline- and Angll-infused mice in control conditions and
after superfusion of ISO (10 nM). Voltage clamp protocol shown to the right of the recordings. (L and M) I, density at —10 mV in control conditions and after
application of ISO (L) and the change in |, density after application of ISO (M). (N and O) I, Vi/2acy in control conditions and after application of ISO (N) and
the change in lc, L Viaaey after application of ISO (O). n =9 cells from four mice for saline and 8 cells from five mice for Angll. Full I, IV curves and steady-state
activation curves are provided in Supplementary material online, Figure S5. Refer to Supplementary material online, Table $4 for additional I, analysis. Panels B, D,
G, I, L, and N analysed by two-way repeated measures ANOVA with Holm-Sidak post hoc test. Panels C, E, H, J, M, and O analysed by Student’s t-test.


http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad138#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad138#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad138#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad138#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad138#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad138#supplementary-data

PDE4D impairs SAN function in heart disease 2703

3 saline mmm Angll

A B C D E

@ s
=150 saline Angll [a) 8
8 100 kDa PDE4D 5 =~ a%’
S eSS NIER & a SEfs6
a1 37 KD | GAPDH 3 a 3

= -35kDa) & a <E 4
= Q 3 < o
< oo SESEESIE z L2
& 37 kDa capoH o o=

E (235 kDa) o <0
3] in
—

F

-
[=]
o

— B-AR
~— PDE4D

Intensity (A.U.)
)

(=)

0 10 20 30pm
—~100
2
<
2
= 50
c
8
E A‘\
0
0 10 20 30pm
1007 — B,AR

Intensity (A.U.)
@
S

] 10 20 30 pm
‘__100-
3
<
2 50
[
[ =
D
E
0
0 10 20 30 uym
H | J ‘ Angl K
c c saline ngll oo AR =
S, g R T T
£ 0 =fa) & ST e aEroen g
53 =< 75 kDa n
e I 0. e [EEEEE
= 0 = 0O (~65 kDa) s
32 o 3L , X
c & = i saline  Angll IP:fp-AR L]
&< 0 &< L g [
g = & (~01 kDa) w
o = o (~65 kDa) o ﬁ1‘AR .BZ'AR
= saline == Angll 3 saline mm Angll

Figure 3 Increased PDE4D activity and localization with B-ARs in the SAN in Angll-infused mice. (A) Summary of cAMP levels before and after application of
ISO (10 nM) in SAN myocytes from saline (n=>5 pooled SAN) and Angll (n=5 pooled SAN) infused mice. Data analysed by two-way ANOVA with
Holm-Sidak post hoc test. (B—D) Representative whole cell lysate western blots (B) and summary of protein expression of PDE4D (C) and phosphorylated
PDE4D (D) in the SAN in saline (n =6 pooled SAN) and Angll-infused (n =6 pooled SAN) mice. Data analysed by Student’s t-test. (E) Whole cell lysate
PDE4 activity in the SAN of saline (n=5 pooled SAN) and Angll-infused (n=5 pooled SAN) mice. Data analysed by Student’s t-test. (F and G)
Immunocytochemistry showing fluorescent images of PDE4D, B1-AR (F), and B,-AR (G) and merged images in SAN myocytes from saline- and
Angll-infused mice. Boxes in the merged images are shown in the magnified views. Representative intensity plots illustrate overlap of PDE4D with 31-ARs
and B,-ARs in SAN myocytes from saline- and Angll-infused mice. (H and /) Pearson correlations of overlap of PDE4D with B4-ARs (H; n =26 myocytes
from three saline mice and 25 myocytes from three Angll mice) and B,-ARs (I, n =15 myocytes from three saline mice and 14 myocytes from three Angll
mice). Data analysed by Student’s t-test. ( and K) Representative 4- and B,-AR co-immunoprecipitation western blots (F) and summary of PDE4D expression
surrounding B4- and B,-ARs in the SAN of saline (n = 6 pooled SAN) and Angll-infused (n = 6 pooled SAN) mice (G). Data analysed by two-way ANOVA with
Holm-Sidak post hoc test. Uncropped western blots are provided in Supplementary material online, Figure S15.
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Figure 4 PDE4D knockdown regulates B-AR signalling in the SAN. (A) Schematic of AAV9 PDE4D shRNA. (B and C) PDE4D protein levels in the SAN 5
weeks after injection of mice with a scrambled shRNA (AAV9-control; n = 3) and the PDE4D shRNA (AAV9-shPDE4D; n = 3). Data analysed by Student’s
t-test. Uncropped western blots are provided in Supplementary material online, Figure S15. (D) Representative ECGs in anaesthetized PDE4D knockdown
(PDE4D KD) mice and scramble controls in control conditions and following acute intraperitoneal injection of ISO (10 mg/kg). (E and F) Summary of HR
in control conditions and after injection of ISO (E) and change in HR in response to ISO (F) in PDE4D KD mice (n=5) and scramble controls (n=5).
Data in panel E analysed by two-way ANOVA with Holm-Sidak post hoc test. Data in panel F analysed by Student’s t-test. (G) Representative image showing
AAV9 infected SAN myocytes (GFP™; white arrows) and non-infected myocytes (red arrow). Only GFP™ myocytes were used in patch-clamp experiments.
(H) Spontaneous APs in isolated SAN myocytes from PDE4D KD and scramble control mice in control conditions and after superfusion of ISO (10 nM). Scale
bars apply to all recordings. (I and J) AP firing frequency in control conditions and after application of ISO (I) and change in AP firing frequency after application
of ISO (/). (Kand L) DD slope in control conditions and after application of ISO (K) and change in DD slope after application of ISO (L). Refer to Supplementary
material online, Table S5 for additional AP analysis. n = 8 myocytes from three mice from scramble and 12 myocytes from three mice for PDE4D KD. Data in
panels | and K analysed by two-way repeated measures ANOVA with Holm-Sidak post hoc test. Data in panels | and L analysed by Student’s t-test.
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control conditions between PDE4D KD and scrambled controls; however,
acute application of ISO (10 mg/kg) resulted in larger increases in HR in
PDE4D KD mice compared to a scrambled shRNA (Figure 4D—F). Next,
SAN myocytes were isolated from PDE4D KD and scramble control
mice, and GFP positive cells were used to assess SAN AP morphology
and B-AR sensitivity (Figure 4G). Spontaneous AP recordings in these
GFP* SAN myocytes demonstrate that AP frequency was comparable in
control conditions; however, ISO induced larger increases in AP firing fre-
quency after PDE4D KD (Figures 4/ and |). Similarly, DD slope was com-
parable in control conditions, but increased to a greater extent after ISO
application in PDE4D KD myocytes (Figure 4K and L). Additional AP para-
meters are provided in Supplementary material online, Table S5.

Next, the role of PDE4D in the SAN was investigated in PDE4D knock-
down mice infused with Angll. The effects of an acute injection of ISO
(10 mg/kg) on HR were measured in saline, Angll-scramble, and
Angll-PDE4D  knockdown (Angll-PDE4D KD) mice. As expected,
Angll-scramble mice had smaller increases in HR following ISO injection
(Figure 5A—C). In contrast, Angll-PDE4D KD mice showed substantially im-
proved ISO-induced increases in HR that were similar to saline controls
(Figure 5B and C).

Hearts from the same mice used for these in vivo experiments were sub-
sequently isolated and used for optical mapping studies. Activation maps
and OAPs from the SAN region of the right atrial posterior wall
(Figure 5D) were used to assess SAN electrical activation and conduction
in response to B-AR stimulation. Consistent with the improvements in
B-AR signalling observed in vivo, isolated atrial preparations from
Angll-PDE4D KD mice had improved beating rate responses to ISO com-
pared to Angll-scramble controls (Figure 5E and F). Furthermore,
Angll-PDE4D-KD mice had improved effects of ISO on CV (Figure 5G
and H) as well as larger increases in DD slope compared to
Angll-scramble mice (Figure 5/ and J). While SAN chronotropic responses
to B-AR stimulation were largely normalized in atrial preparations from
Angll-PDE4D-KD mice, initial activation sites in the SAN still exhibited sub-
stantial heterogeneity in control conditions compared to saline hearts.
Nevertheless, the majority of activation sites still shifted superiorly in re-
sponse to ISO in PDE4D KD mice (see Supplementary material online,
Figure S9).

3.6 PDE4D knockdown enhances f}-AR
signalling in SAN myocytes from

Angll-infused mice
The effects of PDE4D knockdown on B-AR responsiveness in isolated
GFP* SAN myocytes were also measured (Figure 6). SAN myocytes
from Angll-PDE4D KD mice exhibited increased AP firing frequency and
DD slope responses to ISO (10 nM) that were larger than those observed
in Angll-scramble SAN myocytes and comparable to SAN myocytes from
saline mice (Figure 6A—E, Supplementary material online, Table $6). While
the magnitude of the responses to ISO were normalized, peak AP firing fre-
quency and DD slope were still lower in Angll-PDE4D-KD mice compared
to SAN myocytes from saline mice (see Supplementary material online,
Table S6), likely due to the presence of intrinsic SAN dysfunction due to
HCN4 down-regulation.”* There were no differences in other measure-
ments of SAN AP morphology between treatment groups in control con-
ditions or in response to ISO (see Supplementary material online, Table S6).
l¢ density was still reduced in Angll-PDE4D KD SAN myocytes to similar
levels as Angll-scramble SAN myocytes in control conditions; however,
SAN myocytes from Angll-PDE4D KD mice had larger increases in I dens-
ity following ISO (10 nM) application that were similar in magnitude to sa-
line controls (Figure 7A-C, Supplementary material online, Figure S10).
Analysis of |¢ activation kinetics showed that ISO induced comparable shifts
in Vi/2(acy in saline- and Angll-PDE4D KD SAN myocytes (Figure 7D and E,
Supplementary material online, Figure S10, Supplementary material online,
Table S7). No differences in the slope factor for I; activation were seen at
baseline or in response to ISO between any groups (see Supplementary
material online, Table S7).

SAN e, density showed no differences at baseline between saline,
Angll-scramble, or Angll-PDE4D-KD SAN myocytes (Figure 7F and G).
ISO (10 nM) increased I, density in all groups; however, SAN myocytes
from Angll-scramble mice had smaller increases in I, density compared
to saline mice while SAN myocytes from Angll-PDE4D KD mice had in-
creases in lc,. density that were comparable to saline controls
(Figure 7G and H, Supplementary material online, Figure S11). Analysis of
Ica activation kinetics showed that Grayx Vi/2¢act), and slope factor were
not different at baseline between groups (Figure 7I, Supplementary
material online, Figure S11, Supplementary material online, Table S8). In
response to I1SO, Angll-PDE4D KD SAN myocytes had larger increases
iN lcal Gmax and Vijacyy compared to Angll-scramble SAN myocytes,
which were indistinguishable from saline-infused mice (Figure 7/ and |,
Supplementary material online, Figure S11, Supplementary material
online, Table S8).

ISO (10 nM) also increased CaT frequency, increased CaT amplitude,
and reduced CaT decay times in SAN myocytes from saline,
Angll-scramble and Angll-PDE4D KD (see Supplementary material
online, Figure $12). These effects of ISO were impaired in SAN myocytes
isolated from Angll-scramble mice compared to saline SAN mice, however,
the effects of ISO on CaT morphology were normalized in Angll-PDE4D
KD SAN myocytes (see Supplementary material online, Figure S$12).

To confirm the results of PDE4D knockdown, the effects of the selective
PDE4 inhibitor rolipram11 (Rol; 10 uM) on B-AR responsiveness were
measured in isolated SAN myocytes from saline- and Angll-infused mice
(see Supplementary material online, Figure S13). As expected, ISO in-
creased AP firing frequency in both groups with smaller increases observed
in SAN myocytes from Angll-infused mice (see Supplementary material
online, Figure S13A-C). Addition of Rol in the presence of ISO further in-
creased AP firing frequency in both groups; however, these effects were
larger in SAN myocytes from Angll-infused mice (see Supplementary
material online, Figure S13Cand D). Similarly, Rol enhanced ISO-induced in-
creases in DD slope in both saline- and Angll-infused mice (see
Supplementary material online, Figure S13E-G) and normalized the in-
crease in DD slope in SAN myocytes from Angll-infused mice (see
Supplementary material online, Figure S13F and G). Consistent with these
improvements in AP firing frequency and DD slope, Rol also produced lar-
ger increases in l¢ (see Supplementary material online, Figure S13H—J) and
lcaL (see Supplementary material online, Figure S13K-M) in
ISO-stimulated SAN myocytes from Angll-infused mice compared to saline
controls.

PDE3A is also an important regulator of SAN function; therefore, the
effects of the selective PDE3 inhibitor milrinone (Mil; 10 uM) on AP
morphology were measured in SAN myocytes from saline- and
Angll-infused mice (see Supplementary material online, Figure S14).
Sequential application of ISO (10 nM), and then Mil in the presence of
ISO, caused similar increases in AP firing frequency and DD slope in
SAN myocytes from saline- and Angll-infused mice (see Supplementary
material online, Figure ST4A-E). AP firing frequency and DD slope re-
mained reduced in Angll-infused SAN myocytes after application of ISO
and Mil. Consistent with this, there were no differences in pde3a mRNA
expression or PDE3A protein levels in the SAN between saline- and
Angll-infused mice (see Supplementary material online, Figure ST4F-H).

4. Discussion

Appropriate HR regulation by the sympathetic nervous system is critical
for proper maintenance of cardiac function. In diseases such as hyperten-
sive heart disease and heart failure, HR regulation becomes impaired due to
progressive SAN dysfunction and B-AR desensitization.”?" Nevertheless,
the mechanisms for impaired B-AR regulation of HR in these settings
have been poorly understood. In the present study, we used a multi-level
approach to assess B-AR regulation of HR and SAN function in mice with
Angll-induced hypertensive heart disease. Our findings demonstrate that
impaired HR regulation by B-AR activation in Angll-infused mice is due
to increased PDE4 activity and PDE4D co-localization with B-ARs in the
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Figure 5 PDE4D knockdown normalizes 3-AR responsiveness in Angll-infused mice. (A—C) Representative ECGs (A), summary of heart rate in control con-
ditions and after intraperitoneal injection of ISO (10 mg/kg; B), and change in heart rate after injection of ISO (C) for saline (n = 8), Angll-scramble (n = 6), and
Angll-PDE4D KD (n = 7) mice. (D) Representative activation maps and OAPs in isolated atrial preparations from saline, Angll-scramble, and Angll-PDE4D KD
mice in control conditions and after superfusion of ISO (10 nM). Dashed lines indicate the crista terminalis (CT). Scale bar =2 mm. Red lines on OAPs re-
present linear fitting of diastolic depolarization (DD) slope. (E-J) Summary data in control conditions and after application of ISO as well as A values after
ISO application for heart rate (E and F), CV in the SAN region of the right atrial posterior wall (G and H), and OAP DD slope (I and J) for saline (n=8),
Angll-scramble (n=6), and Angll-PDE4D KD (n=7) mice. Data in panels B, E, G, and | analysed by two-way repeated measures ANOVA with
Holm-Sidak post hoc test. Data in panels C, F, H, and | analysed by one-way ANOVA with Holm-Sidak post hoc test.
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Figure 6 PDE4D knockdown normalizes the effects of isoproterenol on spontaneous AP firing in isolated SAN myocytes from Angll-infused mice.
(A) Representative spontaneous APs in isolated SAN myocytes from saline, Angll-scramble, and AngllI-PDE4D KD mice in control conditions and after super-
fusion of ISO (10 nM). Scale bars apply to all recordings. (B and C) AP firing frequency in control conditions and after application of ISO (B) and change in AP
firing frequency after application of ISO (C). (D and E) DD slope in control conditions and after application of ISO (D) and change in DD slope after application
of ISO (E). Refer to Supplementary material online, Table S6 for additional AP analysis. n =12 cells from four mice for saline, 5 cells from three mice for
Angll-scramble, and 6 cells from three mice for Angll-PDE4D KD. Data in panels C and E analysed by two-way ANOVA with Holm-Sidak post hoc test.
Data in panels D and F analysed by one-way ANOVA with Holm-Sidak post hoc test.

SAN, which altered cAMP-dependent regulation of spontaneous AP firing
in SAN myocytes. AP firing was impaired due to reduced effects of B-AR
agonists on lrand |, in SAN myocytes. These findings provide new insight
into the mechanisms of chronotropic incompetence in the setting of
hypertensive heart disease.

Angll infusion is a well characterized and clinically relevant model of
heart disease.**** Hypertension is the number one risk factor for the de-
velopment of heart failure, > and these individuals exhibit high levels of
circulating plasma Angll2® Our present study, as well as our prior
work, 2272 shows that Angll-infused mice develop overt cardiac hyper-
trophy without reductions in ejection fraction or fractional shortening.
Angll infusion also caused increases in right and left atrial area, which is
an indication of diastolic dysfunction.>” In conscious mice, Angll infusion re-
sulted in elevated HR during low activity, but lower HR during high activity
as well as lower intrinsic HR (i.e. during autonomic blockade), indicating im-
paired SAN function and increased sympathetic nervous system activity
that collectively result in an inability to increase HR in response to increas-
ing activity levels. This is consistent with previous studies demonstrating
elevated circulating norepinephrine levels in Angll-infused mice.**

Consistent with a chronotropic incompetence phenotype, injection of
the B-AR agonist ISO resulted in smaller HR increases in Angll-infused
mice. Similar findings in human heart failure with preserved ejection

fraction patients show that graded ISO infusions produced smaller in-
creases in HR compared to age-matched controls®’ further supporting
the hypothesis that impaired HR regulation is due to impaired B-AR signal-
ling in the SAN. While our model of Angll infusion for three weeks does
not induce heart failure with marked systolic dysfunction, our findings sug-
gest that chronotropic incompetence manifests early in the progression
from hypertensive heart disease to overt heart failure. Consistent with
this, hypertension patients display a higher frequency of chronotropic in-
competence compared to normotensive controls.*® Furthermore, chron-
otropic incompetence is a powerful predictor of the presence of heart
failure symptoms in patients with hyper‘tension.g

SAN dysfunction was evident in Angll-infused mice in baseline (control)
conditions as indicated by a progressive decline in intrinsic beating rate
in vivo and in isolated atrial preparations. We have previously demonstrated
that intrinsic SAN dysfunction, as well as impairments in conduction and
variability in leading activation site, occur in control conditions in Angll
mice due to impaired SAN AP firing and fibrosis in the SAN.?*** In the pre-
sent study, we found that in conjunction with intrinsic SAN dysfunction,
atrial preparations from Angll-infused mice exhibited smaller increases in
beating rate, CV, and DD slope during spontaneous AP firing in response
to ISO compared to saline controls. In healthy hearts, B-AR stimulation
shifts the leading activation site to a more superior location in the


http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad138#supplementary-data

2708 T.W. Dorey et dl.

A saline Angll-scramble Angll-PDE4D KD
control 1ISO control ISO control
LL
o
<L
o 500 ms
a5 my oMV
4 -130 mV
-140 mvV
5 o 0.1369 5 .
E -87 ®xx* -4 hkek -1504 0.0560  gogou 251
3 "o —~ ° kek o — 5
< 6- T 0 S o 2 £ 201
a-6]o e 2 E 10018 = 151
2 -4 * co & -2 g ° 8
o ‘-:- ) _50_ 510.
o o o - o —
N -2 < =11 S > 5
= <
© 0- 0+ L 0-
- ISO - + - + - +
= saline mm Angll-scramble =23 Angll-PDE4D KD
saline Angll-scramble Angll-PDE4D KD
control control ISO control ISO
L
o
| t ’ glzl_ l E ‘
wn 20 ms
_B0mV
-80 mV -80m.V
G H | J
Ty 0.7159 0.9165
g' -25- = -20 r -50q *&** wkxk S 257 &
8 .20{ =¥ saxx S q5] = S0 % E 20{°
5] g = 307 owfs] 2 g 159
e -10; = ﬁ -4 8201 [ & 109
= -5- i < -104 S 5
©
Tvl' 0 ﬁ i 0 < 0
< I1so - + ISO - + -

= saline mm Angll-scramble = AngII-PDE4D KD

Figure 7 PDE4D knockdown normalizes the effects of ISO on | and I, in isolated SAN myocytes from Angll-infused mice. (A) Representative I recordings in
isolated SAN myocytes from saline, Angll-scramble, and Angll-PDE4D KD mice in control conditions and after superfusion of ISO (10 nM). Scale bars apply to all
recordings. Voltage clamp protocol shown below recordings. (B and C) I density at —70 mV in control conditions and after application of ISO (B) and change in I
density after ISO (C) in saline, Angll-scramble, and Angll-PDE4D KD SAN myocytes. (D and E) It V4aq in control conditions and after application of ISO (D) and
change in I Vi@q after ISO (E) in saline, Angll-scramble, and Angll-PDE4D KD SAN myocytes. n =7 cells from four mice for saline, 6 cells from three mice for
Angll-scramble, and 7 cells from three mice for Angll-PDE4D KD. Full I IV curves and |; steady-state activation curves are provided in Supplementary material
online, Figure S10. Refer to Supplementary material online, Table S7 for additional I¢ analysis. (F) Representative I, recordings in isolated SAN myocytes from saline,
Angll-scramble, and Angll-PDE4D KD mice in control conditions and after superfusion of ISO (10 nM). Scale bars apply to all recordings. Voltage clamp protocol shown
below recordings. (G-f) I, density at —10 mV in control conditions and after application of ISO (G) and change in I, density after ISO (H) in saline, Angll-scramble,
and Angll-PDE4D KD SAN myocytes. (I and ) lcar Vi@ in control conditions and after application of ISO (I) and change in lcay Vipaa after ISO (/) in saline,
Angll-scramble, and Angll-PDE4D KD SAN myocytes. n=9 cells from four mice for saline, 6 cells from three mice for Angll-scramble, and 7 cells from three
mice for Angll-PDE4D KD. Full I, IV curves and Ic, steady-state activation curves are provided in Supplementary material online, Figure S11. Refer to
Supplementary material online, Table S8 for additional |, analysis. Data in panels B, D, G, and [ analysed by two-way repeated measures ANOVA with
Holm-Sidak post hoc test. Data in panels C, E, H, and | analysed by one-way ANOVA with Holm-Sidak post hoc test.
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SANZ?393% 45 we observed in saline-infused mice. In contrast, Angll-infused
mice had variable changes in initial activation sites following B-AR stimula-
tion and exhibited arrhythmias such as sinus pauses and rapid ectopic ac-
tivity resembling brady-tachy rhythms commonly seen in individuals with
heart disease and SAN dysfunction.***’

Impaired ISO-induced increases in AP firing frequency in isolated SAN
myocytes from Angll-infused mice occurred in association with smaller
ISO-induced increases Isand I, as well as smaller ISO effects on CaT fre-
quency and morphology. ISO increases I conductance via the binding of
cAMP to HCN channels, negatively shifting the Vm(m).s'é'42 ISO also in-
creases |, density and activation kinetics via cAMP and PKA in SAN myo-
cytes.6 These effects on If and I, both contribute importantly to the
stimulatory effects of ISO on SAN AP frequency.**® SAN myocytes
from Angll-infused mice had smaller shifts in V/y(cy) for both Ir and I,
in response to ISO compared to saline controls, which is consistent with
reduced cAMP levels in the SAN after Angll infusion.

The impaired effects of ISO on SAN myocyte AP firing also occurred in
association with reduced effects on CaT morphology. Local Ca®* releases
during the diastolic period, prior to the CaT, also contribute to the gener-
ation of the diastolic depolarization, and these processes are cAMP de-
pendent. This creates a ‘coupled clock’ mechanism for spontaneous AP
firing.>"° The observation of reduced effects of ISO on membrane currents
as well as CaT morphology indicates that multiple cAMP-dependent
components that are downstream of the B-ARs, including ion channels
and Ca®* regulatory proteins, contribute to chronotropic incompetence
in Angll-mediated heart disease.

These findings are consistent with previous studies showing that cAMP
generation, assessed by high-resolution FRET-based imaging in SAN myo-
cytes from mice with heart failure, is reduced following B-AR stimulation.**
Moreover, a recent study in a rat model of heart failure with preserved
ejection fraction also demonstrated chronotropic incompetence due to al-
tered SAN electrophysiological responses to B-AR stimulation, although
the mechanisms leading to impaired B-AR signalling were not identified
in that study.?® Similar to other studies of SAN dysfunction in heart disease
models,?® we did not observe changes in B-AR expression in the SAN.
Conversely, changes in B-AR expression have been well documented in
the ventricular myocardium of patients with hypertensive heart dis-
ease.>"* This indicates that regulation of -AR expression in the SAN in
hypertensive heart disease and heart failure is distinct from the working
myocardium.

PDEs are a family of enzymes that critically regulate cyclic nucleotide sig-
nalling by compartmentalizing cAMP (and cGMP) signalling cascades.'*?
PDE4 isoforms are primarily responsible for the degradation of cAMP at
high intracellular concentrations such as following B-AR stimulation.*
Total PDE4 activity, measured using rolipram, was found to be increased
in the SAN in Angll-infused mice. Subsequent studies demonstrated in-
creased levels of phosphorylated PDE4D and increased PDE4D co-
localization with B¢- and B,-ARs in the SAN of Angll-infused mice.
Enhanced PDE4D recruitment to B-ARs is well defined'®"”*"*? and can
be initiated by multiple neurohumoral factors such as high levels of cat-
echolamine stimulation*” or even directly by Angll."® While this can pro-
vide a negative feedback mechanism whereby phosphorylation of
PDE4D by PKA or other kinases increases its hydrolytic activity for
cAMP and facilitates recruitment to B-ARs to prevent excessive catechol-
amine signalling,° the present study demonstrates that changes in PDE4D
activity and localization lead to impaired HR responses and SAN function in
Angll-mediated heart disease.

To confirm the role of PDE4D in Angll-mediated B-AR desensitization,
we utilized an AAV9-mediated PDE4D knockdown model that produced
~65% knockdown of PDE4D in the SAN. In normal mice, PDE4D KD did
not have major effects on basal HR in vivo or on SAN AP firing frequency in
control conditions. In contrast, ISO elicited much larger increases in HR
and SAN AP firing frequency in PDE4D KD mice, which is consistent
with a role for PDE4D in regulating cAMP during B-AR stimulation in
the SAN.

Critically, PDE4D knockdown largely normalized the magnitude of the
effects of ISO on HR, CV, and DD slope in Angll-infused mice to levels

that were comparable to saline controls. At a cellular level, this was due
to the normalization of the effects of ISO on I, I, 1, and CaT morphology
in SAN myocytes. This is consistent with a previous study demonstrating
that PDE4D knockout mice have exaggerated atrial cAMP responses to
B-AR stimulation.>’ These findings demonstrate that the changes in
PDE4D activity and localization identified here can account for the im-
paired responses to ISO in the SAN in Angll-mediated heart disease.
Furthermore, these studies demonstrate that a partial reduction of
PDE4D protein levels is sufficient to normalize PDE4D signalling in
Angll-mediated hypertensive heart disease.

Our prior studies show that I¢is reduced and that |, is not different in
control conditions (i.e. without ISO) in SAN myocytes from Angll-infused
mice.?* The basal reduction in lf occurs in association with reduced HCN4
expression rather than a change in I steady-state activation kinetics.”* Our
present study is consistent with these prior results and explains why there
are no differences in It or lca . Vija@acr in control conditions, including after
PDE4D knockdown. This further supports the conclusion that PDE4D pri-
marily controls cAMP during acute B-AR stimulation. VWe have also previ-
ously shown that the leading activation site in the right atrial posterior wall
is more variable in Angll-infused mice, which was also seen in the present
study. ISO is known to shift the leading activation site towards the superior
region of the SAN,*® which was observed in saline-infused mice in the pre-
sent study, but less so in Angll-infused mice. Interestingly, after PDE4D
knockdown, ISO induced superior shifts in leading activation site in most
Angll-infused hearts, although the location of these leading activation sites
remained more variable than in saline-infused hearts. The persistent vari-
ability, even after PDE4D knockdown, may be because of reductions in
HCN4 expression and the presence of fibrosis in the SAN in
Angll-infused mice.**

Acute application of rolipram, a specific PDE4 family inhibitor, increased
SAN responsiveness to 3-AR signalling by increasing ISO-stimulated spon-
taneous AP firing in SAN myocytes from Angll-infused mice. Interestingly,
PDE4 inhibitors can augment catecholamine stimulated cAMP levels in hu-
man atria>’ but appear to have little inotropic effects in ventricular myocar-
dium.>* This may be due to differential expression and/or localization of
PDE4 isoforms in atrial vs. ventricular myocardium. We have previously
shown that in murine hearts, expression of PDE4D is ~two-fold higher
in the SAN compared to the ventricles'' consistent with a prominent
role in regulating B-AR signalling in the SAN. Importantly, inhibition of
PDE3 with milrinone did not improve ISO-responsiveness in SAN myo-
cytes from Angll-infused mice, further supporting a primary role for
PDE4 in chronotropic incompetence.

Some limitations of our study should be noted. In addition to the altera-
tions identified in the present study, other factors may also contribute to
chronotropic incompetence. For example, it is possible that compartmen-
talization of adenylyl cyclases or ion channels or changes in ion channel traf-
ficking may occur. These could be investigated in future studies. While our
studies demonstrate changes in SAN CaT morphology after ISO applica-
tion in Angll-infused mice, a detailed analysis of sarcoplasmic reticulum
Ca*" handling and local Ca®" release events during diastolic depolarization
was not performed. The present study was conducted in a well-established
model of hypertensive heart disease with cardiac hypertrophy. Future
studies should investigate the role of PDE4D in the SAN in models of heart
failure with preserved or reduced ejection fraction. Future studies could
also investigate the impacts of PDE4D overexpression on -AR function
in the SAN in healthy and diseased hearts. From a translational perspective,
it is important to recognize that the expression and regulation of PDE iso-
forms may differ between mice and humans. PDE4D regulation of B-AR
function is well conserved between species®; however, it will be important
to investigate the role of PDE4D in the SAN in human patients with hyper-
tensive heart disease and heart failure in future studies.

5. Conclusion

Angll-induced hypertensive heart disease results in impaired HR responses
to B-AR signalling due to up-regulation of PDE4D activity, particularly
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around B-ARs in the SAN. Our findings identify new mechanisms for
chronotropic incompetence and demonstrate a critical role for PDE4D
in regulating SAN B-AR signalling. This may have important implications
for understanding and treating SAN dysfunction in the setting of hyperten-
sive heart disease.
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Translational perspective

Chronotropic incompetence and impaired [3-adrenergic receptor (B-AR) signalling are prevalent in hypertensive heart disease and heart failure leading
to poor heart rate control and increased mortality. VWe report that impaired B-AR responsiveness in the sinoatrial node (SAN) in Angll-mediated
hypertensive heart disease occurs due to increased activity of phosphodiesterase 4D (PDE4D) in the SAN. This results in impaired effects of B-AR
agonists on SAN spontaneous action potential firing and SAN ionic currents (If and Iz, ). These data suggest that PDE4D could be a novel target

for treating chronotropic incompetence in hypertensive heart disease.
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