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Abstract

Sinoatrial node (SAN) dysfunction (SND) and atrial arrhythmia frequently occur simultaneously
with a hazard ratio of 4.2 for new onset atrial fibrillation (AF) in SND patients. In the atrial
muscle attenuated activity of p21-activated kinase 1 (Pak1l) increases the risk for AF by enhancing
NADPH oxidase 2 dependent production of reactive oxygen species (ROS). However, the role of
Pak1 dependent ROS regulation in SAN function has not yet been determined. We hypothesize
that Pak1l activity maintains SAN activity by regulating the expression of the hyperpolarization
activated cyclic nucleotide gated cation channel (HCN).

To determine Pak1 dependent changes in heart rate (HR) regulation we quantified the intrinsic
sinus rhythm in wild type (WT) and Pak1 deficient (Pak1~/~) mice of both sexes in vivo and

in isolated Langendorff perfused hearts. Pak1™~ hearts displayed an attenuated HR in vivo after
autonomic blockage and in isolated hearts. The contribution of the Ca2* clock to pacemaker
activity remained unchanged, but Ivabradine (3 M), a blocker of HCN channels that are a
membrane clock component, eliminated the differences in SAN activity between WT and Pak1 ™/~
hearts. Reduced HCN4 expression was confirmed in Pak1~/~ right atria. The reduced HCN activity
in Pak1™~ could be rescued by class I HDAC inhibition (LMK235), ROS scavenging (TEMPOL)
or attenuation of Extracellular Signal-Regulated Kinase (ERK) 1/2 activity (SCH772984). No sex
specific differences in Pak1 dependent SAN regulation were determined.

Our results establish Pakl as a class 1| HDAC regulator and a potential therapeutic target to
attenuate SAN bradycardia and AF susceptibility.
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Introduction

The heart’s pacemaker, the sinoatrial node (SAN), consists of specialized muscle fibers that
rhythmically generate electrical activity. This basal automaticity or intrinsic sinus rhythm
(SR) is under constant control of the autonomic nervous system (ANS). SAN bradycardia,
a manifestation of sinus node dysfunction (SND), describes the inability of the heart’s
natural pacemaker to generate cardiac excitation at an appropriate frequency [1]. SND and
atrial arrhythmia frequently coincide [1-3] and SND itself increases the hazard ratio for
atrial fibrillation (AF) by promoting dispersion of repolarization, reentry, and atrial ectopy
[4-6]. In patients with AF and animal models of atrial tachyarrhythmia on the other hand,
SAN automaticity is attenuated but can recover after cardioversion indicating an arrhythmia
induced remodeling of the pacemaker mechanism [5,7,8].

The SAN pacemaker cells exhibit distinct electrophysiological and calcium (Ca2*) handling
properties that allow them to rhythmically generate action potentials (APs). Due to the
scarcity of the inward rectifier potassium (K*) channel (Ix1, Kir2.1 - 2.4), SAN cells
exhibit a depolarized maximum diastolic potential and a progressive depolarization of the
resting membrane potential (V) during diastole (diastolic depolarization). The diastolic
depolarization is driven by two coupled cellular pacemaker mechanisms that have been
termed the Ca?*- and membrane- clock [1,9,10]. Due to their coordinated action and
interdependence, they make up the coupled-clock mechanism.

The contribution of the Ca2* clock to SAN pacemaker activity depends on the release

of Ca2* from the sarcoplasmic reticulum through the activation of ryanodine or inositol
1,4,5-tris phosphate receptor (RyR and IP3R, respectively) channels [9-12]. These release
events that increase in frequency toward the end of diastole [12,13], are translated into a
depolarization of V, by the electrogenic sodium-calcium exchanger (NCX) which in the
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forward mode extrudes one Ca?* ion by bringing 3 Na* ions into the cell [11,13-15]. The
rate of depolarization by the Ca2* clock depends on the interplay between the Ca2*-load

of the SR, the open probability of the Ca2* release channels, as well as the expression

and activity of NCX [10,16]. One driver of the membrane clock is the pacemaker current
(1¢) through the hyperpolarization-activated, cyclic-nucleotide gated cation channel (HCN)
[4,17-19]. The current is activated upon repolarization, counters further hyperpolarization
of V, and contributes to the early phase of the diastolic depolarization [4,17]. Of the

4 HCN protein isoforms identified, HCN4 predominates in the human and rodent SAN

and its deletion in animal models leads to a significant reduction of I, SAN bradycardia,
and frequent sinus pauses [18,20,21]. In humans, loss of function mutations in the HCN4
channel or its auxiliary proteins have been associated with SAN bradycardia as well as AF,
AV-block, and tachy-bradycardia [20,22,23]. In addition, voltage-dependent Ca2* channels
(VDCCs), tetrodotoxin (TTX)-sensitive Na* channels (/x; 77x) [24,25], as well as transient
receptor potential (TRPM and TRPC)[26] channels have been shown to contribute to the
membrane clock. The T- type (Ca,3.1) and L-type (Ca,1.2, Ca,1.3) channels expressed in
SAN tissue, not only contribute to the membrane clock by furthering the depolarization, but
also critically modulate the Ca clock mechanism. VDCC dependent Ca influx regulates the
SR load and thereby the RyR open probability, and the frequency of the spontaneous Ca
release events [13,27-29].

The serine/threonine protein kinase p21-activated kinase (Pakl), activated by Ras related
small G-protein, exerts cardioprotective signaling [30-35]. Pak1 attenuates cardiac
hypertrophic remodeling by counteracting mitogen-activated protein kinase (MAPK)
activity [34] and in atrial and ventricular myocytes we demonstrated that Pak1 regulates
the production of reactive oxygen species (ROS) by antagonizing the activity of the
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 2 (NOX2). Attenuation
of Pak1 activity consequently increases cellular ROS production and the propensity for
arrhythmic Ca2* release in the atria and ventricle after ischemia reperfusion injury [33,35].

A ROS dependent remodeling of SAN pacemaker activity has been described in

animal models of hypertension [36,37], diabetes [38], ischemia reperfusion [39], and
cardiomyopathy [40]. The disease induced SAN bradycardia was shown to be a consequence
of enhanced NOX2 as well as mitochondrial ROS production [36,39,40]. The ROS mediated
reduction in pacemaker function was attributed to altered activity of the CaZ* calmodulin
kinase Il (CaMKII) [37,41] and a subsequent increase in pacemaker cell apoptosis or

a reduction in RyR open probability and subsequent attenuation of Ca2* clock activity,
respectively. As an alternative mechanism, a ROS dependent increase in class Il histone
deacetylase 4 (HDAC4) activity was linked to attenuated HCN4 protein expression [40].
Pak1 can regulate cardiac pacemaker activity by counteracting the positive chronotropic
effect of p-adrenergic stimulation through activation of its downstream target protein
phosphatase 2A (PP2A) and the reduction of L-type Ca2* channel and inwardly rectifying
K*-channel activity [42]. Under physiological conditions however, when the heart rate (HR)
is under the influence of the ANS, no differences in pacemaker activity were determined
between WT and Pak1~/~ animals [34,35]. The impact of Pak1 on SAN function in the
absence of ANS control has yet to be determined. Since loss of Pak1 activity increases the
susceptibility for AF and SAN dysfunction can be the cause and consequence of AF, in the
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current study, we aimed to determine the role of Pakl in the regulation of cardiac pacemaker
activity. In vivo, in the whole heart, and on the cellular level we tested the hypothesis, that
Pak1 maintains SAN activity by regulating the expression of HCN through attenuation of
NOX2 dependent ROS production and suppression of class |1 HDAC activity.

2. Material and Methods

2.1 Animals

Hearts were isolated from 3- to 6-month-old male and female WT (FVB/N; The Jackson
Laboratory, Bar Harbor, ME USA) and Pak1 deficient mice (Pak1~/~) [31,33,35]. Animals
were maintained at a 12-12-hour light-dark cycle and food and water were provided

ad libitum. To determine the role of class Il HDACs, ROS production and p-adrenergic
signaling in the remodeling of SAN function, WT and Pak1~/~ animals were treated with
either class Il HDAC inhibitor LMK235 (intraperitoneal (IP) injections, 5 mg/kg/day for 3
days) [43], the ROS scavenger 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPOL.: 2
mmol/L supplemented drinking water, 3 days) [44], the B-blocker atenolol (IP, twice a day
at 2.5 mg/kg for 3 days) [45], or the Extracellular Signal-Regulated Kinase 1/2 (ERK1/2)
inhibitor SCH772984 (ERK;: IP, 25 mg/kg/day for 3 days) [46], respectively.

All animal procedures were performed with the approval of the IACUC of Rush University
and in accordance with the National Institute of Health’s Guide for the Care and Use of
Laboratory Animals.

2.2 Electrocardiogram (ECG) recordings

ECG recordings were performed in isoflurane anesthetized mice (induction: 4 %;
maintenance: 2 %; O,: 0.8 — 1.0 L/min) using an Indus Mouse Surgical Monitor (Indus
Instruments). Data were digitized (4 kHz; PowerLab 8/30, AD instruments, Colorado
Springs, USA) and analyzed using LabChart 8 (AD instruments, Colorado Springs,

USA). ECGs were recorded continuously during an adaptation period (10 min) and after
intraperitoneal injection of atropine (1 mg/kg) and/or propranolol (1 mg/kg). HR was
quantified from ECG recordings when a new steady state was reached, approximately 10
min after the injection. All ECG recordings were performed between 8 — 10 am to minimize
circadian variation in the HR and SAN ion channel expression [47].

2.3 Isolated Langendorff Perfused Hearts

Mouse hearts were isolated, connected to a Langendorff perfusion system (Harvard
Apparatus, Holliston, USA), and continuously perfused with Krebs-Hénseleit solution
containing (mmol/L): NaCl 119, KCI 4, KH,PO4 1.2, NaHCO3 25, Glucose 10, Na
Pyruvate 2, MgSOy4 2, CaCl, 1.8; at 37°C, 95% 0,-5% CO», pH of 7.4) [35]. Atrial
electrograms were recorded using bipolar electrodes (Harvard Apparatus) or multielectrode
arrays (FlexMEA36; Multichannel Systems, Reutlingen, Germany) placed on the left atrial
epicardial surface. Atrial electrograms were recorded continuously during an adaptation
period (15 min) and the perfusion of pharmacological compounds (cyclopiazonic acid
(CPA): 5 pmol/L [16], ivabradine (I\VVA): 3 umol/L [48], tertiapin-q (TerQ): 0.3 pmol/L

[49], or carbachol (CCh): 0.1 to 0.8 umol/L) [50]. Bipolar electrograms were recorded using

J Mol Cell Cardiol. Author manuscript; available in PMC 2024 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pereira et al.

Page 5

PowerLab 8/30 supplemented with an animal BioAmp (ML136) and analyzed in LabChart
8 (AD Instruments, Colorado Springs, USA). The channels were amplified and sampled at 4
kHz, at a range of 10 mV.

2.4 AF inducibility

Sinus rhythm (SR) from spontaneously beating hearts in the Langendorff configuration

was interrupted by burst pacing episodes (15 times 2 s at 50 Hz) applied to the right
atrium[35]. Arrhythmic activity was quantified as the % of hearts with atrial fibrillation (AF:
spontaneous atrial arrhythmic activity longer than 1 s) [35].

2.5 Quantification of reactive oxygen species (ROS) production

Cellular ROS production was quantified in atrial myocytes isolated from WT and Pak1~/~
hearts as previously described [35,51]. In short, hearts were excised, connected to a
Langendorff apparatus, and perfused with Ca2*-free tyrode solution supplemented with
2,3-Butanedione monoxime (0.5 umol/L) and a digestion solution supplemented with CaCl,
(12.7 pmol/L), Liberase blendzyme (60 pg/mL), Trypsin (0.014 %), and Phenol red (0.5
%). For further digestion, atria were removed and placed into protease (1 mg/mL) solution.
The digestion was stopped by addition of bovine calf serum (Hyclone) before extracellular
Ca?* was raised to 1 mmol/L. To quantify the production of ROS isolated atrial myocytes
were loaded with 2,7’ -dichlorofluorescein diacetate (DCFH) (10 pmol/L for 30 min at 37
°C) as previously described. DCF fluorescence was monitored (excitation: ~492-495 nm,
emission: 517-527 nm) every 2 minutes for a period of 18 minutes. The fluorescent signal
was normalized to the fluorescence at the onset of the experiment (F0) and quantified as the
change in fluorescence over time [33,35].

2.6 HL-1 Cell Culture, SDS-PAGE and Immunoblotting

The atrial myocyte cell line (HL-1 cells) was cultured and propagated as previously
described [33,52,53]. For the experiments cells were grown to confluency in cell culture
dishes before treatment with Pak1-siRNA (48 h) [31,35]. At the end of the treatment
period HL-1 cells were lysed directly with the addition of hot 1-X Laemmli sample

buffer without B-mercaptoethanol (B-ME) or bromophenol blue dye and heated to 95

°C for 5 min. Sample protein determinations were made with a BCA protein assay kit
(Pierce) and then p-ME and dye were added to the final concentrations for 1-X sample
buffer and heated as before. Cell lysates were separated by using pre-cast 4-20% Novex
tris-glycine gels (Invitrogen) following standard electrophoresis protocols for SDS-PAGE
and immunoblotting as previously described [33,35,54]. Typically, 10-45 ug of protein
were loaded per well. Primary antibodies used for Western blotting were directed against
the HCN4 (APC-052, Alomone labs), B-Actin (No. 4970, Cell Signaling), phopho-ERK1/2
(-ERK1/2; No. 4370; Cell Signaling), phospho-p38 (p-p38; No. 4511, Cell Signaling),
and GAPDH (No. 5174, Cell Signaling). Species-specific horseradish peroxidase-conjugated
secondary antibodies were used and visualization was accomplished by using Western
Lighting chemi-luminescence reagents (PerkinElmer) and Kodak BioMax film.
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2.7 Chemicals

All reagents were purchased from Sigma Aldrich except for CPA (Tocris Bioscience),
TEMPOL (Calbiochem), LiberaseTM (Roche), CM-H2DCF-DA (Thermo Fisher), LMK235
(Cayman Chemical), and SCH772984 (Cayman Chemical).

2.8 Statistic

A Shapiro-Wilk test was performed to assess the normality of the data. Data are expressed
as mean + standard deviation (SD). Comparisons were made using a student’s t-test or
1-way ANOVA followed by Tukey’s multiple comparison test. When the Shapiro-Wilk test
revealed a non-parametric distribution, the hypothesis tests Mann-Whitney test and Kruskal
Wallis ANOVA were used. For ROS experiments a nested t-test or nested One Way ANOVA
was used. The level of significance was set at p<0.05.

3. Results

3.1 Intrinsic Heart Rate

In SAN cells the stimulation of Pak1 attenuates the response to p-adrenergic stimulation
[42] however, loss of Pakl in vivo, did not alter the sinus rhythm (SR). To quantify

the intrinsic HR independent from ANS regulation, we recorded ECGs under isoflurane
anesthesia from male and female WT and Pak1~~ mice under basal conditions and after
ANS block. Parasympathetic signaling was suppressed with the muscarinic receptor blocker
atropine (1 mg/kg) whereas sympathetic signaling was attenuated with the $-adrenergic
receptor blocker propranolol (1 mg/kg). Under basal conditions no difference in HR was
determined between WT and Pak1~~ animals of either sex (Fig. 1Aa,Ab: WT: 450.4 +
26.8 bpm, n = 16; Pak1™~: 440.4 + 24.1, n = 13; p=0.734; WTo: 429.2 + 28.7, n = 16;
Pak1~/7o: 430.8 + 23.1 bpm, n = 12; p =0.998). Suppression of ANS signaling (atropine

+ propranolol) attenuated the intrinsic HR and revealed a reduced frequency in male and
female Pak1~/~ animals compared to their WT counterparts (Fig. 1Ba,Bb: WT: 399.0 +
32.2 bpm, n = 16; Pak1™/~4: 365.5 + 34.9, n = 13; p<0.014; WT¢: 396.3 + 13.9, n = 13;
Pak1™/=o: 357.4 + 24.8 bpm, n = 8; p =0. 018). The difference in the intrinsic HR between
WT and Pak1~/~ mice of both sexes was confirmed in isolated Langendorff perfused hearts
where the spontaneous HR was recorded by bi-atrial electrograms or MEASs (Fig.1Ca,Cb:
WTy: 343.7 +42.1 bpm, n = 24; Pak1~/~4: 280.7 + 31.9, n = 28; p<0.0001; WTo: 371.6
+43.8, n = 14; Pak17/7: 308.2 + 38.9, n = 12; p= 0.0004). Analysis of the PR-interval

in Langendorff perfused hearts, paced at a constant frequency of 8 Hz further exposed a
prolonged AV nodal conductance in Pak1™~ hearts (WTy: 33.9 + 2.3 ms, n = 4; Pakl—/—4:
43.5 + 5.7 ms, n = 4; p=0.038). The data support that loss of Pak1 attenuates the excitability
of the conduction system thereby reducing the intrinsic SR.

To determine in vivo if the change in intrinsic HR is compensated by an altered activity

of the ANS, atropine and propranolol induced changes in HR were quantified individually.
Intra peritoneal injection of atropine induced a significant increase in HR in all animals,
but the atropine induced change was significantly attenuated in Pak1™~ compared to WT
animals of both sexes (Fig. 2A: WT4: 9.77 + 5.04 %, n = 10; Pak1™~: 4.64 + 4.46 %, n
=9; p=0.031; WTq: 9.94 + 7.39 %, n = 13; Pak1™/7o: 0.40 + 4.07 %, n = 8; p=0.003). The
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percentage decrease in HR induced by propranolol was significantly larger in male Pak1™/~
compared to WT animals (Fig. 2B: WTy4: —13.51 + 2.54 %, n = 6; Pak1™/~4: -18.45 +

1.56 %, n = 4, p = 0.009) but in WT and Pak1~/~ female animals did not reach significance
(WTo: —18.98 + 5.42 %, n = 5; Pak1™/~o: =23.72 + 5.02 %, n = 6; p = 0.116). An increased
propensity for AF, as seen in Pak1™~ animals has been linked to a chronic activation of

the acetylcholine sensitive G-protein activated inwardly rectifying K-channel (GIRK) and a
reduced acetylcholine induced change in GIRK activation [55,56]. Male WT and Pak1~/~
Langendorff perfused hearts however, showed comparable changes in HR in response to
increasing carbachol (CCh) concentrations (Fig. 2C: CCh: 100 — 800 nmol/L) and the GIRK
channel blocker TerQ (Fig. 2D: WT: —2.56 + 7.25 %, n = 6; Pak1~/~4: 3.90 % 6.16 %,
n=7; p = 0.110). The data suggests that in vivo, the attenuated SAN function in Pak1~/~
animals is compensated for by an altered autonomic tone.

3.2 Calcium Clock

In mouse SAN cells, Pak1 regulates the L-type Ca2* current by activation of PP2A [42].
Changes in Ca%* influx can modulate the contribution of the Ca2* clock to pacemaker
activity [10,13,27,57]. To quantify the contribution of the CaZ* clock, isolated Langendorff
perfused hearts from male and female WT and Pak1~/~ mice were perfused with the SERCA
blocker CPA (5 umol/L) [16]. CPA, that leads to a depletion of the SR and elimination of the
Ca?* clock mechanism induced an attenuation in HR that was comparable between WT and
Pak1~/~ hearts of both sexes (Fig. 3Aab: WT4: —21.79 + 10.81 %, n = 6; Pak1™~4: -21.66
+7.52%,n=5;p=0.982; WTo: —22.03 + 5.43 %, n = 3; Pak1™~o: =18.32 + 4.07 %, n =

4; p = 0.345). However, the difference in HR between WT and Pak1~/~ persisted in presence
of CPA, but only reached significance for males (Fig. 3Ac: WT4: 329.6 + 42.5 bpm, n = 6;
Pakl1™~4: 246.1 + 23.8 bpm, n = 5; p=0.001; WTo: 295.2 + 4.5 bpm, n = 3; Pak1™/: 236.0
+ 7.4 bpm, n = 4; p=0.072). In an alternative approach we assessed the contribution of the
Ca?* clock by exposing Langendorff perfused hearts to caffeine (20 mmol/L)[58]. Caffeine,
as a RyR agonist, induces Ca2* release from the SR thereby transiently increasing HR.
Subsequent depletion of the intracellular Ca2* store eliminates the Ca2* clock’s contribution
to pacemaker activity (Supplemental Fig. 1). Comparable to CPA, caffeine resulted in a
comparable decrease in the HR in WT and Pak1~~ hearts but failed to eliminate the HR
difference between the animals. Overall, the data imply that the Ca2* clock contributes
comparably to pacemaker activity in male and female WT and Pak1™~ mice.

3.3 Contribution of the Membrane Clock mechanism I¢

The pacemaker current (If) through HCN4 contributes to the early phase of the diastolic
depolarization and represents one of the driving forces of the SAN membrane clock
mechanism [4,27,57]. To determine the contribution of I in WT and Pak1~/~ animals,
isolated hearts were perfused with the I blocker IVA (3 umol/L) [48]. IVA reduced the
intrinsic HR in all hearts however, in both sexes the induced change was significantly
smaller in Pak1~/~ya than in WTya (Fig. 3Bab: WT4: —45.11 % 6.35 %, n = 6; Pak1™/~:
-19.30 £ 3.95 %, n = 6; p=0.0001; WTo: -44.17 + 8.76 %, n = 5; Pak1/=: =22.02 + 11.3
%, n = 6; p=0.001) and the difference in the intrinsic HR was eliminated between WT s
and Pak1™~ya hearts (Fig. 3Bc: WTg4: 186.3 + 43.2 bpm, n = 6; Pak1™/~: 244.2 + 35.6
bpm, n = 6; p=0.163; WTe: 205.4 + 56.9 bpm, n = 5; Pak1™/=o: 239.1 + 47.8 bpm, n =
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6; p=0.626). Immunoblotting of protein isolated from the right atria of WT and Pak1~/~
animals further revealed decreased HCN4 protein levels in Pak1~~ hearts (Fig. 3Ca,b). The
data allude that loss of Pak1 attenuates the contribution of I/HCN to pacemaker activity.

The positive chronotropic effect of p-adrenergic stimulation depends in part on the
cyclic-adenosine mono phosphate (cAMP) dependent regulation of HCN4. We mimicked B-
adrenergic stimulation by perfusing isolated hearts with the adenylate cyclase (AC) activator
forskolin (5 pmol/L). As | chronotropic response in Pak1™/~ hearts (WTy: 15.73 + 12.34 %,
n = 10; Pak1~/~: 36.03 + 15.05 %, n = 7; p=0.008; Supplemental Fig. 2). The IVA sensitive
contribution to the HR however, remained significantly lower in Pak1~~ hearts (WT:
-39.34 + 9.55 %, n = 4; Pak1™/~4: —19.17 + 2.84 %, n = 4; p=0.012) while the contribution
of the Ca2* clock in Pak1™~ now significantly exceeded that of WT hearts (WT: —24.08 +
9.29 %, n = 6; Pak1™/~4: —=38.70 + 7.87 %, n = 4; p=0.046). The experimental results suggest
a shift from I¢ to Ca?* dependent pacemaker mechanisms during B-adrenergic stimulation.

To rule out that loss of Pak1 interferes with atrial conduction and thereby impairs impulse
propagation out of the sinus node, we recorded atrial conduction velocity using a MEA
recording system. However, no difference in atrial conduction velocity that would be
indicative of structural atrial remodeling (Supplemental Fig. 3) was determined.

3.4 Regulation of Pakl dependent HCN4 activity

HCN4 is the major HCN isoform in the human and mouse SAN and its expression is
regulated by the transcription factor myocyte enhancer factor-2 (MEF-2) [59,60]. MEF-2
activity is under the control of class Il histone deacetylase 4 (HDAC4) where increased
HDAC4 activity correlates with a suppressed MEF-2 dependent HCN4 expression [60]. To
determine the role of class Il HDACs in the attenuation of HCN4 activity, WT and Pak1~/~
mice were treated with the class Il HDAC inhibitor LMK235 (5 mg/kg/day for 3 days) [43].
At the end of LMK235 treatment the difference in basal HR was abrogated between male
and female WT vk and Pak1™~ uk hearts (Fig. 4Aa,Ba: WT g mk: 322.4 + 21.1 bpm, n
= 5; Pakl™" g mk: 314.5 + 7.67 bpm, n=5; p= 0.984; WTo mk: 348.2 + 44.5 bpm, n =

5; Pak1™/~o mk: 309.4 + 58.0 bpm, n=4; p = 0.552) and perfusion of the hearts with IVA
revealed a significant increase in the contribution of It to pacemaker activity in Pak1™~| vk
hearts (Fig. 4Ab,Bb: WT g mk: —38.94 + 18.56 %, n = 5; Pak1™/~ 4 mk: —38.74 + 2.51 %,
n=4;p>0.999; WTo mk: —39.94 + 8.88 %, n = 4; Pak1 ™o mk: —45.68 + 8.83 %, n=4;
p = 0.832). The contribution of the Ca%* clock remained unaltered (Fig. 4 Ac,Bc: WT g v
-9.98 + 8.20 %, n = 5; Pak1™~ 4 mk: —12.18 + 4.57 %, n=4; p=0.979; WTo_ mk: —15.58
+10.22 %, n = 3; Pak1 ™| mk: —9.06 * 6.86 %, n= 4; p= 0.607). B-adrenergic stimulation
of protein kinase A (PKA) leads to class Il HDAC activation and MEF-2 suppression [61].
To rule out that the increased class Il HDAC activity in Pak1~/~ animals is due to the
increased B-adrenergic tone, Pak1™~ animals were treated with the B-adrenergic receptor
blocker atenolol (2.5 mg/kg, twice a day for 3 days) [45]. However, atenolol treatment did
not alter the intrinsic HR nor the contribution of Is or Ca2* clock to pacemaker activity
(Supplemental Fig. 4A—C) in Pak1™~ animals. The data suggest that loss of Pak1 increases
class Il HDAC activity and attenuates the contribution of HCN to pacemaker activity. Since
in both sexes Pak1 altered SAN activity in a comparable manner and through the same
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signaling mechanism, in further experiments we combined the data from both sexes when no
statistical significance between males and females was identified.

3.5 Dependence of HCN activity on ROS

We previously demonstrated that the attenuation of Pak1 activity leads to increased NOX2
dependent production of ROS in atrial and ventricular myocytes [33,35]. To determine

if an increased ROS production contributes to the altered pacemaker activity in Pak1™~/~
mice, animals were treated with the ROS scavenger TEMPOL (suppl. drinking water, 2
mmol/L for 2 days) [33,44]. TEMPOL treatment abrogated the difference in HR between
Pak1™ rgmp and WTremp (Fig. 5A: WTremp: 335.5 + 23.86 bpm, n = 7; Pakl™ " emp:
310.0 £ 42.8 bpm, n = 7; p=0.618) and comparable to class Il HDAC inhibition, IVA
perfusion revealed a significant increase in the contribution of Is to Pak1~/~ pacemaker
activity, making its contribution comparable to that in WT hearts (Fig. 5B: WT: —-44.68 £
7.15%, n=11; WTemp: —45.14 +8.03 %, n = 6; p=0.999; Pak1~/~: —20.66 + 8.19 %, n

= 12; Pak1 ™" pemp: =39.51 + 6. 28 %, n= 7; p< 0.0001). The contribution of the Ca?* clock
to pacemaker activity in Pakl"‘Temp and WTemp hearts remained unchanged (Fig. 5C: WT:
-21.87 £8.97 %, n = 9; WTtemp: —16.57 £ 9.55 %, n = 6; p=0.577, Pak1~/~: -20.17 £ 6.13
%,n=09; Pakl‘/‘Temp: =-14.02 £ 4.39 %, n = 4; p=0.564). Inhibition of class | HDAC

was linked to increased expression of free radical scavengers’ catalase and super oxide
dismutase whereas peroxiredoxins are direct targets of class 1lb HDACG6 [62]. To determine
if the class 11 HDAC inhibitor alters HCN activity by attenuating cellular oxidative stress

in Pak1~/~ animals we measured ROS production in isolated atrial myocytes from WT,
Pak1~/~ and Pak1™~| mk hearts. As previously reported, Pak1~/~ atrial myocytes exhibited
an increased ROS production compared to WT that remained increased in Pak1™/~| yk atria
(Fig. 5D). The data suggest that the increased ROS production in Pak1™~ animals attenuates
the contribution of HCN to pacemaker activity and that class 11 HDAC activity does not
alter, but rather is regulated downstream of the increased ROS production.

3.6 Mechanism of Pakl dependent class Il HDAC regulation

Activation of cardiac class I HDACs depends on their phosphorylation status. CaMKI|I
dependent phosphorylation facilitates HDAC4 inactivation and export from the nucleus
[63,64]. On the other hand, phosphorylation through PKA and ERK1/2 maintains HDAC4
activity and its localization inside the nucleus [61,65]. To determine if Pakl regulates
ERKZ1/2 activity we treated cultured atrial like myocytes (HL-1 cells) with Pak1-siRNA
(48 h; Fig. 6Aa—c). Attenuation of Pak1 activity significantly increased ERK1/2 and

p38 phosphorylation. To determine if increased ERK1/2 phosphorylation contributes to
decreased pacemaker function in Pak1™~, WT and Pak1~/~ mice were treated with the
ERKZ1/2 inhibitor SCH772984 (ERK;: 25 mg/kg, for 3 days). At the end of treatment, a
difference in basal HR was no longer determined between WTggrk; and Pakl™~grki hearts
(Fig. 6B: WTggki: 343.9 + 22.5 bpm, n = 4; Pakl™ggrki: 325.3 + 25.2 bpm, n = 5;

p = 0.890) and perfusion of hearts with I'\VA revealed an increased contribution of I+ to
pacemaker activity in Pak1l™~grki (Fig. 6C: Pak1™~: —20.66 + 8.19 %, n = 12; Pak1 ™ grki:
-36.88 + 8.33 %, n = 5; p = 0.004). ERK1/2 inhibition had no effect on the Ca2* clock
mechanism.
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3.7 Contribution of Pakl regulation of HCN4 to atrial arrhythmic activity

We have previously demonstrated that loss of Pak1 activity increases the propensity for AF
through enhanced NOX2 dependent ROS production [33,35]. To determine if in Pak1™/~
animals SAN bradycardia contributes to the increased susceptibility for AF, the propensity
for atrial arrhythmia was quantified in Langendorff perfused hearts using a burst pacing
protocol [35]. As previously reported, under control conditions an increased number of
Pak1~/~ hearts exhibited pacing induced arrhythmia (Fig. 7AB) and individual Pak1~/~
hearts presented with an augmented number of arrhythmic episodes (Fig. 7C). While
treatment of Pak1~/~ animals with the class II HDAC or ERK1/2 inhibitors increased the
contribution of I to pacemaker activity, they did not rescue the increased propensity for
AF in Pak1™~. TEMPOL treatment on the other hand as previously described, attenuated
the number of Pak1~/~ hearts with AF episodes as well as the number of AF episodes

(Fig. 7B,C) thereby eliminating differences between WT and Pak1~/~ animals. The data
support that in Pak1~/~ animals, rescuing the contribution of I to pacemaker activity alone,
is insufficient to attenuate the increased risk for atrial arrhythmia.

4. Discussion

4.1 Pakl

In the present study we demonstrate for the first time that in male and female hearts

Pak1 plays an important role in maintaining the intrinsic SAN frequency by regulating
HCN4 expression and the contribution of I to pacemaker activity. Pak1 activity attenuates
ERKZ1/2 phosphorylation and thereby antagonizes the class Il HDAC dependent suppression
of MEF-2 and HCN4 expression.

Pak1 is a serine/threonine kinase that is activated by the RAS-related G-proteins Racl

and Cdc42. In the cardiac muscle Pakl regulates contractility and excitability [66,67] and
contributes to cardioprotective signaling [31,33,34]. Studies over the last years demonstrated
that Pak1 signaling maintains the t-tubular structure and thereby the Ca2* handling
properties in ventricular myocytes, that loss of Pak1 increases the vulnerability for cardiac
ischemia reperfusion injury and hypertrophic remodeling [31,32,34], and that Pak1™~ mice
exhibit an increased propensity for atrial arrhythmia through spontaneous arrhythmic Ca2*
release events [35]. Pak1 has also been shown to modulate SAN frequency. Through its
downstream target PP2A, it attenuates the activation of Ca,1.2 and K,1.1 (delayed rectifier
potassium channel) during B-adrenergic stimulation [42] and altered Pak1 expression
consequently changes the myocytes response to sympathetic agonists [68]. Stimulation

of adenylate cyclase activity, despite the reduced contribution of It to pacemaker activity,
increases SR to a larger degree in Pak1™~ than in WT hearts because of a relatively larger
contribution of the Ca2*-clock (Supplemental Fig. 2) likely driven by increased VDCC
activity and load of the sarcoplasmic reticulum. Despite the regulatory role of Pakl in the
SAN, we and others have demonstrated that in awake and anesthetized Pak1~~ mice the
basal HR is comparable to WT animals [35,42]. Here we demonstrate that this apparent
lack of change is the consequence of an altered autonomic tone (Fig. 2AB). The increased
B-adrenergic tone could be the consequence of the attenuated vagal tone in Pak1~/~
animals [68] however, it does not contribute to the remodeling of the pacemaker rhythm
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(Supplemental Fig. 4A-C). Given the unaltered Ik ach activity and SAN responsiveness to
CCh (Fig. 2CD) [55,56] the mechanism by which the vagal tone is attenuated in Pak1™/~
animals remains to be determined. In contrast to male mice, we did not determine a
significant difference in B-adrenergic tone between female WT and Pak1 ™~ mice. Given
that the B-AR signaling does not influence the changes in SAN function, we did not further
pursue this difference.

4.2 SAN Bradycardia

Cardiac excitation originates in specialized pacemaker cells within the SAN [1] that are
under the continuous control of the sympathetic and parasympathetic branches of the ANS
[47,69]. Our new data demonstrate SAN bradycardia in the hearts from Pak1~/~ mice when
ANS activity is suppressed. SAN bradycardia is a manifestation of SND which describes
the inability of the heart’s natural pacemaker to generate cardiac excitation in an appropriate
frequency. SND can be the consequence of autonomic dysregulation, structural remodeling
of the SAN, as well as genetic or post-translational modifications at the ion channel level
[23,70,71]. In patients without cardiovascular diseases, SND is often linked to an ANS
imbalance [72,73]. SAN bradycardia thereby can be the consequence of hypervagotonic
signaling through the activation of Ix ach or suppression of HCN4 activity [74,75]. In
Pak1~/~ hearts however, SAN bradycardia persisted in the isolated heart underlining its
independence of ANS signaling.

4.3 SAN fibrosis

SAN bradycardia independent of ANS signaling, can be the consequence of tissue or ion
channel remodeling. Increased SAN fibrosis can attenuate pacemaker function by increasing
the capacitive load of the pacemaker cells [53] or by delaying and blocking the propagation
of excitation out of the SAN [2,76] however, under control conditions no increase in cardiac
fibrosis was determined in Pak1~/~ animals [34]. Our data further show no delay in atrial
conduction velocity that would be indicative of structural atrial remodeling (Supplemental
Fig. 3) and the reversibility of the attenuated pacemaker activity would not support structural
remodeling as a cause. Loss of Pakl activity therefore is more likely to alter pacemaker
activity on the cellular level.

4.4 Contribution of the Ca2* and Membrane Clock to Pacemaker Activity

In GWAS studies SND has been linked to mutations in ion channels (SCN5A, HCN4,
CaCNA1D) as well as Ca2* handling proteins (RyR2, NCX, CASQ?2) that play integral
parts in the membrane and Ca2* clock mechanism, respectively [4,70]. The Ca2* clock is
driven by sub-sarcolemmal Ca?* release from RyR or IP3R channels, which is translated
into a depolarization of V,, through NCX dependent Ca2* extrusion [11,13,15]. The initial
increase in [Ca2™]; is further amplified by the activation of T-type (Ca,3.1) and L-type
(Cay1.3 and then Ca,1.2) Ca?* channels that increase [Ca%*]; through Ca2* influx and Ca2*
induced Ca2* release from RyR [13,27]. Previous analysis of the Ca2* handling properties
in atrial and ventricular myocytes, did not reveal a difference in VDCC, the CaT amplitude,
and load of the sarcoplasmic reticulum between Pak1~~ and WT myocytes [31,33,35].
CPA suppressed pacemaker activity by about 21% which is lower that what was previously
described in rabbit SAN cells. The decreased contribution of the Ca2* clock could be species
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dependent or due to an incomplete block of SERCA. However, when experiments were
repeated in presence of caffeine (20 mmol/L) the results were comparable to those in the
presence of CPA (Supplemental Fig. 1). Nevertheless, CPA and caffeine both failed to
eliminate the difference in pacemaker activity between WT and Pak1 ™/~ hearts (Fig. 3Ac)
supporting that the contribution of the Ca2* clock was not altered by loss of Pak1.

A prominent contributor to the membrane clock mechanism is the HCN channel that carries
the pacemaker current (lf) [18,19,21]. Loss of function mutations in HCN4 have been
associated with SAN bradycardia and SND [18,20] as well as atrial fibrillation [21,22]. In
Pak1~/~ hearts IVA, a blocker of HCN channel isoforms, acutely eliminated the difference
in HR between WT and Pak1~/~ hearts supporting a Pak1 dependent alteration of this
membrane clock mechanism.

The expression of HCN channels is regulated through the transcription factors TBX3

and ISL1, which control the SAN gene program and a transcription factor-binding site

for MEF-2 has been identified within the HCN4 promoter region [59,60]. MEF-2 which
regulates cardiomyocyte proliferation, apoptosis, and metabolism, can be activated through
agonist stimulation (e.g., endothelin-1, sphingosine-1 phosphate, LPA) and in podocytes,
direct phosphorylation was demonstrated through Pak1 dependent p38 stimulation [77]. We
demonstrate increased p38 phosphorylation as a consequence of Pak1 inhibition (Fig. 6Ac)
excluding this signaling pathway as a mechanism for attenuated MEF-2 dependent HCN
expression in Pak1~/~ hearts.

In the adult heart, MEF-2 activity is further regulated through its dimerization with class

I1 HDAGCs [78]. Our experimental data show that class 1| HDAC inhibition does not affect
pacemaker activity in WT hearts but rescues I activity in Pak1™~ animals supporting

that under physiological conditions in the SAN, class Il HDACs are in an inactive state

and attenuation of Pak1 promotes their activation. HDAC activity is controlled by its
phosphorylation status that modulates nuclear/cytoplasmic shuttling. CaMKII, PKD1, and
AMPK are kinases that promote HDAC phosphorylation and nuclear export [63]. Nuclear
import or activation on the other hand are enhanced by protein phosphatase 1 and PP2A
dependent dephosphorylation [61,64], or PKA and ERK1/2 dependent phosphorylation
[61,65]. While the B-adrenergic tone is increased (Fig. 2B) and B-adrenergic response is
enhanced in Pak1™~ animals (Supplemental Fig. 2), the B-blocker atenolol did not rescue
HCN4 activity in the SAN (Supplemental Fig. 4) ruling out increased PKA dependent
signaling as a mechanism of HDAC activation. PP2A activity, that would favor the
dephosphorylated state of HDAC and its nuclear localization, was described to be attenuated
in Pak1™/~ heart [34]. Attenuated PP2A activity thereby could overall increase HDAC
phosphorylation making its activity dependent on kinase activity. We report an increase in
the phosphorylation of the MAP kinase ERK1/2 during attenuated Pak1 activity (Fig. 6 Ab).
A limitation of these data is that they were obtained in an atrial myocyte like cell line (HL-1)
and not SAN cells however, given that ERK1/2 inhibition restores SAN function in Pak1~/~
hearts, supports its involvement in HDAC activation.

HDAC4 activity has been described to depend on the cellular redox status. In the ventricular
muscle the reduction of cysteine residues 667 and 669 in HDAC4 inhibited its nuclear export
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independent of its phosphorylation status and prevented hypertrophic remodeling [79]. In the
SAN on the other hand a reduction in cellular ROS through NOX2 inhibition or thioredoxin
overexpression facilitated HDACA4s nuclear export and attenuated its activity [40]. The
mechanism of this differential HDAC regulation in the ventricular muscle compared to the
pacemaker and conduction system has not yet been determined. Our data are consistent with
a ROS and ERK1/2 dependent increase of class 11 HDAC activity in the SAN. We cannot
rule out that the redox state of class Il HDACs is altered however, we propose that a ROS
dependent increase in p-ERK1/2 in context with the attenuated PP2A activity promotes the
HDAC4 mediated suppression of MEF-2 and thereby HCN expression.

4.5 Mechanism of Atrial Arrhythmia in Pak1™~ hearts

SAN bradycardia or SND increase the susceptibility for atrial arrhythmia by facilitating

the occurrence of reentry and spontaneous arrhythmic events outside the SAN [3,4,6]. We
have previously demonstrated that attenuated Pak1 activity increased NOX2 dependent ROS
production that enhanced the occurrence of Ca2* dependent arrhythmic events [33,35].
There is increasing evidence that HDAC activity can contribute to progressive atrial
remodeling under conditions of AF [80]. Inhibition of class | HDACs, thereby reduced atrial
dilatation and fibrosis, preserved atrial myocytes’ ultrastructure, and delayed the onset of AF
whereas class I1lb HDACS activation induced contractile dysfunction and increased the risk
for AF. In our hands the attenuation of class Il HDAC and ERK1/2 activity as well as ROS
scavenging restored the contribution of It to pacemaker activity. But only the suppression

of ROS, as previously described, also reduced the increased propensity for atrial arrhythmia
in Pak1™/~ hearts. While we have not quantified the activity of class 1| HDAC and class 1
HDAC dependent changes in atrial protein expression at this point its contribution to atrial
arrhythmia does not seem to be significant in our model.

5. Limitations

In our experimental approach we have not further quantified the current densities and
kinetics of I, VDCCs [13,27-29], /n; 77 [24,25], TRPM and TRPC channels [26] by
voltage clamp recordings. Accordingly, we can’t entirely rule out that differences in these
parameters, especially the current Kinetic, exist. However, we would expect these differences
to be minor given that a) the difference in pacemaker activity was eliminated by IVA, b)

the difference in It contribution can be explained by reduced HCN4 protein expression in
Pak1~~ myocyte, and c¢) CPA and caffeine experiments support a comparable contribution
of the Ca?* stores to pacemaker activity in WT and Pak1 ™~ mice. Even though we did not
isolate the contribution of Ca2* influx, the fact that the load of the sarcoplasmic reticulum
was unchanged (Supplemental Fig.1) which closely depends on Ca2* influx, suggests that
potential changes in Ca2* influx amplitude or kinetic were not relevant to the described
differences in Pak1™~ HR [31,33,35,42]. We also did not further detail potential changes in
the activity of Phophodiesterases (PDE) that regulate the myocytes response to B-adrenergic
stimulation. To explain the increased B-adrenergic tone in vivo, an attenuated PDE activity
could be assumed; however, this would be inconsistent with the attenuated contribution of I¢
to pacemaker activity. An increased PDE activity on the other hand, would be expected to
attenuate It but under these conditions, also a decreased response to $-adrenergic stimulation
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or activation of VDCC and the Ca?* clock would be assumed. Since neither case is
supported by our experimental results, we did not further pursue this line of investigation.

6. Conclusion

Our results demonstrate that Pak regulates intrinsic pacemaker activity by maintaining HCN
expression. Attenuation of Pakl enhances NOX2 dependent ROS production and increases
ERKZ1/2 activity, which results in enhanced class Il HDAC activity and a decrease in I.

We demonstrated that in Pak1™/~ hearts, attenuation of ROS but not attenuation of SAN
bradycardia is protective against AF. Our results establish Pak1 as a class 11 HDAC regulator

and potential therapeutic target for SAN dysfunction.
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Highlights
. The loss of p21-activated kinase (Pakl) results in sinoatrial node (SAN)
bradycardia.
. Pak1 regulates the SAN pacemaker’s membrane clock component by

attenuating class Il HDAC4 activity.

. During atrial fibrillation (AF), the downregulation of Pakl can contribute to
SAN bradycardia through the activation of ERK1/2 signaling.
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Figure 1. Loss of Pakl attenuates the intrinsic heart rate (HR) in male and female mice.
Representative recordings from male (@) and female (M) WT (n: @=16, B=16) and Pak1™/~

(n: @=13, EM=12) mice showing (A, ECGs in control conditions and (B ) after suppression
of autonomic signaling (atropine: 1 mg/kg + propranolol: 1 mg/kg), (n: @=16, B=13, @=13,
W=8), (Ca) atrial electrograms from isolated hearts (n: @=24, B=14, @=28, B=12) as well
as (Da) ECGs from isolated hearts paced at 8Hz (n: @=4 @=4), red arrows indicate the
stimulation artifact. Quantification of the heart rate (HR) under the described conditions is
shown in Ay - Cy, respectively. Quantification of the PR interval in isolated hearts is shown
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in Dy. Data are presented as mean = SD. One-Way ANOVA.
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Figure 2. Alterations in ANS signaling mask the attenuated HR in Pak1™~ mice:
Quantification of the percentage change in HR in male (@) and female (l) WT (n:

©-10, M=13) and Pak1™~ (n: ®=9, M=8) mice in response to the suppression of (A)
parasympathetic (atropine) and (B) sympathetic signaling (propranolol) (n: @=6, @=4, B=
5, M=6). Percent change in HR of isolated male WT and Pak1~/~ hearts in response to
perfusion with (C) crescent CCh concentrations (sample size indicated in the figure for each
CCh concentration) or (D) a blocker of GIRK, TerQ (n: @=6 and @=7). Data are means =
SD. Student’s ftest (A, C - D) and Mann-Whitney test (B).
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Figure 3: Loss of Pakl attenuates the contribution of the voltage clock to pacemaker activity.
Representative HR recordings from isolated, Langendorff perfused male and female WT (@,

W) and Pak1~/~ (@, W) hearts during (A) superfusion with the SERCA inhibitor CPA or (B)
the HCN4 inhibitor IVA. Summary data of CPA and IVVA induced percent change in HR,
respectively (Ap, n: @=6, ®=5, B=3, B=4) and (B, n: ®=6, ®=6, =5, W=6) as well

as absolute HR in CPA (Ac, n: @=6, @=5, l=3, B=4) or IVA (Bc, n: ®=6, @=6, =5,
W=6). Representative Western blot displaying HCN4 protein levels (Ca) and quantification
of HCN4 protein levels normalized to actin expression (Cp). Data are means = SD. One-Way
ANOVA (A -B) Student’s ttest (C).
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Figure 4: Pakl controls HCN contribution to pacemaker activity through class 11 HDACs.
HR analysis in male and female WT (@, W) and Pak1™/~ (@, W) Langendorff perfused hearts

under control conditions and after treatment of mice with LMK (WT: O, [1; Pak1™7=: O)).
Quantification of the basal HR (d': A, n: @= 24, O=5, @ =28, (O=5) (?: B,, n: [1=14,
[1=5, m=12, O=4) and the percentage change in HR after perfusion with IVA (g": Ab, n:
@=6, O=5, @ =6, O=4) (2: Bb, n: =5, =4, =6, =4) or CPA (J": Ac, n: @=6, (O=5, @ =5,
(O=4) and (?: B, n: =3, =3, =4, =4). Data are presented as means + SD. One Way ANOVA.
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Figure 5. ROS-dependent regulation of HCN contribution to pacemaker activity.
HR analysis in WT (@) and Pak1~/~ (@) Langendorff perfused hearts under control

conditions and after treatment of mice with TEMPOL (WT: O; Pak1~~: ). Quantification
of the basal HR (A, n: @= 38, O=7, @ =40, (O=7) and percentage change in HR after
perfusion with IVA (B, n: @= 11, O=6, @ =12, (O=7) or CPA (C, n: @=9, O=6, @ =9,
(O=4). (D) Change of cellular DCF fluorescence over time in atrial myocytes isolated from
WT (@, n of cells/mice = 7/3, Pak1™~ (@, n = 10/3) or Pak1~/~ hearts from mice treated
with LMK2335 (O, n = 7/2). Data are presented as means + SD. One Way ANOVA (A -C),
Nested ANOVA (D). * represents WT vs Pak1™~, where p<0.05 *; # represents Pak1™/~ vs
Pak1™~ LMK, where p<0.05 #; p<0.01*,
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Figure 6: Attenuation of Pakl promotes increased activity of ERK and p38:
Representative Western blots displaying p-ERK1/2 and p-p38 levels in protein lysate from

HL-1 cells after (Aa, n = 7/group) adenoviral gene transfer of LacZ or Pak1-siRNA.
P-ERK1/2 (Apy and p-p38 (Ac) protein levels normalized to GAPDH expression. Summary
of experimental results from Langendorff perfused WT (@) and Pak1~/~ (@) hearts under
control conditions or after treatment with SCH772984 (ERKi; O, O). HR after ERKIi
treatment (B, n: @=38, (O=4, @ =40, (O=5) and the IVA induced change in HR (C, n: @
=11 O=3 @ =12, (O=5). Data are presented as mean + SD. Student’s ftest (A-B) and One
Way ANOVA (C-D).
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Figure 7. ROS but not SAN bradycardia promotes atrial arrhythmia in Pak1~/~ hearts.

A: Representative traces of atrial electrograms showing the recovery of sinus rhythm (SR)
after burst pacing (BP) in WT (black) and Pak1~/~ (red) hearts. B: Percentage of WT and
Pak1~/~ animals with AF ([, OJ) or SR (M, M) after BP. C: Percentage of BP episodes
eliciting AF/heart during control conditions (@=19, @=13) and after LMK235 ((O=10,
(O=9), TEMPOL (O=7, O=7) or SCH772984 (ERK;) (O=4, (O=5) treatment. Data are
presented as mean + SD. One Way ANOVA (C)
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