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Abstract

Background: Atrial fibrillation (AF) is a very common type of cardiac arrhythmia that
threatens public health. Aging is an independent AF risk factor. However, the mecha-
nism of age-related AF remains unclear.

Methods: A total of 36 Beagle dogs were selected and divided into three groups (12
in each group): two groups were 9-year-old aged dogs, and one group was 4-year-old
adult dogs. Electrophysiological testing was employed to determine if modeling is suc-
cessful. Patch-clamp technique was employed to measure the I current. The expres-
sion of protein and mRNA related to I, current were also tested. Collagen deposition
was observed with the use of Masson staining.

Results: Aging resulted in a higher collagen deposition percentage in the left atrium.
The hyperpolarization-activated cyclic nucleotide-gated (HCN)2 and HCN4 expres-
sions were increased in the atria and pulmonary veins but decreased in the sinus node
of the aged group. Moreover, in the aged group, the left atrium mRNA expressions
of Kcnd2 (Potassium voltage-gated channel subfamily D member 2), Kcnh2, Kengl,
Kcnj2, Kenj11, and CACNA1H were significantly downregulated. The aged AF group
also demonstrated sustained AF and significant changes in electrophysiological char-
acteristics. The I current demonstrated an increased amplitude and was easier to ac-
tivate in the aged AF group than in younger group. Finally, AF occurrence exacerbated
aging-induced cardiac fibrosis, thereby aggravating the above-listed symptoms.
Conclusion: With age, the increase in atrial fibrosis affected the expression of the ion
channels, thereby modulating the I; current. Moreover, AF also further exacerbated

the degree of atrial fibrosis.
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1 | INTRODUCTION

Atrial fibrillation (AF) is a highly prevalent type of arrhythmia threat-
ening public health. In Europe, 120,000-15,000 new cases of AF
are being reported every year (Kirchhof et al., 2017). AF contrib-
utes to the onset of stroke, heart failure, sudden death, and other
life-threatening conditions (Oldgren et al., 2014; Thihalolipavan &
Morin, 2015; Zoni-Berisso et al., 2014). Aging is an independent AF
risk factor (Cremer et al., 2015); this might contribute to the high AF
prevalence in the aged population, making the above-listed condi-
tions even more dangerous than the younger group. However, the
mechanism of age-related AF remains unclear.

Cardiac fibrosis is a chronic pathological change closely related
to age (Babuir Gller et al., 2011). Atrial fibrosis usually contributes to
increased myocardial stiffness, myocardial hypertrophy, and ventric-
ular dilatation (Babur Guler et al., 2011). In addition, cardiac diseases
caused by myocardial fibrosis usually result in decreased ejection frac-
tion and changes in electrophysiological characteristics (Gyéngyosi
et al., 2017), eventually reducing cardiac function. Myocardial fibrosis
is generally caused by inflammation and myocardial damage (Espeland
et al., 2018); however, recent studies have found that aging also con-
tributes to the development of myocardial fibrosis (Jiang et al., 2017),
one of the main factors leading to cardiac remodeling in patients with
AF. However, the aging-induced effects of myocardial fibrosis on AF
and its related mechanism remain unclear.

(HCN)

channels are ion channels important for automatic depolarization

Hyperpolarization-activated cyclic nucleotide-gated
in phase IV (Benarroch, 2013). The funny current (l;) is an inward
Na*/K* current governed by 4 HCN subtypes (HCN1-4) (Rivolta
et al., 2020). HCN1-4 mainly exists in the sinus node. On one hand,
it plays an important role in the regulation of sinus node pacing. On
the other hand, HCN1-4 cardiomyocyte expression in the atrium and
other working myocardia may become an ectopic pacemaker and
contribute to the development of AF.

Aging is the main cause of degenerative heart changes (Love &
Miners, 2016). Recent studies have found that aging will reduce the
pacing function in the sinus node and ultimately lead to AF occur-
rence (Hirosawa et al., 1987). However, the sinus node HCN expres-
sion, AF occurring in the central atrium and pulmonary veins during
aging, and I, changes have not been well studied.

In the present study, a canine aging AF model was established to ex-
amine the relationship between AF and cardiac fibrosis, as well as achieve

a preliminary understanding of the related underlying mechanisms.

2 | MATERIALS AND METHODS

2.1 | Animals

The study protocol was approved by the ethics committee of
the First Affiliated Hospital of Xinjiang Medical University (NO.
IACUC201902-k05), and the guidelines for animal experiments is-
sued by the First Affiliated Hospital of Xinjiang Medical University
were followed strictly in animal care and feeding procedures.

A total of 36 beagle dogs weighing 16-20 kg were randomly as-
signed to three groups: the adult sinus rhythm group (aged 4 years;
n = 12), the aged sinus rhythm group (aged 9 years; n = 12), and
the aged AF group (aged 9 years; n = 12). The animals were anes-
thetized with pentobarbital sodium before surgery, and atrial pacing
electrodes were implanted into the atria without X-ray through the
external jugular vein to obtain 600 times/min rapid pacing. We used
pacemaker AOO mode high-frequency pacing (600 beats/minute for
8 weeks) to induce the atrial fibrillation. The successful pacing iden-
tification was that in the ECG mode, and the p wave disappeared
with the ECG characteristics of F waves. And the rhythm is abso-
lutely uneven, the strength of different signs. The above phenome-
non appears in model dogs that we call mold-making success. This
is a continuous study, and we will take cardiac electrophysiological
detection and patch clamp for further research. The intervention
lasted 8 weeks. Subsequently, if AF was maintained for 15 min after
the intervention was stopped, it indicated that the AF model was
successfully established.

2.2 | Cardiac ultrasound testing

Echocardiography was performed before and 8 weeks after the
operation in each animal, and the data on ejection fraction, end-
diastolic and systolic left ventricle diameters and left and right atrial
diameters were collected. At the same time, the presence of valvular
disease or congenital heart disease was investigated, and unquali-
fied subjects were disqualified from the study. We found no beagles
with congenital heart disease and valvular disease.

2.3 | Electrophysiological testing

The electrocardiographic tests were performed on the atria and
pulmonary veins using a multiple lead system. The sinus node func-
tion was assessed through the observation of sinus node recovery
using corrected sinus node recovery time (SNRTc). A two-fold dias-
tolic threshold and 250 ms S1-S1 interval were used to stimulate
the high right atrium for 30 s. The SNRTc was defined as the time
between the last stimulus-induced atrial A wave and the first sinus A
wave minus the time between the first sinus A wave and the second
sinus A wave. The effective refractory period (ERP) of each site was
measured by 300 ms S1-S2 interval stimuli and the stimulation volt-
age was 2 x the diastolic threshold. ERP was defined as the longest
S1-S2 interval in the S1S2; it could not effectively recover under
the 300 ms stimulation duration. ERP dispersion (ERPd) was defined
as the difference between the longest ERP and the shortest ERP,
including intracardiac ERPd (AERPd) and the pulmonary vein ERPd
(PVERPd). ERP frequency adaption was defined as the change of
ERP under programmed stimulation with a different stimulation pa-
rameter in the same mapping site, with (ERP300-ERP150)/50 ms as
the evaluation index of ERP frequency adaption. The mapping sites
included the pulmonary vein, left and right atria, and proximal and
distal coronary veins.
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2.4 | Cell separation and whole-cell patch-
clamp recording

A total of 5 dogs from each group underwent patch-clamp record-
ing; a minimum of three cells were recorded for the I current.
Cardiomyocytes were isolated using the Langendorff perfusion de-
vice. In summary, the dog's chest was opened and the heart quickly
removed under anesthesia with 3% pentobarbital sodium (30 mg/kg).
The heart was placed in a balanced salt solution containing 15 mM
potassium chloride. The heart was placed on the Langendorff de-
vice and perfused for 30 ml/min with a balanced, calcium-free, and
enzyme-containing salt solution. The perfusion was maintained for
60 min after the heart was entirely filled until the digestion was com-
plete. The resulting single, rod-like cells were used for patch-clamp
recording. The liquid oxygen content was 80%-20% in all cases, and
the experiment was performed at room temperature.

The whole-cell patch-clamp recording was conducted using
the Heak EPC10 amplifier; the recording electrode had a resis-
tance of 4-6 MQ. The pipette solution contained: K-glutamate
(130 mmol/L); KCI (15 mmol/L); NaCl (5 mmol/L); MgCl, (1 mmol/L);
HEPES (10 mmol/L); EGTA (2 mmol/L); and MgATP (5 mmol/L) (pH
7.2, KOH). The extracellular fluid contained: NaCl (137 mmol/L);
KCI (5.4 mmol/L); CaCl, (1.8 mmol/L); MgCl, (1 mmol/L); BaCl,
(1 mmol/L); HEPES (5 mmol/L); and glucose (10 mmol/L) (pH 7.4,
NaOH). A standard cell-attached method was used to form a
high-impedance seal, with a cell-sealing resistance of >2 GQ. Fast
capacitance was compensated for, and the cell membrane was
ruptured to achieve whole-cell recording. After this, the slow ca-
pacitance compensation and series compensation were adjusted
to reduce the instantaneous discharge current and clamping error.
The I; currents were recorded by holding the resting membrane
potential at =40 mV; the stimulus voltage ranged from -160 to
-40 mV, with intervals of 20 mV, and was maintained for 2000 ms
to induce the hyperpolarization-activated inward current. Each
test potential was followed by a step to =160 mV for 1 s to ex-
amine its activation kinetics; it was then brought to the holding
potential of -40 mV.

2.5 | Real-time polymerase chain reaction

Left atrial tissue was used, and total RNA was extracted from the
tissue with the use of the RNA extraction kit (Tiangen). The process
was conducted according to the manufacturer's instructions as well
as the messenger RNA (mRNA) sequence of target HCN2 and HCN4
in GenBank. The primers were designed by premier 5.0 software
(Table 1). The complementary DNA templates were subjected to a
serial dilution of 10, 102, 10%, 10%, 10°, and 10%, and were analyzed
using fluorescence quantitative polymerase chain reaction (PCR).
The amplification efficiency of the primers was 0.9-1.1. At the same
time, the primer (10 pM) was subjected to fluorescence quantitative
PCR analysis. A melting curve analysis at 95-65°C was performed
after the end of the reaction (Table 1).

WI LEYM

TABLE 1 The primers in this study

Gene Primers

CACNA1H (F): 5'-TTCGTCTTCTTCATCTTCGGCATCG-3'

(R): 5'-CCGCAGGAAGGTGAGGTTGTTG-3'

KCNJ11 (F): 5'-GCCCACCATCCAGACTTGAACTC-3'

(R): 5-TAGCAGCCCAAAGACCCTCCAC-3’
Kcnj2 (F): 5-CCAACCGCTACAGCATCGTCTC-3'

(R): 5-CCTTACTCTTCCCGTTCCCAAAGC-3’
Kengl (F): 5-TCATCGTCCTGGTCTGCCTCATC-3’

(R): 5'-CCACATACTCCGTCCCAAAGAACAC-3’
Kenh2 (F): 5'-GTGGTGGACTTCATCGTGGACATC-3'

(R): 5-TCGTTGGCATTGACATAGGTGGTG-3’
KCND2 (F): 5'-ATGAGTTTGTGGATGAGCAGGTCTTC-3'

(R): 5-TGTGTCGTCGTGAACAGCAAGTG-3'
TGFB1 (F): 5-CATGGCATGAACCGACCCTTCC-3'

(R): 5-CCGTGGAGCTGAAGCAGTAGTT-3'
MMP2 (F): 5-CCGTCGCCCATCATCAAGTTCC-3'

(R): 5'-CAGCCGTAGTAGGTGTTCAGGTATTG-3'

FN1 (F): 5'-TGGATGATGGTGGATTGTACTTGTCTG-3'
(R): 5'-CTTCTTGCTCCAGGTATCTCCGATTC-3'

Col3al (F): 5-GACCTGGTTGCTTCTCGCTCTG-3'
(R): 5'-ATTTGGCACGGTTCTGGCTTCC-3'
Collal (F): 5-CCTGAAGGAAGCCGCAAGAACC-3'
(R): 5'-GGTCAATCCAGTATTCTCCGCTCTTC-3’
GAPDH (F): 5-CCTGCACCACCAACTGCTTG-3'
(R): 5'-ATGGCATGGACGGTGGTCAT-3'
2.6 | Western blot

The total protein of left atrial tissue was extracted after tissue
lysis with Western and IP lysate (Beyotime). After the protein was
quantified using the bovine serum albumin kit (Beyotime), 20 pg of
protein was boiled with loading buffer and subjected to 12% poly-
acrylamide gel electrophoresis. The protein was then transferred to
the nitrocellulose membrane (Millipore, UK) and blocked with 5%
skimmed milk at 4°C overnight. Then, appropriately diluted primary
antibodies (HCN2 [Bioss]: 1:500; HCN4 [Bioss]: 1: 250; glyceralde-
hyde 3-phosphate dehydrogenase [GAPDH] [Santa Cruz]: 1: 500)
were added and incubated at room temperature for 2 h. After wash-
ing the membrane with 1 x tris buffered saline with tween (TBST)
for 10 min three times, the corresponding secondary antibody HRP
Conjugated Rabbit Anti-Goat IgG (H + L) [A21030; Abbkine; 1:1000]
was added and incubated at room temperature for 1 h. The mem-
brane was then again subjected to washing with 1 x TBST for 10 min
three times. Efficient chemiluminescence (ECL) chemiluminescent
substrate (Millipore) was prepared, and the ChemiDoc-It HR 410 im-
aging system (Upland, CA) was used to analyze the results.

2.7 | Masson staining

The paraffin section of left atrial samples from 3 dogs in each group
was dewaxed, and the samples were subjected to staining and
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washing with the Masson's Trichrome Stain Kit (Solarbio). The sam-
ples were observed under a microscope; the images were analyzed
using a medical pathology color image analyzer, and the collagen vol-

ume fraction was calculated.

2.8 | Statistical analysis

All data were expressed as the mean =+ standard deviation.
Differences between two groups were analyzed using the Student's
t-test, while differences among three groups were analyzed using
one-way Analysis of Variance. The rank-sum test was applied if the
data did not fit a normal distribution. The Western blot data included
the gray value after imaging, and the patch-clamp data included the
mean current of each point. A p value of <.05 was considered statis-

tically significant in the two-tailed test.

3 | RESULTS

3.1 | Agingand AF cause left atrial fibrosis in dogs

To study the effect of aging on left atrial fibrosis, the Masson stain-
ing was used to detect the expression of collagen in adult and aged
dogs. The results showed that collagen fibers accounted for 21.96%,
47.86%, and 60.24% of the left atrium tissue in the adult dog group,
the elderly dog group, and the atrial fibrillation elderly dog group,
respectively(Figure 1a,b). Moreover, RT-PCR results showed that the
mRNA expression of Collal, Col3al, FN1, MMP2, MMP9, and Tgfb1
in the left atrium tissue of the elderly dog group and the AF elderly
dog group were significantly increased compared with the adult dog

group (Figure 2a-f).

3.2 | Aging and AF changes heart structure and
reduces heart function in dogs

In order to further study the effect of aging on atrial, changes in heart
function were detected. The results showed no significant differences
in the ejection fraction, left atrium diameter, right atrium diameter, and
left ventricular end-diastolic and end-systolic diameters between the
aged group and the adult group (Figure 3a,c). Moreover, compared with
the AF elderly dog group, the left atrium diameter in the elderly dog
group decreased significantly, while the ejection fraction increased
significantly (Figure 3b,c). The above results indicate that AF contrib-
uted to cardiac function change and heart structure remodeling.

3.3 | Aging and AF reduce canine heart ERP

In order to further study the effects of aging and AF on cardiac func-
tion, the ERP was detected. The results showed that compared to
the adult dog group, AERPd, PVERPd, and SNRT were significantly

(a)

Aged+AF

O
o o
H

(2
o o

Collagenfiber ratio (%)
N
o

-
o

o

Adult Aged Aged+AF

FIGURE 1 Fibrosisin the left atrium of each group. (a) Left
atrial fibrosis (1 * 200 magnification); (b) Collagen fiber ratio among
groups. *<0.05

increased in the elderly dog group and the AF elderly dog group.
Compared with the elderly dog group, PVERPd and SNRT were sig-
nificantly higher in the AF elderly dog group (Figure 3d). The above
results indicate that aging prolongs the cardiac ERP and AF exacer-
bates cardiac ERP.

Subsequently, we conducted an ERP frequency adaptability
analysis. The results showed that compared with the adult group,
the frequency adaptability of LAA, CSd, LSPV, and LIPV ERP in the
aged group was significantly reduced. In addition, the frequency
adaptability of LAA, CSd, RAA, CSp, LSPV, LIPV, RSPV, and RIPV
ERP of the aged AF dog group was significantly lower than that of
the aged dog group (Figure 3d). The above results indicate that aging
reduces the adaptability of heart ERP frequency, and AF again exac-

erbates this phenomenon.

3.4 | Agingand AF increases HCN2 and HCN4
expressions

We then separated the sinus node, left atrium, and pulmonary veins
tissue and detected the expression of HCN2 and HCN4. The results
showed that the protein and mRNA expression of HCN2 and HCN4
in the sinus node of aged dogs were significantly reduced. In the left
atrium and pulmonary veins of aged dogs group, the protein and
mRNA expression of HCN2 and HCN4 were significantly increased.
Compared with the aged dog group, the protein and mRNA expres-
sion of HCN2 and HCN4 in the sinus node in the AF aged group were
significantly reduced, and the protein and mRNA expression of HCN2
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and HCN4 in the left atrium and pulmonary veins were significantly
increased (Figures 4a,b and 5a-c). The above results indicate that age
and AF modulated the expression of HCN2 and HCN4 channels.

3.5 | Agingand AF change |, density

The left atrial cardiomyocyte was isolated and the If current recorded
in two groups (the aged AF group and the aged sinus rhythm group);
the results showed that the If current can be specifically blocked by
cesium chloride (Li et al., 2014). As shown in the present study, there
was a significant difference in current amplitude between the aged
AF group and the aged sinus rhythm group (p < .05). There was no
significant difference in cell membrane capacitances between the two
groups (p > .05). However, the current densities of the three groups
were -25.2 + 3.2 pA/pF (the aged AF group), -7.2 + 2.2 pA/pF (the
aged sinus rhythm group), and -2.9 + 2.8 pA/pF (the adult sinus rhythm
group), respectively, and there was a significant difference between
the aged AF group and the aged sinus rhythm group (p < .05); (Figure 6).
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3.6 | AF changes left atrium I, activation kinetics in
aged dogs

In the |, activation kinetics, the activation thresholds were signifi-
cantly higher in the aged sinus rhythm group than in the aged AF
group. In the voltage-induced half activation, the activation thresh-
olds were significantly higher in the aged sinus rhythm group than
in the aged AF group. The I-V curve in the two groups showed that
the current gradually increased with the hyperpolarization activa-
tion potential; this was most obvious in the aged AF group (Figures
7, 8 and Figure S1).

4 | DISCUSSION

In this study, aging was increased the degree of atrial fibrosis in
dogs. Moreover, aging also significantly activates the HCN2/4 chan-
nels in the atria and pulmonary veins. AF exacerbates atrial fibrosis

and changes in HCN2/4, K and calcium channels. The above results

FIGURE 4 Changesin mRNA

— :d:: expression of HCN2 and HCN4 in the
E Agew\r sinus node (SN), left atrium (LA), and

pulmonary vein (PV). RT-PCR was used to
detect the mRNA expression of HCN2 (a)
and HCN4 (b) in SN, LA, and PV. p < .05

LA PV

FIGURE 5 Changesin protein
expression of HCN2 and HCN4 in the
sinus node (SN), left atrium (LA), and
pulmonary vein (PV). (a) Western blot was
used to detect the protein expressions
of HCN2 and HCN4 at different sites

in the Atrial. Western blot was used to
detect the protein expressions of HCN2
and HCN4 in SN, LA, and PV. (b) The
protein bands of HCN2 and HCN4 were
quantified, and GAPDH was used as the
internal control to calculate the ratio. *

<0.05
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FIGURE 6 Current parameters of each
group. (a) The current amplitudes of three
groups. (b) The membrane capacitance of
three groups. (c) Half activation voltage.
(d) Current density of three groups.

(e) Activation threshold potential. (f)
Activation threshold potential. * indicates
Aged +AF group VS Aged group. #
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FIGURE 7 Aging will increase the degree of cardiac fibrosis and
susceptibility to atrial fibrosis. Meanwhile, cardiac fibrosis and atrial
fibrosis can change If Current through HCM2/4 Channels

suggest that aging exacerbates atrial fibrosis and affects HCN2/4,
potassium, and calcium channels.

Atrial fibrillation is related to the structure, electricity, and
contraction remodeling of the atrium (Nattel, 2017). The occur-
rence and development of atrial fibrosis is a sign of structural AF
remodeling; it is considered the permanent basis of AF (Nattel,
2017). In the myocardium, fibrosis leads to many identifiable
clinical features, including heart block, bundle branch block, left
ventricular dysfunction, anisotropy, AF, ventricular arrhythmia,

systolic and diastolic dysfunction, heart failure, and cardiogenic
death (Sohns & Marrouche, 2020). Therefore, studying the fac-
tors contributing to AF as well as its underlying mechanisms is
important. In this study, the increase in the dogs' age was also
accompanied by an increase in cardiac fibrous collagen deposition.
In addition, the expression of fibrin markers in the atria increased
significantly. These results suggest that age is an important risk
factor for atrial fibrosis.

Previous studies have suggested that the atrial function suffers
with age, where some conditions, such as prolonged action potential
in cardiomyocytes, decrease in the platform period, increase in ERP
dispersion, and decrease in wavefront conduction velocity, contrib-
ute to the development of AF (Kojodjojo et al., 2006). Xu et al. found
that the electrophysiological characteristics of the atria and pulmo-
nary veins also changed with age, with both an increase in dispersion
and prolongation of the P wave and ERP (Xu et al., 2013). In addition,
Dun et al. reported that the atrial myocyte membrane |, increased
with age (Verkerk & Wilders, 2015).

In the present study, a pacemaker was used to construct an AF
model. It was found that AF induction in the atrium was more likely
in the aged dogs. This may be due to atrial fibrosis changing the atrial
structure. In addition, the occurrence of AF exacerbates the severe-
ness of atrial fibrosis.

In order to further study how age affects AF occurrence,
changes in atrial ion channels were subsequently monitored. The
results showed that the protein and mRNA expressions of the HCN
channel increased in the atria and pulmonary veins but decreased in
the sinus node.
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Studies have shown that HCN channels play an important role
in heart rhythm regulation (He et al., 2019) and that a lack of HCN2
and HCN4 can cause sinus dysfunction in mice (He et al., 2019).
Overexpression of HCN2 and HCN4 channels will prolong the re-
polarization of ventricular action potentials, thereby increasing the
possibility of arrhythmia (Herrmann et al., 2007). In addition, the
potassium and calcium channel gene expressions are significantly
reduced; these two channels have also been confirmed in a study on
cardiac pacing function (Whitaker et al., 2007). These results indi-
cate that age may potentially induce AF through changes in HCN1/2,
potassium, and calcium channels.

The I current, a mixture of the sodium and potassium inward
current, is mainly detected in the sinus node and is activated during
depolarization; this is related to the pacing activity of the sinus
node. The electrophysiological test results showed that the cardio-
myocytes in the aged AF group demonstrated the highest I, current
frequency, followed by the aged sinus rhythm group and the adult
sinus rhythm group; this is consistent with the results of the previous
study (Wang et al., 2020). Compared with the sinus rhythm group,
the I current detected in the atrial myocardium was increased in the
aged AF group; this supports the notion that the I, current is involved
in the development of AF.

The I; current in atrial cardiomyocytes is likely to become an
ectopic pacemaker, accompanying the degeneration of sinus node
function. An ectopic pacemaker provides an electrical basis for AF,

whereas AF can intensify this electrical remodeling, thus leading to a
worsening in AF. The I current was also increased in the aged sinus
rhythm group compared with the adult group, indicating heart de-
generation in aged dogs. The I; current density also changed: the I,
current was identified mainly in the sinus node in adults and gradu-
ally showed a shift toward the working myocardium.

Taken together, our findings suggest that aging exacerbates
atrial fibrosis and affects HCN2/4, potassium, and calcium chan-
nels. Moreover, AF also significantly increased the degree of atrial

fibrosis.
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