Korean J Physiol Pharmacol 2022;26(5):313-323
https://doi.org/10.4196/kjpp.2022.26.5.313

KIPP

Protective effect of low-intensity treadmill exercise against
acetylcholine-calcium chloride-induced atrial fibrillation in mice
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INTRODUCTION

ABSTRACT Atrial fibrillation (AF) is the most common supraventricular arrhythmia,
and it corresponds highly with exercise intensity. Here, we induced AF in mice using
acetylcholine (ACh)-CaCl, for 7 days and aimed to determine the appropriate exer-
cise intensity (no, low, moderate, high) to protect against AF by running the mice at
different intensities for 4 weeks before the AF induction by ACh-CaCl,. We examined
the AF-induced atrial remodeling using electrocardiogram, patch-clamp, and im-
munohistochemistry. After the AF induction, heart rate, % increase of heart rate, and
heart weight/body weight ratio were significantly higher in all the four AF groups
than in the normal control; highest in the high-ex AF and lowest in the low-ex (lower
than the no-ex AF), which indicates that low-ex treated the AF. Consistent with these
changes, G protein-gated inwardly rectifying K* currents, which were induced by
ACh, increased in an exercise intensity-dependent manner and were lower in the
low-ex AF than the no-ex AF. The peak level of Ca’* current (at 0 mV) increased also
in an exercise intensity-dependent manner and the inactivation time constants were
shorter in all AF groups except for the low-ex AF group, in which the time constant
was similar to that of the control. Finally, action potential duration was shorter in all
the four AF groups than in the normal control; shortest in the high-ex AF and longest
in the low-ex AF. Taken together, we conclude that low-intensity exercise protects
the heart from AF, whereas high-intensity exercise might exacerbate AF.

and AF generation is not yet clearly understood.
AF features structural and electrical remodeling of the atrium

Atrial fibrillation (AF) is the most common arrhythmia, and
its occurrence is associated with aging, high blood pressure, hy-
perthyroidism, and various cardiovascular conditions [1]. While
exercise can have cardiovascular benefits, it ironically is also a
risk factor for AF [2]. Exercise-induced AF correlates highly with
exercise intensity, and in particular, high-intensity exercise has in-
duced AF even in individuals without underlying cardiovascular
disease [3,4]. However, the relationship between exercise intensity

that can both cause the disease and be caused by it [5]. Atrial
enlargement [6], hypertrophy [7] and fibrosis [8] reflect struc-
tural remodeling, and functional changes of ion channels reflect
electrical remodeling [9]. Normal atrial activity results from the
normal functioning of ion channels associated with action po-
tential (AP) and repolarization [10], but ion channel dysfunction
by electrical remodeling can cause abnormal changes in AP and
consequent AF [11]. Atrial AP duration is a major determinant of
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heart rate and refractory phase, and is one of the most sensitive
factor affecting AF. The shape and frequency of AP are controlled
by the functions of various ion channels such as voltage-gated
Na’, Ca”", and K channels [12-14].

Short AP duration and related changes in heart rate and re-
fractory period are believed to be involved in AF pathogenesis.
Researchers observed decreased Ca™ influx into atrial myocytes
through L-type Ca’* channels (ICa,) after AF or tachypacing
[15,16]. Another important factor that decreases AP duration in
AF is increased K’ channel functioning [10,17]. K’ channel up-
regulation contributed to tachypacing or AF in animal models of
cardiac remodeling [18]. Potential targets include the diverse K'
channels expressed in the atrium, including G-protein activated
inwardly rectifying K* (GIRK) [19], ATP-sensitive K" [20], and
voltage-gated K (Ky) channels [21].

Molecular mechanisms, including changes in ion channels that
induce or are induced by AF, have shown promise, but there are
little data on the specific protection or risk associated with AF
induction. Therefore, with this study, we examined the effects
of exercise intensity on AF induction. Specifically, we induced
AF in mice using acetylcholine-calcium chloride (ACh + CaCl,)
and focused on the ion channel activity after either no exercise or
regular treadmill exercise at low, moderate, or high intensity for 4
weeks.

METHODS

Animals and preparation of atrial myocytes

We used 8-week-old male ICR (CD-1) mice (body weight 35 + 5
g). All animal experiments followed the ethical guidelines of AR-
RIVE and all experimental protocols were approved by Konkuk
University Animal Experimental Ethics Committee (approval no.
KUB181007). To obtain hearts and prepare atrial myocytes, mice
were injected intraperitoneally using a 4:1 mixture of alfaxan (al-
faxalone 10 mg/ml; Jurox Inc., Rutherford, NSW, Australia) and
rumpun (xylazine hydrochloride 23.32 mg/ml; Bayer, Leverkusen,
Germany) and then completely anesthetized. The heart was dis-
sociated, and the experiment was conducted.

After connecting the cannula to the aorta of the removed heart,
normal Tyrode’s (NT) solution (143 mM NaCl, 5.4 mM KCI,
0.33 mM NaH,PO,, 1.8 mM CaCl,, 0.5 mM MgCl,, 11 mM glu-
cose, 5 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), (pH adjusted to 7.4 using NaOH) was flowed at a rate of
8 ml/min for 3-5 min at 37°C. Then Ca*'-free NT was perfused
until the heart stopped beating.

Ca*-free NT supplemented with collagenase type I (0.14 mg/
ml; Worthington Biochemical Corp., Lakewood, NJ, USA) was
flowed for 10-15 min for enzymatic treatment, and then the
treated enzyme was washed out with Ca*-free NT for 5 min. The
tissues were then washed again with Kraft-Briihe (KB) solution (50
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mM KCl, 50 mM K-glutamate, 20 mM KH,PO,, 3 mM MgCl,,
20 mM taurine, 20 mM glucose, 10 mM HEPES, and 0.5 mM
N,N,NI,Nl-tetraacetic acid, pH 7.4 adjust with KOH). The atrial
myocytes were then dispersed with gentile agitation using a drop-
per and stored in a refrigerator at 4°C.

Exercise protocol

We randomly assigned the mice into no, low, moderate, or high
intensity treadmill exercise group. Before start of the exercise pro-
tocol, the mice ran at 10 m/min with no incline for 30 min a day
for 5 days to adapt to the exercise protocol. During the 4-week ex-
ercise protocol after the adaptation, treadmill duration (30 min)
and incline (5%) remained the same for all intensities: low, 12 m/
min; moderate, 15 m/min; and high, 18 m/min [22]. To make the
mice continue running according to the exercise protocol, we
provided an electric shock at 1-2 Hz (1.22 mA current with 200
msec width per pulse) [23]. After the exercise intervention, we in-
duced AF with ACh-CaCl, (injection for 7 days) and observed the
related variables.

Atrial fibrillation by acetylcholine and calcium
chloride injection

We first randomly assigned the mice to one of five experimen-
tal groups: 1) control (n = 25): mice injected with physiological
salt solvent without ACh + CaCl,, no exercise; 2) non-ex AF (n =
25): mice injected with ACh + CaCl, to induce AF, no exercise;
3) low-ex AF (n = 25): mice injected with ACh + CaCl, to induce
AF, low-intensity exercise; 4) mid-ex AF (n = 25): mice injected
with ACh + CaCl, to induce AF, moderate intensity exercise; and
5) high-ex AF (n = 25): mice injected with ACh + CaCl, to induce
AF, high intensity exercise. After the mice exercised for 4 weeks,
we induced AF by injecting a solution of ACh (25 ug/ml) and
CaCl, (6 mg/ml) into the tail vein at 10 ml/kg body weight for 7
days [24]. We recorded lead II electrocardiograms (ECG, Power-
Lab data acquisition system; AD Instruments, Colorado Springs,
CO, USA) on the day before and after the 7-day ACh-CaCl,
treatment’ to examine the changes of ECG by the ACh-CaCl,
treatment in each group. After recording the ECG after the AF
induction, we rapidly removed the heart using surgical scissors
under deep anesthesia.

Patch-clamp experiment

We used a conventional whole-cell configuration of patch-
clamp technique to record the cell membrane ion currents
and AP with an Axopatch 200B amplifier (Molecular Devices,
Sunnyvale, CA, USA) or EPC-8 amplifier (HEKA Instruments,
Reutlingen, Germany). Data were digitized using custom-built
software (R-clamp; provided by Dr. S.Y. Ryu) or with the Digidata
1440A at a sampling rate of 5 kHz after being low-pass filtered at
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1 kHz. We also controlled voltage pulse generation by R-clamp or
pClamp 10.1 software (Molecular Devices) running on an IBM-
compatible Pentium computer. The patch pipettes were pulled
from borosilicate capillaries (Clark Electromedical Instruments,
Pangbourne, UK) using a puller (PP-83; Narishige, Tokyo, Japan);
we used patch pipettes that featured a resistance of 1.5-2.5 MQ
when filled with the pipette solution.

After fixing the membrane voltage to -70 mV (holding poten-
tial), we elicited the outward and inward K currents using ramp
or step pulses under voltage-clamp mode, and recorded action
potentials with current injection (250-400 nA for 1 ms) under
the current clamp mode. The resting membrane potential was
recorded under I; mode. We recorded the GIRK currents using
the nystatin-perforated whole-cell patch method and considered
the currents activated by acetylcholine (100 uM, for 2 min) at
the holding potential of 40 mV as GIRK currents. The current-
voltage (I-V) relationship of GIRK was briefly investigated using
ramp pulses. ICa,; currents were measured using a 10 mV incre-
mented step-pulse protocol after the voltage was maintained at
-70 mV (holding potential) and depolarized to -50 mV to exclude
Na' currents.

Solution

We used NT as the bath solution to record the currents. For
outward K' currents and AP, the composition of the pipette solu-
tion was 135 mM KCl, 5 mM NaCl,, 5 mM magnesium adenosine
trisphophate (Mg-ATP), 10 mM HEPES, and 5 mM EGTA. The
pH was adjusted to 7.35 using KOH. For ICa, currents, the pipette
solution contained 120 mM CsCl, 12 mM NaCl, 10 mM HEPES,
20 mM tetraethyl ammonium chloride, 0.1 mM EGTA, 5 mM
MgCl,, and 10 mM K,ATP, with pH adjusted to 7.25 with CsOH.
For recording GIRK currents, NT was used as the perfusion solu-
tion, and the pipette solution was 140 mM KCI, 5 mM NaCl, 10
mM HEPES, 5 mM EGTA (KOH-adjusted to pH 7.2). 200 ug/ml
of nystatin was added to the pipette solution just before seal for-
mation.

Immunohistological study

Immunohistochemistry was performed to confirm the level of
fibrosis, an index of morphological remodeling following AF. Af-
ter the heart was excised, it was fixed in 4% paraformaldehyde in
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Fig. 1. Effects of treadmill exercise on atrial fibrillation-like arrhythmogenesis induced by ACh + CaCl,. (A) Representative electrocardiogram
recorded from mice after intravenous (IV) treatment of ACh + CaCl, (for 7 days) in control and atrial fibrillation (AF) exercise groups. (B) Heart rates of

the groups. (C) Percent (%) increase in heart rates of the groups. n = 25.
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PBS for one day. A paraffin block (with 5 mm thickness) was used
and stained with 0.1% toluidine blue 1% NaCl. Representative tis-
sues stained in the fibrous area were observed under 400x mag-
nification with an Olympus DP 70 optical microscope (Olympus,
Shinjuku, Japan).

Statistical analysis

We analyzed all data using Origin 8.0 (OriginLab, Northamp-
ton, MA, USA) or SPSS 22.0 (IBM, Armonk, NY, USA) and cal-
culated average and standard error (SE) for all data. We used one-
way ANOVA to confirm between-group differences and Tukey’s
post-hoc test for significant factors. We set significance at o = 0.05.

RESULTS

Arrhythmia induction by acetylcholine and calcium
chloride

First, we confirmed that we had induced AF-like arrhythmia
after the ACh + CaCl, treatment because it was present in the AF
groups but not in the saline-injected control group (Fig. 1A).

Atrium

There were no differences in heart rate between the five groups
before the ACh + CaCl, treatment: rates for control, non-ex AF,
low-ex AF, mid-ex AF, and high-ex AF group were, respectively,
545 + 17.07 beats/min, 547.5.77 + 14.36 beats/min, 547.5 + 18.87
beats/min, 555 + 19.36 beats/min, and 550 + 7.07 beats/min.
After the ACh + CaCl, treatment for 7 days, however, heart rate
increased significantly in all the AF groups (Fig. 1A, B; control,
547.5 + 14.36 beats/min; non-ex AF, 750 + 24.49 beats/min; low-
ex AF, 681.25 + 46.97 beats/min; mid-ex AF, 772.5 + 37.74 beats/
min; high-ex AF, 826.25 + 40.69 beats/min). There were also ir-
regular RR intervals apparent in non-ex, mid-ex, and high-ex AF
(Fig. 1A). Notably, both heart rate and % increase of heart rate
after AF induction were significantly lower in low-ex and signifi-
cantly higher in high-ex than in the other AF groups (Fig. 1B,
C). That is, high-intensity treadmill exercise promoted AF-like
increase in heart rate that was induced by ACh + CaCl,, whereas
low-intensity exercise suppressed the heart rate increase.

Morphological changes

Immunohistochemistry was also performed to examine mor-
phological changes such as fibrosis of atrial muscle. Fig. 2A shows
representative toluidine blue-stained atrial tissues from each
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Fig. 2. Morphological changes in mouse atrium for control and atrial fibrillation (AF) exercise groups. (A) Toluidine blue staining shows fibrotic
tissues (blue). (B) Normalization of heart weight (g) to body weight (g) for comparison between groups. (C) Comparison of single cell size (pF) be-

tween groups. N.S., not significant. n = 25.

Korean J Physiol Pharmacol 2022;26(5):313-323

https://doi.org/10.4196/kipp.2022.26.5.313



Atrial fibrillation and exercise intensity

317

group, with fibrotic tissues in the blue stain; the figure shows
greater fibrosis in the AF groups than in the control group and
the least fibrosis in low-ex (Fig. 2A). Regarding heart hypertrophy,
heart weight/body weight ratio was significantly higher (p = 0.008)
in high-ex AF than in the control group (Fig. 2B), but there were
no differences in atrial myocyte size measured by membrane ca-
pacitance (Fig. 2C). In short, heart fibrosis and weight increased
following AF induction after exercise dependent on exercise in-
tensities, but cell size was not affected.

Inward rectifier and voltage-gated K* currents

Next, we used patch clamp to examine the inward rectifier and
outward voltage-gated K' currents, eliciting the currents using
voltage-step pulses from -120 mv to +50 mV at 10-mV incre-

50mV

ments. Fig. 3A shows representative current recordings from each
group, and the I-V relationships are shown in Fig. 3B. Inward
currents normalized by cell membrane capacitance (pF) at -120
mV, which represent inward rectifier K' channel activity, was
-15.20 + 1.16 pA in control, -18.15 + 1.05 pA in non-ex AF, -14.11
+ 2.06 pA in low-ex AF, -14.57 £ 0.60 pA in mid-ex AF, and
-12.12 £ 1.71 pA in high-ex AF, respectively (no statistically sig-
nificant difference). Outward currents at +50 mV, which largely
represent voltage-gated K channel activity, was 8.09 + 1.62 pA in
high-ex AF, which was higher than low-ex AF 5.77 + 0.72 pA and
mid-ex AF 6.86 + 0.55 pA, but there was no significant difference
in all groups.

-70mV
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Mid-ex AF

High-ex AF
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—®— Non-ex AF

204 —— Low-ex AF

-25

—v— Mid-ex AF
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Fig. 3. Inward rectifier and voltage-gated K* currents in atrial myocytes. These two K" currents were briefly examined by the hyperpolarizing and
depolarizing voltage steps from the holding potential of =70 mV (figure inset). (A) Representative recordings of the K* currents in atrial myocytes that
were enzymatically dispersed from the heart. (B) K current-voltage (/-V) relationships (n = 5). AF, atrial fibrillation.
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GIRK currents

GIRK currents play a pivotal role in inducing atrial repolariza-
tion and correlate highly with AF [25], and we observed changes
in GIRK currents in each group as well. GIRK currents were
evoked by applying ACh (100 uM, for 2 min) at -40 mV holding
potential (Fig. 4A) and then washing out the ACh. We then exam-
ined the I-V relationships of the GIRK currents with representa-
tive ramp pulses from -120 mV to 50 mV (Fig. 2B) and found that
the currents rapidly deactivated after the ACh was removed in
the control and low-ex AF groups. However, in high-ex and mid-
ex AF, GIRK currents deactivation was markedly delayed, and we
observed significant amounts of persistent currents after the ACh
removal (Fig. 4A, indicated by arrow).

The I-V relationships in Fig. 4B were measured at the peaks of
the ACh-induced GIRK currents at -40 mV, and peak currents in
non-ex, mid-ex, and high-ex AF were higher than in control and
low-ex AF. We compared the persistent currents between groups
by measuring the times when the GIRK currents declined to 10%
of their peaks for each group (T90; Fig. 4C). We observed that
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the GIRK currents decrease was significantly delayed after ACh
stimulation dependent on exercise intensity (p < 0.001 for all). As
shown in Fig. 4C, T90 of the control and low-ex AF was 2.66 + 0.08
min and 3.04 + 0.47 min, respectively (not significantly differ-
ent to each other). However, T90 of high-ex AF was significantly
delayed (7.55 £ 0.25 min) compared to those of other groups (Fig.
4C). T90 for the non-ex AF and mid-ex AF was 4.91 + 0.28 min
and 5.15 + 0.14 min, respectively.

In these results, the potential target ion channels in AF induc-
tion after high-intensity exercise appeared to involve the GIRK
channels, and low-intensity exercise had the greatest AF protec-
tive effect by preventing the AF-related channel remodeling.

L-type Ca** currents

We measured whole-cell ICa; currents to determine whether
Ca® channels following AF induction were affected by exercise
intensity, and Fig. 5 show that the Ca® currents increased with
exercise intensity. Specifically, in mid-ex and high-ex AF, the
ICa, amplitudes at 0 mV were significantly higher than those in

Control Non-ex Low-ex Mid-ex High-ex

AF AF AF AF

s Control
mmmm NoOn-ex AF
mmmm | ow-ex AF
= Mid-ex AF
mmm High-ex AF

Fig. 4. GIRK currents activity in atrial myocytes. (A) Representative recordings of GIRK currents induced by ACh (100 uM). (B) Representative
current-voltage relationships. (C) Time for GIRK currents to decline to 10% of the peaks (T90). An arrow in A indicates a persistent GIRK currents in the
high-ex AF group after Ach was washed out. GIRK, G-protein activated inwardly rectifying K'; AF, atrial fibrillation. n = 8.
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the control group (Fig. 5B, C; p < 0.05). In contrast, the inactiva-
tion time constants (tau) of Ca®* channels at 0 mV were shorter in
non-ex, mid-ex, and high-ex AF (Fig. 5D; p < 0.05) but returned
to normal in low-ex AF (Fig. 5D); there was no significant differ-
ence between control and low-ex AF.

In these results, the accelerated inactivation of Ca™ currents
contributed to inducing AF in the non-ex, mid-ex, and high-ex
groups. In addition, the absence of statistical differences in the
magnitude of Ca™* currents and inactivation time course between
control and low-ex AF suggests that low-intensity exercise con-
tributes to preventing AF-related remodeling of ICa, .

Action potential

Finally, we observed the changes in AP after AF induction by
exercise intensity, and Fig. 6A shows shorter AP durations in the
AF groups depending on the exercise intensity. AP duration 90%
(APD,,) was got shorter depending on exercise intensity (Fig. 6B;

p < 0.05). Especially, APD,, of high-ex AF was 16.29 + 2.17 msec,
which was much shorter than 98.78 + 4.10 msec of low-ex AF.
However, there were no differences in resting membrane poten-
tial between groups (Fig. 6C). These results indicate that APD,,
shortens in an exercise intensity-dependent manner, leading to an
increase in heart rate.

DISCUSSION

In this study, we investigated the effect of exercise intensity on
the AF, which was induced by ACh + CaCl, injection for 7 days
after the 4-weeks of treadmill exercise. We used ECG, immuno-
histochemistry, and patch clamp to measure degree of AF and
found that low-intensity treadmill exercise had a protective effect
against the (ACh + CaCl,)-induced AF, whereas high-intensity
exercise exacerbated the AF and its associated atrial remodeling.

Although there are established benefits to the cardiovascular
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Fig. 5. L-type Ca’" currents in atrial myocytes. (A) Representative recordings of L-type Ca’* currents. (B) Current-voltage (I-V) relationships. (C) Peak
currents at 0 mV. (D) Inactivation time constants (t) of the groups (fit with a single exponential function). AF, atrial fibrillation. n = 5. ***p < 0.001.
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system of regular exercise, exercise can be associated with cardiac
remodeling [26]. High-intensity exercise caused arrhythmogenic
cardiomyopathy-like manifestations [27] and was associated with
ventricular arrhythmias with right ventricular fibrosis and dila-
tion in a rat model [28]. Interestingly, in some reports, AF risk
was particularly high for cross-country skiers [3], elite cyclists [29],
and marathon runners [30], but the risk is limited to high-intensi-
ty exercise; there was a dose-response relationship in healthy non-
athlete men younger than 50 years and joggers [31]. These results
suggest high-intensity exercise as a potential AF risk factor even
in healthy subjects.

Our results clearly showed that ACh + CaCl, evoked AF-like
characteristics such as increased heart rate and irregular RR
interval in ECG accompanied with atrial fibrosis; ion channel
remodeling such as persistent GIRK currents and rapid inactiva-
tion of ICa, currents. All of this remodeling was lessened by low-
intensity exercise and exacerbated by high-intensity exercise, in-
dicating a preventive effect for the former and increased risk with
the latter.

It is not yet clear how exercise intensity affects AF generation.
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Aschar-Sobbi et al. [32] reported TNF-alpha as a key factor. High-
intensity endurance exercise promotes ion channel remodeling
and atrial fibrosis through vagal tone [33]. In this study, because
we induced AF with parasympathomimetic stimulus (ACh +
CaCl,), it makes sense that GIRK channels, which is activated by
parasympathetic stimulation, contributed to AF generation as
well as its exaggeration by high-intensity exercise.

As we mentioned above, GIRK channel activity is a very strong
candidate for explaining AF generation: Even though we found
no strong correlation between the peak GIRK currents ampli-
tudes and the AF induction, markedly persistent GIRK currents
remained after the ACh removal in the high-ex AF group but
not in low-ex or control. The results may indicate that the GIRK-
activating signaling is enhanced or facilitated in the ACh-CaCl,-
induced AF groups and reflecting upregulation of parasympa-
thetic tone. In support of this, in patients with chronic AF, the
GIRK currents were continuously activated through remodeling
the GIRK pathway in the isolated myocytes of right atrium, and
this remodeling contributed significantly to ongoing AF [34].
Zou et al. [24] also reported significantly higher (ACh + CaCl,)-
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Fig. 6. Action potential durations in atrial myocytes. (A) Representative action potentials. (B) APDy, of the groups. (C) Resting membrane potentials
of the groups. APD,,, action potential duration 90%; AF, atrial fibrillation; N.S., not significant. n = 8.
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induced AF in rats and K channel activation through ACh in the
AF model than in control. Other researchers showed that regular
exercise induces AF by increasing vagal tone in a time-dependent
manner [35]. Interestingly, in GIRK channel knock-out mice, AF
was not induced by increasing vagal tone [36]. Additionally, high-
intensity exercise-induced increase in vagal tone [37] induces
atrial arrhythmias by inducing GIRK channel overactivation [38].
Therefore, our findings suggest that enhanced activity of GIRK
currents plays a pivotal role in the generation of AF, and this
enhanced GIRK activity is still persistent even in the isolated car-
diac myocytes. This indicates that remodeling of GIRK channels
contributed to the AF generation at the cardiomyocytes level (i.e.,
increase of constitutive GIRK) without systemically increased
parasympathetic stimulation. In support this, spontaneous
openings of the GIRK single-channels were observed only in the
chronic AF group, which were inhibited with the GIRK channel
inhibitor tertiapin [34].

Although we found higher ICa, currents in both non-ex and
high-ex AF, previous researchers reported lower ICa; currents in
AF with the suppressed ol subunit [39,40] and ICa, density [16,41].
Because ICa, is involved in the AP plateau phase [42], decreasing
ICa; should accelerate AP repolarization to make it short. There-
fore, the increased ICa, observed in this study could compensate
to prevent pathologic AP shortening. However, the accelerated in-
activation time course of ICa,, together with the increased GIRK
activity, could have contributed to the AP shortening despite the
increased ICa; peak amplitude. Interestingly, even the increased
ICa, was suggested to contribute to AF generation [41]. The
precise mechanism of the ICa; contribution in AF generation or
maintenance warrants future study.

Dzeshka et al. [43] found that the representative morphological
change in AF patients is cardiac fibrosis, and we here measured
fibrosis degree and myocyte size to examine histological changes
after AF induction. Our results clearly showed more fibrosis in
mid-ex and high-ex AF than in low-ex AF, which was consistent
with the results by Aschar-Sobbi et al. [32] Atrial fibrosis, together
with atrial hypertrophy, can induce AF through abnormal elec-
trical conduction [44]. Because there were no significant changes
in myocyte size in the AF groups in this study, it is likely that the
induced AF and various arrhythmias were attributable to cardiac
fibrosis rather than hypertrophy.

In this study, APD,, was significantly lower in the non-ex, mid-
ex, and high-ex AF groups, but low-intensity exercise normalized
these abnormal changes. As predicted by Rosenberg et al. [45],
as AF progresses, AP duration and the heart refractory period
decrease, which contribute to maintaining AF through incom-
plete excitation-contraction coupling. Here, low-intensity exercise
normalized the electrophysiological variables such as GIRK and
L-type Ca”™* channels. We interpret that these composite effects
from low-intensity exercise contributed to consequently normal-
izing heart rate and AP duration

In conclusion, in this study, by injecting ACh-CaCl, for 7 days,

www.kjpp.net

we successfully generated AF in a mouse model and showed atrial
tachycardia/fibrillation with irregular RR interval in ECG. AF
featured electrical remodeling such as enhanced GIRK chan-
nel activity and shortened action potential and morphological
remodeling like atrial fibrosis. In addition, low-intensity exercise
clearly lessened all these AF-related changes whereas high- inten-
sity exercise exacerbated them. Future researchers should estab-
lish a clearer scientific basis by observing the association between
various exercise-intensity-dependent variables and ion channels.

This study has the following limitations: The AF model we
applied did not explain the overall cause of AF, we did not study
sport specificity or changes in AF-time course, and we did not
address AF induced by atrial remodeling with increasing age. In
addition, we observed no atrial changes by exercise period. There-
fore, it is necessary to study AF induction mechanisms in various
disease models and under various exercise conditions

FUNDING

This paper was supported by Konkuk University in 2020.

ACKNOWLEDGEMENTS

None.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

REFERENCES

1. Nattel S. New ideas about atrial fibrillation 50 years on. Nature.
2002;415:219-226.

2. Thompson PD, Buchner D, Pina IL, Balady GJ, Williams MA,
Marcus BH, Berra K, Blair SN, Costa F, Franklin B, Fletcher GF,
Gordon NF, Pate RR, Rodriguez BL, Yancey AK, Wenger NK.
Exercise and physical activity in the prevention and treatment of
atherosclerotic cardiovascular disease: a statement from the Council
on Clinical Cardiology (Subcommittee on Exercise, Rehabilitation,
and Prevention) and the Council on Nutrition, Physical Activity,
and Metabolism (Subcommittee on Physical Activity). Circulation.
2003;107:3109-3116.

3. Grimsmo J, Grundvold I, Maehlum S, Arnesen H. High prevalence
of atrial fibrillation in long-term endurance cross-country skiers:
echocardiographic findings and possible predictors--a 28-30 years
follow-up study. Eur J Cardiovasc Prev Rehabil. 2010;17:100-105.

4. Myrstad M, Lochen ML, Graff-Iversen S, Gulsvik AK, Thelle DS,
Stigum H, Ranhoff AH. Increased risk of atrial fibrillation among
elderly Norwegian men with a history of long-term endurance sport
practice. Scand ] Med Sci Sports. 2014;24:e238-e244.

Korean J Physiol Pharmacol 2022;26(5):313-323



322

Sung DJ et al

5.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Grunnet M, Bentzen BH, Sorensen US, Diness JG. Cardiac ion
channels and mechanisms for protection against atrial fibrillation.
Rev Physiol Biochem Pharmacol. 2012;162:1-58.

. Schotten U, Neuberger HR, Allessie MA. The role of atrial dilatation

in the domestication of atrial fibrillation. Prog Biophys Mol Biol.
2003;82:151-162.

Pelliccia A, Maron BJ, Di Paolo FM, Biffi A, Quattrini FM, Pisicchio
C, Roselli A, Caselli S, Culasso F. Prevalence and clinical signifi-
cance of left atrial remodeling in competitive athletes. ] Am Coll
Cardiol. 2005;46:690-696.

. Li D, Fareh S, Leung TK, Nattel S. Promotion of atrial fibrillation by

heart failure in dogs: atrial remodeling of a different sort. Circula-
tion. 1999;100:87-95.

. Bosch RF, Scherer CR, Riib N, Wohtl S, Steinmeyer K, Haase H,

Busch AE, Seipel L, Kithlkamp V. Molecular mechanisms of early
electrical remodeling: transcriptional downregulation of ion chan-
nel subunits reduces I(Ca,L) and I(to) in rapid atrial pacing in rab-
bits. ] Am Coll Cardiol. 2003;41:858-869.

Zhang H, Garratt CJ, Zhu J, Holden AV. Role of up-regulation of
IK1 in action potential shortening associated with atrial fibrillation
in humans. Cardiovasc Res. 2005;66:493-502.

Christ T, Boknik P, Wohrl S, Wettwer E, Graf EM, Bosch RF, Knaut
M, Schmitz W, Ravens U, Dobrev D. L-type Ca** current down-
regulation in chronic human atrial fibrillation is associated with in-
creased activity of protein phosphatases. Circulation. 2004;110:2651-
2657.

Diness JG, Bentzen BH, Sarensen US, Grunnet M. Role of calcium-
activated potassium channels in atrial fibrillation pathophysiology
and therapy. ] Cardiovasc Pharmacol. 2015;66:441-448.

Amin AS, Tan HL, Wilde AA. Cardiac ion channels in health and
disease. Heart Rhythm. 2010;7:117-126.

Fan X, Wang C, Wang N, Ou X, Liu H, Yang Y, Dang X, Zeng X, Cai
L. Atrial-selective block of sodium channels by acehytisine in rabbit
myocardium. ] Pharmacol Sci. 2016;132:235-243.

Workman AJ, Kane KA, Rankin AC. The contribution of ionic cur-
rents to changes in refractoriness of human atrial myocytes associ-
ated with chronic atrial fibrillation. Cardiovasc Res. 2001;52:226-
235.

Yagi T, Pu J, Chandra P, Hara M, Danilo P Jr, Rosen MR, Boy-
den PA. Density and function of inward currents in right atrial
cells from chronically fibrillating canine atria. Cardiovasc Res.
2002;54:405-415.

Gaborit N, Steenman M, Lamirault G, Le Meur N, Le Bouter S,
Lande G, Léger ], Charpentier F, Christ T, Dobrev D, Escande D,
Nattel S, Demolombe S. Human atrial ion channel and transporter
subunit gene-expression remodeling associated with valvular heart
disease and atrial fibrillation. Circulation. 2005;112:471-481.

LiN, Timofeyev V, Tuteja D, Xu D, Lu L, Zhang Q, Zhang Z, Singa-
puri A, Albert TR, Rajagopal AV, Bond CT, Periasamy M, Adelman
J, Chiamvimonvat N. Ablation of a Ca**-activated K channel (SK2
channel) results in action potential prolongation in atrial myocytes
and atrial fibrillation. ] Physiol. 2009;587(Pt 5):1087-1100.

Walsh KB. Targeting GIRK channels for the development of new
therapeutic agents. Front Pharmacol. 2011;2:64.

Burke MA, Mutharasan RK, Ardehali H. The sulfonylurea receptor,
an atypical ATP-binding cassette protein, and its regulation of the
KATP channel. Circ Res. 2008;102:164-176.

Korean J Physiol Pharmacol 2022;26(5):313-323

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

Boyle WA, Nerbonne JM. Two functionally distinct 4-aminopyr-
idine-sensitive outward K currents in rat atrial myocytes. ] Gen
Physiol. 1992;100:1041-1067.

American Physiological Society. Resource book for the design of
animal exercise protocols. American Physiological Society; 2006.
p43-47.

Castro B, Kuang S. Evaluation of muscle performance in mice by
treadmill exhaustion test and whole-limb grip strength assay. Bio
Protoc. 2017;7:€2237.

ZouD, Geng N, Chen Y, Ren L, Liu X, Wan ], Guo S, Wang S. Rano-
lazine improves oxidative stress and mitochondrial function in the
atrium of acetylcholine-CaCl, induced atrial fibrillation rats. Life
Sci. 2016;156:7-14.

Morishima M, Iwata E, Nakada C, Tsukamoto Y, Takanari H, Miya-
moto S, Moriyama M, Ono K. Atrial fibrillation-mediated upregula-
tion of miR-30d regulates myocardial electrical remodeling of the
G-protein-gated K’ channel, Iy y.. Circ J. 2016;80:1346-1355.
Guasch E, Benito B, Qi X, Cifelli C, Naud P, Shi Y, Mighiu A, Tardif
JC, Tadevosyan A, Chen Y, Gillis MA, Iwasaki YK, Dobrev D, Mont
L, Heximer S, Nattel S. Atrial fibrillation promotion by endurance
exercise: demonstration and mechanistic exploration in an animal
model. ] Am Coll Cardiol. 2013;62:68-77.

La Gerche A, Robberecht C, Kuiperi C, Nuyens D, Willems R,
de Ravel T, Matthijs G, Heidbtichel H. Lower than expected des-
mosomal gene mutation prevalence in endurance athletes with
complex ventricular arrhythmias of right ventricular origin. Heart.
2010;96:1268-1274.

Benito B, Gay-Jordi G, Serrano-Mollar A, Guasch E, Shi Y, Tardif
JC, Brugada J, Nattel S, Mont L. Cardiac arrhythmogenic remodel-
ing in a rat model of long-term intensive exercise training. Circula-
tion. 2011;123:13-22.

Baldesberger S, Bauersfeld U, Candinas R, Seifert B, Zuber M, Ritter
M, Jenni R, Oechslin E, Luthi P, Scharf C, Marti B, Attenhofer Jost
CH. Sinus node disease and arrhythmias in the long-term follow-up
of former professional cyclists. Eur Heart J. 2008;29:71-78.

Molina L, Mont L, Marrugat ], Berruezo A, Brugada J, Bruguera J,
Rebato C, Elosua R. Long-term endurance sport practice increases
the incidence of lone atrial fibrillation in men: a follow-up study.
Europace. 2008;10:618-623.

Aizer A, Gaziano JM, Cook NR, Manson JE, Buring JE, Albert CM.
Relation of vigorous exercise to risk of atrial fibrillation. Am J Car-
diol. 2009;103:1572-1577.

Aschar-Sobbi R, Izaddoustdar F, Korogyi AS, Wang Q, Farman GP,
Yang F, Yang W, Dorian D, Simpson JA, Tuomi JM, Jones DL, Nan-
thakumar K, Cox B, Wehrens XH, Dorian P, Backx PH. Increased
atrial arrhythmia susceptibility induced by intense endurance exer-
cise in mice requires TNFa. Nat Commun. 2015;6:6018.

Tai CT, Chiou CW, Wen ZC, Hsieh MH, Tsai CF, Lin WS, Chen
CC, Lin YK, Yu WC, Ding YA, Chang MS, Chen SA. Effect of phen-
ylephrine on focal atrial fibrillation originating in the pulmonary
veins and superior vena cava. ] Am Coll Cardiol. 2000;36:788-793.
Dobrev D, Friedrich A, Voigt N, Jost N, Wettwer E, Christ T, Knaut
M, Ravens U. The G protein-gated potassium current Iy ¢, is con-
stitutively active in patients with chronic atrial fibrillation. Circula-
tion. 2005;112:3697-3706.

Wilhelm M, Roten L, Tanner H, Wilhelm I, Schmid JP, Saner H.
Atrial remodeling, autonomic tone, and lifetime training hours in

https://doi.org/10.4196/kipp.2022.26.5.313


https://www.physiology.org/docs/default-source/science-policy/animalresearch/resource-book-for-the-design-of-animal-exercise-protocols.pdf?sfvrsn=43d9355b_12
https://www.physiology.org/docs/default-source/science-policy/animalresearch/resource-book-for-the-design-of-animal-exercise-protocols.pdf?sfvrsn=43d9355b_12
https://www.physiology.org/docs/default-source/science-policy/animalresearch/resource-book-for-the-design-of-animal-exercise-protocols.pdf?sfvrsn=43d9355b_12

Atrial fibrillation and exercise intensity

323

36.

37.

38.

39.

40.

nonelite athletes. Am | Cardiol. 2011;108:580-585.

Kovoor P, Wickman K, Maguire CT, Pu W, Gehrmann J, Berul CI,
Clapham DE. Evaluation of the role of I ,, in atrial fibrillation us-
ing a mouse knockout model. ] Am Coll Cardiol. 2001;37:2136-2143.
De Angelis K, Wichi RB, Jesus WR, Moreira ED, Morris M, Krieger
EM, Irigoyen MC. Exercise training changes autonomic cardiovas-
cular balance in mice. ] Appl Physiol (1985). 2004;96:2174-2178.

Lee SW, Anderson A, Guzman PA, Nakano A, Tolkacheva EG,
Wickman K. Atrial GIRK channels mediate the effects of vagus
nerve stimulation on heart rate dynamics and arrhythmogenesis.
Front Physiol. 2018;9:943.

Brundel BJ, Van Gelder IC, Henning RH, Tieleman RG, Tuinenburg
AE, Wietses M, Grandjean ]G, Van Gilst WH, Crijns HJ. Ion chan-
nel remodeling is related to intraoperative atrial effective refractory
periods in patients with paroxysmal and persistent atrial fibrillation.
Circulation. 2001;103:684-690.

Lugenbiel P, Wenz F, Govorov K, Schweizer PA, Katus HA, Thomas
D. Atrial fibrillation complicated by heart failure induces distinct re-
modeling of calcium cycling proteins. PLoS One. 2015;10:¢0116395.

www.kjpp.net

41.

42.

43.

44.

45.

Wakili R, Yeh YH, Yan Qi X, Greiser M, Chartier D, Nishida K, Ma-
guy A, Villeneuve LR, Boknik P, Voigt N, Krysiak J, Kb S, Ravens
U, Linke WA, Stienen GJ, Shi Y, Tardif JC, Schotten U, Dobrev D,
Nattel S. Multiple potential molecular contributors to atrial hypo-
contractility caused by atrial tachycardia remodeling in dogs. Circ
Arrhythm Electrophysiol. 2010;3:530-541.

Sung DJ, Kim JG, Won KJ, Kim B, Shin HC, Park JY, Bae YM.
Blockade of K" and Ca® channels by azole antifungal agents in neo-
natal rat ventricular myocytes. Biol Pharm Bull. 2012;35:1469-1475.
Dzeshka MS, Lip GY, Snezhitskiy V, Shantsila E. Cardiac fibrosis in
patients with atrial fibrillation: mechanisms and clinical implica-
tions. ] Am Coll Cardiol. 2015;66:943-959.

Hanif W, Alex L, Su Y, Shinde AV, Russo I, Li N, Frangogiannis NG.
Left atrial remodeling, hypertrophy, and fibrosis in mouse models
of heart failure. Cardiovasc Pathol. 2017;30:27-37.

Rosenberg MA, Das S, Quintero Pinzon P, Knight AC, Sosnovik
DE, Ellinor PT, Rosenzweig A. A novel transgenic mouse model
of cardiac hypertrophy and atrial fibrillation. J Atr Fibrillation.
2012;4:415.

Korean J Physiol Pharmacol 2022;26(5):313-323



