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Abstract
Objective: Atrial fibrillation (AF) is atrium arrhythmia characterised by irregular heart rate. Previously,
an HL-1 atrial myocytes tachypacing (TP)-induced AF model using a 4-well pacing system successfully
reveals the similar electropathology in clinical AF including intracellular calcium mishandling, disrupted
microtubule network stability, mitochondria dysfunction, DNA damage and contractile dysfunction. All
these dysfunctions are being reflected by functional (calcium transient (CaT)) and molecular (acetyl αtubulin (AcTub); mitofusin-2 (MFN-2); poly (ADP-ribose) chains (PAR)) AF biomarkers changes. However,
drawbacks such as excessive heat generation and severe cell death have been observed in this
established model using high voltage. TP systems that fit smaller culturing wells such as 6-well plates
and 35 mm petri dishes use lower voltages are more favourable, but TP conditions need to be revised
for these new pacing systems. Based on preliminary results, TP voltages of 20V and 25V are determined
for 35mm dishes and 6-well plate pacing system, with a TP duration less than 7h to prevent low cell viability
and severe morphological changes.

Methods and results: To find out the optimal TP conditions for both pacing systems, TP experiments
were carried out with a frequency of 5Hz, pulse duration of 10ms, and voltages of 20V and 25V for 35mm
dishes and 6-well pacing system. Samples of HL-1 cells TP for 0, 2, 4, and 6h were collected and being

analysed on the functional and molecular AF biomarkers by CaT measurement and western blot. For HL1 cells TP with a 6-well pacing system, it was found that 4 and 6h TP had significantly reduced levels of
AcTub, MFN-2, CaT and increased levels of PAR, while for a 35mm dishes pacing system, only 6h TP
significantly had reduced levels of AcTub, MFN-2, CaT and increased level of PAR.
Conclusions: Our results demonstrate that 4 and 6h TP with 25V are the optimum TP conditions for a 6well pacing system, while 6h TP with 20V for 35mm dishes pacing system, with 10ms pulse duration and
5Hz frequency used.
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List of abbreviations
AF

Atrial fibrillation

AcTub

Acetyl α-Tubulin

bpm

Beats per minute

BSA

Bovine serum albumin

Ca2+

Calcium

CaT

Calcium transient

DMEM

Dulbecco’s modified eagle medium

DTT

Dithiothreitol

ECC

Cardiac excitation-contraction coupling

GAPDH

Glyceraldehyde 3-phosphate dehydrogenase

HDAC

Histone deacetylases

iAM

Immortalised atrial myocyte

MFN-2

Mitofusin-2

Na₃VO₄

Sodium orthovanadate

NAD+

Nicotinamide adenine dinucleotide

PAR

Poly (ADP-ribose) chains

PARG

Poly (ADP) ribose glycohydrolase

PARP1

Poly (ADP) ribose polymerase 1

RIPA

Radioimmunoprecipitation assay

RyR2

Type 2 ryanodine receptor

SDS

Sodium dodecyl sulfate

SEM

Standard error of mean

SERCA2a

Sarco-endoplasmic reticulum Ca2+ ATPase 2a

SR

Sarcoplasmic reticulum

TP

Tachypacing/Tachypace
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1. Introduction
Atrial fibrillation (AF) is the most common cardiac arrhythmia characterized by irregular and rapid activation
of atria which the heartbeats can reach >400 beats per minute (bpm) (1-3). There are 3 main stages of AF, the
first stage is paroxysmal AF (episodes lasting <7 days), then persistent AF (episodes lasting ≥7 days), and finally
the long-standing persistent AF (continuous AF ≥ 12 months) (4; 5). This cardiac arrhythmia leads to
complications such as stroke and heart failure and significantly contributes to the population’s morbidity and
mortality (1-3). AF progresses with age and it is getting more prevalent because of the aging population, and
its prevalence in Europe is estimated to be 17.9 million people by 2060 (6).
Calcium (Ca2+) signalling plays an important role in normal heart physiology (7-10). Cardiac excitationcontraction coupling (ECC), a process that converts electrical signals into contraction of the heart, is driven by
the influx and reuptake of Ca2+ in cardiomyocytes. The sarcoplasmic reticulum (SR) is an important organelle
that regulates the cytosolic Ca2+ by releasing Ca2+ to the cytosol via type 2 ryanodine receptor (RyR2) channels
and taking up the cytosolic Ca2+ via the sarco-endoplasmic reticulum Ca2+ ATPase 2a (SERCA2a) (4; 7-10). In
addition, mitochondria are also involved in Ca2+ transport within cardiomyocytes by releasing Ca2+ from the
mitochondria matrix (Figure 1). Evaluated cytosolic Ca2+ allows the binding of myosin head to actin using ATP,
resulting in muscle contraction (Figure 1) (7-11).

Figure 1. Schematic overview of Ca2+ signalling in atrial myocytes and the role of SR and mitochondria in cardiac
contraction. An influx of Ca2+ via LTCC is initiated by depolarisation. Subsequently, the sarcoplasmic reticulum (SR) also
releases Ca2+ to the cytosol via type 2 ryanodine receptor (RyR2). Ca2+ in the mitochondria matrix is also exported via
mitochondrial Na+/Ca2+ exchanger (NCLX). When cytosolic Ca2+ arrives at a threshold, it binds to troponin-C and leads to
the formation of cross-bridges between actin and myosin. With the use of ATP, the myosin head pulls the actin filaments,
3

and then the cardiomyocyte contracts. For relaxation, cytosolic Ca2+ transfers back to SR via sarco-endoplasmic reticulum
Ca2+ ATPase 2a (SERCA2a), while other Ca2+ moves back into mitochondria via voltage-dependent anion channels (VDAC)
and enters the mitochondrial matrix via the mitochondrial Ca 2+ uniporter (MCU). Decreased cytosolic Ca2+ disrupts the
cross-bridge between actin and myosin, thereby initiating relaxation.

Impaired Ca2+ signalling is the primary contributing factor of AF (7-10) and it is proven to be associated with
defected ion channels such as RyR2 and structural dysfunction. Intracellular calcium transient (CaT) loss is
usually observed in both experimental and clinical AF (7-10). Significant CaT amplitude loss is found in in vitro
HL-1 cells AF model that has prolonged tachypacing (TP) (12). Fakuade et al. (13) also reported that CaT
amplitude is significantly reduced in patients with postoperative AF. Taken together, these findings suggest
that CaT loss is a profound and conclusive indicator that reflects the altered Ca2+ signalling in ECC and
contractile dysfunction of atrial myocytes.
Besides the loss of CaT, AF is also characterised by cytosolic microtubule disruption, mitochondria dysfunction,
and DNA damage of atrial myocytes (14-16), resulting in an energy deficit and contractile dysfunction (11). A
disrupted microtubule network wrecks the cell integrity of atrial myocytes and disrupts the distribution of
two important organelles, mitochondria, and SR, which disturbs the Ca2+ signalling and normal contractile
function of the atrial myocytes (14; 17). Cytosolic microtubule disruption is mediated by the deacetylation of
acetyl α-tubulin (AcTub), a major microtubule component that maintains cell cytoplasmic stability and
function (14; 17). Normally, the abundance of AcTub is higher than α-tubulin in healthy atrial myocytes.
However, in experimental and clinical AF, the protein homeostasis between AcTub and α-tubulin is disrupted,
resulting in contractile function loss in atrial myocytes.
On the other hand, degradation of mitofusin-2 (MFN-2) is observed in both experimental and clinical AF and
it is likely to be associated with mitochondria dysfunction (Zhang et al, unpublished). Since MFN-2 maintains
the normal mitochondrial function by involving mitochondrial fission and fusion (11) and also enhances
mitochondrial Ca2+ uptake by physically linking SR and mitochondria, it suggests that degradation of MFN-2
in AF is likely to disrupt the Ca2+ signalling inside the cytoplasm and atrial myocytes' contractile function (11).
Activation of poly (ADP-ribose) polymerase (PARP1) and evaluated level of its catalytic product, poly (ADPribose) chains (PAR) are also observed in experimental and clinical AF (15). In long-standing persistent AF,
mitochondria dysfunction leads to the accumulation of reactive oxygen species and induces DNA damage. In
response to DNA damage, PARP1 is overactivated and significantly depletes the cellular nicotinamide adenine
dinucleotide (NAD+) up to an extent that it hampers ATP production and eventually leads to irreversible
functional repairment and contractile dysfunction of atrial myocytes (15).
In the past decades, the use of atrial myocytes cell models for AF enhanced our understanding of the
underlying mechanisms of AF (3; 18). Immortalised HL-1 atrial cardiomyocytes cell line is one of the
commonly used in vitro models in AF pathophysiological research. HL-1 cells can easily proliferate and be
passaged into indefinite generations with the preservation of cardiac-specific genes (19-21). Isolated atrial
4

myocytes from animals or HL-1 cells themselves do not have properties of AF, therefore, TP (rapid electrical
stimulation) is used to trigger the atrial myocytes to develop electrical remodelling that mimics AF. Studies
showed that atrial myocytes TP at a frequency of 5Hz (300bpm) is proved to reveal Ca2+ overload and
contractile dysfunction similar to that observed in AF patients, whereas cells without stimulation showed no
signs of electrical remodelling (12; 20; 21).
Our previously established TP-induced AF model using HL-1 cells in a 4-well pacing system (IonOptix) shares
the same electropathology with AF patients by showing a significant decrease of CaT, AcTub, MFN-2, and
increased expression of PAR (14; 15). However, this model appeared to have some drawbacks. Because cells
were grown at wells with a large surface area (5.45cm2), a high voltage of 40V was used to TP the cells.
Consequently, excessive heat is generated which poses extra (heat) stress for the cells. Therefore, the TP
system that fits with smaller culturing wells (i.e., 6-well plate and 35 mm petri dishes) are more favourable
for the establishment of an AF model to lower the heat stress for the cells. However, TP conditions (i.e.,
voltages and duration) for the new 6-well plate and 35 mm dishes C-dish pacing systems need to be optimised.
Recently, the TP voltages of 20V and 25V are determined as a suitable voltage based on 35mm dishes and 6well plate pacing systems respectively. In addition, the preliminary results (Appendix I) showed that 7h TP is
too severe and resulted in low cell viability and severe morphological changes. Therefore, TP voltages of 20V
and 25V with TP duration <7h were used throughout the tachypacing experiments for the two systems.
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2. Aim, research question, and hypotheses
This MSc project aims to determine the optimal TP duration(s) that can induce electrophysiological changes
in HL-1 cells similar to experimental and clinical AF. The optimal TP duration(s) can be determined based on
the expressions of molecular (AcTub, MFN-2, PAR) and functional (CaT) AF biomarkers using western blot and
CaT measurement (Figure 2), which have been proven to have significant changes and association with
contractile dysfunction in the previously established HL-1 AF model and clinical AF (14-16; 22; 23). Taken
together, it is hypothesised that CaT, AcTub and MFN-2 would decrease, and PAR would increase in longer TP
duration.

Figure 2. Graphical summary of the experimental design and the hypothesis for the AF biomarkers expression.

Given the research gap and objective, a research question is formulated as follows:
-At which TP condition(s) do HL-1 cells TP with 6-well or 35mm dishes pacing system respectively best
mimic AF?
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3. Materials and Method
3.1 HL-1 Cardiomyocyte Culture
HL-1 cells derived from AT-1 mouse atria tumour obtained from Dr. William Claycomb (Louisiana State
University) were cultured with Claycomb medium (51800C, Sigma-Aldrich) supplemented with 10% (v/v) fetal
bovine serum (06Q3501K, Gibco), 100U/ml penicillin/100µg/ml streptomycin (15140122, Thermo-fisher
scientific), 0.1mM norepinephrine (A0937-5G, Sigma), 2mM L-glutamine (25030081, Gibco-Fisher Scientific)
in 0.02% gelatine (G1393, Sigma) pre-coated flasks. Flask or dishes were coated by adding 0.02% gelatine
solution into the new flasks/dishes at least 2h before passaging. The cells were grown in a humidified
atmosphere of 5% CO2 at 37°C. Once the cells reached 90 to 100% confluence, the cells were trypsinised and
counted for experiments or maintenance.

3.2 HL-1 cardiomyocytes TP
HL-1 cells were seeded at a density of 2.5 × 105 cells/well onto 0.02% gelatine-coated 6-well plate or 35mm
dishes. Once the cells reached 70 to 80% confluency, the TP experiment was carried out with a C-pace 100
pacer (IonOptix) after refreshment of 2.5ml full Claycomb medium. The TP condition was set at a voltage of
25V and 20V respectively with a frequency of 5Hz and a pulse duration of 10ms (Table 1). Each treatment (i.e.,
different combinations of voltage and TP duration) was performed in either duplicates or triplicates.
Table 1. TP conditions (voltage, pulse duration, frequency, and duration) used in 6-well and 35mm dishes pacing systems.

pacing system

Pulse voltage (V)

Pulse duration (ms)

Frequency (Hz)

TP duration (h)

6-well

25

10

5

0 (control), 2, 4, 6

35mm dishes

20

10

5

0 (control), 2, 4, 6

3.3 Protein Extraction and Protein Assay
HL-1 cells were lysed in radioimmunoprecipitation assay (RIPA) buffer and were then sheared using a 26G
needle (303800, VWR) to enhance protein extraction efficiency. Two different types of RIPA buffer were used
in this study (Appendix II). The protein concentration of cell lysates was determined using the detergent
compatible protein assay kit (500-0111, Bio-Rad). For analysis, a standard calibration curve was prepared with
known concentrations ranging from 0µg/µl to 1.5µg/µl of bovine serum albumin (BSA) dissolved in RIPA. First,
5µl of the diluted cell lysates and BSA solution were added into a 96-well microplate (655101, VWR) in
triplicate. Then, 25µl of Reagent A+S (reagent A and S in a ratio of 50:1) and 200µl of Reagent B were added
to each well. After 15min of incubation at room temperature, absorbance at 750nm was measured with a
Synergy HT microplate reader (Bio-Tek). Subsequently, the concentration of cell lysates was calculated based
on the standard calibration curve and cell lysates were equalised into the same protein concentration with
RIPA buffer.
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3.4 Western Blotting
Samples for western blotting were prepared by mixing the cell lysates with NuPAGE sample buffer (NP0008,
Thermofisher) and Dithiothreitol (DTT) in a ratio of 70:25:5, followed by sample denaturation at 95°C for 5min.
Denatured samples were separated on NuPAGE 4–12% gradient gels (NP0322, Thermofisher) by
electrophoresis at 110 V for 30min, followed by 150 V for about 1h at room temperature. After which, proteins
on the gel were immediately transferred to a PVDF membrane at 300mA for 1.5h on ice. Successful protein
transfer to the PVDF membrane was visualised with ponceau S staining. After washing out the ponceau S
stain on the membrane with TBS, the membrane was blocked with Intercept® (TBS) Blocking Buffer (LI-COR)
for 1 hour, followed by overnight incubation of primary antibodies against PAR (ALX-804-220-R100, ENZO,
1:500 dilution), AcTub (T7451, Sigma, 1:1000 dilution), MFN-2 (9482S, Cell Signalling, 1:500 dilution), PARP1
(39560, activemotif, 1:2500 dilution) and the loading control glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) (2118S, Cell Signalling, 1:5000 dilution) at 4°C to identify the respective protein targets. The
membrane was then incubated with the corresponding secondary antibodies of IRDye 800CW Donkey antimouse (926-32213, LI-COR), 680RD Donkey anti-mouse (926-68072, LI-COR), and 680RD Donkey anti-rabbit
(926-68073, LI-COR) in a dilution of 1:5000 at room temperature for 1h. Signals at 700nm/800nm of
wavelength were detected by infrared fluorescence imaging method using the Odyssey® Imaging Systems
and Odyssey scanner (LI-COR). Lane profile of protein bands was then generated and analysed using Image J
(National Institutes of Health).

3.5 CaT Test
After TP, HL-1 cells were washed with Dulbecco’s Modified Eagle Medium (DMEM) (11966025, Fisher
Scientific) 2 times and incubated with Fluo-4-AM dye (F14201, Thermofisher) at a concentration of 2μl/2ml
DMEM at 37°C for 30min in dark. The HL-1 cells were then washed again with the DMEM medium 3 times
and refreshed with the full Claycomb medium for CaT measurement. CaT of the HL-1 cells was measured by
a fluorescence microscope (DMi8, Leica). First, HL-1 was excited at 480 nm and paced at 1Hz with C-dish
(IonOptix) electrode and pacing100 pacer (IonOptix). A times lap at a speed of about 20 frames per second
was recorded for at least 5 seconds. 20 cells per sample were selected and the intensity of the calcium signal
was then analysed by ImageJ (National Institutes of Health) and calibrated as CaT=F1/F0, where F1 stands for
the fluorescent signal at any given time, F0 stands for the fluorescent signal at the rest.

3.6 Statistical Analysis
Statistical analysis and data visualization was performed using GraphPad Prism 9 (GraphPad Software Inc.).
Results were shown as mean ± standard error of mean (SEM). Multiple-group comparisons in quantified
western blot results were analysed by one-way analysis of variances (ANOVA) and followed by posthoc Tukey's
HSD test to evaluate the group mean differences between different treatment groups. For CaT analysis, the
normality of the dataset was tested with the Shapiro-Wilk test. If the dataset was not normally distributed, a
Kruskal–Wallis non-parametric test was performed to evaluate the significant differences between the group
mean differences. P values with p<0.05 were considered statistically significant.
8

4. Result
4.1 Effect of TP on the morphology of HL-1 cells
6h TP induced severe cell shrinkage and substantial stress granules formation
Longer TP duration results in more dead cells and cell morphology changes in HL-1 cells (Figure 3). Generally,
the morphology was similar between the cells TP with 6-well and 35mm dishes pacing systems. The 2h TP
samples did not have significant changes in morphology, yet more stress granules appeared inside the cells.
Observant changes in morphology like cell shrinkage appeared after 4h TP, and more cells were detached
from the plates and dishes. After 6h TP, many of the cells had severe shrinkage and substantial stress granules
formation. Interestingly after TP, clusters of dead cells appeared near the electrode of the 35mm dishes
pacing system and this did not happen with that of 6-well.

Figure 3. A Morphology of HL-1 cells TP with a 6-well pacing system for 0 (control), 2, 4, and 6 h. B Morphology of HL-1
cells TP with a 35mm dishes pacing system for 0, 2, 4, and 6 h. The morphology of HL-1 cells TP with the two pacing
systems at each TP duration was similar. HL-1 cells started to have observant morphological change after 4h TP and
most of the cells in 6h TP samples had severe shrinkage and stress granules formation.

9

4.2 Detection of molecular AF biomarkers (using 0.1% SDS RIPA buffer for cell lysis)
4.2.1

AcTub, MFN-2, PARP1 and PAR expression of HL-1 cells TP with 6-well pacing system

Significant decrease in AcTub and MFN-2 in 4 and 6h TP HL-1 cells
AcTub and MFN-2 expression in HL-1 cells TP with a 6-well pacing system gradually decreased over a 6h TP
period. As shown in Figure 4, the expression of AcTub had a significant difference after 4h (p≤0.01) and 6h
(p≤0.001) TP compared to the control. Same as AcTub, MFN-2 also significantly decrease after 4h (p≤0.05)
and 6h (p≤0.01) TP.

Figure 4. The expression of AcTub and MFN-2 in HL-1 cells TP with a 6-well pacing system for 0 (control), 2, 4, and 6h. A
Representative western blot showing the expression of AcTub, MFN-2, and GAPDH. B, C Quantified data of western
blots (n=3) showing the level of AcTub and MFN-2. Data were presented as mean ± SEM. ns: p>0.05, *p≤0.05, **p≤0.01,
***p≤0.001 vs 0h.
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Only 2h TP samples had a significant increase in PAR expression
No significant difference in PARP1 expression between the control (0h) and TP samples (Figure 5B). On the
other hand, PAR expression first significantly increased at 2h TP (p≤0.05) and then significantly decreased at
6h TP (p≤0.05) (Figure 5C). The same trend was observed after normalising the PAR expression with the
PARP1 expression (Figure 5D), in which the level of significance was higher (2h TP, p≤0.001; 6h TP, p≤0.01).
Surprisingly, the PARP1 had an abnormal smear in control and 2h TP samples, whereas no smear was
observed in 4 and 6h TP samples (Figure 5A).

Figure 5. The expression of PAR and PARP1 in HL-1 cell TP with a 6-well pacing system for 0 (control), 2, 4, and 6h. A
Representative western blot showing the expression of PAR, PARP1, and GAPDH. B, C, D Quantified data of western
blots (n=3) showing the level of PARP1, PAR and PARP1 normalised PAR. Data were presented as mean ± SEM. ns: p>0.05,
*p≤0.05, **p≤0.01, ***p≤0.001 vs 0h.
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4.2.2

AcTub, MFN-2, PARP1 and PAR expression in HL-1 cells TP with 35mm dishes pacing system

Significant decrease in AcTub and MFN-2 in 6h TP HL-1 cells
Similarly, AcTub and MFN-2 expression in HL-1 cells TP with a 35mm dishes pacing system gradually
decreased over 6h TP period but only 6h TP sample had a significant difference in the level of AcTub (p≤0.05)
and MFN-2 (p≤0.01) compared to the control (Figure 6).

Figure 6. The expression of AcTub and MFN-2 in HL-1 cells TP with 35mm dishes pacing system at 0 (control), 2, 4, and
6h. A Representative western blot showing the expression of AcTub, MFN-2, and GAPDH. B, C Quantified data of western
blots (n=3) showing the level of AcTub and MFN-2. Data were presented as mean ± SEM. ns: p>0.05, *p≤0.05, **p≤0.01
vs 0h.
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No increase but a decrease in PAR expression of TP HL-1 cells
Even though 4 and 6h TP samples had a relatively lower level of PARP1, there was no statistically significant
difference in PARP1 expression between the control (0h) and TP samples (Figure 7B). Similarly, PAR
expression also had a decreased trend over the 6h TP period but there was no significant difference between
the control and TP samples (Figure 7C, D). Notably, the smear in PARP1 had also been observed in all samples
TP with 35mm dishes pacing system (Figure 7A).

Figure 7. The expression of PAR and PARP1 in HL-1 cell TP with 35mm dishes pacing system for 0 (control), 2, 4, and 6h.
A Representative western blot showing the expression of PAR, PARP1, and GAPDH. B, C, D Quantified data of western
blots (n=3) showing the level of PARP1, PAR and PARP1 normalised PAR. Data were presented as mean ± SEM. ns: p>0.05
vs 0h.
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4.3 Detection of molecular AF biomarkers (using 1% SDS and 10mM Na₃VO₄ RIPA buffer for cell lysis)
The abnormal smear in PARP1 and incomplete migration in PAR suggested incomplete denaturation of
western blot samples. In this second experiment, A new RIPA buffer with 1% SDS and 10mM sodium
orthovanadate (Na₃VO₄) described in Zhang et al. (15) was used to lyse the samples, which the PARP1 did not
appear to have the abnormal smear observed in the first experiment. 10-fold higher SDS and phosphatase
inhibitors were added into this RIPA buffer to allow complete denaturation of protein and preservation of
the phosphorylation status of the enzymes associated with PARP1 activity.

4.3.1

AcTub, MFN-2, PARP1 and PAR expression of HL-1 cells TP with 6-well pacing system

Increase PAR level with increasing TP duration was speculated
Both AcTub and MFN-2 expression (Figure 8B, C) showed the same decreasing trend as the result of Figure 4,
with the lowest expression at 6h TP. For PARP1 expression, it was similar between TP samples and generally
higher than the control and all samples had no abnormal smear (Figure 8A). In addition, the level of PAR
(Figure 8E, F) was much different from that of Figure 5C & D, in which only the 2h TP sample showed a
significant increase. With this RIPA buffer, PAR had an increasing trend with a longer TP duration and the 6h
TP sample had the highest PAR level.

Figure 8. The expression of AcTub, MFN-2, PARP1, and PAR expression in HL-1 cells TP with a 6-well pacing system for 0
(control), 2, 4 and 6h. A Representative western blot showing the expression of AcTub, MFN-2, PARP1, PAR, and GAPDH.
B, C, D, E, F Quantified data of western blots (0h TP: n=1; 2, 4, 6h TP: n=2) of AcTub, MFN-2, PARP1, PAR, and PAR
normalised with PARP1 expression respectively. Data were presented as mean ± SEM. No statistical analysis was
performed.
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4.3.2

AcTub, MFN-2, PARP1 and PAR expression of HL-1 cells TP with 35mm dishes pacing system

PAR expression in 4 and 6h TP HL-1 cells was much higher, yet variation was still high
Expression of AcTub and MFN-2 were similar to the samples lysed with 0.1% SDS RIPA buffer (Figure 6), in
which 6h TP had a significantly lower level of AcTub and MFN-2 than the other samples (Figure 9B, C). For
PARP1 expression, all samples had similar levels and no smear (Figure 9A, D). While for PAR, although 4 and
6h TP samples were speculated to be much higher than 0 and 2h TP samples (Figure 9E, F), no significant
difference was observed since the variation between samples for each TP time point was also high.

Figure 9. The expression of AcTub, MFN-2, PARP1, and PAR expression in HL-1 cells TP with 35mm dishes pacing system
at 0 (control), 2, 4 and 6h TP. A Representative western blot showing the expression of AcTub, MFN-2, PARP1, PAR, and
GAPDH. B, C, D, E, F Quantified data of western blots (0h TP: n=1; 2, 4, 6h TP: n=2) of AcTub, MFN-2, PARP1, PAR, and
PAR normalised with PARP1 expression respectively. Data were presented as mean ± SEM. No statistical analysis was
performed.
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4.4 Detection of functional AF biomarker
4 and 6h TP induced a significant decrease in CaT in HL-1 cells
CaT of HL-1 cells TP with 6-well and 35mm dishes pacing system significantly decreased with increased TP
duration (Figure 10). Although the CaT amplitude was significantly lower in 2h TP samples (p<0.05), major
peaks still could be observed (Figure 10A, B). Whereas 4 and 6h TP resulted in significant CaT loss (p≤0.0001),
in which no cells followed the 1Hz pacing.

Figure 10. CaT of HL-1 cells TP for 0 (control), 2, 4, and 6h. Representative CaT and quantified CaT amplitude of HL-1
cells TP with 6-well (A, C) and 35mm dishes (B, D) pacing system. Data were presented as mean ± SEM. *p≤0.05,
****p≤0.0001 vs 0h. n=20 for all samples.
16

4.5 Effect of TP on the AF biomarkers expressions in HL-1 cells TP with 6-well and 35mm pacing
systems
4h TP showed significant changes in AF biomarkers 6-well pacing system already, but 6h TP was
needed for the 35mm pacing system
As shown in Table 2, longer TP duration induced a more significant reduction in CaT, AcTub and MFN-2
expression and an increase in PAR expression. 2h TP induced significant changes in functional AF marker CaT
but not in molecular AF biomarkers, except for the increased PAR level seen in 2h TP HL-1 cells TP with a 6well pacing system. The effect of TP appeared to be significant after 4h TP for a 6-well pacing system and up
to 6h for a 35mm dishes pacing system.
Table 2. Descriptive comparisons of mean expression of AF biomarkers, CaT, AcTub, MFN-2 and PAR in HL-1 cells TP for
2, 4 and 6h with 6-well and 35mm dishes pacing systems to the control (0h TP).

Pacing system

RIPA buffer used

AF biomarker

2 vs 0h TP

4 vs 0h TP

6 vs 0h TP

6-well

N/A

CaT

-82%*

-94%****

-95%****

0.1% SDS

AcTub

-18%ns

-33%**

-56%***

-42%*

-48%**

-58%ns

-76%*

35mm dishes

ns

MFN-2

-25%

PAR

+66%*
a

a

-19%

-34%a

1% SDS & 10mM AcTub

+8%

Na₃VO₄

MFN-2

-8%a

-18%a

-37%a

PAR

+70%a

+117%a

+248%a

N/A

CaT

-68%*

-96%****

-97%****

0.1% SDS

AcTub

-3%ns

-16%ns

-50%*

ns

ns

-60%**

MFN-2

-23%

PAR

-16%ns

-48%ns

-47%ns

1% SDS & 10mM AcTub

+4%a

-28%a

-64%a

Na₃VO₄

MFN-2

-43%a

-48%a

-69%a

PAR

-30%a

+47%a

+71%a

a

-37%

Note: preliminary comparison of AF biomarker expression level, no statistical analysis was performed; ns: p>0.05,
*p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001 vs 0h TP.
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5. Discussion
TP induced AcTub, MFN-2, and CaT reduction in a time-dependent manner. 4 and 6h TP induced significant
loss of AcTub in HL-1 cells TP with 6-well pacing system compared to the control (0h TP), while for HL-1 cells
TP with 35mm pacing system, only 6h TP samples showed a significant decrease. Our results coincide with
the hypothesis that longer TP duration results in a higher level of AcTub deacetylation. Similarly, a mild
treatment (0.1 µM, 1 h) of nocodazole, a microtubule depolymerising drug was proven to disrupt the stability
of the microtubule by deacetylating the AcTub in HL-1 cells (24). These results suggest that TP acts like a
microtubule depolymerising factor and deacetylates the AcTub in microtubules, which was reported in both
experimental and clinical human AF. Both HL-1 cells TP for 12h with a 4-well pacing system and atrial
myocytes of patients with paroxysmal AF and permanent AF had AcTub deacetylation. The phenomenon of
AcTub deacetylation can be explained by the activation of histone deacetylase-6 (HDAC6) (14). TP induces
overactivation of HDAC6 to deacetylate AcTub in microtubules into α-tubulin. This disrupted protein
homeostasis between AcTub and α-tubulin in microtubules leads to depolymerisation of microtubules into
monomeric α-tubulin and subsequently results in contractile dysfunction in experimental and clinical AF.
Degradation of MFN-2 was observed in TP samples, in which 4 and 6h TP induced significant loss of MFN-2 in
HL-1 cells TP with 6-well pacing system while for 35mm pacing system, only 6h TP samples showed significant
degradation. The reduced expression of MFN-2 was also observed in both experimental and clinical AF (Zhang
et al., unpublished) which in vitro HL-1 cells TP with a 4-well pacing system and atrial myocytes in AF patients
had impaired mitochondrial Ca2+ handling, as well as a decrease in mitochondrial respiration and ATP
production (16). Although the exact mechanism is not known yet, it is speculated that the loss of MFN-2 is
associated with mitochondria dysfunction in AF. MFN-2 maintains the normal mitochondria function by
involving mitochondria fusion and fission (25). Chen et al. (26) reported that MFN-2 deficient mouse and
Drosophila hearts had abnormal mitochondrial fusion and resulting in mitochondria fragmentation and
compromised respiration and heart dilation. In line with the study of Leboucher et al. (27), in response to
cellular stress, phosphorylation of MFN-2 by Jun N-terminal kinase enhances ubiquitination and proteasomal
degradation of MFN-2 and subsequently apoptosis of mitochondria. In addition, MFN-2 degradation directly
provokes AF by distorting the Ca2+ crosstalk between SR and mitochondria. MFN-2 physically links SR and
mitochondria and the disrupted linkage upon reduced MFN-2 contributes to myocardial oxidative stress (26)
and eventually the contractile dysfunction of atrial myocytes (11; 28).
The same pattern of CaT loss was seen in both systems, in which 4 and 6h TP had a significant decrease. Our
results are in line with numerous studies that showed significant CaT loss in both experimental and clinical
AF (14-16; 22; 23). The significant CaT loss is expected to be the result of Ca2+ mishandling caused by disrupted
microtubule network, mitochondria dysfunction, and DNA damage. For relaxation of atrial myocyte, the
intracellular Ca2+ needs to reduce below the threshold (11) and it is partly mediated by the reuptake of Ca2+
into SR and mitochondria. However, TP-induced deacetylation of AcTub and degradation of MFN-2 disrupt
the stable microtubule and organelles network and further induces oxidative stress to mitochondria.
Subsequently, the intracellular Ca2+ is not recycled efficiently and results in contractile dysfunction.
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The level of PAR/Parylation (indicating PARP activity) in HL-1 cells TP with a 6-well pacing system only
significantly increased at 2h TP, followed by a significant decrease in 6h TP and even no significant difference
was found between the control and TP samples in HL-1 cells TP with 35mm dishes pacing system in the first
experiment, which is different from the previous report which found a constant PARP activation up to 12h
TP (15). In hypothesis, however, it is speculated that PAR expression increases in a time-dependent manner
which 6h TP is considered optimal for both pacing systems. Based on the previous finding, TP induced DNA
damage in atrial myocytes and activates PARP1 for DNA repair by synthesising PAR. PARP1 hydrolyses the
cellular NAD+ into ADP-ribose and then catalyses the attachment of free ADP-riboses onto proteins that are
associated with DNA transactions or onto PARP1 itself. Increased activity of PARP1 is being reflected in the
higher expression of its anabolic product, PAR (15).
This contradictory result is more likely due to differences in the preparation of cell lysates compared to
previous studies (29; 30), for example, the different RIPA buffer formula. Therefore, in the second experiment,
the RIPA buffer with the same ingredients as described in Zhang et al. (15) (Appendix II) was used, and PAR
has a similar trend to previous findings (15). The most distinct differences between the first and second RIPA
buffer are 1) higher concentration of sodium dodecyl sulfate (SDS) (0.1% vs 1%) and 2) addition of
phosphatase inhibitor, sodium orthovanadate (Na₃VO₄). SDS is an anion detergent that contains a hydrophilic
sulfate group and hydrophobic hydrocarbon tail (31). In a molecular laboratory, SDS is used to denature
protein by disrupting non-covalent bonds inside the protein, hence changing the conformation of protein
into the linear structure (32). The hydrophobic tail of SDS binds strongly to proteins in a ratio of 2 amino acid
residues per SDS and provides the protein with a net negative charge (33). A higher level of PAR requires a
higher concentration of SDS to stabilise and denature the structure (33). It is suspected that the first RIPA
buffer does not contain enough SDS for complete denaturation, leading to the incomplete propagation of
PAR during electrophoresis.
On the other hand, the addition of phosphatase inhibitors such as Na₃VO₄ into the RIPA buffer can preserve
the phosphorylated residues when the cells are lysed. Reversible phosphorylation regulates the activity of
ion channels involved in the Ca2+ signalling transduction in ECC and it is controlled by kinases such as protein
kinase A, and Ca2+/calmodulin-dependent protein kinase-II and phosphatases such as protein phosphatases
1 and 2A (34; 35). El-Armouche et al. (36) reported that these kinases and phosphatases have altered
localised activities across the cellular compartments and this disrupts the Ca2+ signalling in the atrium in
chronic AF patients. Moreover, Gagne et al. (37) reported that phosphorylation regulates the activity of
PARP1 and Poly (ADP) ribose glycohydrolase (PARG), the antagonist protein of PARP1 that removes ADPriboses. Phosphorylation at the different regulatory domain of these two enzymes by different kinases can
either upregulates or downregulates their activities (38). The lack of phosphatase inhibitors allows the
phosphatase to dephosphorylate PARP1 and PARG or other proteins to regulate the activities of these two
enzymes, masking the real status of PARP1 and PARG activity in the TP-induced AF model.
Even though the first western blot result for PAR did not fit with the previous study, the second experiment
provides preliminary evidence that 6h TP induced the highest expression of PAR in both systems.
19

Although different voltages, 20V and 25V, was used for 6-well and 35mm dishes pacing systems respectively,
the trend of AF biomarkers expression in HL-1 cells TP with the two systems share some similarities (Table 2).
First, 2h TP do not induce a significant decrease in AcTub and MFN-2 expression, but CaT (Table 2), suggesting
that the Ca2+ signalling starts to disrupt. Second, 6h TP induces the most significant difference in the
expression of AcTub, MFN-2, CaT and PAR in HL-1 cells for both 6-well and 35mm dishes pacing systems
(Table 2).
Yet, there are still some discrepancies in HL-1 cells TP with two systems. 4h TP is also considered a significant
TP duration to induce AF-like electrophysiology in HL-1 cells TP with a 6-well pacing system since AcTub, MFN2 and CaT have already significantly decreased, in addition to the speculated increased level of PAR compared
to the control, while up to 6h TP is required to induce significant electrophysiological changes in HL-1 cells
TP with a 35mm dishes pacing system.
To summarise, this study establishes two sets of in vitro TP models mimicking AF using 6-well and 35mm
dishes pacing systems respectively, based on the expression of reliable AF biomarkers, AcTub, MFN-2, PAR
and CaT. For a 6-well pacing system, both 4 and 6h TP are depicted as significant TP duration(s) to induce
changes in electrophysiology observed in experimental and clinical AF in HL-1 cells, while for the 35mm pacing
system, only 6h TP is significant to induce these changes in HL-1 cells. Together with the preliminary results
in determining the TP voltages, frequency and pulse duration, the TP conditions for each of the pacing
systems are established and optimised as summarised in Table 3.
Table 3. Optimised TP conditions (voltage, pulse duration, frequency, and duration) in the established in vitro HL-1 cells
TP-induced AF model using 6-well and 35mm dishes pacing systems.

Pacing system

Pulse voltage (V) Pulse duration (ms)

Frequency (Hz)

Optimal TP duration(s) (h)

6-well

25

10

5

4, 6

35mm dishes

20

10

5

6
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6. Recommendation
Probably due to incomplete denaturation and activated phosphatases in samples of the first experiment, the
level of PAR protein did not appear to have a significant difference or even decrease in expression. Even
though the expression of PAR had an increasing trend in the preliminary testing using RIPA buffer with
phosphatase inhibitor and a higher concentration of SDS, only duplicate samples were included, and
statistical analysis cannot be done. Repeated western blot should be done to confirm the trend of PAR.
Despite the inconclusive result of PAR, we optimise the TP conditions for HL-1 cells TP with a 6-well pacing
system and establish a new set of TP conditions for HL-1 cells TP with a 35mm pacing system which has not
been tested and established before. 4 and 6h TP are depicted as the optimal TP durations for HL-1 cells TP
with 6-well pacing system, while only 6h TP for that of 35mm dishes pacing systems based on CaT and
expression of AcTub and MFN-2.
Even though the exact expression of AcTub, MFN-2 and PAR and ΔCaT amplitude are different in HL-1 cells
TP with 6-well and 35mm dishes pacing systems, 6h TP show a significant difference in expression of these
biomarkers in both systems. It is expected that 6h TP models can be used exchangeable for flexibility,
depending on the assays or manipulations needed to be done.
Since this model exhibits the same protein expression patterns as clinical AF, it is a valuable model to also
investigate other molecular changes caused by AF. The quantitative real-time PCR (qRT-PCR) technique can
be used to find out which genes involved in the Ca2+ signalling in atrial myocytes are upregulated and
downregulated. This can help us to understand more about the potential mechanisms in the electro- and
physiopathology of AF and give insight into drug development for AF.
Lastly, a new cell line named immortalised atrial myocyte (iAM) is developed by Liu et al. (39). This cell line
has similar gene expression, electrical properties and contractile ability to mouse primary atrial myocytes
(39). And they reported that the differentiated iAMs have superior electrophysiological properties such as
faster conduction velocity and shorter action potential than the HL-1 cells we used in this study. It is
suggested that this iAM cell line is a potential cell line to establish a new TP-induced AF model, using the
similar TP conditions that we propose in this study.

7. Conclusion
In this study, we optimise the TP conditions for HL-1 cells TP with a 6-well pacing system and establish a new
TP-induced AF model using HL-1 cells TP with 35mm dishes pacing system based on the level of functional
(CaT) and molecular (AcTub, MFN-2 and PAR) AF biomarkers. Our results show that TP induced CaT loss,
AcTub deacetylation, MFN-2 degradation and increased PAR production mediated by increased PARP1
activity. Interestingly, we also find out that the successful isolation and denaturation of PAR is dependent on
the SDS concentration and phosphatase inhibitors. Lastly, the TP duration that has the most significant CaT
loss, AcTub and MFN-2 decrease, and PAR increase are considered optimal. Our results demonstrate that 4
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and 6h TP with 25V and 6h TP with 20V are the optimum TP conditions for 6-well and 35mm dishes pacing
systems respectively, with pulse duration and frequency of 10ms and 5Hz used.

8. Social Relevance
AF, which is associated with complications such as heart failure and stroke, is getting more prevalent globally.
However, the current therapeutic strategies used for AF lack efficacy by just relieving the symptoms (40). So,
there is an urgent need to understand the underlying mechanisms of AF pathology. The establishment of
immortalised HL-1 cells TP-induced AF model contributes to fundamental AF research since this in vitro AF
model exhibits the same pathology observed in other in vivo animal models and clinical AF. This model can
be subjected to different manipulations such as nutritional/pharmacological and genetic interventions to
investigate and dissect specific molecular pathways involved in TP-induced remodelling in AF. Considering
the rising awareness and concern of animal ethics, this model can be used as an alternative to TP animal
models using canine or porcine, to reduce the use of animals for research. On the other hand, this model can
also be used for preliminary screening of new drugs and testing of drug toxicity to evaluate the efficacy and
safety of the drug before testing in in vivo studies in the future.
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Appendix I

Figure 11. TP induces morphological changes and AcTub deacetylation in HL-1 cells TP with a 6-well pacing system at
25V. A Morphology of HL-1 cells (p76) at 0 (control), 2 and 4h TP; B Morphology of HL-1 cells (p78) at 0, 5 and 7h TP. HL1 cell started to have observant morphological change after 4h TP; C, D Representative western blot showing the
expression of AcTub and GAPDH of HL-1 cells after TP for 0, 2, 4, 5 and 7h; E, F Quantified data of western blots (n=2) of
AcTub TP for 0, 2, 4, 5 and 7h. Both AcTub and GAPDH substantially decreased after 7h TP.
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Figure 12. TP induces morphological changes and AcTub deacetylation in HL-1 cells TP with a 35mm dishes pacing system
at 20V. A Morphology of HL-1 cells (p76) at 0 (control), 2 and 4h TP; B Morphology of HL-1 cells (p78) at 0, 5 and 7h TP;
C, D Representative western blot showing the expression of AcTub and GAPDH of HL-1 cells after TP for 0, 2, 4, 5 and 7h;
E, F Quantified data of western blots (n=2) of AcTub TP for 0, 2, 4, 5 and 7h.
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Appendix II
Table 4 RIPA buffer compositions for the first and second western blot experiment.
RIPA buffer (1st Experiment)

Concentration

RIPA buffer (2nd Experiment)

Concentration

Tris-base, pH 8

50mM

Sodium Deoxycholate

0.5%

Sodium Chloride

150mM

Sodium Dodecyl Sulfate (SDS)

1%

Sodium Deoxycholate

0.5%

LGEPAL ca-630

0.1%

Sodium

Dodecyl

(SDS)

Sulfate

Protease inhibitor

0.1%

1 tablet

Triton-x-100

1%

-mercaptoethanol

10mM

Protease inhibitor

1 tablet

Sodium Orthovanadate

100mM

Dithiothreitol (DTT)

1mM

Dissolved in Dulbecco's phosphate-buffered saline
(DPBS) (Total volume: 10ml)

Dissolved in MilliQ Water (Total volume: 10ml)
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