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Abstract: Aim: Cardiac arrhythmias are among the most important pathologies that cause sudden
death. The exploration of new therapeutic options against arrhythmias with low undesirable effects is of
paramount importance. Methods: However, the convenient and typical animal model for screening the
potential lead compound becomes a very critical modality, particularly in anti-arrhythmia. In this study,
mice were intraperitoneally (i.p.) injected with BaCl2, CaCl2, and adrenaline to induce arrhythmia, and
simultaneously compared with BaCl2-induced rats. Results: Electrocardiogram (ECG) showed that the
majority of mice repeatedly developed ventricular bigeminy, ventricular tachycardia (VT), and ventricular
fibrillation (VF) after BaCl2-injection as seen in rats. The ECG of mice developed ventricular bigeminy and
VT after CaCl2 and AT after adrenaline i.p. injection. Additionally, acute cardiac arrhythmia after BaCl2 i.p.
injection could be reverted by drugs (lidocaine and amiodarone) administration. Additionally, the different
routes of administration for various chemical-induced arrhythmia in both mice and rats were also retrieved
from PubMed and summarized. Comparing this approach with previous studies after the literature
review reveals that arrhythmia of BaCl2-induced i.p. mice is compatible with the induction of other routes.
Conclusions: This study brings an alternative experimental model to investigate antiarrhythmic theories
and provides a promising approach to discovering new interventions for acute arrhythmias.

Keywords: BaCl2-induced; cardiac arrhythmia; intraperitoneal; sudden cardiac death; electrocardiogram

1. Introduction

Arrhythmia refers to abnormalities in the frequency, rhythm, site of origin, conduction
velocity, and order of excitation of cardiac impulses [1]. Arrhythmia, including both atrial and
ventricular arrhythmias, represents one of the most common cardiovascular disorders, inter-
fering with daily life and even leading to sudden cardiac death (SCD). Cardiac arrhythmia is a
common cardiovascular disease that leads to considerable economic burdens to society. SCD
from arrhythmias is a leading cause of mortality accounting for 30% of all deaths [2]. Cardiac
arrhythmias and SCD are significant global public health challenges. Ventricular arrhythmias
can be provoked by various conditions/diseases with coronary artery disease being most
common (particularly during or post-myocardial infarction), but also by any structural heart
disease, affecting the ventricles, electrolyte imbalances, metabolic and endocrine disturbances,
heart attacks, infection, drugs, etc. Antiarrhythmic drugs (AADs) and antiarrhythmic agents
are prescribed for the termination of atrial and ventricular arrhythmias (acute cardioversion)
and/or prevention of arrhythmia recurrence (long-term maintenance of normal sinus rhythm).
In clinical practice, anti-arrhythmic agents contain at least five groups such as 1. sodium
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channel blockers, 2. beta-blockers, 3. potassium channel blockers, 4. calcium channel blockers,
and 5. other agents that are applied to treat patients [3]. Unexpectedly, anti-arrhythmics
might cause several adverse side effects, including constipation, dizziness, headache, nausea,
tinnitus, and worsening of asthma, all of which may limit patient compliance/treatment com-
pliance. Many patients are referred for additional interventional treatment (mostly catheter
ablation or/and implantable cardioverter-defibrillator implantation). To meet this demand,
any new research about mechanisms of origination and treatment including the search for
new medicines with fewer adverse effects of ventricular tachycardia is valuable for clinicians.

Animal models of arrhythmia, essential prerequisites for the innovation of novel anti-
arrhythmic drugs, focus on various specific inducers to develop different types of experimen-
tal animal models for specific types of anti-arrhythmia drug discovery. Some experimental
models of cardiac arrhythmia, variously caused by adrenaline in rats, caused by barium in
non-narcotized rabbits, caused by strophanthin (Spt) in guinea pigs, or caused by aconitine
and calcium in rats, have been successfully developed to evaluate isoteolin manifested an-
tiarrhythmic activity [4]. Numerous experimental models of rodent arrhythmia, developed
in guinea pigs, mice, and rats by using the adrenaline- and barium chloride (BaCl2)-induced
arrhythmia, have been successfully applied to investigate the antiarrhythmic activity of the
chemical MG-1, synthesized by aminolysis of 1-(beta, gamma-epoxypropyl)-2-pyrrolidinone
and N-phenylpiperazine [5]. One report has illustrated that arrhythmic models of guinea
pigs, mice, rats, and rabbits were developed using chloroform (CHCl3), adrenaline, Spt-K,
and BaCl2 to explore whether Cinnamomum migao could reduce the incidence of ventricular
fibrillation (VF) caused by CHCl3 in mice and the ventricular tachycardia (VT) induced by
adrenaline in rabbits, delay the onset time of this arrhythmia, raise the arrhythmic doses of
Spt-K in guinea pigs, and moderate the incidence of some arrhythmia caused by BaCl2 in
rats by slowing down their heart rate [6]. Nineteen target derivatives are evaluated for their
antiarrhythmic potential in the mouse model of CHCl3-induced VF, and five of the derivatives
are further investigated in the rat model of BaCl2-induced arrhythmia [7]. Water-soluble
compounds containing diphenylhydantoin basic derivatives have shown strong antiarrhyth-
mic properties in adrenaline-induced arrhythmia, while diphenylhydantoin basic derivatives
diphenyl-imidazolidine hydrochloride have exhibited the highest antiarrhythmic activity in
the BaCl2 arrhythmia model [8]. A series of aminoalkanolic derivatives of xanthone with high
affinity for β1-adrenoceptors has been assessed for antiarrhythmic activity in the ischemia–
reperfusion isolated hearts, as well as in BaCl2- and adrenaline-induced arrhythmia [9].

In a rat model, the inducers (adrenaline, BaCl2, and CaCl2) are typically injected via
the caudal vein and the internal jugular vein to provoke ventricular arrhythmias [7,10].
However, the technique of intravenous injection is not ordinarily easy to accomplish and
causes data inconsistency due to the limitation of individual variation. In this study, we
aimed to develop a convenient and reliable mouse arrhythmia as an experimental model
for new antiarrhythmic drug discovery, in which mice were intraperitoneally (i.p.) injected
with BaCl2 to induce arrhythmia when simultaneously compared to BaCl2-induced rats.

2. Materials and Methods
2.1. Animal Care

All the experimental procedures were in accordance with the guidelines published by
the National Institutes of Health (Guide for the Care and Use of Laboratory Animals, 8th
edition) and they fulfilled the ARRIVE guidelines. Animal experiments followed the “Guide
for the Care and Use of Laboratory Animals” of Xiamen Medical College and were approved
by the Animal Ethics Committee of the Medical College (Approved protocol ID SYXK 2018-
0010). This study received financial support from Xiamen Medical College Research Grant
(Xiamen Medical College: K2019-01 for Ching-Feng Weng; K2020-07 for Xiaohui Zheng). The
evaluations of experimental animal care are periodically examined according to Laboratory
Animals—Guidelines for Ethical Review of Animal Welfare (GB/T 35892-2018) [11].

Male 6-week-old ICR mice (22 ± 3 g Bwt) and Sprague Dawley rats (150 ± 30 g Bwt)
were obtained from Hangzhou Medical College (Zhejiang, China), and housed at room
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temperature (22 ± 2 ◦C) and humidity (50 ± 10%). The 12/12 h light/dark (6 a.m.–6 p.m.)
cycle was maintained throughout the entire study. Mice had free access to diet (rodent feed
1022, Beijing HFK Bioscience Co., Ltd., Beijing, China) and tap water ad libitum.

2.2. BaCl2-Induced Ventricular Arrhythmias in Mice and Rats

Sprague Dawley rats and ICR mice were anesthetized by 5% isoflurane gas in the
inhale chamber with vaporizer (rodent gas anesthesia machine R583S, RWD Life Science
Co., Ltd., Shenzhen, China) and retained in 2% isoflurane during the whole experimental
procedure. The methods for mouse and rat anesthesia were as described in McGill Standard
Operating Procedure (SOP) (#110 for mouse and #111 for rat).

Mice were randomly divided into 4 groups including an NS group and 3 tested groups
of BaCl2, CaCl2, and adrenaline (Changzhou Yuanda Pharmaceutical Chemical Co., Ltd.,
Changzhou, China). Firstly, mice were generally anesthetized, as mentioned above, and fixed on
a plank. Secondly, acupuncture needles were subcutaneously inserted into the limbs of mice and
rats to monitor and record normal lead II electrocardiogram (ECG) using the BL-420I biological
function experiment system (Techman Inc., Chengdu, China) under 2% isoflurane anesthe-
sia. Then, 0.8% BaCl2 (0.08 mg/kg Bwt), 1% CaCl2 (75 mg/kg Bwt), and 0.002% adrenaline
(150 ug/kg Bwt) were intraperitoneally (i.p.) injected into each mouse to induce arrhythmia,
respectively. In rats, 0.8% BaCl2 (0.16 mg/kg Bwt) was i.p. injected to induce arrhythmia as a
control. The surface ECG of mice and rats was continuously recorded, respectively (Figure 1).
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Figure 1. The experimental workflow of barium chloride-induced cardiac arrhythmia mouse and
rat models.

2.3. Post-Treatment (Rescue) of BaCl2 Induction in Mice

Twelve ICR mice were randomly divided into (1) lidocaine group and (2) amiodarone
group. Firstly, mice were generally anesthetized and fixed on a plank. Secondly, acupunc-
ture needles were subcutaneously inserted into the limbs of mice to monitor and record
normal II lead ECG using the BL-420I biological function experiment system (Techman Inc.)
under 2% isoflurane anesthesia. Then, 0.8% BaCl2 (0.08 mg/kg Bwt) was i.p. injected into
each mouse to induce arrhythmia. When mice showed ventricular bigeminy or ventricular
tachycardia (VT), 5% lidocaine (500 mg/kg Bwt, Shanghai Zhaohui Pharmaceatical Co.,
Ltd., Shanghai, China) and 0.6% amiodarone (15 mg/kg Bwt, Sanofi Hangzhou Pharma-
ceutical Co., Ltd., Hangzhou, China) were i.p. injected immediately. The surface ECG of
mice was continuously recorded.

2.4. Statistical Analysis

The in vivo data are expressed as means ± SEMs. The results were carried out by using
a one-way analysis of variance (ANOVA) for statistical comparisons among treatments.
The means within each column followed by different letters are significantly different at
p < 0.05 according to the post hoc Tukey’s test.
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3. Results
3.1. BaCl2 Induction Arrhythmia versus Adrenaline/CaCl2-Induced Arrhythmia

To compare BaCl2 induction arrhythmia with adrenaline/CaCl2-induced arrhythmia, the
mouse was injected i.p. with 0.8% BaCl2 (0.08 mg/kg Bwt), 1% CaCl2 (75 mg/kg Bwt) and
0.002% adrenaline (150 ug/kg Bwt), respectively. The ECG profile showed that the majority of
mice manifested ventricular bigeminy, VT, and VF after BaCl2 injection (Figure 2). Figure 2E
details the BaCl2-induced alterations in ECG parameters of mice including HR (bpm), PR interval
(ms), and Maximal R-wave potential (mV). The appearance of ventricular bigeminy and VT in
mice after BaCl2-induced PR interval (ms) in the EKG profile showed ventricular bigeminy < VT,
while Maximal R-wave potential (mV) was ventricular bigeminy > VT. Moreover, the ECG
showed that mice developed VT and ventricular bigeminy after CaCl2 (Figure 3I) and VT
after adrenaline injection (Figure 3II). The time of arrhythmia appearance in mice after i.p.
injection was different for various inducers. Ventricular bigeminy 115 ± 20 s; VT 248 ± 18 s;
and VF 343 ± 41s were observed after BaCl2 induction; ventricular bigeminy 12.3 ± 3.5 min,
VT 27.8 ± 4.2 min after CaCl2 induction; and VT 42.7 ± 3.1 min after adrenaline induction
(Table 1). These data demonstrated that ventricular arrhythmia can also be induced by CaCl2
and adrenaline injection i.p. as those similar to BaCl2 induction. BaCl2-induced arrhythmia in
mice by i.p. injection was repeatedly manifested.
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tricular tachycardia. (II) The typical profile of mouse cardiogram prior to and after adrenaline
(150 ug/kg Bwt) induction. (A) Normal sinus rhythm, and (B) ventricular tachycardia.

Table 1. Appeared time of chemical-induced arrhythmia in mice by intraperitoneal injection.

Inducer Ventricular Bigeminy Ventricular
Tachycardia

Ventricular
Fibrillation

0.8% BaCl2 115 ± 20 s 248 ± 18 s *** 343 ± 41 s
1% CaCl2 12.3 ± 3.5 min 27.8 ± 4.2 min ## -

0.002% Adrenaline - 42.7 ± 3.1 min -
0.8% BaCl2 (0.08 mg/kg Bwt); 1% CaCl2 (75 mg/kg Bwt); 0.002% adrenaline (150 ug/kg Bwt); -: not found; s:
second; Each group, n = 6; ***, p < 0.001 (BaCl2 vs. CaCl2 and adrenaline), one way ANOVA, ##, p < 0.01 (CaCl2
vs. adrenaline).
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3.2. Mouse versus Rat of BaCl2-Induced Arrhythmia

Multiple ventricular arrhythmias may be induced following the administration of
BaCl2 in rats, particularly ventricular premature contraction (VPC) and VT [12–14]. To
confirm the BaCl2 induction arrhythmia in mice is comparable to that seen in rats, the
rat was injected i.p. with 0.8% BaCl2 solution (0.16 mg/kg Bwt). The profiles of ECG
showed that rats also manifested ventricular bigeminy, VT, and VF after BaCl2 injection
(Figure 4). The data indicate that the ECG profile after BaCl2 induction arrhythmia in
both mice and rats is analogous except that the heartbeat speed is different. The differ-
ent administration routes of various chemical-induced arrhythmia in both mice and rats
were also reviewed and summarized (Table 2). Comparing the present study with previ-
ous studies reveals that arrhythmia of BaCl2-induced i.p. mice is comparable to various
chemical-induced arrhythmias through different routes of administration, suggesting the
BaCl2 induction mouse model is appropriate for an experimental model in the investigation
of cardiac arrhythmia and analysis of the underlying mechanisms. This mouse model is a
sensitive, reproducible, inexpensive, rapid technique for in vivo preliminary screening of
antiarrhythmic compounds particularly in the discovery and development of new drugs.
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(D) ventricular fibrillation.

Table 2. Various routes of chemical-induced arrhythmia in mice and rats.

Animal Inducer Route Manifestation Reference

Rats BaCl2
BaCl2

iv
iv

VF
-

[6]
[7]

BaCl2
Adrenaline iv or po - [9]

BaCl2
Internal

jugular vein - [15]

Iso i.p. AF [16]
BaCl2, Caudal vein AF, [17]

Aconitine Caudal vein VF, VT [18]
Aconitine iv - [19]
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Table 2. Cont.

Animal Inducer Route Manifestation Reference

Aconitine i.p. - [20]
Ach-CaCl2 Caudal vein AF [21]
Ach-CaCl2 Caudal vein AF [22]
Ach-CaCl2 Caudal vein AF [23]

BaCl2, CaCl2 iv AF [24]
Epinephrine iv VF, VT [25]
Epinephrine Infusion - [26]

BaCl2
External jugular

veins VF [27]

Epinephrine iv VT [28]
Aconitine iv - [29]
Aconitine Femoral vein - [30]

Adrenaline, BaCl2,
CaCl2, aconitine iv - [31]

Epinephrine Caudal vein Bradyarrhythmia [32]
Aconitine Infusion VT, VF [33]

BaCl2 Caudal vein [17]
CaCl2, BaCl2,

electric AF [24]

Aconitine, BaCl2 VP, VT, VF, CA [34]
Mice BaCl2 Caudal vein - [7]

Chloroform Inhalation VF [7]
Chloroform Inhalation - [33]
Chloroform Inhalation VES, VF, VT [35]

Aconitine Infusion caudal
vein VT [36]

Carbamyl choline Jugular vein AF, AT [37]
BaCl2 i.p. VB, VF, VT Present study

Acetylcholine (Ach), barium chloride (BaCl2), calcium chloride (CaCl2), isoproterenol (Iso), atrial fibrillation (AF),
atrial tachycardia (AT), ventricular tachycardia (VT), ventricular bigeminy (VB), ventricular fibrillation (VF), and
ventricular extrasystoles (VES). -: not shown.

3.3. Post-Treatment (Rescue) of BaCl2 Induction Arrhythmia in Mice

Amiodarone, a widely used class III antiarrhythmic drug, also exerts its antiarrhyth-
mic effect through suppression of associated K+ channels. Amiodarone is an effective
treatment for atrial and ventricular arrhythmias; however, its use is limited by a toxic
adverse effect profile. The amiodarone-induced K+ channel blockade may result in the
prolongation of ventricular repolarization, which finally leads to LQTS, TdP, and VF [38,39].
In clinical practice, amiodarone is used for anti-arrhythmias, especially atrial arrhythmia
with duration therapy. Lidocaine is a local anesthetic of the amino amide type and is also
used to treat VT. Meanwhile, lidocaine (sodium channel blockers) is administered for the
treatment of ventricular arrhythmia with duration therapy. Furthermore, to validate the
success of this model as an experimental cardiac arrhythmia, amiodarone and lidocaine
were used to rescue mice with BaCl2 induction arrhythmia. Once the manifestations of
ventricular arrhythmia occurred in mice, 5% lidocaine (500 mg/kg Bwt) and 0.6% amio-
darone (15 mg/kg Bwt) were injected i.p. immediately. The data showed that mice with
ventricular arrhythmia could be returned to normal sinus rhythm by lidocaine and amio-
darone treatments (Figure 5). Four-sixths of mice in the amiodarone group returned to
normal ECG, and five-sixths of mice in the lidocaine group returned to normal ECG. This
experiment reconfirms that BaCl2 induction arrhythmia in mice can be applied as an animal
model to discover new compounds for the treatment of cardiac arrhythmia as summarized
in Figure 6.



Life 2024, 14, 1047 8 of 13Life 2024, 14, x FOR PEER REVIEW 9 of 14 

Figure 5. The treatments of mouse cardiogram after barium chloride (BaCl2, 0.08 mg/kg Bwt)-in-
duced arrhythmia: (A) 0.6% amiodarone (15 mg/kg Bwt), (B) 5% lidocaine (500 mg/kg Bwt). This 
ECG pattern is separately cut from the original profile into three sections: (1) normal sinus rhythm, 
(2) BaCl2, and (3) amiodarone or lidocaine, respectively, for the presentation.

Figure 6. Summary of the profile of cardiac arrhythmia in barium chloride-induced mouse. 

4. Discussion
A major challenge remains in arrhythmia research because it can be investigated only 

in vivo. Various animal species have been used, and several disease models have been 
developed to study arrhythmias. Numerous animals including cats, dogs, rabbits, pigs, 
rats, mice, guinea pigs, and zebrafish can be induced by different chemicals such as CHCl₃, 
Stp, adrenaline, BaCl2, and CaCl2 through various routes (iv, i.p., immersion, inhalation), 
and these have been developed as arrhythmia experimental models for the investigation 
of antiarrhythmic theories and the discovery new drugs for acute arrhythmias treatment. 
The majority of experimental murine models of arrhythmia are induced by intravenous 
(jugular vein or sublingual vein) drugs or caudal vein injection, which make the operation 
complicated, necessitating a longer operation time (summarized in Table 2). We note that 
BaCl2 is a simple, fast, and effective drug widely used in the preparation of models for 
ventricular arrhythmia [7–9]. The induction of ventricular arrhythmia by injecting BaCl2 
into the internal jugular vein has been reported [14]. When comparing glialin with al-

Figure 5. The treatments of mouse cardiogram after barium chloride (BaCl2, 0.08 mg/kg Bwt)-
induced arrhythmia: (A) 0.6% amiodarone (15 mg/kg Bwt), (B) 5% lidocaine (500 mg/kg Bwt). This
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4. Discussion

A major challenge remains in arrhythmia research because it can be investigated only
in vivo. Various animal species have been used, and several disease models have been
developed to study arrhythmias. Numerous animals including cats, dogs, rabbits, pigs,
rats, mice, guinea pigs, and zebrafish can be induced by different chemicals such as CHCl3,
Stp, adrenaline, BaCl2, and CaCl2 through various routes (iv, i.p., immersion, inhalation),
and these have been developed as arrhythmia experimental models for the investigation
of antiarrhythmic theories and the discovery new drugs for acute arrhythmias treatment.
The majority of experimental murine models of arrhythmia are induced by intravenous
(jugular vein or sublingual vein) drugs or caudal vein injection, which make the operation
complicated, necessitating a longer operation time (summarized in Table 2). We note that
BaCl2 is a simple, fast, and effective drug widely used in the preparation of models for
ventricular arrhythmia [7–9]. The induction of ventricular arrhythmia by injecting BaCl2
into the internal jugular vein has been reported [15]. When comparing glialin with allapinin,
the antiarrhythmic activity of glialin is qualitatively analogous to that of allapinine based
on the low toxicity of glialin over allapinin, which is due to the presence of glycyrrhizic acid.
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This result is reported by using rats and guinea pigs through intravenous administration of
CaCl2, aconitine, BaCl2, and Stp [13]. Accordingly, BaCl2-induced arrhythmia in mice by i.p.
injection is repeatable and is suitable for the exploration of intervention. Both cleistanthin
A and cleistanthin B isolated from the leaves of Cleistanthus collinus Roxb. (Euphorbiaceae)
have been found to have a hypotensive effect and to have no antiarrhythmic effect against
BaCl2-induced Wistar rats [10]. As shown in Table 2, the BaCl2-induced mouse arrhythmia
model by i.p. is a fast, easy, and applicable method with intervention (lidocaine, sodium
channel blockers, and amiodarone, drugs prolonging the action potential duration).

There are numerous diverse types of arrhythmias comprising atrial fibrillation (AF),
atrial flutter, VF, and VT. Ventricular arrhythmias, including VT and VF, are highly asso-
ciated with SCD [40]. Adrenaline, BaCl2, and CaCl2 are injected into the caudal vein in
rats to induce ventricular arrhythmia [41]. Likewise, we have successfully achieved the
antiarrhythmic activity in adrenaline-, CaCl2- and BaCl2-induced arrhythmia models in
mice by i.p. injection. Five-sixths of mice developed ventricular bigeminy, VT, and VF after
BaCl2 injection (Figure 2). In addition, four-sixths of mice developed ventricular bigeminy
and VT without VF after CaCl2 injection. In the adrenaline group, four-sixths of mice
only developed VT. The ECG data showed successful induction with all mice developing
ventricular arrhythmias. Of note, BaCl2 is a highly toxic salt and has arrhythmogenic effects
by impairing ion channels in cardiomyocytes. Subsequently, BaCl2 leads to an increase
in Na+ and Ca2+ influx, which promotes delays after depolarization. Ba2+ is a potassium
ion (K+) channel blocker competing at the K+-binding site, which reduces the outflow of
K+ to produce ventricular arrhythmia [42–44]. The downregulation of the inward rectifier
potassium (IK1) channel is a hallmark of cardiac hypertrophy and failure. IK1 antago-
nist chloroquine or BaCl2 can largely reverse the cardioprotective effect of zacopride (a
selective IK1/Kir2.1 channel agonist) [45,46]. BaCl2 causes a significant decrease in acetyl-
cholinesterase, catalase, and superoxide dismutase activities as well as glutathione levels in
the heart and lungs of the treated rats. Moreover, the lipid peroxidation in cardiac and lung
tissue shows a dose-dependent increase, while advanced oxidative protein product and
nitric oxide levels are associated with a significant increase in metallothionein of the BaCl2-
treated rats. The BaCl2-induced heart and lung damage could be due to the interruption of
antioxidant defense systems, and the triggering of inflammatory mediators and alterations
in the hematological parameters of rats [47].

During the ensuing years, several studies revealed that cultured cells often lack the
correct ion channel subunit stoichiometry and subcellular organization found in native car-
diac myocytes. While acknowledging that rodents are easily accessible model animals, their
electrophysiological characters are profoundly different from those of humans, making the
extrapolation of rat studies to humans moderately difficult. Mouse models are superior
to cell culture models since intact mouse hearts contain all relevant types of specialized
cells including nodal and conduction system cells, endothelial cells, and fibroblasts. In vivo
models, and studies evaluating treatments and interventions for arrhythmogenic disease
need to take into account the relative and sometimes complex advantages of each species
and disease model. Mice also offer human-like cardiac anatomy not seen in simpler animal
models such as zebrafish (Danio rerio), which lack the right atrium and ventricle. Com-
pared to mouse models, large animal models have heart rates, action potential shapes and
durations, ion channel profiles, and intracellular Ca2+-handling systems with dynamics
that are more similar to those seen in humans [48]. Therefore, large animal models play a
key role in preclinical studies, although it remains very difficult and expensive to perform
gene-targeting in mouse models by using AAV for example. One previous report in cardiac
electrophysiological experiments has found that dog ventricular preparations have the
strongest translational value while rat ventricular preparations have the weakest ones. This
indicates that the different manifestations in the inhibition of various potassium currents
and their effects on repolarization in cardiac ventricular muscle are species-dependent [49].
Chemically induced arrhythmia contains aconitine antagonism, digoxin-induced arrhyth-
mia, strophanthin/ouabain-induced arrhythmia, adrenaline-induced arrhythmia, and
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calcium-induced arrhythmia, particularly in mice and rats as presented in Table 2. In
rats and guinea pigs are treated by iv administration of CaCl2, aconitine, BaCl2, and Stp.
According to the observed values of chaos, the highest one is observed in dogs, while
rabbits and rats are intermediate and the lowest degree of chaos is observed in humans.
Observation of the structure–function organization of the myocardium has shown that
fibrillation in humans and animals has a different degree of regularity and diverse values
of the chaotic component [50]. Consequently, the measure of QT dispersion from the 2-lead
ECG in the rat described in this protocol is different than that calculated from human ECG
records. This represents a limitation in the translation of the data obtained from rodents to
human clinical medicine. Alternatively, comparing the present study with the previously
published information reveals that arrhythmia of BaCl2-induced via i.p. mice is compatible
with various chemical-induced arrhythmias through different routes of administration.

We consider the potential limitations of using murine models to represent human
cardiac physiology more explicitly. The broad availability of transgenic mouse models and
the option to generate mice with cell-specific and/or time-dependent regulation of gene
expression provides a significant advantage for mice over other small animal species. A
major limitation is that their fast heart rate, small heart size, and differential ionic currents
do not fully recapitulate human cardiac electrophysiology. According to the ECGs, murine
and human models show salient differences, including the occurrence of a pronounced J-
wave and a less distinctive T-wave in the murine ECG. Mouse models can resemble human
cardiac arrhythmias, although mice differ from humans in cardiac electrophysiology [51].
Therefore, it is important to recognize species differences in cardiac AP waveforms and
underlying membrane currents for ventricular cardiomyocytes of humans and mice, which
are the result of species-specific expression of ion channels and transporters. Unlike
humans, mice and rats have a low AP plateau at ≈−40 mV membrane potential [52].
Furthermore, there are limiting concerns of the BaCl2-induced via i.p. mouse arrhythmia
model. First, Ba2+ is a foreign substance that is not essential for our body and is rarely
encountered in life. Second, Ba2+, similar to Ca2+, can also cause a constriction of smooth
muscle, which leads to gastrointestinal symptoms via i.p. injection. Moreover, with the
apparent difference in size (anatomical structure) and faster beating rate (four to eight
times faster), there are still some other limitations when extrapolating the repolarization
findings (action potential shapes and durations) and intracellular Ca2+-handling systems
with dynamics obtained with the mouse model to the human heart [48,53]. Further, mice
present differences in their ion channel profiles when compared to the human heart (i.e.,
TTX-sensitive sodium channel transcript levels decreased with increasing heart size) [54].
This different expression profile results in different action potential characteristics and
pharmacology. While mice with gene knockout are usually used for the model epigenetic or
posttranslational modifications associated with acquired arrhythmia conditions, numerous
studies have demonstrated using mice for genetic investigations, mechanistic evaluations,
or early studies to identify potential drug targets; rabbits for studies on ion channel function,
repolarization or re-entrant arrhythmias; and pigs for preclinical translational studies to
validate previous findings [55]. Moreover, mouse models offer the opportunity to test
and validate disease-causing mechanisms originating outside the cardiovascular system.
These concepts may become very critical for the translation of experimental results to the
clinical setting. Additionally, mouse models can also be helpful for drug development
efforts and to better understand the underlying processes of arrhythmogenesis, and offer
the opportunity to perform affordable preclinical evaluation of therapeutic efficacy and
safety in vivo and ex vivo in isolated hearts or cardiac myocytes isolated from mutant mice.

5. Conclusions

The manifestation of ECG showed that the majority of mice repeatedly developed
ventricular bigeminy, VT, and VF after BaCl2 i.p. injection. BaCl2-induced arrhythmia in
mice is comparable with BaCl2-induced arrhythmia episodes in rats. Moreover, the ECG
showed that mice also developed ventricular bigeminy and VT after CaCl2 and VT after
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adrenaline injection. Acute cardiac arrhythmia after BaCl2 i.p. injection could be reverted by
lidocaine (IB type, sodium channel blockers) and amiodarone (III type, potassium channel
blockers) drug administration. Prospectively, this study brings an alternative experimental
model to investigate anti-arrhythmic theories and provides a promising approach to explore
new indications of medicine or phytochemicals for the intervention of acute arrhythmias.
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