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A B S T R A C T   

Zebrafish and their mutant lines have been extensively used in cardiovascular studies. In the current study, the 
novel system, Zebra II, is presented for prolonged electrocardiogram (ECG) acquisition and analysis for multiple 
zebrafish within controllable working environments. The Zebra II is composed of a perfusion system, appara
tuses, sensors, and an in-house electronic system. First, the Zebra II is validated in comparison with a benchmark 
system, namely iWORX, through various experiments. The validation displayed comparable results in terms of 
data quality and ECG changes in response to drug treatment. The effects of anesthetic drugs and temperature 
variation on zebrafish ECG were subsequently investigated in experiments that need real-time data assessment. 
The Zebra II’s capability of continuous anesthetic administration enabled prolonged ECG acquisition up to 1 h 
compared to that of 5 min in existing systems. The novel, cloud-based, automated analysis with data obtained 
from four fish further provided a useful solution for combinatorial experiments and helped save significant time 
and effort. The system showed robust ECG acquisition and analytics for various applications including 
arrhythmia in sodium induced sinus arrest, temperature-induced heart rate variation, and drug-induced 
arrhythmia in Tg(SCN5A-D1275N) mutant and wildtype fish. The multiple channel acquisition also enabled 
the implementation of randomized controlled trials on zebrafish models. The developed ECG system holds 
promise and solves current drawbacks in order to greatly accelerate drug screening applications and other 
cardiovascular studies using zebrafish.   

1. Introduction 

Cardiovascular diseases (CVDs) are the leading cause of death 
worldwide. According to the 2020 AHA Annual Report, almost 860,000 
people died of CVDs in the U.S. in 2017, and the overall financial burden 
from CVDs totaled $351.2 billion in 2014–2015, emphasizing the ur
gency to explicate the etiologies of CVDs (Virani et al., 2020). One such 
CVD is the sick sinus syndrome (SSS), a collection of progressive disor
ders marked by the heart’s inability to maintain a consistent rhythm of 
heart muscle contraction and relaxation (Monfredi and Boyett, 2015). 
The sick sinus syndrome is characterized by age-associated dysfunction 

of the sinoatrial node (SAN), with varying symptoms such as syncope, 
heart palpitations, and insomnia (Adán and Crown, 2003). The SSS has 
multiple manifestations on electrocardiogram (ECG) data, including 
sinus bradycardia, sinus arrest (SA), and sinoatrial block. The patho
physiology of SSS is not fully understood, but scientists have determined 
that it can be caused by numerous factors ranging from pharmacological 
medications and sleep disturbances to fibrosis and ion channel 
dysfunction (Semelka et al., 2013). Previous research has emphasized 
SSS-associated genetic pathways as potential avenues to a more per
manent treatment for SSS (Bakker et al., 2012; Choudhury et al., 2018; 
Hu et al., 2014; Y et al., 2020). 
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The zebrafish serves as an ideal model for cardiovascular studies 
because of its similar homology to humans in both morphology, physi
ology, and genetics (Arnaout et al., 2007; Koopman et al., 2021). Despite 
having only two discernible chambers in the zebrafish heart compared 
to four in human hearts, the zebrafish heart possesses a similar con
tractile structure with an analogous conduction system (Genge et al., 
2016; Nemtsas et al., 2010). Therefore, the zebrafish model is appro
priate in the study of SSS and the correlation of related genetic pathways 
to the electrophysical phenotype via ECG. Currently, several research 
groups have developed systems to assess zebrafish ECG. Regarding 
sensor design, conventional needle electrodes are commonly used. Lin 
et al., (2018) designed and tested the needle electrode with different 
materials, including tungsten filament, stainless steel, and silver wire to 
investigate the recorded data quality. Along with a portable ECG kit, the 
authors aimed to provide a standard platform for research and teaching 
laboratories. The needle system was also deployed in other studies 
(Chaudhari et al., 2013; Lin et al., 2018; Liu et al., 2016; Stoyek et al., 
2018) to conduct biological and/or drug-induced research. Although the 
system demonstrated promising results, the needles had to be gently 
inserted through the dermis of zebrafish in order to collect favorable 
signals. The sharpness of the needles could cause injury to the fish’s 
heart, thus possibly changing signal morphology (Liu et al., 2016). 
Moreover, it requires an intensive effort to precisely position the elec
trode on the tiny heart in order to achieve clear ECG acquisition. 
Therefore, several alternative probe systems have been developed, 
including the micro-electrode array (MEA) and the 3D-printed sensors. 
Our team and other research groups have demonstrated the use of MEA 
for acquisition and provided data with a favorable signal-to-noise ratio 
(SNR) and high spatial and temporal resolution (Cao et al., 2014; Len
ning et al., 2018; Yu et al., 2012). For instance, we presented a MEA 
array covering the fish’s heart, which enabled site-specific ECG signals 
(Cao et al., 2014; Lenning et al., 2018). Cho et al., (2017) developed a 
MEA printed on a flexible printed circuit board (FPCB) based on a pol
yimide film for multiple electroencephalogram (EEG) acquisition for 
epilepsy studies. Although the MEA allowed multiple signal recordings, 
only one fish can be assessed at a time due to the limited number of 
electrode channels. To address this shortcoming, our group recently 
demonstrated a prolonged system for acquiring ECG from multiple fish 
simultaneously (Le et al., 2020). The MEA was replaced with two elec
trodes made of 125-μm thick polyimide with sputtered-Au electrodes 
embedded at the bottom of the housing for data acquisition. However, 
noise generated from a pump used for water circulation precluded 
high-SNR ECG signals. Furthermore, bulky and expensive acquisition 
tools were used to collect and transfer data through a cable to a com
puter. In the market, commercially available systems, such as the 
iWORX (Dover, NH), can provide improved system mobility with a 
compact amplifier. However, several challenges have not been resolved, 
such as i) the commercial systems only record for a short period of time 
(3–5 min), which is inadequate for experiments that need longer 
recording such as acute drug interactions; ii) the ECG acquisition re
quires anesthetized animals, rendering those systems stressful to the fish 
and inadequate to provide intrinsic cardiac electrophysiological data; 
iii) manual one-by-one measurement limits the capability of conducting 
studies necessitating a large number of fish; and iv) ECG data processing 
is carried out offline with exorbitant effort. Last but not least, no high 
throughput systems integrated with microelectronic systems have been 
reported for characterizing mutant phenotypes. Therefore, developing 
high throughput systems capable of prolonged ECG acquisition is an 
essential step for finding associations between arrhythmic phenotypes 
and mutant genotypes, identifying multiple arrhythmic phenotypes that 
are linked to a single mutant genotype, as well as elucidating cardiac 
drug efficacy using the zebrafish model. 

In this work, the novel Zebra II system is introduced, which is 
capable of prolonged ECG acquisition from multiple fish simultaneously. 
An in-house electronic system was developed, leveraging the Internet of 
Thing (IoT) capability with wireless data transmission and data 

processing on a mobile application. The IoT capability enhanced the 
mobility and versatility of the system as well as supported distanced 
collaborations to conduct research on zebrafish models. The system was 
validated through numerous experiments, displaying its potential with 
1) simultaneous ECG acquisition from 4 fish; 2) continuous ECG 
acquisition for up to 1 h compared to several minutes (min) of currently 
available systems; 3) reduction in confounding effects from anesthesia 
with the use of 50% lower Tricaine concentration. The system featured a 
robust capacity in prolonged ECG acquisition from different experiments 
including sodium-induced SA, temperature-induced heart rate variation, 
and drug-induced arrhythmia for Tg(SCN5A-D1275N) mutant and 
wildtype fish in standardized experimental conditions. The imple
mentation of multiple electrode channels for prolonged ECG acquisition 
also enables the implementation of randomized controlled trials, with 
two fish per experimental group in identical experimental conditions. 
Finally, the developed ECG system holds promise and solves current 
drawbacks in order to greatly accelerate arrhythmic phenotype analysis 
and drug screening applications in zebrafish. 

2. Materials and methods 

2.1. Mutant Tg(SCN5A-D1275N) and zebrafish husbandry 

Mutant Tg(SCN5A-D1275N), a transgenic zebrafish arrhythmia 
model bearing the pathogenic cardiac sodium channel mutation SCN5A- 
D1275N, was used to characterize and validate system performance, 
study sinus node dysfunction, and perform drug high throughput 
screening assays. Correlation between clinical phenotype and the 
mutant line has been reported for bradycardia, conduction-system ab
normalities, episodes of SA (Yan et al., 2020). 

Adult wild/mutant-type zebrafish with the age of 13–20 months 
(body lengths approximately 3–3.5 cm) were used in this study. Zebra
fish were kept in a circulating system that was continuously filtered and 
aerated to maintain the water quality required for a healthy aquatic 
environment. The fish room was generally maintained between 26 and 
28.5◦C, and the lighting conditions were regulated within a 14:10 h 
light: dark cycle. 

All animal protocols in this study were reviewed and approved by the 
Institutional Animal Care and Use Committee (IACUC) protocol (#AUP- 
18-115 at University of California, Irvine). All drug administration ex
periments (section 1-2, supplementary document), chemicals, reagents, 
and materials were performed in accordance with relevant guidelines 
and regulations. 

2.2. Design and validation of the Zebra II system 

The Zebra II system is composed of a perfusion system, an in-house 
electronic system, apparatuses, and sensors (Fig. 1a). The perfusion 
system comprised four syringes, four valves and tubing. The four sy
ringes contained Tricaine solution with low concentration, which 
continuously fed to the fish through the tubing system. Tricaine (MS- 
222) was used as an anesthetic to reduce the fish’s aggressiveness and 
activity while maintaining their consciousness. The four valves were 
used to adjust the solution’s flow rate within a range of 5.5–6 ml/min, 
while housing apparatuses and sensors were improved from the previous 
work (Le et al., 2020). Specifically, multiple side-fitted housings were 
made of polydimethylsiloxane (PDMS), which provided comfort to the 
fish and minimized unwanted movements. Moreover, the top and bot
tom of the apparatus were designed to allow the fish to lay comfortably 
on electrodes within the curved bottom. The top was fitted with an 
additional part on the wall to keep the fish from escaping the apparatus. 
The zebrafish ECG system was placed within a home-made incubator 
(Fig. 1a). Temperature within the chamber ranged from 20 ◦C to 32 ◦C, 
as measured by a thermometer and controlled by a thermostat with an 
accuracy of ±1 ◦C.With the thermo box, a specific temperature was set 
by the thermostat control, and the light bulb was turned on so that the 
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box’s temperature can be maintained at the setup temperature and vice 
versa. The electronic system and the mobile application are described in 
Fig. 1b–d and Sup. Fig. 1. The overall system electronic specifications 
are shown in Sup. Table 1. 

The Zebra II wirelessly transmitted ECG signals to a smartphone, and 
the data were displayed on a mobile application as shown in Fig. 1d. To 
test the reproducibility, ECG signals were acquired from 8 wild type 
(WT) fish for 7 trials, and the variations in terms of signal to noise ratios 
(SNR), heart rate, QTc interval, and QRS interval were monitored. These 
results are further illustrated in Sup. Fig. 2. Furthermore, a robust and 
scalable real-time stream processing system leveraging the Google Cloud 
infrastructure was designed and implemented to facilitate remote 
monitoring and high-throughput ECG analysis. The processing system is 
illustrated in Sup. Fig. 3. The system was constructed to provide a 
collaborative platform for different research groups regardless of their 

geographical locations. With the capabilities of acquiring ECG from 
multiple fish simultaneously for up to 1 h, the proposed design can save 
time and efforts by nearly 40–50 fold compared with conventional ap
proaches (Chaudhari et al., 2013; Lin et al., 2018; Yan et al., 2020). 

Experiments were conducted to validate the performance of the 
developed system. First, zebrafish ECG signals were acquired simulta
neously using the Zebra II and the commercial system developed by 
iWORX (Dover, NH) to assess the data quality from fish under Amio
darone treatment. Then, the optimal Tricaine concentration and tem
perature were determined for ECG acquisition (n = 64). 

To further investigate this mutant line as a candidate for cardiac 
studies, we assessed the relationship between SCN5A and Meth (Tisdale 
et al., 2020)– a controlled substance. Several groups have studied its 
connection of using addictive drugs with sudden death. For instance, 
Nagasawa et al., screened several variations in the long QT 

Fig. 1. The prolonged ECG system for multiple adult zebrafish acquisition. (a) the prolonged ECG system design: the reservoir for containing Tricaine solution, the 
tube system for feeding the solution to the fish, the electrodes and support stand for acquiring ECG signals. (b) System-level block diagram showing analog front-end 
chip, signal transduction, wireless transmission from the ECG to user interface. (c) In-house electronic board having system-on-chip for wireless transmission, power 
management connecting to the electrode for ECG acquisition. Scale bar: 2 cm. (d) User interface of the mobile application receiving ECG data from multiple fish. (e) 
Representative ECG data collected by the system. (f) ECG data segments superimposed, and its average ECG segment in red with clear ECG waves (P wave, QRS 
complex and T wave). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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syndrome-associated genes KCNQ1 (LQT1) and KCNH2 (LQT2), 
showing the increased risk of severe cardiac arrhythmia for addictive 
drug abusers (Nagasawa et al., 2018). However, they did not test for 
SCN5A variants, which was explored in the current study. Additionally, 
rescuing arrhythmic phenotypes induced by high sodium intake could 
provide insights into the nature of those arrhythmic phenotypes, as Meth 
has been previously demonstrated to increase HR after administration 
(Henry et al., 2012). Specifically, we treated two groups of zebrafish 
(labelled as “control” – WT fish and “mutant” – Tg(SCN5A-D1275N)) in 
0.9‰ NaCl for 30 min before immersing the fish in 50 μM Meth for 30 
min. As shown in Fig. 5, the HR, SDNN and QTc interval were compared 
between the two groups in the following three treatments: without drug 
treatment, with NaCl treatment, and with NaCl + Meth treatment (n =
12 WT fish and n = 8 Tg(SCN5A-D1275N fish)). 

2.3. Signal processing and statistics 

The recorded ECG data were analyzed, and several parameters were 
extracted, including heart rate (HR), QT, and QTc intervals (Le et al., 
2019). The standard deviation of normal sinus beats (SDNN) was 
calculated based on the short-term, beat-to-beat variance of HR in each 
5 min segment of the data, and the standard deviation of the average 
normal-to-normal (SDANN) intervals was calculated based on the vari
ance of average HR from each 5 min segment. SDNN was used for 
short-term data analysis based on each 5 min segment, and SDANN was 
used for long-term data analysis for the whole 40 min segment (Shaffer 
and Ginsberg, 2017). 

Statistical analysis was performed using the following tests with 
OriginLab 2019. Multiple comparisons were tested with one-way 
ANOVA, and significant results (P < 0.05) were analyzed with pair
wise comparisons using Student’s t-test applying significance levels 
adjusted with the Bonferroni method. Significant P-values are indicated 
with asterisks (*) with *P < 0.05, **P < 0.01 and ***P < 0.001. Cor
relation analysis was performed using Pearson’s correlation. 

3. Results and discussion 

3.1. Multiple zebrafish ECG acquisition with Zebra II 

The ECG data collected from Zebra II are shown in Fig. 1e. The data 
were pre-processed using the Wavelet technique (Le et al., 2019) to 
reduce various types of noise. Fig. 1f illustrates the ECG segments 
superimposed during the measurement, with each line representing one 
cardiac cycle. The full set of ECG waves symbolized with the P-wave, 
QRS-complex, and T-wave was present in the mean of ECG segments as 
highlighted in red, showing waveform reproducibility and stability 
during the recording period. Moreover, prior to the acquisition of ECG 
data, the impedance of the electrodes on zebrafish skin was verified 
(Sup. Fig. 4). The low standard deviation error indicated that ECG 
acquisition from the electrodes will remain stable for the duration of the 
measurement, ensuring that any variations in ECG acquisition were not 
caused by faulty electrodes. The relative standard deviation (RSD) of 
such parameters is presented in Sup. Table 2. 

The acquired ECG data were then compared in both frequency 
domain and time domain (Sup. Fig. 5a and b). Specifically, the corre
lation coefficients were 98.78% and 96.54% in time domain and fre
quency domain, respectively. Moreover, the HR and QRS interval were 
also compared (Sup. Fig. 5c and d). As shown in the data, the Zebra II’s 
performance was comparable to that of the commercial iWORX system. 
Then, another experiment was performed on 36 wildtype (WT) zebrafish 
divided into the following 2 groups: 1) control (n = 20) and 2) Amio
darone treated (n = 16) fish. As shown in Sup. Fig. 6, HR, QRS duration 
and QTc interval were analyzed. With the control group, no significant 
difference (p-value > 0.05) between two systems in terms of QRS and 
QTc value was observed. Similarly, the HR value and QTc value showed 
no significant difference in the treated group. Furthermore, the Bland 
Altman analysis in Sup. Fig. 6b, d, f showed the agreement level between 
two systems, with most of HR values and QTc values located within the 
limit of agreement (LOA) region. 

Electrode placement contributed significantly to the intensity of ECG 
data. With the use of the low Tricaine concentration to enable longer 

Fig. 2. Investigation of Tricaine and temperature to reduce cardiac rhythm side effects. (a) Representative ECG data recorded from fish treated with different 
Tricaine concentrations. (b) Bar chart comparing recovery time needed after treatment for each Tricaine concentration. Line graph describing the survival rate of 
zebrafish treated by different Tricaine concentrations. (c) SDANN in WT fish with different temperatures. (d) HR in WT fish with different temperatures (N = 64, 
standard deviation (SD) of HR at 20 ◦C, 24 ◦C, 26 ◦C, 30 ◦C: 17.8 BPM, 25.2 BPM, 17.6 BPM and 21.7 BPM, respectively). *p < 0.05; **p < 0.01 (one-way analysis of 
variance). ns indicates not significant. 
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ECG acquisition, the fish tended to exhibit unexpected strong move
ment, thus leading to electrode dislocation. In the future, a mechanism 
may be utilized to automatically detect the impedance of electrode- 
tissue interface, which can be used to indicate the contact between 
electrode and fish’s chest. In terms of the current electronic system, the 
low-noise and high-resolution ADS chip provided favorable ECG data 
with additional data processing feature. However, scaling up to 8, 16 or 
even 24 channels to include more fish may be challenging at this point. 
For instance, it would require multiple ADS chips cascaded together, 
which would increase its computational power. However, wireless data 
transmission using BLE will no longer be compatible with this scenario 
due to the limit of bandwidth (Bulić et al., 2019). Another challenge was 
presented in terms of time delay. Since the recorded ECG data were 
wirelessly transmitted to the mobile app via BLE, the connection be
tween the fish system and mobile phone needs to be established first. A 
set of connection parameters (e.g., connection interval, slave latency, 
and connection supervision timeout) was sent by the smartphone (BLE 
master device) to the fish system (BLE slave device), which takes about 
2 s based on the observation during the experiment. Thus, establishing 
the initial connection contributed to the delay in wireless data trans
mission between the Zebra II and the phone. Additionally, with the 
sampling rate of 250 Hz, the operation time for ADC and BLE commu
nication between the system (a slave device) and a phone was 4 msec. In 
regard to the cloud system, the time from acquiring ECG data to dis
playing the data on the cloud with Grafana was approximately 2 s. As a 

result, the total delay from the initial ECG acquisition to the presence of 
data on the cloud was 6 s. Thus, the entire operation can be considered 
as pseudo-real time. 

3.2. Investigation of side effects of Tricaine and variable temperature 
cardiac rhythm 

Tricaine (MS-222) and temperature have been shown to affect car
diac physiology of adult zebrafish and the HR of the treated subjects (Lin 
et al., 2018; Sun et al., 2009). At low temperatures (e.g., 18 - 20 ◦C), 
myocyte activity is reduced as a natural adaptive mechanism to aid 
survival during colder climates or seasons, which leads to a reduction in 
HR. At higher temperatures, increased HR facilitates greater cardiac 
output to support a higher metabolic activity/demand for oxygen 
consistent with normal physiological function (Maricondi-Massari et al., 
1998). Therefore, with an optimal environment temperature, the pro
longed ECG system introduced in this work will help lower the Tricaine 
concentration used in experiments, which can reduce the confounding 
effects of Tricaine in order to obtain intrinsic ECG data. 

As shown in Fig. 2a, the ECG data from 8 fish per concentration 
group (75, 100, and 150 ppm) of Tricaine were obtained. The ECG data 
showed gill motion noise, manifested as low frequency, cyclic pertur
bations in the data. The noise interfered with the identification of ECG 
waves such as P waves, T waves and QRS complexes from fish treated 
with 75 ppm Tricaine, while the noise appeared to be more subdued in 

Fig. 3. Demonstration of the prolonged system showing ECG changes in response to different Amiodarone concentrations. (a) Representative ECG data obtained by 
the developed system and its change in ECG parameters due to different Amiodarone concentrations. (b) Bar chart describing the discrepancy of HR, QTc interval and 
QRS interval in ECG data with different Amiodarone concentrations (n = 8 fish). Quantification of heart rate decreased in response to Amiodarone (120.8 ± 5.3 BPM 
without treatment, 84.9 ± 9.1 BPM with 200 μM Amiodarone) while the QTc and QRS interval tend to increase (337.9 ± 7.5 msec with no drug and 44.2 ± 7.9 msec 
with 200 μM Amiodarone). *p < 0.05 (one-way analysis of variance with Turkey test). ns indicates not significant. 
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data obtained from fish treated with 100 ppm and 150 ppm. As a result, 
ECG data acquired from fish treated with 100 ppm and 150 ppm dis
played clear ECG waves. After 40 min measurement, the recovery time 
and the survival rate after treatment were collected (Fig. 2b). It was 
found that fish treated with higher Tricaine concentrations necessitated 
longer recovery times. Specifically, fish treated with 150 ppm Tricaine 
took an average of 7 min to recover compared to the 3 min and 4.2 min 
for fish treated with 75 and 100 ppm, respectively. Furthermore, the 
survival rate of fish treated with 150 ppm Tricaine was about 75%, while 
other concentrations yielded survival rates above 90%. It reflected the 
effect of extremely high Tricaine concentration similar to that used for 
euthanasia (i.e., 168 ppm) (Matthews and Varga, 2012). Given the 

recovery time, the survival rate, and the acquired ECG data, the Tricaine 
concentration of 100 ppm was most optimal for ECG acquisition. 
Additionally, the variation of HR was also assessed in each 5-min 
segment during the 40-min measurement (Sup. Fig. 7). No significant 
difference was observed between the 5–min to 10–min, 10-min to 
15–min, 15-min to 20–min, and 20-min to 25–min segments for ECG 
data from fish treated with either 75 ppm or 100 ppm Tricaine. The only 
difference occurred in the last 10 min of the 40-min measurement when 
the HR displayed more fluctuation with 75 ppm Tricaine (115.67 ±

25.29 BPM) than that with 100 ppm (115. 93 ± 11.28 BPM). 
After determining the optimal Tricaine concentration, the effect of 

temperature on acquired ECG was investigated. As shown in Fig. 2c, 

Fig. 4. Evaluation of sodium sensitivity in the development of sinus arrest in Tg(SCN5A-D1275N). (a) Representative ECG data before and after NaCl treatment with 
different concentrations. SA appears more frequently in response to the increase of NaCl concentration. (b) The average HR of WT fish (n = 12), showing the slight 
decrease from 113.4 ± 10.8 BPM without treatment to 102.1 ± 15.0 BPM; the averaged HR of Tg(SCN5A-D1275N) mutant fish (n = 8), showing significant reduction 
from 122.6 ± 13.7 BPM without treatment to 93.3 ± 11.5 BPM after NaCl treatment. (c) SDNN of WT fish (n = 12) and mutant fish (n = 8), displaying similar 
variations in HR. (d) QTc values shows slight increase in both wild-type and mutant fish after NaCl treatment. 

Fig. 5. Investigation of methamphetamine (Meth)’s efficacy to rescue arrhythmic phenotypes after treatment with NaCl. The experiment analyzed and compared HR, 
QTc and SDNN among three treatments (e.g., no drug treatment, NaCl and, NaCl + Meth). The experiment was conducted in both WT fish and mutant fish Tg(SCN5A- 
D1275N). The average HR and SDNN for mutant fish treated with NaCl + Meth did not show significant difference from average HR and SDNN treated with NaCl 
only. *p < 0.05 (one-way analysis of variance with Turkey test). ns indicates not significant. 

T. Le et al.                                                                                                                                                                                                                                        



Biosensors and Bioelectronics 197 (2022) 113808

7

SDANN at 26 ◦C had the lowest value with the range of 36 ms (msec) to 
75 msec, while the SDANN at 24 ◦C is highest with the range of 50 
msec–139 msec. Moreover, the data distribution from HR collected 
every 5 min at 26 ◦C was the most condensed (Fig. 2d). Thus, the HR 
obtained at 26 ◦C was the most stable compared to the values obtained at 
other temperatures. 

3.3. Response analysis to drug treatment in real time with the Zebra II 
system 

One of the key novelties of the Zebra II system is the capacity to test 
drugs with different concentrations on individual fish with a continu
ously prolonged assay. First, the effect of Amiodarone with different 
concentrations on zebrafish ECG was analyzed. Three doses of Amio
darone were consecutively filled in the reservoir to feed to the fish 
during ECG acquisition, and each dose lasted around 5 min. As shown in 
Fig. 3a, the changes in response to different dosages in all four fish were 
apparent. Zooming in on the data acquired from fish 1 at timepoints 
denoted from (1) to (4) corresponding to different Amiodarone con
centrations revealed that the QTc interval displayed considerable 
changes. The QTc interval was 310 msec without drug treatment. 
Noticeable increases in QTc interval were observed after Amiodarone 
treatment. Specifically, the interval was 330 msec at 70 μM of Amio
darone, 476 msec at 100 μM, and 536 msec at 200 μM. Fig. 3b depicts 
the overall changes in terms of QTc interval, QRS interval, and HR in 
response to different Amiodarone concentrations. As Amiodarone con
centration increased over the duration of the experiment, QTc interval 
and QRS interval increased, while the average HR decreased. 

In drug response studies, conducting real time or pseudo-real time 
measurements with the same fish is most ideal due to biological vari
ability among subjects. The perfusion system is equipped with multiple 
chambers for multiple drug doses in order to provide seamless transi
tions of multiple drug treatments, decreasing potential noise and per
turbations. The developed system was able to demonstrate that a longer 
acquisition enables the treatment of multiple drugs, as indicated by the 
successful demonstration of dose-response Amiodarone-associated ECG 
changes described earlier in this section, as well as sodium-associated 
ECG changes described later in section 3.4. The utility of the perfusion 
system can also be expanded to include the testing of multiple drugs 
simultaneously to assess ECG changes due to drug-drug interactions, a 
developing field of study (Zukkoor and Thohan, 2018). The chambers in 
the perfusion system can also contain multiple drugs for the precise 
modulation of zebrafish drug intake in order to accurately determine the 
effects of each tested drug as well as the onset of potential drug-drug 
interactions. While the subsequent ECG analysis of Tg 
(SCN5A-D1275N) indicates that Methamphetamine (Meth) did not 
improve SA frequency and HR, it demonstrated the assessment of effects 
of multiple drugs, as seen from the prolongation of the QTc interval after 
treatment of 50 μM of Meth (Fig. 5). In both groups, the QTc interval was 
longer (by 350 msec for WT and 385 msec for Tg(SCN5A-D1275N)) after 
Meth treatment. Thus, the robust performance of the system allowed 
incorporation of multiple drugs with different effects (e.g., antagonistic 
effects) in a single continuously prolonged assay to study the effect of 
drug-drug interactions on ECG changes, which was previously heavily 
performed on the short time course of other existing systems. Various 
ECG changes due to drug treatment were detected in prolonged ECG 
acquisition) to provide intuitive insights into drug-drug interaction ef
fects, demonstrating the potential of the developed system to evaluate 
drug efficacy. As shown in Fig. 4d for the sodium sensitivity experiment, 
the average SDNN was 125 msec for WT fish but was 255 msec for Tg 
(SCN5A-D1275N), consistent with reduced conduction velocities due to 
sodium ion channel dysfunction (George, 2005). 

3.4. Evaluation of high sodium intake in the development of sinus arrest 
(SA) in Tg(SCN5A-D1275N) 

No previous research studies investigated the role of high sodium 
intake on the development of SA for zebrafish with increased suscepti
bility to arrhythmia due to genetic causes. Here, the developed system 
demonstrated the role of excess sodium ions in inducing ECG changes in 
the Tg(SCN5A-D1275N) mutant, successfully characterizing the onset of 
arrhythmic phenotypes such as SA. Fig. 4a illustrates the ECG data ob
tained from Tg(SCN5A-D1275N) fish with different NaCl concentrations. 
Zebrafish started displaying a reduction in HR when treated with a low 
NaCl concentration of 0.1‰. More significant reductions were detected 
when the fish were treated with higher concentrations. According to the 
SA criteria (e.g., RR interval is greater than 1.5 s) determined in our 
previous work (Yan et al., 2020), SA appeared more frequently after 
treatment with 0.6‰ NaCl and above (Table 1). The result confirmed a 
strong association between high sodium intake and arrhythmic pheno
types, previously reported in hypertensive populations (Mente et al., 
2016). High sodium intake is associated with alterations in various 
proteins responsible for transmembrane ion homeostasis and myocar
dial contractility. Recent studies provided important evidence that high 
sodium intake promotes structural and functional impairment of the 
heart, especially in populations bearing mutant phenotypes of the major 
cardiac sodium channels such as Nav1.5 and its corresponding gene 
SCN5A. However, there was a current lack of a functional prolonged 
ECG acquisition system to characterize arrhythmic phenotypes from 
Nav1.5 sodium channel mutants, including the functional response of 
Nav1.5 to initiate action potentials based on high sodium intake. SA 
induced by high sodium intake was observed in this study and may be 
associated with a rise in intracellular sodium concentration within car
diomyocytes due to the gain-of-function of Tg(SCN5A-D1275N) for so
dium ions traveling into the cardiomyocyte. Detection of SA by the 
developed system implied that the Tg(SCN5A-D1275N) fish is suscepti
ble to arrhythmic phenotypes after high sodium intake due to hastening 
epicardial repolarization and causing idiopathic ventricular conduction. 
These pathological changes were manifested as ECG changes and ven
tricular arrhythmias. ECG data acquired by the developed system were 
consistent with clinical reports, indicating that Brugada syndrome in 
human and animals resulted in ventricular conduction abnormalities 
due to high sodium intake (Antzelevitch, 2006; Mizusawa and Wilde, 
2012). High sodium intake can cause destabilized closed-state inacti
vation gating of Nav1.5 that may attenuate the ventricular conduction 
delay as shown in the ECG data (Table 1). 

As shown in Fig. 4b, mutant fish exhibited a significant decrease in 
HR after treatment of 0.6‰ NaCl. In contrast, NaCl treatment did not 
show a profound effect to the WT fish, as evidenced by the smaller 
decrease in HR after NaCl treatment. It was worth noting that these WT 
fish were at 1.5 years old, which could attribute to an increase of SA 
(Yan et al., 2020), and the slight reduction of HR in the experiment (Sup. 
Fig. 8). In terms of HRV, Tg(SCN5A-D1275N) fish showed a remarkable 
increase at high NaCl concentrations (0.9‰ and 1.8‰) compared with 
other concentrations. These results provided evidence that the Tg 
(SCN5A-D1275N) triggered more SA under NaCl treatment (Table 1). 
Moreover, the SDNN and QTc interval in response to NaCl treatment 
were also measured, exhibiting similar trends for both WT and mutant 
fish. (Fig. 4c and Sup. Fig. 9). 

Notably, the results indicated that high sodium intake induced more 
drastic ECG changes in Tg(SCN5A-D1275N) fish. NaCl treatments at 
0.6‰, 0.9‰, and 1.8‰ resulted in SA with durations of 1.53 s, 1.55 s 
and 1.52 s, respectively. Additionally, slower HR and prolonged QTc 
intervals were observed only in mutant fish. These results provided a 
significant association between the increased frequency of SA, slower 
HR, and prolonged QTc with increased sodium intake in mutants. Ac
cording to previous reports (Darbar et al., 2008; Liu et al., 2014), Nav1.5 
can disrupt the heart’s electrical activity and lead to a dramatic decrease 
of HR. The slow-conducting Tg(SCN5A-D1275N) mutant has been 
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demonstrated previously by voltage-clamp measurement (McNair et al., 
2011; Nguyen et al., 2008), which corroborated with the results in this 
study. The average QTc intervals were as high as 385 msec, indicating 
that the QTc intervals in mutant fish were generally more prolonged 
than wild type animals. Overall, high sodium intake led to various 
arrhythmic phenotypes, including slow HR, prolonged QTc, and 
increased SA frequency in Tg(SCN5A-D1275N) fish (Fig. 4d). 

3.5. Rescue of arrhythmic phenotypes induced by high sodium intake in 
Tg(SCN5A-D1275N) fish 

The average HR of mutant fish after the NaCl + Meth treatment 
(96.96 ± 7.61 BPM) was slightly higher than that of mutant fish solely 
treated with NaCl (94.59 ± 5.69 BPM) (Fig. 5); however, the difference 
was not significant (P > 0.05). Similarly, the SDNN value did not show 
any significant difference between mutant fish treated with NaCl + Meth 
and those solely treated with NaCl (Fig. 5). Meth was administered to the 
fish to determine if their cardiac systems could respond to the drug’s 
mechanism of inducing ECG changes (i.e., increased HR, QTc prolon
gation). However, the obtained data indicated that Meth treatment did 
not affect the HR and SDNN in both groups (Table 1), implying that NaCl 
administration resulted in some irreversible arrhythmic phenotypes (i. 
e., slow HR) that could not be easily rescued with other agents that in
crease HR. In contrast, a significant increase in QTc interval was 
detected in the mutant fish after Meth treatment (391.3 ± 76.1 msec vs. 
360.1 ± 64.0 msec), indicating the additive effect of Meth to QTc in
terval prolongation (Table 1). Considering that no significant increase in 
QTc interval was seen in WT fish, the data indicated the mutant fish 
were more susceptible to agents causing QTc prolongation. Therefore, 
these results suggested different susceptibilities for arrhythmic pheno
types in the mutant Tg(SCN5A-D1275N). 

The ECG data obtained from this study provided new evidence that 
high sodium intake increased the susceptibility of Tg(SCN5A-D1275N) 
fish to arrhythmic phenotypes. Results from mutant fish indicated the 
pathological slowing of HR, prolonged QTc interval, and higher fre
quency of SA. Although the developed system cannot provide other 
cardiac indices, such as ejection fraction and cardiac output, the sys
tem’s ability to detect arrhythmic phenotypes in real time is valuable for 
many applications such as drug screening and phenotype assessment. 

4. Conclusion 

The novelties of the developed Zebra II lie in the extended mea
surement for multi-step experiments (up to 1 h), high throughput 
screening with multiple zebrafish, controlled setting with minimal 
confounding effects, and automated cloud-based analytics. The system 

was successfully demonstrated to investigate the arrhythmic mutant line 
Tg(SCN5A-D1275N), revealing the effect of high sodium intake on the 
development of sinus arrest (SA), slow HR, and prolonged QTc. In the 
future, the Zebra II can be used for a host of cardiac disease studies, 
including phenotypic screening for genetic engineering studies and new 
drug screening applications. 
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