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Abstract
Introduction: Non-clinical cardiovascular drug safety assessment is the main step in the progress of 
new pharmaceutical products. Cardiac drug safety testing focuses on a delayed rectifier potassium 
channel block and QT interval prolongation, whereas optogenetics is a powerful technology for 
modulating the electrophysiological properties of excitable cells. 
Methods: For this purpose, the blue light-gated ion channel, channelrhodopsin-2 (ChR2), has 
been introduced into isolated primary neonatal cardiomyocytes via a lentiviral vector. After being 
subjected to optical stimulation, transmembrane potential and intracellular calcium were assessed.
Results: Here, we generated cardiomyocytes expressing ChR2 (light-sensitive protein), that upon 
optical stimulation, the cardiomyocytes depolarized result from alterations of membrane voltage 
and intracellular calcium.
Conclusion: This cell model was easily adapted to a cell culture system in a laboratory, making this 
method very attractive for therapeutic research on cardiac optogenetics.
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Introduction
Heart arrhythmias are described as any change in the 
normal rhythms of the heart’s electrical system and 
are the leading causes of worldwide mortality. Cardiac 
arrhythmias can be categorized as a slow heartbeat 
(bradyarrhythmias) involving the implantation of a 
pacemaker, versus a fast-beating rate (tachyarrhythmias) 
requiring the implantable cardiac defibrillators and 
antiarrhythmic drugs.1 Preclinical evaluation of drug 
cardiotoxicity concentrates on the in vitro block 
of the rapid delayed rectifier current that conducts 
(K+), combined with in vivo QT prolongation for 
cardiotoxicity assessment.2 Optogenetics has created a 
new opportunity for drug screening, particularly in drug 
discovery. Optogenetic tools provide a way of probing the 
electrophysiological responses of cardiomyocytes in drug 
efficacy and safety testing.3 

Optogenetics needs light-activated protein, which 
naturally occurs or is chemically modified 4. The most 
commonly used opsin, channelrhodopsin-2 (ChR2) is the 
light-gated ion channel, originated from algae, and has 
emerged as a new widespread excitatory tool not only in 

neuroscience but also in cardiology.5 In the present study, 
we generated cardiomyocytes expressing an improved 
ChR2 that is activated by blue light stimulation. Following 
photon absorption, the chromophore retinal, which 
covalently binds to the channel and serves as a light-
sensing element, photoisomerizes. This isomerization 
triggers the opening of the ion channel allowing the 
passage of cations across the cell membrane according to 
their electrochemical gradient. Therefore, we generated a 
population of cardiomyocytes in a culture that is stimulated 
by light with both spatial and temporal precision. This cell 
culture model can be utilized in cardiac research.

Methods
Neonatal Rat Cardiomyocyte Isolation and 
Characterization
Primary cardiomyocytes were isolated from neonatal 
rats according to the protocol optimized before.6 Briefly, 
cardiac tissues were digested with 0.025% trypsin/
EDTA and then the supernatant was carefully collected 
and centrifugated at 1800 rpm for 20 minutes. The 
pellet was suspended with DMEM, 10% FCS, 1% non-
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essential amino acid, and 1% L-glutamine. After loading 
in a percoll gradient and centrifugation at 6000 rpm for 
30 minutes, the cell pellets were suspended in a culture 
medium and incubated for 1.5-2 hours in a humidified, 
37°C and 5% CO2 incubator to allow the attachment of 
non-myocardial cells to the 0.1% gelatin-coated flask. 
The supernatant fluid that contains non-adhesive 
myocytes was centrifuged at 1800 rpm for 20 minutes. 
In the end, the cardiomyocytes were cultured and placed 
into the incubator. To characterize neonatal rat derived 
cardiomyocytes in cell culture, we used the alpha-actinin 
antibody and western blot technique.

Lentiviral Transduction of Cardiomyocytes
To generate cell-type-specific expression of ChR2 in 
isolated cardiomyocytes, we used pcDNA3.1/hChR2 
(H134R)-eYFP kindly given by the group of professor 
Karl Deisseroth (Addgene plasmid #20940). The 
lentivirus system was generated by co-transfection of 
transfer plasmid LV-105 harboring ChR2 (GeneCopia) 
with the packaging vector pLV-HELP (InvivoGen) and 
envelope plasmid pMD2G (InvivoGen), into HEK293T 
cell culture. Viral vectors, which were released into the 
culture medium, were purified with Amicon Ultra-4 
centrifugal filter units (Millipore, USA) and stored at 
-80°C for further usage.

Light Stimulation, Voltage, and Calcium Imaging
For optical stimulation and intensity quantification, we 
used a multi-mode fluorescence microplate reader (Biotek 
Synergy H4 hybrid) in an endpoint kinetic mode, which 
stimulates each microplate well at 470 nm (intensity∼1 
mW/cm2). To determine the membrane potential and 
intracellular Ca2+ concentration, voltage fluorescent dye 
DiANEPPS (Santa Cruz Biotechnology, sc-214873) and 
fluorescent calcium indicator, Fura-2 (Abcam, ab120837) 
respectively are used. Optical imaging of transduced cells 
was performed using a fluorescence microscope (Zeiss, 
Germany).

Results
Characterization of Primary Cultured Neonatal Rat 
Cardiomyocytes
Preparation of high purity and quality primary 
cardiomyocytes is important for successful experiments 
in the field of cardiology. As shown in Figure 1, isolated 
cardiomyocytes are viable and rod-shaped. Sarcomeric 
α-actinin commonly occurs at the Z-disc of sarcomeres in 
cardiomyocytes. Sarcomeric α-actinin was present in both 
the positive control and samples from cardiomyocytes 
(Figure 1b).

Detection of ChR2 Expression in Cardiomyocytes
We first evaluated ChR2 expression efficiency in 
cardiomyocytes with an eYFP fluorescent reporter. By 
visualizing the expression of ChR2 using the eYFP-
encoding vector, we demonstrated strong and stable 
transgene expression in cardiomyocytes (Figure 2a).
In this investigation, we presumed that the eYFP 
indicator intensity is equivalent to ChR2 expression; 
thus, the increases shown in Figure 2b demonstrate 
ChR2 expression in the membrane. Quantification of 
the fluorescence intensity of CM-ChR2 was 2.5-fold (P < 
0.05) compared to CM. Due to the loss of eYFP protein 
on a mock vector, fluorescent emission was not seen in 
the virus control. 

Electrophysiology Features of Cardiomyocyte Expressing 
ChR2 
We evaluated the electrophysiological characteristic of 
CMs that express ChR2 compared with CMs. By using 
the optical potentiometric fluorescent probes, such as 
di-8-ANEPPS and Fura-2, we observed that fluorescence 
intensity in CM-ChR2 significantly increased after 
blue light stimulation compared with the unstimulated 
group. It means that following blue light stimulation, the 
potential difference across the membrane decreased and 
intracellular calcium level increased compared with the 
unstimulated group. 

Figure 1. (a) Cell morphology of primary cultured neonatal rat cardiomyocyte under an optical microscope. (b) Expression of α-actinin; 
Lane 1: 11-242 kDa ladder (Sinaclon Co. Iran), Lane 2-4: Negative control, Lanes 5 and 8: extracted protein from isolated cardiomyocytes 
(100 kDa), Lanes 6 and 7: positive control, extracted protein from the isolated heart.
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Discussion
In our study, cardiomyocytes derived from neonatal 
rats were easily transducted with the ChR2 construct so 
they could be studied as an in vitro model system. Drug-
induced cardiotoxicity is a major adverse effect associated 
with pharmaceutical development.7,8 Presently, estimating 
the cardiotoxicity potential of therapeutic drugs is a 
critical parameter in novel drug development, and various 
models have been established to help its anticipation. 
One of the in vitro applications of cardiac optogenetics 
is the possibility of investigation of electrophysiological 
properties of cardiomyocyte monolayers under different 
conditions. This approach may be useful in studies of 

drug efficacy and induced cardiac side effects. However, 
the main disadvantage of electrical stimulation is the 
production of stimulation artifacts that prevent the 
concurrent recording of electrical potentials produced by 
a cell. Optogenetic stimulation of excitable cells prepares 
an alternative way for the investigation of cellular-level 
electrophysiological interrogation. For instance, Klimas 
et al introduced an automated platform to quantify 
action potential and calcium transmission, which are an 
indicator of cardiac toxicity.9

Optopatch is a platform that enables concurrent optical 
stimulation and optical imaging. Optopatch combines the 
Channelrhodopsin actuator CheRiff and fluorescence red 

Figure 2. Detection of ChR2 Expression. (a) Fluorescence microscopy of eYFP-ChR2 expression, localized in the membrane in CM-
ChR2. (b) Measurement of the fluorescence intensity of eYFP-ChR2 expression. 

Figure 3. Electrophysiology Evaluation of CM and CM-ChR2. (a) Fluorescent image of CM-ChR2 labeled by Di-8-ANEPPS in the culture 
following blue light stimulation. (b) Evaluation of the alteration of transmembrane potential by quantifying Di-8-ANEPPS fluorescence 
intensity. (c) Fluorescent image of CM-ChR2 loaded by Fura-2 in the culture following blue light stimulation. (d) The fluorescent intensity 
of Fura-2 was measured, which indicates the intracellular calcium level.

(a) (b)
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sensor QuasAr, providing a vigorous tool for evaluating 
optogenetic pacing and optical electrophysiology 
simultaneously.10 Furthermore, Lapp et al suggest a novel 
optogenetic recording system analyzing the extracellular 
field potentials from cardiomyocytes to recognize drug 
actions at the whole range of physiological cardiac rates.11

Optogenetics can be used to induce excitatory 
membrane currents in specific cell subgroups. Zaglia 
and colleagues used transgenic mice with specific 
expression of ChR2 in Purkinje cells and cardiomyocytes 
to determine the amount of threshold light to stimulate 
these cells selectively. In fact, the researchers were trying 
to characterize the level of light energy needed to start an 
ectopic wave. The results show that the energy required 
to initiate extraventricular outflow in the left ventricle is 
2 to 3.5 times more than the energy needed in the right 
ventricle or 8 to 20 times in the Purkinje system.12

Finally, we provided cardiomyocytes expressing ChR2, 
which in the future will be helpful not only for the study 
of electrophysiological properties of the heart but also for 
the cardiotoxicity prediction of drugs.
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