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Abstract

Using Drosophila melanogaster (fruit fly) as a model organism has ensured significant progress 

in many areas of biological science, from cellular organization and genomic investigations to 

behavioral studies. Due to the accumulated scientific knowledge, in recent years, Drosophila 
was brought to the field of modeling human diseases, including heart disorders. The presented 

work describes the experimental system for monitoring and manipulating the heart function 

in the context of a whole live organism using red light (617 nm) and without invasive 

procedures. Control over the heart was achieved using optogenetic tools. Optogenetics combines 

the expression of light-sensitive transgenic opsins and their optical activation to regulate the 

biological tissue of interest. In this work, a custom integrated optical coherence tomography 

(OCT) imaging and optogenetic stimulation system was used to visualize and modulate the 

functioning D. melanogaster heart at the 3rd instar larval and early pupal developmental stages. 

The UAS/GAL4 dual genetic system was employed to express halorhodopsin (eNpHR2.0) and 

red-shifted channelrhodopsin (ReaChR), specifically in the fly heart. Details on preparing D. 
melanogaster for live OCT imaging and optogenetic pacing are provided. A lab-developed 

integration software processed the imaging data to create visual presentations and quantitative 

characteristics of Drosophila heart function. The results demonstrate the feasibility of initiating 

cardiac arrest and bradycardia caused by eNpHR2.0 activation and performing heart pacing upon 

ReaChR activation.

Introduction

At the end of 2010, the Nature Methods journal selected optogenetics as the Method of the 

Year1 . Using genetic tools (transgenic opsins) regulated by light to control biological tissues 

of interest with unprecedented precision and speed opened a flood gate for new applications. 

To date, the majority of accomplishments belong to neuroscience. The technology was 

introduced as a new method of precise control of single neurons2 and has advanced to 

discoveries in the area of live organism cognitive functions3 . From the start, neuroscientists 
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demonstrated the ability to modulate the whole organism’s behavior. Expression and light 

activation of ChR2 opsin in mice dopaminergic neurons caused their activation and were 

sufficient to drive behavioral conditioning4 . Optogenetic inhibition of a subset of neurons 

containing halorhodopsin NpHR2.0 delivered to the epileptic focus of the rodent brain 

resulted in attenuation of electroencephalographic seizures5 .

Optogenetic applications in cardiology are developing at a steady pace6 . ChR2 was 

successfully expressed in cardiomyocytes cell culture and in mice; heart pacing was 

conducted by flashes of blue light (performed using an implanted fiber in live animals)7 . 

In zebrafish, ChR2 was expressed and used to identify the pace-making heart region; 

NpHR activation induced heart arrest8 . Optogenetic cardiac pacing has the unique potential 

for developing new pacing and resynchronization therapies9 . Attempts to establish an 

autogenous arrhythmia termination system have been reported recently as well10 .

Extensive research and the development of new therapeutical treatments require the 

application of various model systems, from cell culture to mammals. A vertebrate’s heart 

is a very complex organ. Cardiomyocytes (CM) comprise one-third of all cardiac cells; 

other cells include neurons, vascular smooth muscle cells, and non-excitable cells (i.e., 

endothelial cells, fibroblasts, and immune cells). Researching CM cell culture limits the 

translation of the obtained results to human medical applications. Mammalian model 

organisms’ genetic manipulations are limited and time-consuming. Smaller invertebrate 

models have many advantages; their cardiovascular system carries all the essential 

histological elements. Drosophila melanogaster (fruit fly) is a simple and powerful genetic 

model system to investigate the role of genes associated with human diseases, including 

cardiac diseases11 , 12 , 13 . As short-lived animals, fruit flies represent an excellent 

opportunity to model age- or disease-dependent cardiac function changes that can be traced 

throughout life14 , 15 , 16 , 17 . The fruit fly’s heart tube is located on the dorsal side of its 

body within 200 μm of the cuticle surface, allowing visible to near-infrared light to reach 

the heart tube. This anatomical feature enables non-invasive optical pacing of the Drosophila 
heart using existing optogenetic tools.

To monitor the Drosophila heart, a custom spectral-domain optical coherence tomography 

(SD-OCT) imaging system with an integrated red light LED excitation module was 

developed18 . Morphological and rhythmic changes in a relatively simple fruit fly heart 

can be readily analyzed with this non-invasive biomedical imaging technology12 , 19 , 20 , 21 . 

With enhanced optical sectioning performance and micron-scale spatial resolution, OCT 

has been successfully used to investigate the structure and monitor the function of the 

Drosophila heart at different developmental stages, including the 3rd instar larva and 

early pupa18 . This system also enables simultaneous monitoring and stimulation of the 

Drosophila’s cardiac condition in the intact animal. A schematic view of the OCT system 

is shown in Figure 1. The SD-OCT system uses a superluminescent diode (SLD) as the 

light source (center wavelength: 850 nm ± 10 nm, FWHM: 165 nm, see Table of Materials). 

Using a 10x objective lens, the OCT imaging system can achieve an axial resolution of ~4.4 

μm in air and ~3.3 μm in tissue and a lateral resolution of ~2.8 μm, sufficient to resolve 

fine details of the fly heart structures18 , 22 . Interference signals of reflected light from 

the reference arm and the sample arm are detected using a spectrometer with a 2048-pixel 
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line scan camera (max line rate: 80 kHz, see Table of Materials). The measured system 

sensitivity is ~95.1 dB. Each B-mode OCT scan generates a cross-sectional image in the xz 

image plane. Repeated B-mode images are acquired at the same location to create M-mode 

images capturing the beating heart for over ~30 s18 , 22 , 23 . The frame rate for M-mode 

imaging is ~125 frames/s, sufficient to capture the fruit fly heart beating dynamics.

For the optogenetic regulation of Drosophila heart function, an illumination module with a 

617 nm LED light source is integrated with the sample arm of the SD-OCT system. The 

stimulation light is focused on a ~2.2 mm diameter spot on the specimen surface, at the 

same position as the imaging focus spot. A custom-written software is utilized to control 

the illumination mode (light intensity, pulse width, and duty cycle), adjust the light pulse 

stimulation frequency, and synchronize the LED module illumination and M-mode OCT 

imaging acquisition22 .

Recent publications described the Drosophila transgenic system consisting of 

spatiotemporally regulated ChR2, ReaChR, and eNpHR2.0 opsins using the UAS/GAL4 

genetic system. The obtained results have demonstrated the ability to initiate heart arrest 

and bradycardia caused by red light activation of eNpHR2.0 and higher frequency heart 

pacing caused by blue light activation of ChR2. Similar pacing experiments were performed 

with another channelrhodopsin, ReaChR, inducible by red-light illumination22 , 23 , 24 . 

The opsin expression in all the described experiments was driven by 24B-GAL4, where 

opsin expression was observed in a broad range of tissues, including cardiomyocytes and 

surrounding muscle cells. In the current study, 24B-GAL4 was replaced by a Hand-GAL4 
driver to achieve heart-specific eNpHR2.0 and ReaChR opsins expression.

Overall, the presented experimental results demonstrate restorable heart arrest and inducible 

bradycardia and tachycardia heart conditions. A detailed protocol with step-by-step 

instructions on creating transgenic Drosophila models and conducting simultaneous OCT 

imaging and optogenetic pacing experiments in live animals is provided.

Protocol

For the present study, eNpHR2.0 transgenic line w[*]; P{y[+t7.7] w[+mC]=UAS-eNpHR-
YFP}attP2, ReaChR transgenic line w[*];P{y[+t7.7] w[+mC]=UAS-ReaChR}su(Hw)attP5/
CyO, and heart-specific GAL4 driver containing Hand gene regulatory fragment w[1118]; 
P{y[+t7.7] w[+mC]=GMR88D05-GAL4}attP2/TM3 Sb[1] (this driver stock will be 

indicated as Hand-GAL4) were used. y[*] w[*]; P{w[+mC]=UAS-2xEGFP}AH3 was 

used as the GFP reporter line. The mentioned Drosophila stocks were obtained from the 

Bloomington Drosophila Stock Center (BDSC, see Table of Materials) and maintained 

at room temperature or at 18 °C on standard cornmeal media. The Drosophila models 

developed in this study are available upon request for collaborative work.

1. Drosophila genetic crosses and media preparation

1. Change the 3rd chromosome balancer TM3 Sb[1]to TM6 Sb Tb,creating 
w[1118]; P{y[+t7.7] w[+mC]=GMR88D05-GAL4}attP2/TM6 Sb Tb (Hand-
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GAL4/TM6 Sb Tb). See Supplementary Figure 1 for the crossing scheme. Set 

crosses in vials with regular cornmeal media.

NOTE: The presence of a Tb marker allows users to distinguish larvae and pupae 

containing opsin transgene and the GAL4 driver from animals containing opsin 

but no driver25 .

2. Keep the genetic crosses in a 25 °C, 70% humidity incubator on specially 

formulated all-trans retinal (ATR)-containing media (see Table of Materials) in 

the dark for 5 days for larvae collection and 6 days for pupae collection.

3. Combine five Hand-GAL4/TM6 Sb Tb virgin females and two to three males 

from UAS-opsin stocks (eNpHR2.0, or ReaChR) per vial. See the cross diagram 

for eNpHR2.0 and ReaChR opsin in Figure 2A and Figure 2B, respectively.

4. On the next day, prepare ATR-containing media vials.

1. Prepare Semi-Defined Food according to the instructions of BDSC26 . 

Instead of sucrose and glucose, add only sucrose (5.14 g/100 mL). Cool 

to ~60 °C with constant stirring.

2. Prepare narrow fly vials, and add 50 μL of 100 mM ATR-ethanol 

solution to each vial.

3. Using a serological pipette, dispose of fly food to narrow fly vials, 5 

mL per vial. Vortex at maximum speed for 10 s.

4. Plug the vials, and wrap them in the dark fabric to protect them from 

light. Let vials dry for at least 12 h (overnight).

5. The next day, transfer the flies steadily laying eggs from Step 1.3. to the vials 

with ATR-containing food (Step 1.4.4.). Protect the racks with vials from light.

6. After 24-48 h (depending on the number of eggs laid), discard the parents to 

prevent vial over-population.

7. Collect non-Tb progeny and use them for heart imaging.

NOTE: The phenotypic differences at the larval and pupal stages are 

demonstrated in Figure 2C. The summary and the approximate timeline of the 

specimen preparation steps are shown in Figure 3.

2. Optogenetic control of the Drosophila heart

1. Pick UAS-opsin/Hand-GAL4 larva/pupa from the vial (Step 1.7.), put on tissue, 

and gently wipe off the media from the body surface using a painting brush.

2. Prepare the microscope slide and place a small piece of double-sided tape in the 

middle.

3. Using a brush or fine tweezers, gently place the larva/pupa on the tape surface 

with the dorsal side up and perpendicular to the long side of the slide. Apply 

gentle pressure to attach the larva/pupa to the tape surface.
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4. Set up the slide on the imaging stage, larva/pupa facing down.

5. Turn on the OCT light source by laser control software (see Table of Materials). 

Open the custom-written SD-OCT control software, then click on the Preview 
window.

6. Set the scan parameters in the SD-OCT software.

NOTE: The goal is to align the sample for optimal imaging of the beating heart, 

so selecting the X range and Y range covers the heart’s region. At this step, both 

the number of A-scans and B-scans are 400. The range in the x and y directions 

is ~490 μm and ~537 μm, showing the heart’s two orthogonal cross-sections (xz 

and yz), respectively.

7. Use micromanipulators to control the sample stage to bring the fly heart into 

focus. Adjust the focal position to minimize light reflection from the fly cuticle 

surface. Consider applying mineral oil on the larva/pupa surface to minimize 

reflection.

NOTE: Oil may increase the risk of animal movement by compromising the tape 

adhesive properties.

8. Ensure that the fly heart can be fully viewed in the image window without 

any distortions, being blocked out by tissue, and non-negligible shadows and 

reflections; otherwise, go back to Step 2.7.

9. Set the scan parameters for M-mode OCT image acquisition.

NOTE: The number of A-scans is reduced compared to Step 2.7. for the faster 

frame rate to capture the beating dynamics of the fly heart (several Hz). The 

number of B-scans denotes the number of repeated frames for M-mode imaging, 

which can be adjusted based on the recording time and available system memory. 

In this experiment, 128 A-scans can allow a speed of ~125 frames/s, and 4,000 

repeated B-scans are recorded, providing a continuous recording of ~32 s.

10. Acquire five sets of control data without red light stimulation pulses to calculate 

the resting heart rate (RHR).

11. Design the light pulse for the pacing stimulation in the custom OCT control 

software. In “Settings”, add the designed light pulse sequences to control pulse 

frequency, pulse width, stimulation duration, and waiting time according to 

different stimulation protocols.

NOTE: The RHR is measured from the control experiment without light 

illumination and used to calculate the frequency at which light should be pulsed 

for tachypacing and bradypacing experiments22 .

12. Open the light controller software (see Table of Materials) to generate red light 

pulses. Choose the Pulse Mode in “Mode Selection”. Double-click the figure for 

the “Pulse Profile” settings and choose Follower Mode. Keep the OFF intensity 

as 0, and set the ON intensity percentage upon calculating the actual power 

density.
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NOTE: Stimulation light pulses are triggered by a signal from the OCT control 

software according to the settings in Step 2.12.

13. Acquire M-mode videos of the beating Drosophila heart with light stimulation by 

clicking on Acquire in the OCT control software. Repeat the measurements 5x.

3. Image analysis

1. Open the custom-developed fly heart segmentation software.

2. Click on Select File and then select the file to be analyzed in the GUI that 

appears.

3. Enter both the vertical and horizontal boundaries of the heart region in pixels in 

the top text boxes. Click on Resize. Using the slider on the bottom, ensure that 

the entire heart region is visible and that it fills up the whole box for the entire 

collection. If it is not, repeat this process and adjust the boundaries.

4. Click on Predict to predict the heart region. The program will now go through 

every slice in the collection and select the heart region, taking approximately 3 

min.

5. Click on HR Plot once the prediction is completed. This will open a new 

window displaying a plot of the heart area over-time. Ensure the correct peak or 

valley areas are selected. Choose Pulse and then HR to generate a final figure, 

and the functional parameters will be saved in the .csv files simultaneously.

Representative Results

D. melanogaster animals expressing red light-sensitive opsins eNpHR2.0 or ReaChR in the 

heart tube were generated by obtaining progeny from the cross between each UAS-opsin 
transgenic line and Hand-GAL4 driver. The tissue specificity of the GAL4 driver was 

verified by imaging GFP expression (Figure 4). Drosophila 3rd instar larva and early pupa 

developmental stages were used to demonstrate the effects of eNpHR2.0 and ReaChR 

activation by red light. Designed ~617 nm red-light pulses, delivered by LED, illuminated 

the larva/pupa and activated the eNpHR2.0 and ReaChR in the heart. Although the reported 

maximum response wavelength of NpHR is ~580 nm and of ReaChR is ~600 nm, 617 

nm light illumination can penetrate deeper with enhanced light energy delivery toward the 

opsin-expressing heart tissue22 .

Mounted on the microscope slide with the dorsal side down in the inverted microscope 

setup, the larva/pupa was illuminated by an LED light beam directed to the A7 body 

segment. Examples of the body cross-section images are shown in Figure 5A and Figure 

6A. The heart appears as a contracting and dilating circular shape in the video recordings 

consisting of 4,000 frames (Supplementary videos 1–6). To mimic different heart conditions, 

four types of light pulses were designed. A single pulse lasting 10 s after 5 s waiting time 

generated restorable heart arrest induced by eNpHR2.0, as shown in Figure 5B. For the heart 

pacing at frequencies slower than the resting heart rate (RHR), mediated by eNpHR2.0, two 

light-pulse sequences with pacing frequencies equal to RHR/2 and RHR/4 lasting 8 s with 
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a waiting time of 6 s in between were used (Figure 5C). The duty cycle of each light pulse 

sequence was 90%. This light stimulation regimen caused a heart condition reminiscent of 

bradycardia. The stimulation pattern to increase the heart rate due to ReaChR activation 

consisted of three sequences of light pulses at frequencies of RHR + 0.5 Hz, RHR + 1 

Hz, and RHR + 1.5 Hz, respectively, with a pulse width of 20 ms (Figure 5D). This pulse 

regimen was aimed at causing a tachycardic heart condition. The light power density was 

7.49 mW/mm2 during all the experiments. For control experiments, no light illumination 

was set.

Each experimental variant was recorded five times. M-mode videos of the fly heart were 

processed into 2D masks using FlyNet 2.027 . This software automatically segments the 

heart region to produce the cardiac function data sets. The program provides a mask of the 

heart in each frame, which can be further corrected manually, if needed, to generate accurate 

quantification of the functional parameters of the beating heart, such as heart rate (HR), 

end-diastolic dimension (EDD), and end-systolic dimension (ESD), fractional shortening 

(FR), end-diastolic area (EDA), end-systolic area (ESA), etc. The heart rate is measured by 

analyzing the heart area over-time. The control video with no light pulses is used to establish 

a baseline heart rate (e.g., RHR) for each animal.

Figure 5B and Figure 6B show 10 s long heart arrest caused by Hand>eNpHR2.0 activation 

using red light (617 nm) in larva and pupa, respectively. When the red light was turned 

on, the Drosophila’s heart stopped beating and remained in this state until the end of 

the light illumination. The heart function was restored after the red light was turned off. 

Animals that did not have opsin expressed (“no opsin” control) did not respond to the red-

light illumination (Supplementary Figure 2A and Supplementary Figure 3A). The control 

experiments with Hand>eNpHR2.0 animals where the 10 s red light illumination was not 

turned on (“no light” control) showed the heart beating normally (Supplementary Figure 4A 

and Supplementary Figure 4C).

Using Hand>eNpHR2.0 animals, red-light pulses at frequencies lower than the RHR were 

applied. The heart contraction frequency was reduced following the light signals; this slower 

heart rate mimics one type of heart arrhythmia, bradycardia (Figure 5C and Figure 6C 

for larva and pupa, respectively). The slower heart pacing was not observed in “no opsin” 

(Supplementary Figure 2B and Supplementary Figure 3B) and in “no light” (Supplementary 

Figure 4A and Supplementary Figure 4C) control experiments.

Increasing the heart rates can be achieved by activating Hand>ReaChR opsin with red-light 

pulse trains at a frequency higher than the RHR of the given animal. A series of three 

light pulse trains at different stimulation frequencies (e.g., RHR + 0.5 Hz, RHR + 1 Hz, 

RHR + 1.5 Hz) were applied on Hand>ReaChR larvae and pupae hearts. The obtained data 

clearly shows increased heart rate following the light pulses (Figure 5D and Figure 6D 

for larva and pupa, respectively). The heart condition demonstrated in these experiments 

mimics tachycardia. Negative control experiments are shown in Supplementary Figure 2C, 

Supplementary Figure 3C, and Supplementary Figure 4B,D.
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Overall, the results demonstrate the feasibility of non-invasive and specific optogenetic 

control of the heart rhythm at various developmental stages in transgenic animal models of 

D. melanogaster.

Discussion

Compared to our previous reports where the expression of opsins was driven not just in 

the heart but also in the surrounding muscle tissues, the present work reports using a 

heart-specific driver, Hand-GAL4. This new Hand> opsin genetic configuration used for 

optogenetic heart regulation further confirms previously reported results and establishes a 

better Drosophila cardiovascular research model.

Media preparation is essential for the success of the experiments. Opsin proteins require a 

ligand, all-trans retinal (ATR), to function28 . Flies do not produce enough ATR, so ATR 

has to be supplemented to the fly media. In this study, the previously reported instant 

food was replaced with Semi-Defined media29 . The new recipe of ATR-containing media 

was introduced to ensure a uniform distribution of ATR. ATR is not soluble in water; 

when ethanol-based 100 mM ATR stock is added to water-based media, it is dispersed by 

vortexing the vials containing warm Semi-Defined media. Also, the previously reported 

ATR concentration was reduced from 10 mM for eNpHR2.0 and 3 mM for ReaChR22 to a 1 

mM final concentration for both. This concentration is sufficient to ensure proper eNpHR2.0 

and ReaChR function.

A vital component of the experimental success is the improved data processing with FlyNet 

2.027 . The lab has continued to develop this software to improve both the computational 

efficiency and accuracy of the automated fly heart segmentation algorithm. The cross-

sectional masks produced by this software are used to derive Drosophila physiological data 

such as fractional shortening and heart wall velocity. This approach has enabled efficient 

data analysis with minimal human supervision, making it quicker and more reliable to 

characterize heart function for large fly heart imaging datasets.

Myocardial infarction remains the leading cause of death, and myocardial ischemia 

contributes to two-thirds of all cases of heart failure, which is rapidly emerging among 

the leading causes of mortality and morbidity in the United States30 . The development 

of new therapeutics and medical devices requires deep knowledge of the mechanisms of 

heart disorders on physiological and biochemical levels. These goals can be accomplished 

with the help of model organisms. D. melanogaster has established itself as one of 

the most reliable and efficient models31 , 32 , 33 , 34 , 35 . This work has generated 

the simulated Drosophila heart disorders models induced by a non-invasive optogenetic 

approach. The development of non-invasive optical heart pacing technologies provides 

a basis for developing an alternative to traditional electric heart pacing devices. Using 

OCT to observe the heart function in real-time allows studies to accurately characterize 

relevant heart physiology in Drosophila models for advanced investigations, including drug 

candidate screening. OCT imaging has a penetration depth of ~1 mm, which works well 

for Drosophila heart studies but limits its use to characterize heart function in larger 

animal models. Furthermore, directly translating Drosophila research to mammalian models 
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represents a challenge. New optogenetic tools need to be developed to improve the opsins’ 

sensitivity and translate them to various model systems, including zebrafish, mice, rats, and 

human heart organoids, for cardiovascular research.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
OCT imaging system integrated with 617 nm LED module for optogenetic control of 

Drosophila heart function. Please click here to view a larger version of this figure.
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Figure 2: Generating D. melanogaster animals expressing opsin in the heart.
(A) Genetic cross diagram. Females Hand-GAL4/TM6 SbTb were crossed to males carrying 

eNpHR2.0. The resulting Hand-GAL4/eNpHR2.0 progeny (marked by the red star) were 

collected for OCT imaging, and Hand-GAL4/TM6 Sb Tb were discarded based on their 

phenotypic appearance. (B) Genetic cross diagram. Females Hand-GAL4/TM6 SbTb were 

crossed to males carrying ReaChR. The resulting Hand-GAL4/ReaChR progeny (marked by 

the red star) were collected for OCT imaging, and Hand-GAL4/TM6 Sb Tb were discarded 

based on their phenotypic appearance. (C) Phenotypic differences between Hand-GAL4/
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opsin (red star) and Hand-GAL4/TM6 Tb progeny. Animals carrying the Tb gene mutation 

on the TM6 chromosome have a “tubby” body shape compared to normal, non-Tb larva or 

pupa. The left panel shows larvae; the right panel shows early pupae. Images also include a 

ruler with 1 mm marks. Please click here to view a larger version of this figure.
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Figure 3: Schematic presentation and timeline of the imaging preparation procedures.
Parental stocks are kept in fly bottles; virgin females and males are crossed in narrow vials 

filled with regular food (indicated by yellow color). Actively egg-laying flies are transferred 

to ATR-containing media (shown in brown) vials. Vials with developing progeny need to be 

kept in the dark from this step. 3rd instar larvae and early pupa are collected from the vial 

walls for imaging. Please click here to view a larger version of this figure.
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Figure 4: D. melanogaster early pupa expressing UAS-GFP (BDSC 6658) driven by Hand-GAL4 
(BDSC 48396).
The fluorescence pattern confirms the heart specificity of the Hand-GAL4 driver. Please 

click here to view a larger version of this figure.
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Figure 5: Simulation of heart arrest, bradycardia, and tachycardia in D. melanogaster larva.
(A) OCT image of a larval body cross-section. The heart appears as a circle below 

the body’s surface. (B) Graphic presentation of the restorable heart arrest. The upper 

panel shows the timing (X-axis) of the red-light illumination (Y-axis, light source power 

level percentage). The middle panel indicates the change in heart area (Y-axis, square 

micrometers) over-time (X-axis). The lower panel shows the heart rate change (Y-axis, 

hertz) over-time (X-axis). (C) Graphic presentation of eNpHR2.0-mediated restorable 

bradycardia. The upper panel shows pulses of the red-light illumination, inducing two 
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periods of bradycardia: 50% of the RHR and 25% of the RHR. Heart area and heart rate 

changes are shown on the middle and lower panels, respectively. (D) Graphic presentation 

of the heart pacing by activated ReaChR. The upper panel shows a series of 20 ms red light 

pulses occurring at RHR + 0.5 Hz, RHR + 1 Hz, and RHR + 1.5 Hz frequencies. The heart 

contractions follow the light pulse frequencies, as shown on the middle and lower panels. 

Please click here to view a larger version of this figure.
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Figure 6: Simulation of heart arrest, bradycardia, and tachycardia in D. melanogaster pupa.
(A) OCT image of pupal body cross-section. The heart appears as a circle below the body’s 

surface. (B) Graphic presentation of the restorable heart arrest. The upper panel shows the 

timing (X-axis) of the red-light illumination (Y-axis, light source power level percentage). 

The middle panel indicates the change in heart area (Y-axis, square micrometers) over-time 

(X-axis). The lower panel shows the heart rate change (Y-axis, hertz) over-time (X-axis). (C) 

Graphic presentation of eNpHR2.0-mediated restorable bradycardia. The upper panel shows 

pulses of the red-light illumination, inducing two periods of bradycardia: 50% of the RHR 

Gracheva et al. Page 18

J Vis Exp. Author manuscript; available in PMC 2023 January 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and 25% of the RHR. The middle and lower panels show heart area and heart rate changes, 

respectively. (D) Graphic presentation of the heart pacing by activated ReaChR. The upper 

panel shows a series of 20 ms red light pulses at RHR + 0.5 Hz, RHR + 1 Hz, and RHR 

+ 1.5 Hz frequencies. The heart contractions follow the frequencies of the light pulse, as 

shown on the middle and lower panels. Please click here to view a larger version of this 

figure.
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