
Journal of Visualized Experiments www.jove.com

Copyright © 2016  Journal of Visualized Experiments December 2016 |  118  | e55002 | Page 1 of 11

Video Article

Drosophila Preparation and Longitudinal Imaging of Heart Function In Vivo
Using Optical Coherence Microscopy (OCM)
Jing Men1,2, Jason Jerwick2,3, Penghe Wu1,2, Mingming Chen3,4, Aneesh Alex2,3, Yutao Ma4, Rudolph E. Tanzi5, Airong Li5, Chao Zhou1,2,3

1Bioengineering Program, Lehigh University
2Center for Photonics and Nanoelectronics, Lehigh University
3Department of Electrical and Computer Engineering, Lehigh University
4State Key Laboratory of Software Engineering, Wuhan University
5Genetics and Aging Research Unit, Department of Neurology, Massachusetts General Hospital and Harvard Medical School

Correspondence to: Chao Zhou at chaozhou@lehigh.edu

URL: http://www.jove.com/video/55002
DOI: doi:10.3791/55002

Keywords: Developmental Biology, Issue 118, Drosophila, optical coherence tomography, optical coherence microscopy, heart morphology, cardiac
function, optical imaging, heart rate, cardiac activity period

Date Published: 12/12/2016

Citation: Men, J., Jerwick, J., Wu, P., Chen, M., Alex, A., Ma, Y., Tanzi, R.E., Li, A., Zhou, C. Drosophila Preparation and Longitudinal Imaging of
Heart Function In Vivo Using Optical Coherence Microscopy (OCM). J. Vis. Exp. (118), e55002, doi:10.3791/55002 (2016).

Abstract

Longitudinal study of the heartbeat in small animals contributes to understanding structural and functional changes during heart development.
Optical coherence microscopy (OCM) has been demonstrated to be capable of imaging small animal hearts with high spatial resolution and
ultrahigh imaging speed. The high image contrast and noninvasive properties make OCM ideal for performing longitudinal studies without
requiring tissue dissections or staining. Drosophila has been widely used as a model organism in cardiac developmental studies due to its high
number of orthologous human disease genes, its similarity of molecular mechanisms and genetic pathways with vertebrates, its short life cycle,
and its low culture cost. Here, the experimental protocols are described for the preparation of Drosophila and optical imaging of the heartbeat
with a custom OCM system throughout the life cycle of the specimen. By following the steps provided in this report, transverse M-mode and 3D
OCM images can be acquired to conduct longitudinal studies of the Drosophila cardiac morphology and function. The en face and axial sectional
OCM images and the heart rate (HR) and cardiac activity period (CAP) histograms, were also shown to analyze the heart structural changes and
to quantify the heart dynamics during Drosophila metamorphosis, combined with the videos constructed with M-mode images to trace cardiac
activity intuitively. Due to the genetic similarity between Drosophila and vertebrates, longitudinal study of heart morphology and dynamics in fruit
flies could help reveal the origins of human heart diseases. The protocol here would provide an effective method to perform a wide range of
studies to understand the mechanisms of cardiac diseases in humans.

Video Link

The video component of this article can be found at http://www.jove.com/video/55002/

Introduction

Longitudinal study of the heart in small animals contributes to understanding a variety of human related cardiovascular diseases, such as
gene related congenital heart defects1,2. In the past decades, various animal models, such as mouse3,4, Xenopus5,6, zebrafish7,8, avian9, and
Drosophila10-16, have been used to conduct the human heart-development related research. The mouse model has been widely used to study
normal and abnormal cardiac development and cardiac defect phenotypes due to its similarities with the human heart3,4. The Xenopus embryo
is especially useful in the study of heart development due to its easy handling and partial transparency5,6. The transparency of the embryo
and early larva of the zebrafish model allows for easy optical observation of cardiac development7,8. The avian model is a common subject of
developmental heart studies because the heart can be easily accessed after removing the eggshells and the morphological similarity of avian
hearts to humans9. The Drosophila model has some unique features which make it ideal for performing longitudinal studies of the heart. First,
the heart tube of Drosophila is ~ 200 µm below the dorsal surface, which provides convenience for optical access and observation of the heart.
Additionally, many molecular mechanisms and genetic pathways are conserved between Drosophila and vertebrates. The orthologs of over 75%
of human disease genes were found in Drosophila, which have made it widely used in transgenic studies11,13. Furthermore, it has a short life
cycle and low maintenance costs, and has been commonly used as a specimen model for developmental biology research14-16.

Previous reports described the protocols for monitoring Drosophila cardiac functions such as the heartbeat. However, dissection procedures
were required17,18. Optical imaging provides an effective way to visualize cardiac development in animals due to its non-invasive nature. Different
optical imaging modalities have been applied in performing animal cardiac study, such as two-photon microscopy19, confocal microscopy20,21,
light sheet microscopy22, and optical coherence tomography (OCT)16,23-26. Comparatively, OCT is capable of providing great imaging depth
in small animal hearts without using contrast agents, while keeping a high resolution and an ultrahigh imaging speed, which are important for
imaging live animals. Additionally, the low cost of developing an OCT system has popularized this technique for optical imaging of specimens.
OCT has been successfully used for the longitudinal study of Drosophila. Using OCT, cardiac morphological and functional imaging has been
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performed to study the heart structures, the functional roles of genes, and the mechanisms of cardiovascular defects in mutant models during
cardiac development. For example, age-dependent cardiac function decline was confirmed with down-regulated angiotensin-converting enzyme-
related (ACER) gene in Drosophila with OCT27. Phenotyping of gene related cardiomyopathy was demonstrated in Drosophila using OCT28-33.
Research using OCT also revealed the functional role of the human SOX5 gene in the heart of Drosophila34. Compared with OCT, OCM uses
an objective with a higher numerical aperture to provide better transverse resolution. In the past, the heart dysfunction caused by silencing
an ortholog human circadian gene dCry/dClock has been studied using a custom OCM system15,16, as well as the effect of high-fat-diet on
cardiomyopathies in Drosophila to understand obesity induced human cardiac diseases.15

Here, the experimental protocol is summarized for longitudinal study of the cardiac morphological and functional changes in Drosophila at
second instar (L2), third instar (L3), pupa day 1 (PD1), pupa day 2 (PD2), pupa day 3 (PD3), pupa day 4 (PD4), pupa day 5 (PD5), and adult
(Figure 1) using OCM to facilitate study of human-related congenital cardiac diseases. Cardiac functional parameters, such as HR and CAP
were quantitatively analyzed at different developmental stages to reveal the cardiac development features.

Protocol

1. Preparation of OCM System for Optical Imaging of Drosophila16

1. Select a spectrometer and a high-speed line scan camera that provides a frame rate of at least 80 frame/sec so the OCM system will be able
to resolve the heartbeat of Drosophila.

2. Use a broadband light source to ensure the axial resolution of 2 µm to identify the heart structure of Drosophila.
3. Use a 10X objective to obtain a high transverse resolution.
4. Use a 45° rod mirror to reflect the reference arm light beam and to generate an annular sample arm light beam to extend the depth of focus in

the specimens.
5. Develop a custom computer program to control the OCM system and perform measurements.

2. Drosophila Culture

1.  Standard Fly Food Preparation
1. Put ~ 5 ml instant Drosophila formula into a polystyrene vial tube with the assistance of a paper chute.
2. Pour ~ 8 ml water into the formula to properly saturate the food.
3. Add different supplements to the standard fly food for different experiments. When preparing for all-trans-retinal (ATR) food for the

optogenetic pacing experiment35, use a pipette to extract 100 mM ATR and dissolve into ~ 8 ml water to get the ATR concentration of 1
mM in food. After mixing the solution uniformly, pour the solution into the formula and stir it sufficiently.

4. To prepare a high-fat-diet for studying obesity related heart dysfunctions in Drosophila,10,15 mix ~10 ml formula with 15 ml water in a
cup and heat for 30 sec in a microwave oven. Put some organic extra virgin coconut oil in another cup and heat it for 90 sec in the
microwave oven.

5. Extract 7.5 ml coconut oil and mix with the prepared formula sufficiently to make the weight/volume ratio of coconut oil to food ~
30/100, and then extract ~ 2 ml mixed food and put it to the bottom of a tube.

6. Wait for 1 min until the medium is thoroughly saturated. Compact the food carefully with a flat surface to optimize the living conditions
for the Drosophila. Add 6 - 8 grains of yeast to the prepared formula, and plug the tube with a cluster of cotton.

2. Fruit Fly Crosses and Culture
1. Take a tube with prepared standard fly food, and remove the plugged cotton. Carefully transfer the adult flies (male and female) to the

tube, and plug the tube with cotton immediately. Check the cotton to make sure that there is no gap between the cotton and the tube
wall to prevent flies from escaping from the tube.

2. Keep the fruit flies in the incubator at 25 °C for cross breeding. Most of the genes are active and the cellular proteins are synthesized at
25 °C36-39.

3. Take the tube out from the incubator after 8 hand transfer the adult flies out of the tube to obtain the eggs at similar age for
experimental control.

4. Continue culturing the eggs in the incubator at 25 °C, which is the standard temperature for Drosophila development with the
development period of 8.5 days40,41.
 

NOTE: Temperature influences the developmental period (egg to adult) and expression level of various genes.

3. Performing Optical Imaging with OCM

1. Mount Fly Larva for Optical Imaging
 

NOTE: The egg of Drosophila hatches in 22 - 24 hr at 25 °C to the first instar larva (L1). The second instar larva emerges after another 24
hr. The largest larval form is the third instar larva, which molts after about 24 hr. Structural characteristics in larva can be used to distinguish
their different developmental stages. The size of the mouthparts between the first instar and the second instar is different. The mouth hooks
of the first instar larva are very small and look like two pairs of tiny black spots, while the mouth hooks of the second instar larva are larger
and the structure is clearer. The spiracles are usually used to identify the second instar and the third instar. The second instar larva has
clubbed anterior spiracles, while, for the third instar, the anterior spiracles are branched. A dark orange ring will begin to appear at the tip of
the posterior spiracles in the third instar larva.

1. Apply a piece of double sided tape to a clean microscope glass slide. Expel the air bubbles under the tape to avoid the reflections
caused by air bubbles during imaging.

2. Take one of the tubes with the cultured flies out from the incubator at the larval stage.
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3. Identify the larva in the media, remove it from the media with a soft brush and place on a clean tissue. Remove any food stuck to the
larva with a wet soft brush and dry it on the tissue.

4. Move the cleaned fly to a tissue under the objective lens of a wide field microscope.
5. Adjust the focus of the microscope to find a clear view of the fly. Identify the right developmental stage of the larva by its structural

characteristics with the microscope.
6. Position the fly using the soft brush. Ensure the body is straight with the dorsal side facing upward to prepare for mounting on the glass

slide by the dorsal side. Perform this step under the microscope.
7. Ensure the larva is completely dry before mounting on the tape. Otherwise, the larva will not adhere to the tape.
8. Stick the dorsal side of the positioned fly to the double side tape on the glass slide with moderate pressure. Note that too much

pressure may kill the fly and too little force will lead to fly movement during imaging.

2. Optical Imaging of Drosophila at Larval Stages (L2 and L3) with OCM
 

NOTE: A broad lumen of the heart tube can be found located in the segments between A5 to A8 at the larval stages (Figure 1). The
transverse OCM M-mode images (2D + time) were acquired at the A7 segment of the heart tube for each larva to facilitate the systolic and
diastolic analysis.

1. Place the mounted larva on the adjustable sample stage of the OCM system along the y-transverse direction with the dorsal side facing
upward below the objective lens. A small hole in the sample stage is necessary for placing the larva to avoid its contact with the stage
plane.

2. Adjust the sample stage to move the heart tube of the fruit fly to the focal plane of the imaging beam. To easily find the A7 segment,
find the posterior region of the heart tube with the real time cross sectional OCM images in the image acquisition software. Then move
the stage forward until the A7 segment is visible.

3. Set parameters of the image acquisition software to 100 A-scans per B-scan (frame), 100 B-scans, and the scanner voltage to cover
~ 0.28 mm in the x-transverse direction, and 0 V in the y-transverse direction. Click the "start" button in the software to acquire the
background noise data for background subtraction by blocking the sample beam path with a dark cloth.
 

NOTE: 3 of the 100 frames can be used for the background subtraction.
4. Set parameters of the data acquisition software to 128 A-scans per B-scan, 4096 B-scans, and the scanner voltage to cover ~ 0.28 mm

in the x-transverse direction, and 0 V in the y-transverse direction. Click the "start" button in the software to acquire the transverse M-
mode images across the A7 segment of the fly heart tube over a region covering 0.28 x 0.57 mm2 for about 30 sec.

5. Block the imaging beam using a dark cloth during the data saving process to avoid lengthy exposure of the fly heart to the imaging
light.

6. Repeat the measurement for 5 times to get reliable measurement of the heart function.
7. Set parameters of the image acquisition software to 400 A-scans per B-scan, 800 B-scans, and the scanner voltage to cover ~ 1.7 mm

in the x-transverse direction, and ~ 4 mm in the y-transverse direction. Move the stage in both directions to ensure the entire fruit fly
can be imaged. Click the "start" button in the software to acquire one dataset to obtain images of the fruit fly in 3 dimensions. Note: The
3D fly structure can be rendered using Amira 3D software

8. Use a wet soft brush to moisten the measured fly and gently remove it from the glass slide. Move it into a separate tube for continuous
development. Label the tube for longitudinal study through the next developmental stages.

3. Image Drosophila at Pupal Stages
 

NOTE: All the fruit flies were taken out for imaging from PD1 to PD5. As shown in the larva schematic in Figure 1b, a broad lumen remains
in A5 to A8 segments of the heart tube until PD1. From PD2, a conical chamber starts to develop between A1 to A4 segments. To acquire
consistent images and facilitate heart analysis, transverse M-mode images were obtained from the A7 segment at PD1, and from A1 segment
after PD2, as marked in Figure 1b.

1. Image Drosophila at PD1
 

NOTE: Drosophila will have a white puparium for a short time window (0 - 1 hr) during PD1. This time window is ideal for performing
optical imaging of early pupa because the high transparency leads to higher light penetration for the OCM imaging.

1. As the fruit flies are found on the tube wall when they become pupa, remove the pupa from individual tubes for imaging at PD1
with a wet soft brush, and clean the pupa with the brush if there is food stuck to the body.

2. Mount the fruit fly on a small glass slide directly with the wet brush and keep the dorsal side facing upward (Figure 1a). Make
sure the glass slide is small enough to fit back into the tube once imaging at this stage is complete.

3. Remove excessive water from the side of the fly body.
4. Put the glass slide on the sample stage of the OCM system, keeping the fruit fly on top. Find clear real-time image of the A7

segment of the fly heart utilizing the same strategy described in the larva measurement.
5. Set the same parameters of the data acquisition software as in section 3.2, and image the heartbeats at the A7 segment to

acquire transverse M-mode and 3D images.
6. After imaging, use a tweezer to place the glass slide with pupa back into the tube for continuous culture.

2. Image Drosophila at PD2 to PD5 Stages
 

NOTE: Since the specimen becomes more and more opaque during the pupal stages, the penetration depth of the imaging system will
be reduced.

1. Use a tweezer to carefully remove the glass slide mounted with the fly at PD2 from the tube for imaging. At PD2, the specimen
shell becomes yellowish and the body becomes less transparent compared to PD1 (Figure 1).

2. Put the slide on the sample stage of the OCM system.
3. Adjust the sample stage to move the fly into the focal plane of imaging beam of the OCM system. Find the anterior end of the

heart tube with real-time cross-sectional OCM image. Move ~ 50 µm back in the posterior direction to find the A1 segment of the
heart tube.
 

NOTE: At this point of heart development (PD2), the conical chamber will be very small and may not be beating.
4. Collect transverse M-mode datasets from the A1 segment as well as 3D data using the same method as previous developmental

stages.
5. Put the slide back to the tube carefully for continuous culture.
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NOTE: At PD3, the color of the specimen in the shell is darker than that at PD2 stage. At PD4 stage, black stripes can be
observed inside the shell of the specimens. Some flies will develop into adult from this stage in the following day, while others will
evolve into PD5. At PD5 stage, black stripes are even more obviously seen in the fruit flies. These flies will become adults in the
following day.

4. Image Drosophila at the Adult Stage
 

NOTE: At the adult stage, female and male flies can be distinguished by the size of the body and the color of the lower abdomen. Female
adults have larger size, while males are smaller and dark-colored in the lower abdomen.

1. Take the tube out from the incubator when the fruit fly develops into an adult, and transfer the adult fly to a ~ 45 ml empty vial.
2. Dip the absorbent end (~ 1 cm length, ~ 3 mm diameter) of a wand into the anesthesia, put the wand into the vial, and plug the tube

with a cluster of cotton to keep the anesthetic end just below the plugged cotton and to anesthetize the fly for 3 min. The duration of
anesthesia depends on the size of the fly, and may vary between 2.5 to 3.5 min (for example: male for 2.5 min, female for 3 or 3.5 min).

3. Prepare a glass slide with a piece of double sided tape.
4. Move the anesthetized fly onto the glass slide with dorsal side facing upward using the soft brush.
5. Separate the wings using a tweezer and stick the wings on the tape under a microscope to fix the fly and expose the heart region for

imaging.
6. Image the fly from the A1 segment of the fly heart (Figure 1). At the end of the experiment, the fly may be sacrificed.

4. Imaging Analysis16

1. Develop Matlab programs to convert the 2D and 3D binary files collected with the image acquisition software to image files.
2. Use ImageJ to identify the heart tube region in the transverse M-mode images and a magic wand algorithm to create a mask of the heart

region for each transverse M-mode image. Segment the masked region and use a peak-finding algorithm to identify the systolic and diastolic
locations. Calculate the time dependent heart diameter changes from the transverse M-mode images.

3. Based on the acquired time dependent heart diameters, calculate the cardiac parameters such as HR, cardiac activity period (CAP),end
diastole diameter (EDD), end systole diameter (ESD), end diastole area (EDA), and end systole area (ESA). Calculate the fractional
shortening (FS) with 

4. Use ImageJ to analyze the 3D OCM images to visualize the structural development of the fly heart.

Representative Results

The longitudinal cardiac imaging was conducted using the fruit flies with the 24B-GAL4/+ strain at room temperature with OCM. Measurements
were performed at L2, L3, and at 8 hr intervals from PD1 to PD4, and adult day 1 (AD1) to track the metamorphosis process (Table 1). Larva,
early pupa, late pupa and adult flies were mounted on the glass slides as seen in Figure 1A. The segment features of the heart for larval and
adult flies were shown in the schematic representations in Figure 1B.

In this developmental study, 4,096 frames were acquired in 32 sec with our custom OCM system to trace the heartbeat of a fruit fly. To improve
measurement accuracy, five repeated measurements were taken for each specimen at each developmental stage. 3D data can also be obtained
to observe the heart structure changes during metamorphosis.

Transverse M-mode and 3D images were created with custom Matlab programs and ImageJ. En face images and axial sections were also
constructed from the acquired data to visualize the remodeling process of the heart during Drosophila metamorphosis (Figure 2). To quantify
the cardiac function of fruit flies, the heart region was automatically segmented using a custom Matlab program from all 4096 frames. The
fly heart rate (HR) can be quantified from the transverse M-mode OCM images (Figure 3a). During pupal stages, the Drosophila heart stops
beating occasionally16. We introduced a new cardiac functional parameter, cardiac activity period (CAP) to quantify the ratio of the period with a
heartbeat to the total imaging time (Figure 3b). EDD, ESD, EDA, ESA, and FS were also used to quantify the heart chamber changes in both
axial and transverse dimensions during Drosophila development.16

At larval stages, the heart tube begins at the posterior abdominal region A8 with a broader lumen (A5 - A8 in Figure 1B) and ends at the anterior
dorsal segment A1 with a narrower diameter (T3/A1 - A5 in Figure 1B). The heart chamber was located medially and dorsally and grew bigger
during L2 (Figure 2 a, b) and L3 (Figure 2 c, d). After entering PD1, the heart tube was observed running axially over the top of a moving air
bubble (Figure 2 e, f). Around 10 - 13 hr later, the bubble disappeared after puparium formation and the broad lumen became everted. Since
the anterior heart tube was ventrally located, the whole heart tube was invisible except the posterior region in the OCM images ~12 hr after
puparium formation. Later during PD2, the heart chamber gradually aligned along the dorsal abdomen, and the posterior part (A6 - A8) of the
heart was eliminated (Figure 2 g, h)42,43. A conical chamber started to develop ~ A1 - A4 segment during PD2 and grew in size until the adult
stage (Figure 2 i - m).

Besides observing structural changes, many functional changes were found as well during cardiac remodeling. The M-mode images shown in
Figure 3 demonstrate that the heartbeat slowed down significantly from the larval stage to the pupal stage, and then increased substantially
from pupa to adult. Significant HR changes were observed during the lifecycle (Figure 4a). Furthermore, the cardiac activity period (CAP) was
analyzed for all the specimens measured from L2 to AD1 (Figure 4b). As shown in Figure 4, HR holds at ~ 277 beats per min (bpm) for L2 and
L3. Upon entering the early pupal stages there is a marked decrease in HR and CAP. HR is reduced to 86 ± 11 bpm at the beginning of PD1,
and continues to decrease to 26 ± 8 bpm by the end of PD1 finally coming to a complete stop early in PD2. One interesting discovery is the
extended period of cardiac inactivity observed around PD2 stage (~ 24 hr - 48 hr after puparium formation), referred to as cardiac developmental
diastalsis16. At the end of PD2, slow intermittent beating resumes (HR 17 bpm ± 6 with CAP 5 ± 2). Throughout PD3 and PD4, HR and CAP
increase until reaching 392 ± 32 bpm and 95 ± 3 % at the first day of the adult stage (5 days after beginning the pupal stage).
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Figure 1. Mounting of Drosophila at Different Stages and Schematic Representation of Heart Metamorphosis. (a) Mounting of larval,
pupal, and adult WT (24B-GAL4/+) flies on glass slides. (b) Schematic representation of heart metamorphosis. Red arrows on larva and adult
schematic denote the OCM M-mode imaging locations until PD1 24 hr and for subsequent time points, respectively. Please click here to view a
larger version of this figure.

 

Figure 2. Drosophila Heart Morphological Changes. En face and axial sectional OCM images of a WT Drosophila obtained at (a, b) L2 (c, d)
L3 (e, f) PD1 (g, h) PD2 (i, l) PD4 and (k, m) adult stages. M-mode images of the Drosophila heart were obtained from the A7 segment until PD1
and from A1 segment for later stages. The scale bars in en face and axial sectional images denote 200 µm and 500 µm, respectively.  Please
click here to view a larger version of this figure.
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Figure 3. Drosophila Heart Functional Changes. (a) M-mode images at different developmental stages showing HR changes across lifecycle.
(b) Examples demonstrating cardiac activity period (CAP) calculation.  Please click here to view a larger version of this figure.

 

Figure 4. Quantitative Analysis of Functional Cardiac Parameters in WT Flies at Different Developmental Stages, including L2, L3,
Pupal Stages at 8 hr intervals, and AD1. (a) HR. (b) CAP. The error bar of each group represents the standard deviation. Please click here to
view a larger version of this figure.

Developmental Stage

PD1 PD2 PD3 PD4L2 L3

8 hr 16 hr 24 hr 32 hr 40 hr 48 hr 56 hr 64 hr 72 hr 80 hr 88 hr

AD1

Specimen Number 21 17 13 19 19 19 19 19 19 18 17 18 9 25

Table 1. Number of WT Fruit Flies Measured at Various Developmental Stages in the Cardiac Developmental Study.
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Video 1. Tracking of Heartbeat Along Temporal Dimension and Corresponding Heart Chamber Diameter Change along the z Direction
(axial direction) in a WT fly at L2. The heart was beating relative fast at a steady rate. Please click here to view this video. (Right-click to
download.)

 

Video 2. Tracking of Heartbeat along Temporal Dimension and Corresponding Heart Chamber Diameter Change along the z Direction
(axial direction) in a WT fly at PD1. The HR started to decrease. Please click here to view this video. (Right-click to download.)
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Video 3. Tracking of Heartbeat along Temporal Dimension and Corresponding Heart Chamber Diameter Change along the z Direction
(Axial Direction) in a WT fly at PD2. The heart stopped beating completely during the time. The oscillation of plotted z-diameter was due to the
imaging noise. Please click here to view this video. (Right-click to download.)

 

Video 4. Tracking of Heartbeat along Temporal Dimension and Corresponding Heart Chamber Diameter Change along the z Direction
(Axial Direction) in a WT fly at PD4. After PD2, the HR and CAP started to increase. Please click here to view this video. (Right-click to
download.)
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Video 5. Tracking of Heartbeat along Temporal Dimension and Corresponding Heart Chamber Diameter Change along the z Direction
(Axial Direction) in a WT Fly at AD1. The HR was the highest among all stages and CAP was almost 100%. Please click here to view this
video. (Right-click to download.)

 

Video 6. 3D structural rendering of a larval fly. Please click here to view this video. (Right-click to download.)

Discussion

The rapid heartbeat of Drosophila, with a maximum HR around 400 bpm at larval and adult stages, requires high imaging speed to resolve the
heart diastoles and systoles (no less than 80 frames/sec based on experiences). Due to the small heart chamber size and micron scale heart
wall thickness (5 - 10 µm), a high spatial resolution (better than 2 µm) is required for resolving the heart tube structures. In this study, a high
resolution and ultrahigh speed OCM system was developed, where a spectrometer with 600 lines/mm transmission grating and a 2,048 pixel
line-scan camera were used. An A-scan rate of 20 kHz is provided by the line-scan camera. The frame rate of 128 frames/sec is fast enough to
capture the Drosophila heartbeat at multiple developmental stages, including L2, L3, PD1, PD2, PD3, PD4, PD5, and adult. The light source was
a broad bandwidth supercontinuum light source with a central wavelength and bandwidth of ~ 800 nm and ~ 220 nm respectively and obtained
an axial resolution of ~ 1.3 µm in tissue. A 10X objective was used in the sample arm to realize a transverse resolution of ~3.9 µm. Since the
heart tube of Drosophila is around 200 µm below the dorsal surface, an imaging depth of hundreds of micron meters is required. A 45° rod mirror
can be utilized to generate an annular sample beam and extend the depth of focus in the specimen44. The sensitivity and 3 dB roll-off were
determined to be 96 dB and 600 µm, respectively with the sample arm power of ~ 9 mW. A custom computer program was used to control the
OCM system and conduct the measurements. The cardiac structural images and functional parameters obtained demonstrate the feasibility of
using OCM to quantitatively characterize the heart morphology and function of Drosophila throughout its whole lifecycle.

Currently, several other techniques are also used to image a small animal's heart structure or function, such as computed tomography (CT),
magnetic resonance imaging (MRI), and ultrasound. OCM provides higher spatial and temporal resolutions than these techniques, enabling
visualization of fine structures and fast dynamics in animal hearts. Confocal microscopy is another widely used imaging technique, but its low
imaging penetration and requisition of imaging contrast agents limit its applications in live animals. Comparatively, OCM enables high-speed and
label-free imaging for visualizing fast cardiac dynamics non-invasively in small animals. However, there are still limitations of OCM. For example,
the imaging depth provided by OCM is limited by light scattering from several hundred microns to about 1 mm in tissue while ultrasound has
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penetration depths of up to 10 cm. Compared to confocal microscopy, OCM has a higher speed and better imaging depth, but with lower
resolution and poor molecular contrast. Furthermore, our current OCM system is based on spectral-domain detection systems. Higher imaging
speed based on swept-source OCM45 may provide more distinct images of rapid dynamics like the heartbeat.

To perform longitudinal study of the heartbeat in Drosophila with OCM, there are several critical steps in the protocol. The flies must be handled
very delicately at all stages of the experiment. Managing larva should be especially gentle since it is easy to damage the larva, which could affect
heart structure and function in the following developmental stages. The flies must be positioned on the cover glass and the imaging stage very
precisely. Poorly positioned flies will make it difficult to acquire quality images and may cause skewed structural and functional heart parameter
values. Additionally, transferring adult flies from one tube to another and plugging the cotton ball should be very fast to prevent their escape from
the tube.

Different studies on Drosophila heart development can be performed by modifying the protocol. The temperature at which the flies are cultured
can be increased or decreased from 25 °C to alter the cardiac gene expression level and change the fly development period. By adding some
ingredients such as coconut oil or ATR to the standard food, the heart development may be altered. Specific studies can be conducted in
wild type or transgenic flies. When studying fruit fly heart development longitudinally, different time intervals can be used to perform the OCM
measurements, for example, an 8 hr interval could be used during the pupal stages. Due to limited sensitivity of our OCM system, a lot of uniform
speckle noise is found in the transverse M-mode images, which can make it difficult to correctly identify heart contraction signals with Matlab
programs and decrease the efficiency of data analysis. Sensitivity can be increased by improving the alignment of the OCM system. Optimized
filtering algorithms are recommended to remove a portion of the speckles.

The described protocol has been applied to study the silence of human circadian orthologs, dCry and dClock induced cardiac defects in
Drosophila. Decreased HRs were observed at different developmental stages, including larva, pupa, and adult15,16. The role of circadian genes
in heart development was revealed, which may explain the association between cardiovascular disorders and circadian rhythm related activity
patterns. High-fat-diet (HFD) induced cardiac disorders were also studied by analyzing heart functional changes of fruit flies fed with HFD15.
These studies demonstrated not only Drosophila as a powerful tool in the developmental study of heart structure and function, but also the
significance of cardiac longitudinal study in understanding congenital and postnatal human diseases. The OCM platform will enable a wide range
of future studies in gene related human cardiac disease.
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