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Longitudinal study of 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, similarity of molecular mechanisms and genetic pathways with
vertebrates, short life cycle, and low culture cost. Here, the experimental protocols are
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SHORT ABSTRACT

Here, the experimental protocols are described for preparing Drosophila at different
developmental stages and performing longitudinal optical imaging of Drosophila heartbeats
using a custom optical coherence microscopy (OCM) system. The cardiac morphological and
dynamical changes can be quantitatively characterized by analyzing the heart structural and
functional parameters from OCM images.

LONG 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.

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 defects2. In the
past decades, various animal models, such as mouse3*, Xenopus>®, zebrafish”:2, avian®, and

Page 3 of 17


mailto:chaozhou@lehigh.edu
mailto:chaozhou@lehigh.edu

Drosophila’®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 heart34. The Xenopus embryo
is especially useful in the study of heart development due to its easy handling and partial
transparency>®. The transparency of the embryo and early larva of the zebrafish model allows
for easy optical observation of cardiac development’2. 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 humans®. 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 um 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 studies'!3, Furthermore, it has a short life cycle and low maintenance

costs, and has been commonly used as a specimen model for developmental biology research*
16

Previous reports described the protocols for monitoring Drosophila cardiac functions such as
the heartbeat. However, dissection procedures were required!’'8, 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 microscopy?®, confocal microscopy?®?23, light sheet microscopy??, and optical
coherence tomography (OCT)!¢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 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 OCT?’. Phenotyping of gene related cardiomyopathy was demonstrated
in Drosophila using OCT?833, Research using OCT also revealed the functional role of the human
SOX5 gene in the heart of Drosophila®*. 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 system>6, as well as the effect of high-fat-diet on
cardiomyopathies in Drosophila to understand obesity induced human cardiac diseases.'®

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
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developmental stages to reveal the cardiac development features.
PROTOCOL:

1. Preparation of OCM System for Optical Imaging of Drosophila*®
1.1 Select a spectrometer and a high-speed line scan camera that provides a frame rate of at
least 80 frame/s so the OCM system will be able to resolve the heartbeat of Drosophila.

1.2 Use a broadband light source to ensure the axial resolution of 2 um to identify the heart
structure of Drosophila.

1.3 Use a 10x objective to obtain a high transverse resolution.

1.4 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.

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

2 Drosophila Culture

2.1 Standard Fly Food Preparation

2.1.1 Put ~5 mLinstant Drosophila formula into a polystyrene vial tube with the assistance of
a paper chute.

2.1.2 Pour ~8 mL water into the formula to properly saturate the food.

2.1.3 Add different supplements to the standard fly food for different experiments. When
preparing for all-trans-retinal (ATR) food for the optogenetic pacing experiment, 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.

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

2.1.5 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.

2.1.6  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.
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2.2 Fruit Fly Crosses and Culture

2.2.1 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.

2.2.2 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 °C36-3°,

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

2.2.4 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 days*%4%,

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

3. Performing Optical Imaging with OCM

3.1 Mount Fly Larva for Optical Imaging

Note: The egg of Drosophila hatches in 22-24 h at 25 °C to the first instar larva (L1). The second
instar larva emerges after another 24 h. The largest larval form is the third instar larva, which
molts after about 24 h. 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.

3.1.1 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.

3.1.2 Take one of the tubes with the cultured flies out from the incubator at the larval stage.
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.

3.1.3 Move the cleaned fly to a tissue under the objective lens of a wide field microscope.

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.

Page 6 of 17



3.1.4 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.

3.1.5 Ensure the larva is completely dry before mounting on the tape. Otherwise, the larva
will not adhere to the tape.

3.1.6 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.

3.2 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.

3.2.1 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.

3.2.2 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.

3.2.3 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.

3.2.4 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 x 0.57 mm?

(128 x 800 x 2048 voxels).

3.2.5 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.

3.2.6 Repeat the measurement for 5 times to get reliable measurement of the heart function.
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3.2.7 Set parameters of the image acquisition software to 800 A-scans per B-scan, 800 B-
scans, and the scanner voltage to cover ~ 0.28 mm in the x-transverse direction, and ~ 2 mm in
the y-transverse direction. Click the “start” button in the software to acquire one dataset to
obtain images of the fruit fly in 3 dimensions.

3.2.8 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.

3.3 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 Al 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 A1l segment after PD2, as marked in Figure 1b.

3.3.1 Image Drosophila at PD1

Note: Drosophila will have a white puparium for a short time window (0-1 h) 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.

3.3.1.1 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.

3.3.1.2 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.

3.3.1.3 Remove excessive water from the side of the fly body.
3.3.1.4 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.

3.3.1.5 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.

3.3.1.6 After imaging, use a tweezer to place the glass slide with pupa back into the tube for
continuous culture.

3.3.2 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.
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3.3.2.1 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).

3.3.2.2 Put the slide on the sample stage of the OCM system.

3.3.2.3 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 um back in the posterior direction to find the A1l 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.

3.3.2.4 Collect transverse M-mode datasets from the Al segment as well as 3D data using the
same method as previous developmental stages.

3.3.2.5 Put the slide back to the tube carefully for continuous culture.

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.

34 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.

3.4.1 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.

3.4.2 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).

3.4.3 Prepare a glass slide with a piece of double sided tape.

3.4.4 Move the anesthetized fly onto the glass slide with dorsal side facing upward using the
soft brush.

Page 9 of 17



3.4.5 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.

3.4.6 Image the fly from the Al segment of the fly heart (Figure 1). At the end of the
experiment, the fly may be sacrificed.

4. Imaging Analysis?®
4.1 Develop Matlab programs to convert the 2D and 3D binary files collected with the image
acquisition software to image files.

4.2 Use Imagel 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.

4.3 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 FS = E22=ESD) o 100,
EDD

4.4 Use Imagel 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 h 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, 4096 frames were acquired in 32 s 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 Imagel. 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
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beating occasionally'®. 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.'®

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 A1l 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 h
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 h 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)*?*3. 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. HRis 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 h — 48 h after
puparium formation), referred to as cardiac developmental diastalsis*®. 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).

[place Figure 1 here]

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 h and for subsequent time points, respectively.

[place Figure 2 here]

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, I) PD4 and (k, m) adult stages. M-mode images of the Drosophila heart were
obtained from the A7 segment until PD1 and from Al segment for later stages. The scale bars in
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en face and axial sectional images denote 200 um and 500 pm, respectively.

[place Figure 3 here]

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.

[place Figure 4 here]

Figure 4. Quantitative analysis of functional cardiac parameters in WT flies at different
developmental stages, including L2, L3, pupal stages at 8 h intervals, and AD1.

(a) HR. (b) CAP. The error bar of each group represents the standard deviation.

[place Table 1 here]
Table 1. Number of WT fruit flies measured at various developmental stages in the cardiac
developmental study.

[place Video 1 here]

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.

[place Video 2 here]

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.

[place Video 3 here]

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.

[place Video 4 here]

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.

[place Video 5 here]

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%.

DISCUSSION:
The rapid heartbeat of Drosophila, with a maximum HR around 400 bpm at larval and adult

Page 12 of 17



stages, requires high imaging speed to resolve the heart diastoles and systoles (no less than 80
frames/s based on experiences). Due to the small heart chamber size and micron scale heart
wall thickness (5 — 10 um), a high spatial resolution (better than 2 um) 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 2048 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/s 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 um in tissue. A
10X objective was used in the sample arm to realize a transverse resolution of ~3.9 um. Since
the heart tube of Drosophila is around 200 um 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 specimen**. The sensitivity and 3 dB roll-off
were determined to be 96 dB and 600 um, 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 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 OCM* 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.
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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 h 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 adult'>*¢. 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 HFD*°.
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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to exercise the rights in other media and formats. If the “Open
Access” box has been checked in Item 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.
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4, ‘Reterjition of Rights in Article. Notwithstanding the
exclusive license granted to JOVE in Section 3 above, the
Author sﬁéll, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commerciél purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JOVE website is
provided ‘and notice of JoVE's copyright in the Article is
included. |All non-copyright intellectual property rights in and
to the Ar;ticle, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video — Standard Access. This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above. In
consideration of JoVE agreeing to produce, display or
otherwise, assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any natjure in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE.

6. Grant of Rights in Video — Open Access. This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of ithe rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective,Works and (c) to license others to do any or all of
the above The foregoing rights may be exercised in all media
and formats whether now known or hereafter devised, and
lnc[ude the right to make such modifications as are technically
neces’saryfto exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JOVE and
the Afgthor hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7.  Government Employees. If the Author is a United States
gov‘ernme‘n‘t employee and the Article was prepared in the
course of! his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
Ilcenses or grants granted by the Author hereunder exceed the
scope 'of the 17 U.S.C. 403, then the rights granted hereunder
shall be Ilmlted,t‘o the maximum rights permitted under such
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statute. In such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict
shall be deemed to be amended so as to provide to JOVE the
maximum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials. If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JOVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the wuse, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion. If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JOVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JOVE. JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the
Author’s ihstitution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like.

11. Indemnification. The Author agrees to indemnify JoVE
and/or its successors and assigns from and against any and all
claims, costs and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained:herein. The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the ‘Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s linstitution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JOVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JOoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors.  All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s
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expense. All indemnifications provided herein shall include
JoVE's attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JoVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.
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Rebuttal Comments

comments-V2.docx

Editorial comments:

The manuscript has been modified by the Science Editor to comply with the JoVE

formatting standard. Please maintain the current formatting throughout the manuscript.

The updated manuscript (55002_R1 060716.docx) is located in your Editorial
Manager account. In the revised PDF submission, there is a hyperlink for
downloading the .docx file. Please download the .docx file and use this updated
version for any future revisions.

1. Please include a space between all numbers and their corresponding units: Table 1,
Figure 2/4, etc. It should be 8 h, not 8h.

Response: A space between all numbers and their corresponding units has been
included.

2. Length exceeds 2.75 pg of highlighted material and must be reduced accordingly.
We suggest removing highlighting from food preparation steps.

Response: Highlighting has been removed from food preparation steps as suggested.
The length of current highlighted material is within 2.75 pg.

3. Grammar:
-Title should be: Drosophila Preparation and Longitudinal Imaging of Heart Function
in vivo....

Response: Title has been revised to be “Drosophila Preparation and Longitudinal
Imaging of Heart Function in vivo Using Optical Coherence Microscopy ” as
suggested.

-Line 134 — “Xenopus embryo is”

Response: “Xenopus embryo is”” has been revised to “The Xenopus embryo is” in line
134,

-3.2.8 — “tube to track the development and imaging”

Response: We have replaced “tube to track the development and imaging” with
“Label the tube for longitudinal study through the next developmental stages .

4. Additional detail is required:
-3.2.3, 3.2.4, 3.2.7 — How are these data acquired? What actions are performed to do
s0?

Click here to download Rebuttal Comments Reply to

L]
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Response: The actions performed to acquire the data have been explained in 3.2.3,
3.2.4,and 3.2.7.

-3.2.5 — How is the beam blocked?
Response: We have added the method of blocking the imaging beam in 3.2.5.
-3.3.1.5 — Are these the same parameters as in section 3.2? Please specify.

Response: The parameters of the data acquisition software in 3.3.1.5 are the same as
in section 3.2, and have been specified in this section.

-How are images analyzed? Please include a section/step at the end of the protocol on
how the images are analyzed using Matlab and ImageJ. Citations can be provided in
lieu of detail, and this should not be highlighted for filming.

Response: We have included a new section at the end of the protocol to explain how
images are analyzed using Matlab and ImageJ. A citation has also been referred. This
new section was not highlighted for filming.

5. Results: Please provide a scale bar for Figure 1A.
Response: A scale bar has been added in Figure 1A as suggested.

6. Discussion: Please discuss any modifications/troubleshooting that can be
performed.

Response: We have discussed the possible modifications and troubleshooting in the
discussion section in page 13.

Reviewers' comments:

Reviewer #1:

Manuscript Summary:

The authors present in details the cardiac imaging experiments of Drosophila in vivo
using optical coherence microscopy (OCM). Drosophila is a very useful animal model
for heart function studies and OCM is a powerful imaging method with a highly
suitable imaging scale for the Drosophila cardiac development. Thus, the approach
presented in this manuscript is of great significance for the further related
investigations. The procedures of sample preparation and imaging protocol are very
well described in the manuscript, and | think the representative data and discussions
are clearly shown with a proper amount of information. Below | have some minor
comments that the authors are suggested to address.



Major Concerns:
N/A

Minor Concerns:

Minor Comments

1. For the Protocol step 1.1, | suggest the authors to add at least a reference to their
previous publication where the OCM system was described with details.

Response: We appreciate the reviewer ’s suggestion and have added a reference to
one of our previous publications where the OCM system was described with details.

2. Looks like the protocol steps 2.1.3, 2.1.4 and 2.1.5 are for two experiments, one
optogenetic pacing and one obesity related heart dysfunction. Therefore, the authors
might want to consider combining 2.1.4 and 2.1.5 into one step so the whole structure
is clearer.

Response: We thank for the reviewer ’s suggestion and have combined 2.1.4 and 2.1.5
into one step as suggested.

3. After the step 3.2.3, the authors are suggested to point out what the background
noise data are used for. Also, in the step 3.2.3, if this is for background noise removal,
what is the reason of acquiring 100 B-scans?

Response: The purpose of acquiring the background noise data has been specified in
the step 3.2.3, and the reason of acquiring 100 B-scans has been explained in the note
after 3.2.3. The background noise data acquisition is used for background noise
subtraction in the data analysis step, and acquiring 100 B-scans is for convenience of
data acquisition, 3 of which can be used for the background subtraction.

4. In the step 3.2.4, since the imaging parameters have the x-direction scanning
distance, it is suggested to attribute this as "repeated B-scan" or "M-B mode" instead
of "M-mode", or at least add "2D" in the phrase to avoid confusion or
misunderstanding.

Response: We thank the reviewer for this suggestion. To avoid confusion, we have
added “transverse” and “2D + time ” in the note of 3.2 where the M-mode appeared
for the first time in the protocol to make the “M-mode ” easily understood.

5. The same comment as #4 for 3.3 (Note) and the step 3.3.2.4.



Response: We have included “2D " before “M-mode ” for 3.3 (Note) and the step
3.3.2.4 to avoid the confusion as suggested.

6. For the step 3.4.2, it will be better to specify the anesthetic used for the fly and to
provide an example of the dose based on the size of the fly and vial.

Response: We appreciate the reviewer ’s suggestion. We have included the size of the
vial used in the step 3.4.1. The dose of the anesthetic used for the fly has been
specified based on the size of the fly and vial in 3.4.2.

7. Table 1 was not mentioned in the manuscript. The authors are suggested to decide
where in the manuscript it is referred to.

Response: We have included Table 1 in the representative results section.

Additional Comments to Authors:
N/A

Reviewer #2:

Manuscript Summary:

The manuscript describes the experimental protocols using Drosophilae as an
experimental model with optical coherence microscopy imaging. From the OCT
results, the morphological changes of drosophila heart can be observed and the
parameters for evaluation of heart functions can be acquired. This manuscript is
well-written and it will be helpful for readers from the related research communities.
Also, this manuscript is almost ready for publication. There is one minor question.

Major Concerns:
N/A

Minor Concerns:

1. In this study, the author used OCM for the study on drosophila beating behavior
and also briefly compare the difference between OCT and OCM. However, for the
readers or potential users, they may not have ideas of how to choose the suitable
OCM system for similar experiments. Can the authors comment on the resolution and
the imaging speed of OCT system when using OCM/OCT to visualize the heart
structures and observe the beating behaviors of larva or adult flies?

Response: We thank for the reviewer ’s suggestion. The imaging speed and resolution
of OCT/OCM system for visualizing the heart structures and functions in Drosophila
has been commented and suggested in the discussion section.



Additional Comments to Authors:
N/A

Reviewer #3:

Manuscript Summary:

The manuscript described the experimental protocols for preparation of Drosophila
and optical imaging of the heartbeat with the OCM system throughout the life cycle
of the specimen. Overall, the protocol is well written, while there are some small
issues need to be addressed before publication.

Major Concerns:
N/A

Minor Concerns:

1. The description of the OCM system used in the protocol and the parameters needed
to be considered when selecting an OCM system should be put in the section
'Preparation of OCM system for optical imaging of Drosophila’, instead of in the
discussion.

Response: We thank the reviewer for the suggestion of moving the description of the
OCM system and the parameters to the protocol. The method for selecting an OCM
system has been described in the section 1 in protocol, including the key parameters.
Since the parameters of different OCM systems may vary even with the same optical
components, it would be helpful to discuss our OCM system and its parameters for
performing Drosophila heart imaging as an example in the discussion section.

2. Since this is a method protocol paper, the author should mention the definition of
M-mode in OCT and the reason to select it in the section 3.2.

Response: We appreciate the reviewer ’s suggestion. The M-mode image has been
defined as “transverse image in 2D + time ”, and the reason to select it was explained
in the note of section 3.2.

3. In section 3.2.3, '0.3V "and '0V' is selected to use, while before that there is no
description about the scanning system, do these parameters stay the same when
people use different scanner? If not, what's the point to use such specific numbers?

Response: We thank the reviewer for pointing out this problem. The voltages may
vary with the scanner used and have been replaced with the scanning ranges to cover
in the fruit fly.



4. In section 3.2.4, when you acquire M-mode data, why still 0.3 V in the x-transverse
direction? Doesn't M-mode mean time-Z data instead of B-mode (X-Z data)?

Response: M-mode means 2D B-mode (X-Z data) as described in 3.2.4. The voltage in
the x-transverse direction is supposed to be the same with 3.2.3 in the background
acquisition to cover the same distance in fruit fly to conduct background subtraction.

5. Please move the scale bar to one place not blocking the image especially in Fig.3.
Response: We thank the reviewer 's suggestion. The scale bar has been modified in

Fig. 3 for not blocking the image.

6. In Fig.4, so only the plus error is shown? If yes, there should not be a bottom cap
then.

Response: In Fig. 4, only the plus error bar was shown. We have included both the
plus and the minus error bars in the current figure.

Additional Comments to Authors:
N/A



