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ABSTRACT

Drosophila melanogaster is a powerful model organism in which to address the genetics of cardiac patterning
and heart development. This system allows the pairing of live imaging with the myriad available genetic and
transgenic techniques to not only identify the genes that are critical for heart development, but to assess their
impact on heart function in living organisms. There are several described methods to assess cardiac function in
Drosophila. However, these approaches are restricted to imaging of mid- to late-instar larval and adult hearts. This
technical hurdle therefore does not allow for the recording and analysis of cardiac function in embryos bearing
strong mutations that do not hatch into larvae. Our technical innovation lies in transgenically labeling the cells
of the Drosophila heart and using line scan-based confocal imaging to repeatedly image the walls of the heart.
By plotting this line scan as a kymograph, heart contractions can be visualized and assayed, thereby allowing
for quantification of physiological defects. This method can be used to obtain physiological data from known
mutations that affect cardiac development yet are incapable of hatching into larvae for conventional analysis.

e Use transgenic methods to label heart proper walls
e Use high-speed line scanning to capture position of heart proper walls
e Create X vs. time plot to visualize and quantify contractions over imaging period.
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Method details

The Drosophila melanogaster heart, or dorsal vessel, has been extensively studied due to its high
conservation of organogenesis and genetics found in higher phyla [1-4]. The wide variety of available
genetic techniques that allow for ease of manipulation of the heart together with forward genetic
screening methods widely used permit the rapid identification of previously unknown or unidentified
genetic loci that are crucial for the proper organogenesis and function of the Drosophila heart [2,3,5].
Beyond simple imaging of fixed preparations, the use of live imaging has expanded the available
toolkit for examining cardiac physiology in Drosophila [3,6,7]. However, the use of these techniques
has been primarily optimized and developed for visualizing cardiac contraction in late instar larvae
or adult Drosophila [6,7]. Live imaging-based studies of the embryonic Drosophila heart have been
largely focused on dorsal vessel and aorta assembly rather than contraction [8]. One main reason for
this is that the dorsal vessel is difficult to visualize in prehatching embryos, and embryonic hearts
do not fully display continuous uninterrupted cardiac contractions until shortly prior to hatching [1].
Despite the lack of continuous heart contractions, a high level of coordinated cardiac contraction can
be observed in late Stage 16 and Stage 17 embryos [4].

In an effort to quantify contractions in embryos bearing mutations in the gene akirin, which fails to
hatch following Stage 17, we developed the following imaging protocol to assay and quantify cardiac
contractions. The akirin locus encodes a 201-residue nuclear protein of unknown function that is over
70% conserved among nonfungal eukaryotes [9]. Akirin has no classifiable domains except for two
divergent nuclear localization sequences [9,10]. One possible function for Akirin is as an adaptor
protein that links transcription factor activity with chromatin remodeling complexes to facilitate
proper levels of transcription factor activity in a wide variety of cellular and developmental contexts
[10-13]. Recent work has identified Akirin as critical for proper patterning and morphogenesis of
the Drosophila heart (Howard et al, 2020). The heart does form in akirin mutants but exhibits
morphological defects and a significant lack of contractility. However, given that akirin mutants die
prior to hatching, no currently described methods for quantifying and analyzing heart contractions
are widely available. One notable feature of our method Is that it obviates the need for specialized
camera equipment [7] or specialized microscopic imaging rigs that are not widely available [14].
Rather our approach uses a published transgenic insect line that fluorescently labels the cells of
the heart proper [15] and utilizes the line-scanning feature on standard and even low-feature
affordable confocal microscope rigs to assay and quantify cardiac contraction in the prehatching
embryo. This technique is amenable to high-throughput analysis, and it will be a useful tool for
genetic screening and identification of previously unidentified loci critical for cardiac function in
Drosophila.

Materials and Methods

1. Labeling: To label the heart proper, we utilized insects bearing a transgene consisting of the
toll promoter driving cytoplasmic GFP [15]. This transgene was recombined into an akirin’
mutant background [10] to create a w; toll-cGFP,akirin®/TM3-sqh::mCherry line [17]. The original
w; toll-cGFP line, as well as wild-type siblings (w; toll-cGFP,+/TM3-sqh::mCherry) were used for
comparison in imaging experiments. Assays were also performed in a similar manner in other
akirin allelic backgrounds [17].

2. Embryos were collected on grape juice agar plates (Genesee Scientific), dechorionated in 50%
bleach as per [10] and transferred to a drop of halocarbon oil on a sheet of taut Teflon film For
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Fig. 1. Live imaging rig design and setup. 1.1. We used a custom fabricated rig for embryo live imaging (adapted from [16]). This
consisted of two concentric rings of plexiglass cut to nestle snugly within each other. The outer diameter of the largest ring
was set at 10cm, so as to fit in a standard tissue culture plate insert on an inverted microscope stage. A piece of optically clear
Teflon film is snapped between the rings so that it is stretched tautly. Dechorionated Drosophila embryos are then deposited
on the film in a drop of halocarbon oil and covered with a bridged coverslip. Side view of the assembly is provided, with the
bridging exaggerated for emphasis. Photographs of (1.2) assembled rig, (1.3) the completed rig on the stage insert, and (1.4) the
rig/stage insert mounted on the inverted microscope for imaging are also provided.

our application, we used Chemours Teflon FEP Fluoropolymer, Type A, 100 gauge film (0.001”
thickness), available from American Durafilm Co., Inc.

3. The film is held taut in a custom rig (Fig. 1) (adapted from [16]), which consists of two
concentric plexiglass rings (outer diameter 10cm, 5mm thick) nestled together to hold the
film much like an embroidery loop. The diameter of the plastic rings was chosen to fit into
a standard culture plate stage insert on an inverted Zeiss LSM700 microscope. This rig is either
easily machined from plexiglass, or can be easily 3D printed using common plastic materials. A
high degree of mechanical tension on the film is not required, only that which is sufficient to
maintain the Teflon film in a taut configuration.

4. A bridge was created directly on the film with two layers of clear (Scotch) tape for the coverslip
to rest upon without crushing the embryos, and the embryos were covered 22 x 50mm
coverslip (1.5 micron thickness). Ensure that sufficient halocarbon oil is present on the Teflon
film to allow for contact with the coverslip (see Fig. 1).

5. The imaging rig with mounted embryos was then placed on a Zeiss LSM700 inverted
confocal microscope equipped with a Plan-Apochromat 20x/0.8 M27 objective. At this point,
the imaging rig is now inverted, with the coverslip on the bottom (facing the objective),
the Teflon membrane is on the top, and the embryos in the drop of halocarbon oil
are sandwiched between them. This particular microscope is equipped with temperature
incubation. Temperature was set at 25 degrees C for the duration of imaging, mostly to stabilize
the ambient temperature for the duration of the imaging period. If time permits, for the best
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Fig. 2. Assay method. After locating the GFP-expressing embryos on a confocal microscope, the “line select feature available in
the Zeiss ZEN software is used to plot the fluorescence intensity of the GFP channel across a line one pixel wide (Fig. 2.1 and
2.2). Lines were chosen so as to obtain good separation of peaks across the heart proper, with each peak corresponding to a
wall of the heart proper (Fig. 2.2). The selected line was then imaged using the Line scanning feature, with one image obtained
every 20 milliseconds for a total of 100,000 cycles (corresponding to 33 minutes of total imaging time, Fig. 2.3). The line scan
time series was then plotted as scan vs time (X-axis) which enables visualization of the movement (contraction) of the walls
of the heart proper (Fig. 2.4). Scale bar is 25 microns.

results the embryos in the rig should be left in this configuration for at least 30 minutes prior
to imaging, to allow for the embryos to settle in the halocarbon oil droplet, and for the rig to
equilibrate to the ambient temperature.

6. Mutant and wild-type sibling embryos in the same clutch were age matched based on the
presence of the ring gland, which is visible using the toll-cGFP marker [15] and is fully formed
by Stage 17.

7. In Line Scan mode and using the GFP fluorescence of the walls of the heart proper as a guide, a
line region of interest was drawn that overlapped with both heart proper walls and selected so
as to obtain good separation between the peaks of intensity in the GFP channel (see Fig. 2.1).
This alignment was checked using the “Line select” feature in the ZEN Black software. The line
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region used is one pixel wide. The line of interest may need to be re-drawn several times to
obtain good separation of peaks in the GFP channel (Fig. 2.2).

8. For line scanning, a scan speed of 1.57 microseconds/pixel (pixel dwell) was used. Line scans
were acquired every 20 milliseconds for over 100,000 cycles (corresponding to approximately
33 minutes). A sample capture of a single timepoint is presented in Fig. 2.3.

9. It is advisable to save the data file at this point, or to use the auto-save feature available in your
particular imaging software. For our analyses, an acquisition of 100,000 cycles corresponded to
a file size of approximately 250-300 megabytes in the ZEN Black software. On an older machine
such as our (2013) setup, this file size can sometimes overwhelm the system memory, and the
odds of a system crash and much resulting anguish are high. Newer, more current machines
with better hard disk space and scratch volumes will likely ameliorate this issue.

10. Acquired time sequences were then plotted as line scan vs. time (x-axis), each line acquisition
corresponding to a single pixel width of the plot (see Fig. 2.4). This was accomplished in the
ZEN (Black) software by choosing the “XT” view of the line scan image stack.

11. Line scans were then exported as full resolution images into .tiff files using Zeiss ZEN (Black)
software.

12. Exported images were then opened in Adobe Photoshop (CC) and manually examined for
analysis.

Method Validation

Using this method, we recorded contractions from over twenty embryos of a variety of genotypes,
in this case examining both akirin and wild-type sibling embryos. Our analysis, which was first
reported in [17], was to examine the number of coordinated vs. uncoordinated contractions in
embryos. Periodicity of contractions can clearly be obtained from the X vs time plot, and their
numbers recorded and analyzed (see Fig. 2.4). One notable caveat observed from our analysis is that
Drosophila embryonic hearts do not contract continuously, but rather in trains of contractions that
can persist for some time during the imaging period. Despite this issue, our use of this method was
focused on recording quality kymographs that show the movement and contraction of the dorsal
vessel walls in Drosophila embryos (Fig. 2.4). We are currently developing a software-based method
for analysis of our output tracks, as well as determining whether our recordings can be integrated
into existing workflows, such as the Semi-automated Optical Heartbeat Analysis software [7]

It should be noted that in the accompanying study that produced this method, wild-type embryos
bearing the toll-cGFP transgene did not display any obvious defects in cardiac patterning when
compared with wild-type embryos that did not carry the toll-cGFP transgene [15,17]. Specifically,
we did not observe a decrease in total number of Mef2-positivie cardiomyoblasts or loss of
cardiomyoblast sub-population markers (e.g., Seven-up-positive or Dorsocross-positive cells) in toll-
cGFP-labeled wild-type hearts [17]. Further, among wild-type, toll-cGFP embryos examined in our
study, we consistently and reproducibly observed coordinated cardiac contractions in wild-type
embryos (n=15) as compared with embryos bearing different mutant alleles of akirin [17].
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