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1 SUMMARY

1 Summary

The present study focuses on the cardiac function of Drosophila melanogaster. Drosophila
heart parameters are evolutionarily conserved, making Drosophila a useful human heart
disease model. This model enables the in vivo investigation of physiological and genetic
methods. This thesis is subdivided into four parts: parts 1-3 comprise the introductions of
three publications, and part 4 presents unpublished data.
The first publication is about the heart physiology of Drosophila. It explains how intrac-
ardiac valve cells work and proves their participation in blood flow directionality. A data-
based model shows the orientation of myofibrils within the valve cell. The myofibrils allow
the valve cells to oscillate between a roundish and elongated cell shape. A toll-GFP en-
hancer line was shown to mediate strong reporter gene activity in the intracardiac valve
of third instar larvae, pupae and adults. Transmission electron microscopy (TEM) analyses
and immunohistochemical studies showed the differentiation of larval valve cells for the
first time.
The second publication focuses on the cardiac extracellular matrix (ECM), which contains
two unique proteins - Lonely heart (Loh) and Pericardin (Prc). The study demonstrated that
Loh is crucial for Prc recruitment to the developing matrix. Loh is anchored to the ECM by
its thrombospondin type 1 repeat (TSR1-1) with its embedded putative glycosaminoglycan
(GAG)-binding side. The N-terminus of Loh is proposed to face the plasma membrane.
Prc is presumably recruited by two Loh TSR1 domains (TSR1-2 and TSR1-4). Nearly all
Drosophila tissues, except salivary glands, create Prc networks through ectopic Loh expres-
sion. The study also found that the amount of Prc and Loh in the cardiac ECM influences
heart function.
The third publication investigated a set of neuropeptides and their ability to modulate car-
diac function in third instar larvae. The results showed that 11 of the 19 tested peptides
significantly affected the heart function in semi-intact larvae. Furthermore, the peptides’
in vivo relevance was tested through the knockdown of chronotropic peptide precursors.
The study found that a RNAi mediated knockdown of all respective peptide precursors af-
fected the heart rate. By combining semi-intact heart preparations and in vivo analyses, we
identified several heartbeat-modulatory peptides in Drosophila.
The unpublished data introduces a new software program called HIRO. It is written in Java,
platform-independent and can easily detect the heart rhythm. Only mild anaesthesia and
basic equipment are needed to record the Drosophila heartbeat. HIRO was used to show
the influence of the RNAi-mediated downregulation of critical ECM proteins in Drosophila
third instar larvae. The screen revealed Myospheroid and Laminin A as promising can-
didates that can significantly affect the heart parameters. HIRO is optimised for future
applications and can be used as a high-throughput screening software with a simple setup.
Taken together, this thesis provides new insights into the physiology and function of the
Drosophila heart. The developed software HIRO comes with a user-friendly interface and a
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1 SUMMARY

step-by-step introduction to easily conduct heart parameter measurements. HIRO will help
to expand our knowledge of the fundamental processes in the model organism Drosophila
melanogaster.
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2 INTRODUCTION

2 Introduction

Cardiovascular diseases are the international most common non-communicable diseases
(Kaptoge et al., 2019). Their detection and evaluation are fundamental for improving pa-
tient prognoses. Heart failure is a complex disease, that is influenced by genetic and envi-
ronmental factors. Drosophila melanogaster has become an essential model for human dis-
eases, including cancer, cardiovascular diseases and neurological and metabolic disorders
(Millburn et al., 2016). Model organisms enable the in vivo investigation of genetic and
physiological approaches. The Drosophila heart is an excellent model for investigating car-
diac development, cardiac performance and cardiac physiology. There are morphological
differences between adult vertebrate hearts and the larval dorsal vessel of Drosophila; how-
ever, heart parameters are evolutionarily conserved from flies to humans (Sláma, 2012).
Drosophila has three major body compartments (head, thorax and abdomen) that are mu-
tually interconnected and form an open body cavity (Miller, 1997). A simple tubular heart
ensures the circulation of body fluid (haemolymph) throughout the body.

2.1 The Drosophila heart

The tubular heart of Drosophila melanogaster has emerged as an excellent model system
for investigating the genetic, cellular and molecular mechanisms of heart functionality. Its
primary function is to ensure the correct flow direction and distribution of haemolymph
(Lammers et al., 2017). The haemolymph transports hemocytes, signalling molecules, bio-
active peptides, lipids and hormones.
The heart develops from the mesoderm during embryogenesis. At developmental stage
11, signalling pathways driven by the proteins Decapentaplegic (Dpp), Wingless (Wg) and
Notch (N) determine the fate of heart cell precursors, called cardioblasts (Lockwood and
Bodmer, 2002; Zaffran and Frasch, 2002; Tao and Schulz, 2007). Two bilateral rows of 52
cardioblasts and 20–25 pericardial cells appear (Fig. 1). Matrix proteins, including Colla-
gens and Laminins, link both cell types to the ectoderm at stage 13 (Chartier et al., 2002).
Cardioblasts and pericardial cells migrate towards the dorsal side and finally meet at the
dorsal midline at stage 16, forming the embryonic heart tube. The embryonic and larval
heart is located within segments T2 and A7 (Fig. 2).
During embryogenesis and metamorphosis, subpopulations of cardioblasts undergo addi-
tional transformations. Four of the now called cardiomyocytes within each segment express
seven up (svp), and eight cells express the transcription factor tinman (tin) (Bodmer, 1993; Lo
and Frasch, 2001). The expression of svp induces differentiation into ostia cells. Ostial cells
are specialised cardiomyocytes that provide haemolymph inflow openings in the heart. One
ostia is built from two flap-like cells. The embryonic and larval heart harbour more pairs of
Svp-positive cells that have differentiated into ostia. During metamorphosis, the vessel is
reconfigured into a four-chambered heart, and four Svp-positive cell pairs differentiate into
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2 INTRODUCTION

Figure 1: The larval heart ofDrosophila. The heart consists of Tinman (Tin)- and Seven
up (Svp)-positive cells. The cardiomyocytes are flanked by pericardial cells. The valve cells
are the 19th cell pair (counted from posterior) and separate the heart chamber from the
aorta. The Svp-positive cells in the heart chamber form the ostia, and in the larval aorta
they are progenitors of the adult ostia cells.
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2 INTRODUCTION

Figure 2: TheDrosophila heart in all developmental stages. Embryonic Tinman (Tin)-
positive cardioblasts differentiate during development into larval cardiomyocytes. The ostia
are Seven up (Svp)-positive cells and are distinguishable from other cardiomyocytes by
their openings to the lumen. The heart chamber and aorta are separated by valve cells in
the larval heart. In contrast, the adult heart is divided into a four-chambered tube due to
the existence of two additional valve pairs. For simplicity, lymph and ring gland are not
depicted.
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2 INTRODUCTION

additional ostia (Fig. 2). The tin-expressing cells differentiate into cardiomyocytes, which
form the contractile part of the heart and produce the pumping motion. The pericardial
cells lack the myogenic function but act as a haemolymph filter and have a crucial role in
homeostasis (Rugendorff et al., 1994; Ivy et al., 2015). They are arranged in two rows next
to the cardiomyocytes (Sellin et al., 2006).
The Drosophila heart is divided into two regions: the anterior aorta and the posterior heart
chamber. These two regions are separated by a pair of intracardiac valve cells (Lehmacher
et al., 2012). The larval heart has one pair of valves, while the adult heart contains three
pairs. Valve cells have a sponge-like appearance, which is caused by large cavities. This
structure allows them to change their shape synchronously to the heartbeat and to open
or close the intersection between the aorta and heart chamber (Lammers et al., 2017). This
function regulates the unidirectional flow of haemolymph in a posterior–anterior direction.
The larval dorsal vessel is connected to the body cavity and is held in place by seven pairs
of alary muscles. These muscles enable a flexible heart suspension system and are involved
in maintaining the position of the heart (Rotstein and Paululat, 2016; Bataillé et al., 2020).
During metamorphosis, the heart becomes dramatically remodelled, and the sixth and sev-
enth abdominal segments are histolysed (Fig. 2). The Svp-positive larval ostia precursors
differentiate and become ostia (Molina and Cripps, 2001). The adult heart of Drosophila is
divided into four chambers that are separated by two additional differentiated valve cells.
These cells appear in segments A2 and A3 (Fig. 2). The cardiac ECM connects the dorsal
vessel with the alary muscles and contributes to a flexible heart positioning.

2.1.1 The Drosophila cardiac ECM

The extracellular space is covered by a dense meshwork of proteoglycans, glycoproteins
and fibrous proteins, constituting the extracellular matrix (ECM). A specialised ECM sur-
rounds the Drosophila heart. It forms a cage-like network that covers the entire heart tube
and is associated with the pericardial cells. The matrix must withstand the continuous
forces caused by the heartbeat. Accordingly, the ECM needs to be rigid but still flexible,
and it must guarantee tissue integrity, functionality and organ performance (Rotstein and
Paululat, 2016). There are three groups of ECM components: structural components, trans-
membrane receptors and secreted adaptor proteins.

Structural proteins
The extracellular matrix requires stabilising components; these are Laminins and Collagen
IV. Glycoproteins and proteoglycans are connected to a dense meshwork of proteins (Pozzi
et al., 2017). Laminins can bind to cells, to themself and to other ECM components (Li et al.,
2002; Pozzi et al., 2017). They are large heterotrimeric glycoproteins composed of three
non-identical α, β and γ chains (Timpl and Rohde, 1979). The Drosophila genome encodes
two Laminin α chains (Laminin A (LanA) and Wing blister (Wb)), one β chain (Laminin B1
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2 INTRODUCTION

(LanB1)) and one γ chain (Laminin B2 (LanB2)). It has been shown that LanA likely binds
to PS1 Integrin (Gotwals et al., 1994). Laminins are needed for the accumulation of major
ECM components, such as Collagen IV and Perlecan (Urbano et al., 2009). Collagen IV
can be found in all animals, which indicates its central role in development and evolution.
Drosophila harbours two genes encodingα chains of Collagen IV, Viking (Vkg) andCollagen
at locus 25C (Cg25C) (Natzle et al., 1982; Le Parco et al., 1986; Rodriguez et al., 1996). The
most common variant, found in nearly all basementmembranes, consists of twoα1 subunits
and one α2 subunit (Yurchenco, 2011). Collagen and Laminin networks are stabilised by
Nidogen and Perlecan (Haag et al., 1999; Kular et al., 2014).

Adaptor proteins
Nidogen and Perlecan form complexes with Laminin and Collagen IV. Nidogen consists
of three globular domains (G1 to G3). The protein forms a stable complex with Laminin
through binding of its G3 domain to the Laminin γ-subunit, and the G2 domain inter-
acts with Collagen IV and Perlecan (Mann et al., 1989; Hopf et al., 2001). The Drosophila
Nidogen/entactin (Ndg) gene can be found in all basement membranes, but a loss of Ndg
does not affect viability, fertility or ECM assembly in general (Dai et al., 2018; Wolfstetter
et al., 2019; Töpfer and Holz, 2020). Terribly reduced optic lobes (trol) encodes the Drosophila
homolog of vertebrate Perlecan and is subdivided into five distinct domains. For example,
domain V can bind to the Laminin–Nidogen complex and β Integrins (Talts et al., 1999;
Friedrich et al., 1999).

Transmembrane cell adhesion receptors
The ECM is connected to the actin cytoskeleton by adhesive transmembrane receptors
(Hynes, 1987; Manso et al., 2006). These receptors are Integrins or Dystroglycans (Dg).
Integrins are heterodimers and are composed of α and β subunits; the Drosophila genome
encodes two β and five α subunits (Bloor and Brown, 1998; Brown et al., 2000). Integ-
rins harbour three conserved amino acids – arginine (R), glycine (G) and aspartic acid (D) –
termed the RGD-motif, whichmediates the interaction with the Laminin–Nidogen complex
(Ruoslahti, 1987). The transmembrane receptors βPS-Integrin and Dg are present along the
luminal and abluminal domain of the heart tube. Previous studies have shown that the ab-
sence of the βPS-Integrin subunit is lethal (Gotwals et al., 1994; Roote and Zusman, 1996).

Cardiac-specific ECM proteins
The cardiac ECM of Drosophila is highly specialised and contains the unique Collagen IV-
like protein Pericardin (Prc) (Chartier et al., 2002). The pericardin gene encodes a protein of
1713 amino acids. Prc has a short N-terminal domain and a long C-terminal domain; it also
contains two conserved motifs that are present in several proteins of the collagen family.
A signal peptide at the N-terminal side and a single potential Integrin-binding site (RGD)
is located at the C-terminus side (Chartier et al., 2002; Drechsler et al., 2013). Pericardin is
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released into the haemolymph and is recruited to the outer surface of the heart tube, where
it forms large extracellular fibres. It is subsequently integrated into the existing network
formed by Collagen IV, Perlecan, and Nidogen. The A Distintegrin and Metalloprotease
with Thrombospondin Type 1 Motifs (ADAMTS)-like protein Lonely heart (Loh) is crucial
for recruiting Prc to the cardiac matrix and is essential for dorsal vessel integrity (Drechsler
et al., 2013; Rotstein et al., 2018). Without one of these proteins, the alary muscles and
pericardial cells retract from the heart tube. As a result, the heart tube collapses and shows
a dissociation phenotype.
Loh belongs to the class of secreted ADAMTS-like proteins. The 7547 base pairs long lonely
heart gene harbours 13 exons. Until now, three Loh isoforms have been identified: loh-
RD, loh-RA and loh-RC. Isoform A includes a signal peptide, five TSR1 domains, an ADAM
spacer region and a C-terminal protease and lacunin (PLAC) domain. Loh is expressed from
embryonic stage 13 onwards until the end of embryogenesis in cardioblasts and pericardial
cell precursors (Drechsler et al., 2013). Its main function is to recruit Pericardin to the dorsal
vessel. Loh and Prc are both crucial for organ stability and integrity. The absence of either
protein leads to heart failure and heart collapse (Drechsler et al., 2013; Rotstein and Paululat,
2016).

2.2 Methods to assess heart parameters

Drosophila is not only a powerful model organism to identify the genes that are critical for
heart development, but it can be used to identify genes that are crucial for proper heart
function. A heartbeat is a two-step pumping action. The pacemaker sends out an electrical
signal that causes the cardiomyocytes to contract. The valve cells open the heart lumen,
and the contraction wave pushes haemolymph through the aorta. This step of the two-
step pumping phase is called systole. Next, the cardiomyocytes relax, the ostia cells open
the heart lumen, and fresh haemolymph enters the heart lumen. This step, the longer of
the two, is called diastole. An electrocardiogram was applied as the first attempt to deter-
mine the Drosophila adult heartbeat (Burch, 1971). The cardiac mechanism was found to be
different from fly to fly, but the authors identified theDrosophila heart as a useful cardiac re-
search model. Two different units are used to specify the Drosophila heart rate: hertz (Hz –
cycles per second) and beats per minute (BPM). This thesis uses the Hz unit; all BPM values
have been converted to Hz. Optical attempts to record the Drosophila heartbeat were made
in prepupae (White et al., 1989). The authors found a heartbeat of 2.9 Hz. The first larval
heart rhythmwas determined as between 2.33 Hz to 2.77 Hz (Gu and Singh, 1995). Many ap-
proaches have been developed to measure cardiac function, namely, a multielectrode array
system, sensor cardiography, atomic force microscopy and optical coherence tomography.
Two primary methods have been used in recent publications to measure the Drosophila
heartbeat. The first method is optical coherence tomography (OCT). The second method
uses dense array setups such as semi-automatic optical heartbeat analysis (SOHA).
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2 INTRODUCTION

Figure 3: The cardiac ECM of Drosophila. The figure shows an overview of the Dro-
sophila heart and its ECM. The larval heart of Drosophila is embedded in a cage of extra-
cellular proteins. Transmembrane proteins like Integrins and Glycosaminoglycans connect
the cytoskeleton to the extracellular matrix. Several structural components like Laminin,
Collagen IV and Pericardin enhance a dense meshwork. The adaptor proteins Nidogen and
Perlecan stabilise, attach and interconnect these networks (modified after Rotstein et al.
2018).
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2 INTRODUCTION

2.2.1 Optical coherence tomography (OCT)

OCT is a non-contact imaging technique that generates high-resolution cross-sectional tis-
sue images (Aumann et al., 2019). In the first implementation of OCT, the source emits
light, which is split by a beam splitter into the sample and the reference arm (Fig. 4 A).
The interference of the back-reflected light from the sample and the reference mirror is
then captured by a detector. This allows OCT to create two- and three-dimensional images.
OCT systems can be classified into time domain and fourier domain (FD) systems. FD-OCT
provides a more efficient implementation. It uses spectral information to generate scans
without the need for mechanical scanning of the optical path length. The first use of OCT
to observe the heartbeat ofDrosophilawas published in 2006 (Choma et al., 2006; Wolf et al.,
2006). Additionally, one study has analysed the body fluid velocity by using nanoparticles
as an image contrast enhancer (Choma et al., 2010).

2.2.2 Semi-automatic optical heartbeat analysis (SOHA)

Semi-automatic optical heartbeat analysis (SOHA) is a movement detection algorithm that
detects cardiac movements associated with individual contractile and relaxation events
(Ocorr et al., 2009). The first version of SOHA is based on a MatLab script and provides
two movement algorithms (Fig. 4 D). The "Average Frame Darkness" algorithm uses a
frame-by-frame approach and measures the darkness intensity for every movie frame. The
"Pixel-by-Pixel" algorithm compares the change in darkness of all pixels from one frame to
the next. The most recent version of SOHA consists of a stand-alone software that allows
the user to select a region of interest, correct individual intervals, and modify additional
settings (Cammarato et al., 2015).
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2 INTRODUCTION

Figure 4: Optical coherence tomography and semi-automated optical heartbeat
analysis. A) Scheme of the OCT imaging and pacing system (modified after Artero et al.
(2018)). B, C) Dissected adult fly and third instar larva. Arrows point at the heart location
D) The Graphical user interface of semi-automated optical heartbeat analysis.
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Table 1: Recent publications with OCT measurements.

Publication Developmental stage Genotype Heart rate
Choma et al. (2006) Adult OreR 6 Hz

Wolf et al. (2006) Adult w1118 4,52 Hz
Adult w1118 8,52 Hz

Yu et al. (2010) Adult w1118 6,5 Hz*
Choma et al. (2011) Pre-pupa OreR 2,25 Hz
Dorn et al. (2011) Adult tincΔ4-Gal4 5,5 Hz

Piazza and Wessells (2011) Adult yw×Canton-S 2.6 Hz*
Adult yw×Canton-S 2.4 Hz*

Tsai et al. (2011)
Adult n.d. 4,97 Hz
Adult n.d. 5,28 Hz
Adult n.d. 6,12 Hz

Abraham and Wolf (2013) Adult w1118 6,33 Hz*
Guo et al. (2013) Adult w1118 5 Hz*
Liao et al. (2013) Adult twi-24B-Gal4/+ 4,36 Hz
Zhou et al. (2013) Larva n.d. 6,2 Hz
Alex et al. (2015) Adult 24B-Gal4 6,43Hz
Hardy et al. (2015) Adult Wild collected 10 Hz
Li et al. (2015) Adult 24B-Gal4/+ 4,37 Hz

Men et al. (2016)
Larva n.d. 4,62 Hz
Pre-pupa n.d. 1,43 Hz
Adult n.d. 6,53 Hz

Zhu et al. (2016) Intact larva n.d. 3,17 Hz*
In situ larva n.d. 2,08 Hz*

Bunney et al. (2017) Larva Canton-S 3,1 Hz*
Lam et al. (2018) Adult Canton-S 6,08 Hz*
Lee et al. (2019) Adult n.d. 4.77 Hz*

The asterisks represent values obtained from figures; n.d., not described
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Table 2: Recent publications with SOHA measurements.

Publication Developmental stage Genotype Heart rate

Lim et al. (2014) Adult w1118 1,54 Hz
Adult Dot-Gal4 1,64 Hz

Hardy et al. (2015) Adult Wild collected 1,64 Hz*

Martínez-Morentin et al. (2015) Adult tincΔ4::Gal4 2 Hz
Adult UAS-scoxi 1,67 Hz

Lammers et al. (2017) Larva w1118 2.88 Hz
Monck et al. (2017) Adult w1118 1,79 Hz
Calpena et al. (2018) Adult GMH5-Gal4/+ 2,22 Hz*
Chakraborty et al. (2018) Adult GMH5−𝐺𝑎𝑙4;

UAS-GFP 2,4 Hz*

Kronert et al. (2018) Adult PwMhc2/+ 2,22 Hz*
Adult R146N-15/+ 2,5 Hz*

Vaughan et al. (2018) Adult w1118 1,8 Hz*
Chang et al. (2020) Adult ywR 1,1 Hz*

The asterisks represent values obtained from figures

2.3 Aim of this thesis

Drosophila is an excellent model system for examining heart development and studying
cardiovascular diseases. The heart parameters are evolutionarily conserved from Droso-
phila to humans (Sláma, 2012). This thesis focused on measuring the heart parameters of
Drosophila and is divided into four chapters. The first chapter is focused on the physiology
of the intracardiac valve cells and their contribution to the directionality of haemolymph
flow within the heart. The second chapter examines the Loh-mediated recruitment of the
tissue-specific ECM component Pericardin to the cardiac ECM and the influence of differ-
ent Loh levels on the heart parameters. The third chapter analysed a set of neuropeptides
and their ability to modulate cardiac function.
Measurement of theDrosophila heartbeat depends onmany different factors including geno-
type, sex, developmental stage, temperature, anaesthesia and preparation method (Table 1,
Table 2). The main goal is to minimise the factors that might influence the heart rhythm.
The measurement method must ensure the integrity and reproducibility of the data. These
considerations were the inspiration to produce a software that could easily detect the heart
rhythm with basic equipment and gentle anaesthesia. Thus, the fourth chapter is focused
on the HIRO software, which is optimised for future applications, particularly with regard
to convenience and scientific reproducibility.
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3 Publication 1

Formation and function of intracardiac valve cells in the Drosophila heart (2017).

Kay Lammers1,*, Bettina Abeln1,*, Mirko Hüsken1,*, Christine Lehmacher1, Olympia Eka-
terini Psathaki2, Esther Alcorta3, Heiko Meyer1 and Achim Paululat1

1 University of Osnabrück, Department of Zoology and Developmental Biology, Barbar-
astraße 11, Osnabrück 49076, Germany.
2 University of Osnabrück, Biology, EM unit, Barbarastraße 11, Osnabrück 49076, Germany.
3 Departamento de Biologiá Funcional, Facultad de Medicina, Universidad de Oviedo, C/Ju-
lián Claveriá s/n, Oviedo 33.006, Spain.
*These authors contributed equally to this work

The vertebrate heart is complex compared to the Drosophila tube-shaped heart. Both tis-
sues contain cardiac valves that presumably have the same function, as well as similarit-
ies at the molecular level (e.g., the VEGF/PDGF pathway). The Drosophila heart serves as
a good model for studying basic development processes and understanding fundamental
functionalities. This publication describes how intracardiac valve cells work and how they
contribute to regulating the blood flow directionality in Drosophila melanogaster. The valve
cells change their shape synchronously to the heart rate. Consequently, they can open and
close the intersection between the heart chamber and the aorta region. We developed a
data-based model that shows that the orientation of myofibrils within valve cells is crucial
to the periodic switch between a roundish and elongated cell shape. In this context, we
characterised the protein expression in a toll-GFP-enhanced Drosophila line. toll-GFP me-
diates strong reporter gene activity in the intracardiac valves of third-instar larvae, pupae
and adults. We additionally showed the differentiation of larval valve cells for the first time.
Moreover, we discovered that larval membranous vesicles of endocytic origin account for
the characteristic shape of the cells and likely represent the structural basis for their func-
tionality. The preparation of the insects and the recording of highspeed videos of the in-
tracardiac valve cell was one part of my contribution to this first publication. Furthermore,
I injected microparticles into the body cavity to investigate the haemolymph flow in semi-
intact third instar larvae. I also stained third-instar larvae to investigate RNAi-mediated
phenotypes in valve cells. This publication was fundamental for future valve cell develop-
ment studies.
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RESEARCH ARTICLE

Formation and function of intracardiac valve cells in theDrosophila
heart
Kay Lammers1,*, Bettina Abeln1,*, Mirko Hu sken1,*, Christine Lehmacher1, Olympia Ekaterini Psathaki2,
Esther Alcorta3, Heiko Meyer1 and Achim Paululat1,‡

ABSTRACT
Drosophila harbours a simple tubular heart that ensures haemolymph
circulation within the body. The heart is built by a few different cell
types, including cardiomyocytes that define the luminal heart channel
and ostia cells that constitute openings in the heart wall allowing
haemolymph to enter the heart chamber. Regulation of flow
directionality within a tube, such as blood flow in arteries or insect
haemolymph within the heart lumen, requires a dedicated gate, valve
or flap-like structure that prevents backflow of fluids. In theDrosophila
heart, intracardiac valves provide this directionality of haemolymph
streaming, with one valve being present in larvae and three valves in
the adult fly. Each valve is built by two specialised cardiomyocytes
that exhibit a unique histology.We found that the capacity to open and
close the heart lumen relies on a unique myofibrillar setting as well as
on the presence of large membranous vesicles. These vesicles are of
endocytic origin and probably represent unique organelles of valve
cells. Moreover, we characterised theworkingmode of the cells in real
time. Valve cells exhibit a highly flexible shape and, during each
heartbeat, oscillating shape changes result in closing and opening of
the heart channel. Finally, we identified a set of novel valve cell
markers useful for future in-depth analyses of cell differentiation in
wild-type and mutant animals.

KEY WORDS: Cardiac valves, Cardiogenesis, Drosophila
melanogaster, Endocytosis

INTRODUCTION
Directionality of blood and lymph flow in vertebrates is regulated by
cardiac valves, veins and the vessels of the lymphatic system. The
histology of valves differs in adaptation to various pressures and
flow rates present in tubular systems. In mammals, the valves that
separate the heart chambers consist of a core of connective tissue
with collagen and elastin as major constituents whereas venous
valves are largely cellular flaps, which are lined with a thin matrix
(Armstrong and Bischoff, 2004). Valves passively regulate
unidirectional flow when the leaflets of the valve flip to the centre
of the vessel and thereby close the luminal space. Several classes of
diseases are connected to the dysfunction of valves. Stenosis of
cardiac tissue caused by rigidification of the connective tissue

prevents valves from closing the lumen completely. Lymphoedema
patients suffer from a lymphatic dysfunction resulting in an
accumulation of interstitial fluid, which can be caused by
abnormal lymphatic valve morphology, e.g. in distichiasis patients
in which mutations in the Foxc2 gene may be causative of the
disease (Fang et al., 2000). Besides Foxc2, several factors crucial to
valve morphogenesis have been identified in human or mouse
models in recent years. These include ephrin-B2, Integrin α9 and
VEGFR3 signalling components (Bazigou et al., 2011).

The complexity of the circulatory system in vertebrates together
with the identification of conserved genes and a functional analogy
prompted us to ask whether Drosophila can serve as a model to
understand basic mechanisms of valve morphogenesis, as well as
molecular pathways involved in valve differentiation. Directionality
of haemolymph flow within the Drosophila larval heart tube is
regulated by two means: (i) a directional contraction wave running
along the heart tube, and (ii) an intracardiac valve cell that separates
the posterior heart chamber from the aorta portion (Lehmacher et al.,
2012; Miller, 1950; Molina and Cripps, 2001; Rizki, 1978; Sellin
et al., 2006; Wu and Sato, 2008; Zeitouni et al., 2007; present
study). Experimental data on how the valves act and on the extent to
which they contribute to the control of flow properties within the
heart are not yet available. Moreover, specification and
differentiation of valve cells have also not been analysed in detail
– except for work by Zeitouni and colleagues, who showed that
differentiation of the three intracardiac valves present in the adult
heart depends on platelet-derived growth factor (PDGF) signalling
(Zeitouni et al., 2007). Recent data showed that the transcriptional
adapter protein Pygopus, a component of the Wnt signalling
pathway, plays a role in differentiation and orientation of the
myofibrils in valve cells (Tang et al., 2014). Beside that, little is
known about the respective developmental processes.

In the present study, we investigated how intracardiac valve cells
work and how they may contribute to the regulation of blood flow
directionality in Drosophila melanogaster. We found that the valve
cells, as a consequence of the contractile forces of the cardiac tube,
change their shape synchronously to the heartbeat to effectively
close and open the intersection between the heart chamber and the
aorta region. Furthermore, we established a data-based model in
which the orientation ofmyofibrils within valve cells is crucial to the
periodic switch between a roundish and an elongated shape of the
cells. The respective switch is probably essential to proper valve cell
performance. In addition, we characterised expression of a toll-GFP
enhancer line. We show that the enhancer mediates strong reporter
gene activity in the intracardiac valves of third-instar larvae, pupae
and adults. Finally, utilising a combination of transmission electron
microscopy (TEM) analyses and immunohistochemical studies, we
characterised the differentiation of the larval valve cells for the first
time. We found that large membranous vesicles of endocytic origin,
probably unique organelles of valve cells, account for theReceived 13 January 2017; Accepted 26 February 2017
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characteristic shape of the cells and likely represent the structural
basis of their functionality.

MATERIALS AND METHODS
Drosophila strains
Strain w1118 was used as a wild type (WT). The toll-GFP line (tl-
GFP) was provided by Robert Schulz (Wang et al., 2005). Gal4
drivers were handC-Gal4 (Hallier et al., 2015; Paululat and
Heinisch, 2012; Sellin et al., 2006) and tinΔC-Gal4, provided by
Manfred Frasch (Zaffran et al., 2006). All RNAi lines were obtained
from the Vienna Drosophila Resource Center (VDRC) (Vienna,
Austria) (Dietzl et al., 2007). Viking::GFP and UAS-mCD8GFP
were obtained from the Bloomington Drosophila Stock Center
(Bloomington, IN, USA). GFP trap lines (Morin et al., 2001) were
provided by the Drosophila Genomics and Genetic Resources
centre (Kyoto, Japan). The collection of rab-Gal4 reporter lines was
provided by Robin Hiesinger (Chan et al., 2011).

Immunohistochemistry and TEM
Primary antibodies used were anti-βPS-Integrin [1:3, CF.6G11,
supernatant, Developmental Studies Hybridoma Bank (DSHB),
Iowa City, IA, USA] and anti-α-Spectrin (1:25, 3A9, supernatant,
DSHB). Rabbit anti-GFP (1:1000) was obtained from Abcam
(ab6556; Cambridge, UK). Secondary antibodies (Dianova,
Hamburg, Germany) were used 1:100 for Cy2-conjugated and
1:200 for Cy3-conjugated antibodies. TRITC-conjugated
Phalloidin (Fluka, Sigma-Aldrich, Hamburg, Germany) was used
1:100.
Preparation of semi-thin sections and TEM was performed as

described (Albrecht et al., 2011, 2006; Lehmacher et al., 2012,
2009; Tögel et al., 2008).

Animal preparation and image analysis
For bright-field live recordings of valve cells, wandering third-instar
larvae were pinned onto Sylgard 184 silicone elastomer plates filled
with temperate artificial haemolymph and dissected from the ventral
side. After removing viscera and allowing specimens to recover for
10 min, the Sylgard plate was placed on the focusing stage of an
upright microscope (Leica DMLB). Heartbeat was recorded with a
high-speed video camera with up to 200 frames s−1. Animals that
failed to reestablish a regular heartbeat were excluded from
analyses. All recordings were made at 22°C to ensure constant
conditions for all specimens. Intact non-dissected larvae were glued
onto a Sylgard plate with Tissue-Tek® (Sakura) with dorsal side
upwards. Artificial haemolymph contains 108 mmol l−1 NaCl,
5 mmol l−1 KCl, 2 mmol l−1 CaCl2, 8 mmol l−1 MgCl, 1 mmol l−1

NaH2PO4, 4 mmol l−1 NaHCO3 and 5 mmol l−1 Hepes, pH 7.1;
prior to use, the buffer was supplemented with sucrose (final
concentration 10 mmol l−1) and trehalose (final concentration
10 mmol l−1) (Vogler and Ocorr, 2009). Recordings were
captured with a Leica Fluotar (×5, ×10 or ×20) and a Basler piA-
640 camera controlled by FireCapture® software (Torsten
Edelmann). Recordings were further processed with VirtualDub®

(Avery Lee) or with ImageJ (Rasband, 1997-2016). Heart
parameters were analysed using SOHA (Semi-Automated Optical
Heartbeat Analysis) software (Fink et al., 2009; Ocorr et al., 2014).

Particle injection
Red-coloured monodisperse spheric polystyrene particles with
a diameter of 5.2 µm (microParticles GmbH, Berlin, Germany)
were dissolved in artificial haemolymph (approximately
1.2×103 particles µl−1). A small amount (20 µl) of particle stock

solution was pipetted into the posterior half of a semi-intact larva or
injected into the posterior body region of an immobilised intact
larva or pupa using an Eppendorf microinjector (Femtojet®), a
Narishige micro-manipulator and hand-made glass capillaries.

RESULTS
The lumen of the Drosophila heart is established by two rows of
contralateral-situated cardiomyocytes connected by a dorsal and a
ventral adhesion zone (Medioni et al., 2008). In the larva, one pair of
cardiomyocytes, which is the 34th pair of cells counted from the
anterior, builds the intracardiac valve that partitions the heart tube
into an anterior aorta and a posterior heart chamber (Lehmacher
et al., 2012; Medioni et al., 2009; Rotstein and Paululat, 2016).
During metamorphosis, two additional valves differentiate,
resulting in three intracardiac valves in total that subdivide the
adult heart into four chambers. The valves in the adult fly are formed
by the 22nd, the 28th and the 34th pair of cardiomyocytes
(Lehmacher et al., 2012; Rotstein and Paululat, 2016; Tang et al.,
2014; Zeitouni et al., 2007).

Intracardiac valve cells – mode of operation
Imaging of valve cells in dissected larvae is technically feasiblewith
bright-field or differential interference contrast (DIC) illumination
without the need for additional contrast enhancement. In this study,
valve cells were identified based on their position within the heart
tube and their unique shape and histology (Fig. 1; Movie 1; and
paragraphs below). For each animal we captured several individual
recordings, and all recordings were further processed to deduce
relevant heartbeat parameters, such as valve cell motility, diastolic
and systolic luminal diameters, diastolic and systolic period, or
haemolymph streaming velocity.

A typical complete contraction cycle of the heart takes 2.88±
0.08 Hz (corresponds to a heart cycle of ∼347 ms) on average under
the conditions used (Fig. 1). This is in line with previous
measurements that range between 2.4 Hz and 4.5 Hz (Alex et al.,
2015; Gu and Singh, 1995; Sanyal et al., 2006; Sénatore et al., 2010;
Sláma and Farkaš, 2005). Several parameters influence heartbeat
rate, i.e. temperature (Andersen et al., 2015; Ray and Dowse, 2005),
composition of the artificial haemolymph (Zhu et al., 2016) and age
(Sláma and Farkaš, 2005; Wessells and Bodmer, 2007).

In the present analysis, we focused on the dynamic activity of the
valve cells. First, we aimed to elucidate how the valve cells
contribute to closing the heart lumen during each heart contraction
cycle. Our analyses of slow-motion recordings revealed that the two
valve cells periodically occupy the entire luminal space by changing
their shape, thereby closing the heart lumen (Fig. 1A4 and A5). The
maximal luminal distance between the opposing valve cells is
77 µm during diastole whereas the heart lumen is completely closed
during systole [Fig. 1A1 and B (blue lines)]. The luminal heart
diameter posterior to the position of the valve cells varies between
approximately 145 µm (diastole) and 72 µm (systole) during a
single beating cycle of the heart of a selected individual [Fig. 1A1
and B (red lines)]. A frame-by-frame analysis of the recordings
revealed that the closed state persists for approximately 173 ms on
average (contact time) in the specimen used to illustrate valve cell
behaviour in Fig. 1. This is about one-third of the time of a complete
heartbeat cycle. To demonstrate that this value reflects the
normal behaviour of valve cells we analysed heart rate and valve
cell contact time in several individuals. Although we found minor
variations, the mean valve cell contact time always spans one-
third of the total time required to complete one heartbeat cycle
(Fig. 1C).
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Haemolymph flow in semi-intact third-instar larvae
To assess the relevance of the valve cells to fluid streaming inside
the heart, we tracked the movement of particles that were added into
the open body cavity of a dissected semi-intact larva (Fig. 2;
Movies 2A, 2B, 2C and 4). The particles we used display a high
contrast, which allows precise and fast video-based tracking
approaches at high frame rates. Thus, we utilised particle injection
to study the haemolymph flow inside the heart tube in detail. In this
context, the streaming properties alongside the valves of semi-intact
specimens were of particular interest.
Evaluation of several recordings substantiated that

haemolymph (particles) enters the heart tube via the three pairs
of ostia located in the posterior heart chamber. Video analysis
further confirmed that during the diastolic filling phase the heart

chamber acts as a suction pump. Particles in the outer vicinity of
the ostia accelerate during entry into the heart chamber (Fig. 2;
Movie 2A). During late diastolic phase, particles move inside the
heart chamber but do not pass the valve. Indeed, valve cells are in
close contact and thus seal the luminal diameter during this
phase. At the beginning of the systolic phase, the valve opens and
haemolymph (particles) streams towards anterior (Movie 2B).
Streaming velocity is highest within the aorta during the systolic
phase. At the end of the systolic phase, haemolymph streaming
slows down and the characteristic movement of particles close to
the valve indicates turbulent flow in this part of the heart tube
(Movie 2B).

Measuring the velocity of the particles within the aorta region
revealed that during systole, particles stream inside the heart tube at
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Fig. 1. Video-microscopy analysis of Drosophila intracardiac valve motility in semi-intact third-instar larvae. (A) Movement and cell shape change of the
intracardiac valve cells was monitored in dissected semi-intact third-instar larvae. Shown are selected single frames from a recording captured at 200 frames s−1

(Movie 1). A1–A10 represent, in total, one heartbeat period subdivided into 10 intervals. For example, A3 shows the two valve cells at the maximum luminal
distancewhereas A6 shows the two valve cells when closing the heart lumen. The black line running across the valve cells is a tracheal branch that runs above the
heart and connects the two major dorsal trunks. (B) Several recordings, including the one from which pictures A1–A10 were taken, were used to measure the
luminal distance between valve cells (illustrated by a blue line in A1) and between cardiomyocytes constituting the heart chamber (illustrated by a red line in A1).
One contraction cycle is shown. Posterior to the valve cells, the luminal diameter oscillates between ∼70 µm (systole) and ∼150 µm (diastole). Luminal distance
between the valve cells oscillates between zero (contact phase, diastole) and ∼80 µm (systole). (C) The heartbeat period and valve cell contact time
measured in 11 individual animals to illustrate individual variability. On average, the valve cell contact time is one-third of a heartbeat period. The box-and-whisker
diagram shows the upper and lower quartiles (first and third quartiles) of the data set, and the median (second quartile) is indicated as a horizontal line inside the
box. Vertical lines (whiskers) represent the interquartile range (maximum 1.5 interquartile range), and the outliers are plotted as individual points. (D) As shown in
A, the shape of the valve cells oscillates between a roundish shape (e.g. A7) and an elongated spindle-like shape (e.g. A3) during the heartbeat. This is
exemplarily illustrated by plotting the width/length ratio of a single selected valve cell against time.
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approximately 10 µm ms−1 (Fig. 2), associated with a Reynolds
number (Re) of approximately 0.5, indicating that laminar flow
conditions are prevalent within the heart tube (velocity
∼0.01 m s−1; density of artificial haemolymph ∼1000 kg m−3;
luminal diameter ∼0.15 mm; dynamic viscosity ∼0.001 Pa s−1). It
is important to note that we measured only systolic movements in
dissected semi-intact third-instar larvae. The reason for this
restriction is the fact that during diastole we observed backflow of
particles from the aorta into the posterior heart chamber, which we
consider artificial and caused by the preparation procedure (see
Movie 2C). Visualising haemolymph streaming in intact specimens
showed that in larvae and prepupae haemolymph streaming is
unidirectional (Choma et al., 2011; Drechsler et al., 2013). This
indicates that unidirectional haemolymph flow inside the heart tube
is affected by the dissection procedure, presumably due to an
impaired connection of the heart tube to the alary muscles.

Haemolymph flow in intact pupae
Particle injection into intact living insects has recently been
successfully used to analyse parameters of haemolymph
circulation in Anopheles (Chintapalli and Hillyer, 2016; League
et al., 2015). We now performed such experiments in intact
Drosophila. It should be noted that image quality dramatically
decreased due to limitations caused by the continual darkening of
the cuticle (pupa) and the massive line-of-sight obstruction caused
by tissues located next to and around the heart tube. Nevertheless,
we were able to capture a number of recordings with sufficient
quality for further data processing. As a result, we found that the
particles behave similarly and exhibit comparable velocities after
both injection into intact specimens and application onto dissected
animals (Fig. 2E; Movie 4), with one important exception. In

contrast to the situation in dissected semi-intact specimens,
haemolymph flow in the heart tube of intact animals is clearly
unidirectional. This result demonstrates, as expected, that proper
heart function requires a closed system, providing high-pressure/
low-pressure time windows for efficient heart chamber refilling and
pumping phases. Again, we estimated the Reynolds numbers for
particles outside of the heart tube and particles that move inside the
heart. Due to the limited image quality, we were not able to
distinguish clearly between heart chamber, aorta and valve position.
Nevertheless, the Re is between 0.5 and 10, indicating laminar flow
properties within the intact insect body cavity and the heart tube. For
a more detailed analysis, it will be necessary to increase image
quality, to determine viscosity, and to measure the density of the
haemolymph more precisely – issues that will be addressed in future
investigations.

Shape dynamics of intracardiac valve cells
During a regular heartbeat, the intracardiac valve cells oscillate
between two morphologically distinct states (Fig. 1A1–A10;
Movie 1) that determine whether the passage between the heart
chamber and the aorta is closed or open. In the open state, each valve
cell displays an elongated, flattened shape (Fig. 1A3). With ongoing
heart cycle, the valve cells change their shape and become roundish
or pear-shaped (Fig. 1A4–A6) and the luminal distance between the
valve cells decreases, finally causing a complete closure of the
luminal diameter (Fig. 1B) and preventing backflow of
haemolymph from the aorta into the heart chamber. We
monitored the shape change of valve cells as a function of the
relationship between width and length of the cells during heartbeat
(Fig. 1D). As a result, we found that valve cells undergo an
oscillating deformation process in which the width/length ratio
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Fig. 2. Injection of coloured polystyrene particles to visualise
flow directionality and streaming behaviour in the heart tube.
(A) Entry of particles into the heart via ostia was monitored in
dissected semi-intact third-instar larvae. A1–A6 represent
selected single frames from a recording captured at
200 frames s−1 (Movie 2A). This shows that the 5.2 µm
polystyrene particles easily enter the heart via the ostial opening
present in the heart proper. (B) Illustrates how fast particles pass
the valve cells. B1–B4 represent selected single frames from a
recording captured at 200 frames s−1 (Movie 2B). (C) M-mode
trace from a 15 s recording shows heart wall movements in a semi-
intact dissected third-instar larva treated with EGTA. Note that the
heartbeat slows down and finally stops when treated with EGTA.
(D) The valve cells (labelled with a dotted green line) from an
animal in which the heartbeat was stopped by EGTA application.
The valve cells display a semi-roundish shape. (E) Tracking of an
injected particle during a 4 s period taken from a longer recording.
An intact white prepupa, glued to amicroscopic glass, was injected
without dissection. Direction of particle movement is indicated by
arrows (yellow, outside of the heart; blue, inside the heart tube).
Time interval between each reading point is 20 ms. Note that
particles move slower outside the heart lumen (yellow dots,
0.4 µm ms−1, measured for nine particles) and they accelerate in
the vicinity of the ostia. Inside the heart proper, particles move
towards the anterior and become slower near the valve cells.
When the valve opens during the contraction cycle, particles move
rapidly into the aorta (blue dots, 9.5 µm ms−1, measured for 14
particles). In addition, the recording illustrates that haemolymph
flow is unidirectional and valve cells prevent, in the context of an
intact animal, backflow.

1855

RESEARCH ARTICLE Journal of Experimental Biology (2017) 220, 1852-1863 doi:10.1242/jeb.156265

Jo
u
rn
al

o
f
Ex

p
er
im

en
ta
lB

io
lo
g
y



changes by a factor of two during one cardiac cycle. The nucleus,
which is a less deformable compartment of the cell, dictates to some
extent the shape of the cell in the closed state (e.g. Fig. 6). Because
of the unique histology of the valve cells (see below), we consider
two mechanisms that may allow the extensive shape changes: (i) the
cell changes its shape upon contraction but keeps its volume
constant, or (ii) the cells oscillate between a compressed and a
relaxed state with variable volumes. To address these possibilities,
we conducted immunostainings on third-instar larval hearts. We
argue that the concomitant fixation arrests the valve cells either in
the elongated, in the roundish or in an intermediate state.
Subsequent stainings with anti-Spectrin antibodies and evaluation
of randomly picked images were then used to reconstruct the valve

cells in 3D and to measure, by approximation, the volume of the
cells. The corresponding results indicate that valve cell volume
remains constant during contraction, suggesting that cell
compression plays only a minor role, if any.

Identification of molecular markers to study differentiation
of valve cells
The availability of molecular markers, antibodies or valve cell-
specific reporter constructs represents a prerequisite for future
studies on the differentiation and function of the intracardiac valves.
To identify such markers, we screened a GFP protein trap-in
collection available at the Kyoto DGGR Stock Center for larval
heart and intracardiac valve cell expression. Furthermore, we
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Fig. 3. toll-GFP expression in the heart and differentiation of intracardiac valve cells. (A–E) Pictures show the dorsal vessel of a stage 16 embryo (A), larvae
(B–D) and an imago (E) stained for GFP (toll-GFP, green channel) and Phalloidin (red channel). The broad expression of the toll-GFP reporter in all
cardiomyocytes of the embryo (A) and the first-instar larvae (B) vanishes in the second-instar larvae (C) and concentrates in the intracardiac valve cells in the third-
instar larvae (D, asterisks) and the adult (E, asterisks). A′–E′ show electron micrographs of cross-sectioned valve cells of specimens with the same age. At the
ultrastructural level, the embryonic valve cells (A′) are indistinguishable from adjacent cardiomyocytes, compared with Lehmacher et al. (2012). In the first-instar
larvae (B′), intracellular vesicles arise and occupy most of the cell volume at the end of the third-instar larval stage (D′). Valve cells in the adult (E′) display the
same histology with respect to the valvosomes. In E′, a cross section through the posterior valve cells is shown. a, aorta; AED, after egg laying; a.m., alary muscle;
APF, after puparium formation; l, heart lumen; o, ostia; s.m., somatic muscle; v, ventricle. Scale bars: 50 µm (A–E), 2.5 µm (A′–C′) and 10 µm (D′,E′).
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included publicly available transgenic GFP-reporter lines with
expression in embryonic cardiomyocytes in our screening, arguing
that GFP expression is presumably maintained in all or in a subset of
heart cells throughout development. Finally, we analysed the
expression of rab genes. We did this because our ultrastructural
analysis of valve cells (see paragraphs below) revealed that the
unique morphology of this cell type is established predominantly by
huge vesicular structures within the cells. Since Rab proteins are key
regulators of vesicle trafficking and turnover, participation of Rab
family members in the formation of these vesicles appears likely.
Interestingly, our screening of publicly available GFP-reporter

lines identified only one transgenic Drosophila line that exhibited
very high GFP expression in larval and adult intracardiac valve cells
and virtually no expression in other heart cells (Fig. 3). This
particular line has been generated and described earlier by the

Schulz laboratory (Wang et al., 2005). It expresses GFP under the
control of a 305 bp toll enhancer element in all cardiomyocytes of
the embryonic dorsal vessel. We found that the broad embryonic
toll-GFP expression diminishes during transition from the first- to
second-instar larval stage (Fig. 3B,C) and is later upregulated in the
valve cells of third-instar larval hearts (Fig. 3D). At this
developmental stage, the two cells constituting the larval valve
are the only cardiomyocytes with remarkable GFP expression.
Valve cell-specific GFP expression in this line persists during
metamorphosis, and in the adult fly all three pairs of valve cells are
strongly labelled (Fig. 3E). Thus, toll305-GFP (toll-GFP herein) is
an excellent marker to visualise the differentiation of valve cells in
the larval and adult heart of living or fixed animals. Furthermore,
this reporter line is highly beneficial in order to identify the position
of the valve cells in histological studies, such as TEM analyses.
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Fig. 4. Markers for intracardiac valve cells in third-instar larvae. (A) The cardiac valve cells of a third-instar larval heart show a higher density of actin–
myosin filament network than the adjacent cardiomyocytes. To label all heart cells, hand-driven mCD8-GFP (green channel) was used. TRITC-coupled
Phalloidin (red channel) was used to label actin filaments. (B) A 305 bp genomic fragment from the toll gene drives expression of the GFP reporter in the heart
cells with very high peak expression in the valve cells (green channel). TRITC-Phalloidin was used to stain actin filaments (red channel). (C) The GFP protein
trap line K110-588 (Morin et al., 2001) enables visualisation of the sarcomeres in cardiomyocytes and the somatic muscles. The valve cells display a higher
number of sarcomeres than the adjacent cardiomyocytes. (D) The same result was obtained when analysing the GFP protein trap line K110-740 (Morin et al.,
2001) in which the GFP is inserted into the zasp66 gene. (E,F) GFP expression driven by rab-Gal4 enhancer lines. The rab4 enhancer drives GFP strongly in
all cardiomyocytes with the exception of the valve cells (E) whereas the rab5 enhancer is active in all cardiomyocytes (F). (G) In total, 22 stacks with valve cells
labelled for Zasp52::GFP (N=10), Zasp66::GFP (N=6) and K110-588 (N=6) were processed with ImageJ using the ‘sum slices’ plug-in to calculate the net
sum fluorescence intensity of all myofibres present in a valve cell (green), in a cardiomyocyte of the aorta (blue) and the heart chamber region (yellow).
Density of myofibres is highest in valve cells.
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Among the GFP protein trap lines (Morin et al., 2001), we
identified several lines displaying GFP expression in sarcomeres of
third-instar larval cardiomyocytes (Fig. 4C,D). Strongest expression
in intracardiac valve cells was apparent in lines in which GFP is
trapped to Zasp52 (K110-621, not shown), CG14669 (K110-588,
Fig. 4C) and Zasp66 (K110-740, Fig. 4D). These lines were
subsequently applied to characterise density and orientation of
myofibres in valve cells.
We also analysed 27 lines in which the gal4 gene was trapped to

the open reading frame of one of theDrosophila rab encoding genes
(Chan et al., 2011). Each line was crossed to a UAS-eGFP effector
line and analysed for GFP expression within the hearts of third-
instar larvae. We found several lines lacking any detectable cardiac-
specific GFP fluorescence (rab 3, 9, 10, 14, 19, 26, 27, 30, 32, 40,
X4, X5, X6) whereas another set of lines displayed GFP expression
in all cardiomyocytes, including valve cells [rab 1, 2, 5 (Fig. 4F), 6,
7, 8, 11, 23, 35, X1]. Of note, certain rab-Gal4 lines exhibited a
strongly reduced, presumably absent, level of GFP expression in
valve cells, compared with the adjacent cardiomyocytes [rab 4
(Fig. 4E), 18 (only some individuals), 21, 39 (only some
individuals)]. The latter group of lines might be useful to express
reporter genes or other transgenes in all cardiomyocytes, except for
the valve cells.

Valve cells exhibit a unique myofibril architecture
It was described earlier that the intracardiac valves display an
intense criss-cross meshwork of sarcomeres (Fig. 4A–D) that
distinguishes them from all other cardiomyocytes (Lehmacher et al.,
2012; Monier et al., 2005). To substantiate this initial observation,
we investigated the orientation and density of myofibres in valve
cells systematically using the GFP protein trap lines mentioned
above. We used unfixed, dissected third-instar larval hearts from
animals expressing Zasp66::GFP, Zasp52::GFP or K110-588::GFP
to measure the volume fluorescence intensity of anterior- and
posterior-located cardiomyocytes in comparison with valve cells by
using the ‘sum slices’ plug-in of ImageJ. In contrast to the sum
fluorescence intensity of cardiomyocytes of the aorta, which was
arbitrarily set to 1, the sum fluorescence intensity of valve cells was
increased 2.3-fold and the sum fluorescence intensity of
cardiomyocytes of the posterior heart chamber was increased 1.4-
fold (Fig. 4G). We conclude from these results that the valve cells,
compared with other cardiomyocytes, are highly contractile,
indicating that myogenic activity represents an important factor
enabling the cells to perform the characteristic oscillating shape
changes described above (Fig. 1D).
Next, we asked whether myofibres in valve cells display a similar

orientation and meshwork structure compared with adjacent
cardiomyocytes. Orientation of myofibres in dipteran heart cells is
described as circular, which allows contraction of the heart tube and
thereby haemolymph transport through the heart lumen (Angioy
et al., 1999; Lehmacher et al., 2012; Wasserthal, 1999). However, in
valve cells the orientation of myofibres often appeared reticulated.
In addition, we found numerous myofibrils that extended from the
cell membrane towards the luminal membrane of the valve cell
[Fig. 4D (arrow)]. Myofibrils with such an orientation were not
found in the adjacent cardiomyocytes. We postulate that the specific
architecture of the myofibrillar network accounts for the
characteristic contraction dynamics and shape changes valve cells
perform during the diastolic and systolic phases of heart contraction.
Based on the observations described above, we speculated that

contraction of myofibres, especially those that orientate
perpendicular to the a–p-axis, converts the valve into the open

state, which is characterised by an elongated shape of the individual
cells (Fig. 1A1–A4). This elongation and the concomitant
withdrawal from the luminal space presumably results in a
maximum flow rate of haemolymph through the valve. By
contrast, relaxation of the valve’s myofibres might result in a
roundish shape, promoted by the vesicular compartments of the
valve cells, and thus closure of the heart lumen. To test this
hypothesis, we added the Ca2+ chelator EGTA to semi-intact third-
instar larvae in order to induce muscle relaxation (Fig. 2C,D). As
expected, shortly after EGTA application (arrow in Fig. 2C) the
heartbeat stopped. Significantly, adding EGTA also caused the
valve cells to adopt a semi-roundish shape (Fig. 2D); thus, muscle
tension indeed represents a key factor determining valve cell shape.
The result that the heart lumen was not completely closed (Fig. 2D)
is presumably due to the fact that the dissection procedure caused an
impairment of the functional anatomy, e.g. disconnection of alary
muscles and heart tube, which might be relevant to the correct
histology and function of valve cells.

Valve cell differentiation starts post-embryonically with the
formation of large vesicular compartments
The characteristic histology of the intracardiac valve cells in adult
flies was already noticed by Miller (1950), Rizki (1978) and
Zeitouni et al. (2007) and led to the description of valve cells as
‘spongy’ cells. The ‘spongy’ appearance is caused by large cavities
or vesicles that can be visualised with bright-field illumination,
immunohistochemistry or TEM (Figs 1, 3 and 5). In this study, we
established the timepoint during development at which valve cells
start to differentiate and to form their typical histology. Because the
total number of cells that build the heart tube is the same in embryos
and larvae, and neither cell death nor cell division takes place during
this developmental period, valve cell progenitors must already be
present in the embryonic heart. The larval valve is built by the 34th
pair of cardiomyoblasts and we argue that, in the embryo, this pair of
cardiomyoblasts represents the progenitor of the functional valve
cells. TEM analyses of stage 16–17 embryos revealed that these
prospective valve cells are histologically indistinguishable from
adjacent cardiomyocytes at this stage of development (Fig. 3A′).
Reference images for cardiomyocytes can be found elsewhere
(Lehmacher et al., 2012). The first differences at the ultrastructural
level between valve cells and adjacent cardiomyocytes became
obvious in late first-instar larvae (about 36 h after egg laying). Some
larger and several smaller membranous vesicles, occupying a large
portion of the cell’s total volume, were abound in the cytoplasm of
the two prospective valve cells (Fig. 3B′). Interestingly, such
vesicles were only present in valve cells and not in any adjacent
cardiomyocytes of this or of later developmental stages. Incipient in
second-instar larval stage and lasting until the end of the third-instar
larval stage, the valve cells increase in size due to cell growth, and
the characteristic vesicles mature into a small number of large
vesicles, the valvosomes, which now occupy most of the cell’s
volume (Fig. 3C′,D′). During metamorphosis, a second and a third
pair of valve cells differentiate at defined positions within the heart,
resulting in a total of three valves in the adult fly (Fig. 3E)
(Lehmacher et al., 2012; Sellin et al., 2006; Tang et al., 2014;
Zeitouni et al., 2007). These adult valve cells also harbour the
characteristic large vesicles, indicating that the functional anatomy
of larval and adult valve cells is, in principle, the same.

Observations from live imaging (Fig. 1; Movies 1, 2A, 2B, 2C
and 3), TEM, as well as previous work (Miller, 1950) clearly
indicate that the large vesicles, which occupy most of the valve cell
volume, represent an important structural element that defines the
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shape (and probably also the function) of the valve cell. To verify
this hypothesis, we analysed the larval valve cells at lower (Fig. 5A–
J) and higher (Fig. 5K–N) magnification using ultra-thin serial
sections for TEM analysis. Three-dimensional reconstruction of the
cells revealed that 50–80% of their volume is occupied by the
cavities (Lehmacher et al., 2012, and this study) – a result
supporting the assumption that the cavities represent important
structural elements. Their membranous nature is verified by two
independent approaches. First, we analysed cross sections at higher
magnification with TEM (Fig. 5K–N) and found that the
intracellular cavities are essentially extracellular matrix (ECM)-
free membraneous structures (Fig. 5N). By contrast, the cell
membranes, which face the body cavity of the animal or the cardiac
lumen, are decorated with electron-dense ECM (Fig. 5L,M). In
addition, we stained the valve cells of larvae with antibodies that
recognise either Spectrin, a cytoskeletal protein that lines the
intracellular side of plasma membranes, or βPS-Integrin, a protein

that assembles into membrane-spanning heterodimers (Fig. 5O).
For co-staining, we used either mCD8 to label membranes or
Viking::GFP, which labels CollagenIV, an ECM protein (Fig. 5O).
Anti-βPS-Integrin and anti-Spectrin antibodies both recognised
epitopes lining the large cavities inside the valve cells, indicating the
membranous nature of these structures (Fig. 5O). This finding is
further supported by co-localisation with membrane-associated
mCD8-GFP expressed under the control of the cardiac-specific
handC-Gal4 driver [Fig. 5O (upper row)] (Paululat and Heinisch,
2012; Sellin et al., 2006). Our results are in agreement with a
previous analysis (Lehmacher et al., 2012) that also described the
membranous nature of the cavities (Fig. 5K–N). To visualise the
presence or absence of ECM proteins at the membranes of the
cavities, we used protein traps for Trol/Perlecan (Trol::GFP) or
CollagenIV (Viking::GFP, shown herein). We found that the
respective matrix proteins are not detectable at the inner surface
of the cavities [Fig. 5O (bottom row)], indicating the absence of
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ECM material inside the valve cavities. By definition, membranous
vesicles within a cell are assigned to certain types of organelles that
exert diverse functions in metabolism, trafficking or storage. The

large vesicles described herein represent yet unassigned, unique
cellular microcompartments. Because of their exclusive appearance
in valve cells, we named these vesicles ‘valvosomes’ and suggest
the designation for future use.

Downregulation of rab5 results in valve cells with aberrant
vesicle content
The giant vesicles present in valve cells may arise de novo as
derivatives of the Golgi apparatus (like lysosomes), upon
endocytosis (like endosomes), upon membrane invagination (like
pinosomes) or as a result of a combination of these processes,
including vesicle fusion, which may predominantly account for the
increase in size of the valvosomes upon larval development. As a
proof-of-principle approach, we inhibited vesicle turnover and
endosome maturation in particular by inducing RNAi-mediated
downregulation of rab5 expression. The rab5 gene is expressed in
all cardiomyocytes, including the intracardiac valve cells (Fig. 4).
We chose Rab5 as a target because it was shown that inactivation of
the protein inhibits a broad range of early endocytic events (Somsel
Rodman and Wandinger-Ness, 2000). To ensure knockdown
specificity, we analysed two independent rab5-RNAi constructs
(IR34096, IR103945). Both lines display WT intracardiac valve
cells. However, when crossed to a heart-specific Gal4 driver line –
here we used tin-Gal4 – the third-instar larval offspring displayed
severely mis-differentiated valve cells (Fig. 6). Typically,
downregulation of rab5 resulted in smaller valve cells. Yet, the
extent of the phenotype was variable and ranged between cells that
were only slightly reduced in size to valve cells that were nearly
indistinguishable from the adjacent cardiomyocytes (Fig. 6B1–B3,
D and F). In addition, while in most cases both valve cells were
affected, we also found animals where only one cell was reduced in
size. Of note, the reduced size of the valve cells was caused
primarily by absence or malformation of the valvosomes (Fig. 6).
We are aware of the fact that downregulation of rab5 may induce a
broad range of effects on cell differentiation and cell physiology.
Nevertheless, reduction or absence of valvosomes in valve cells as a
result of rab5 knockdown indicates that endocytotic processes are
crucial to valve cell differentiation. Characterising these processes
in detail will be a major task of future investigations.

DISCUSSION
Fluid flow in biological tubes is a fundamental phenomenon for
which a variety of solutions has evolved in animals. In many cases,
flow directionality is ensured by the presence of valves or gate-like
barriers that prevent backflow. Biological tubes with such barriers
include, e.g. renal tubes, lymphatic vessels, the digestive tract and
the circulatory system. Valves enhance the efficiency of directional
flow and thereby the organ’s overall performance. Despite the
simple tube-like architecture of the Drosophila heart, numerous
studies have demonstrated the suitability of the fly heart to
investigate physiology and genetics of cardiogenesis, and cardiac
function in general. In contrast to the vertebrate heart, the
Drosophila cardiac system is not coupled to oxygen transport, and
heart failure does not result in immediate death. Nevertheless, flies
with certain genetic defects in cardiac development and function
suffer from reduced fitness and longevity (e.g. Drechsler et al.,
2013; Ocorr et al., 2007). However, specific manipulations of the
cardiac ECM may increase longevity (Sessions et al., 2016). Since
severe malformations of the heart, or even a complete non-
functional heart, do not necessarily result in lethality, consequences
of severe heart malformations or heart failure can be examined in
living animals. This established Drosophila as an ideal model for
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Fig. 6. RNAi-mediated phenotypes in valve cells. (A and B) Selected single
frames from recordings captured at 200 frames s−1. (A) Illustrates the valve cells
from an animal with the genotype yw; UAS-Rab5 RNAiv103945 (control).
(B1–B3) Show the valve cells in three different animals with the genotype yw;
tin-Gal4; UAS-Rab5 RNAiv103945. The valve cells lack their typical histology and
overall appearance. (C) The heart of a third-instar larva with the genotype yw;
handC-Gal4; handC-GFP, stained for anti-GFP (nuclei of all cardiomyocytes)
andanti-Spectrin (outlines the cellmembrane) (maximumprojection). The typical
histology of the valve cells is seen. (D) The heart of a third-instar larva with the
genotype yw; handC-Gal4; handC-GFP, UAS-Rab5 RNAiv103945, stained for
anti-GFP (nuclei of all cardiomyocytes) and anti-Spectrin (outlines the cell
membrane) (maximum projection). Downregulation of Rab5 inhibits valve cell
differentiation. The typical histology is not visible. (E) The heart of a third-instar
larva with the genotype yw; UAS-Rab5 RNAiv103945 (control), stained for anti-
βPS1-Integrin (maximum projection). Both valve cells with their characteristic
appearance are recognisable. (F) The heart of a third-instar larva with the
genotype yw; tin-Gal4; UAS-Rab5 RNAiv103945, stained for anti-βPS1-Integrin
(maximum projection). Downregulation of Rab5 results in inhibition of valve cell
differentiation. Ultra-thin cross sections of valve cells fromwild type (WT) (G) and
from animals in which Rab5 was downregulated (H) were analysed using
transmission electron microscopy (TEM). Mutant valve cells lack the
characteristic large membraneous vesicle free of material and display several
additional abnormalities. Knockdown specificity was tested using two
independent RNAi lines, with the following results: tin-Gal4×UAS-RNAiv34096

gives rise to 20% of animals with valve cell abnormalities, tin-Gal4×UAS-
RNAiv103945 results in 64% of animals with valve cell abnormalities. (A–F)White
arrows point to valve cells. l, lumen; v, vesicle.
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studying heart development and physiology. Herein, we focused on
the analysis of the intracardiac valve in Drosophila. Although
known for a long time, the respective cells have not been studied in
detail. We now characterised the histology, presented molecular
markers for future in-depth studies, included functional data, and
used RNAi-mediated gene knockdown to investigate formation and
differentiation of the intracardiac valve cells.

Intracardiac valve cells regulate the directionality of
haemolymph flow inside the heart tube
The pumping activity of the tubular heart in insects ensures
haemolymph circulation within the open body cavity. The
directionality of haemolymph flow is thought to be regulated by
distinct anatomical features of the heart tube. One is represented by
flap-like cells – the ostia – that constitute the inflow tract, through
which the haemolymph enters the heart lumen. A single ostia is built
by two flap-like cells. In total, the Drosophila heart harbours six
(larvae) or 10 (adult) functional ostia that regulate the inflow of
haemolymph into the heart proper (Hetz et al., 1999; Iklé et al.,
2008; Lehmacher et al., 2012; Molina and Cripps, 2001; Ryan et al.,
2005). In larvae, the ostia allow haemolymph to enter the heart
during diastole and prevent, due to their flap-like histology,
backflow from the heart proper into the body cavity during
systole. When haemolymph enters the heart, only the heart proper is
filled, indicating that a barrier situated between the heart proper and
the anterior aorta ensures efficient refilling. This barrier is
constituted by the intracardiac valve, which represents a second
anatomical structure preventing backflow and which has been
analysed in detail in the present study. The intracardiac valve
consists of two histologically unique cells. During each cardiac
cycle, the shape of these two intracardiac valve cells oscillates
between an elongated and a roundish appearance (Fig. 1A and D).
While elongated, the heart lumen stays largely open and allows
haemolymph streaming from the heart chamber towards the aorta
(Figs 1 and 2). By the end of the systolic phase, the valve cells
become roundish and touch each other (Fig. 1A,B). At that time, the
transition between the heart chamber and the aorta is closed. The
contact time of the two valve cells spans about 1/4–1/3 of a
complete cardiac cycle (Fig. 1C). Treatment of hearts of dissected
third-instar larvae with EGTA, which induces relaxation of
myofibres, causes the valve cells to adopt a semi-roundish shape
(Fig. 2C,D). This indicates that valve cells, which exhibit a higher
density as well as a special arrangement of myofibres compared
with the adjacent cardiomyocytes (Fig. 4), elongate upon
contraction and become roundish upon relaxation. This direct
interconnection between muscle tension and cell shape is
remarkable, because it represents a highly robust and effective
means to couple heart contraction with valve opening. While the
valve cells are likely to be affected by the same contraction wave as
the adjacent cardiomyocytes, the individual arrangements of
myofibres result in distinct, yet concerted, responses of the two
cell types. The unique histology of the valve cells, which we
consider the basis for the highly flexible shape of the cells, is
discussed below.
Unidirectionality of haemolymph streaming requires an intact

body anatomy. We injected microparticles into the bodies of
dissected and intact animals to demonstrate flow properties and
valve cell functionality. The speed at which the injected particles
move inside the heart lumen is about the same in intact and dissected
animals (Fig. 2A,B and E). Calculation of the Re indicates that free
streaming inside the heart tube follows the rules of laminar flow.
Slow streaming velocities are seen in close proximity to the valve

cells upon heart lumen closure. Of note, in dissected animals the net
flow of haemolymph is quite low due to the fact that haemolymph
streams forwards and backwards. This effect is most likely caused
by an inefficient filling phase of the heart proper (Figs 1 and 2;
Movie 1). However, injection of microparticles into intact animals
clearly demonstrated that haemolymph flow is unidirectional
(anterograde) (Fig. 2E; Movies 2A, 2B and 2C). Thus, our results
demonstrate that an intact anatomy is crucial to an efficient
anterograde haemolymph flow inside the heart and therefore to
efficient circulation within the insect.

Differentiation of the intracardiac valve
Intracardiac valve cells have been identified due to their unique
histology in the larval as well as the adultDrosophila heart (Figs 1–
3) (Lehmacher et al., 2012; Miller, 1950; Rizki, 1978; Tang et al.,
2014; Zeitouni et al., 2007). In third-instar larvae, one intracardiac
valve separates the heart into the anterior aorta and the posterior
heart chamber (Fig. 3D). This pair of valve cells persists during
pupal development and constitutes the third valve of the adult heart.
Two additional valves differentiate from the 22nd and the 28th pair
of cardiomyocytes, giving rise to a total of three valves subdividing
the adult heart into four separate sections (Fig. 3E). In a candidate
screening, we identified several molecular markers that allow
identification of valve cells in living or fixed specimens. However,
only one reporter line, toll-GFP, shows a very strong reporter gene
expression in the valve cells of third-instar larvae, pupae and adult
flies (Fig. 3). This line, which was generated and described
previously (Wang et al., 2005), was subsequently used to label valve
cells in animals, e.g. for TEM analysis. Several GFP protein trap
lines, predominantly obtained from the collection at Kyoto (Morin
et al., 2001), helped to elucidate the unique structure of valve cells.
For example, Zasp52::GFP and Zasp66::GFP lines mark the
sarcomeres in living cells (Fig. 4C,D). Density and orientation of
myofibres differ in valve cells compared with adjacent
cardiomyocytes. As stated above, we consider especially the
orientation of the myofibres essential to the oscillating shape
changes of valve cells. Orientation of myofibres perpendicular to
the a–p-axis of the heart tube most likely results in a–p elongation of
the valve cells upon contraction. Indeed, applying EGTA to hearts
caused relaxation and a semi-roundish (more relaxed) shape of the
valve cells (Fig. 2D). We propose a model in which the density and
orientation of the myofibres present in the valve cells are crucial to
valve cell functionality. Upon contraction, the valve cells convert
from a roundish into a flattened shape, which converts the heart
lumen from a closed to an open state.

Our TEM analysis (Figs 3 and 5) revealed that valve cell
differentiation initiates post-embryonically. Valve cells become
histologically distinguishable from the adjacent cardiomyocytes no
earlier than in the late 1st-instar larval stage, when the differentiating
valve cells start to adopt a unique shapewith an expansion towards the
heart luminal space (Fig. 3). During second- and third-instar larval
development, the valve cells display some characteristic features that
turned out to be unique to this cell type: (i) a periodical heartbeat-
dependent change between an elongated and a roundish shape, (ii) a
more intense myofibre network and a distinct myofibre orientation
compared with adjacent cardiomyocytes, and (iii) the appearance of
large membranous vesicles that occupy most of the cell volume.

We assume that in fully functional valve cells the large vesicles
provide a unique structural element, which allows the cells to easily
flatten upon contraction and to effectively expand upon relaxation,
thereby opening and closing the luminal space of the heart tube.
RNAi-mediated downregulation of rab5 in valve cells resulted in
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cells that failed to adopt the typical roundish shape (Fig. 6B,D,F,H).
Besides general cellular defects, rab5 downregulation affects the
formation of the described large vesicles (Fig. 6D,F,H). This result
indicates that endosomal maturation plays a major role in valve cell
differentiation, which needs to be studied further in the future.
Preliminary analyses showed that animals lacking fully
differentiated valve cells display problems with sealing the heart
lumen during a cardiac cycle. However, there are still no clear data
on how this impairment affects streaming properties within the
heart. To address this issue, we are currently working on optimising
particle injection into living mutant animals, with the aim of reliably
visualising haemolymph streaming inside the heart. Several
methods have been applied to analyse pumping activity of the
heart in adult Drosophila (Choma et al., 2010), prepupal
Drosophila (Drechsler et al., 2013) and adult Anopheles (Glenn
et al., 2010), but these methods lack the possibility of tracking
individual particle movements inside the heart lumen. It will thus be
interesting to analyse how mutant valve cells modulate
hydrodynamic parameters, such as velocity and directionality of
haemolymph flow, in vivo.

Drosophila intracardiac valve cells and mammalian
endocardial cushion cells
Cardiac valves in Drosophila and in the mammalian heart have the
same function that is the regulation of flow directionality. This
function however is achieved by a different histology: single cells
harbouring large intracellular vesicles (valvosomes) that support cell
shape changes in theDrosophila system, and multicellular valves that
originate from valve endothelial cells (VECs) and valve interstitial
cells (VICs) that produce matrix-rich cushions in the vertebrate
embryo (Wu et al., 2017). Interestingly, VEGF/PDGF signalling plays
a role in the formation of the adult intracardiac valves in Drosophila
and also in endocardial cushion formation and valve remodeling in
mammals (Zeitouni et al., 2007). For none of the mammalian valve
models the existence of huge intracellular membranous vesicles
(valvosomes) was described. Thus, this feature is presumably unique
to the simple single cell valve model. Nevertheless, striking
similarities between Drosophila and mammalian valves are obvious
on the molecular level (VEGF/PDGF pathway) and on the functional
level (regulating unidirectional flow).
In conclusion, our work describes the function and significance

of intracardiac valve cells and provides first insights into the
differentiation and histology of these important cells. Thus, it
represents a valuable basis for future studies aiming to understand
the development and the mode of operation in more detail.
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Extracellular matrices (ECMs) have a broad range of biological and structural functions, in-
cluding forming the cell shape andmaintaining organ integrity. The cardiac ECM is exposed
to continual mechanical stress generated by the heart contraction. This publication ex-
amined the Lonely heart (Loh)-mediated recruitment of the tissue-specific ECM component
Pericardin to the ECM in Drosophila melanogaster. We found that the presence of the first
thrombospondin type 1 repeat (TSR1-1), with its embedded putative glycosaminoglycan
(GAG)-binding site, is crucial for anchoring Loh to the ECM. Additionally, the two other
thrombospondin repeats, TSR1-2 and TSR1-4, were found to be crucial for the proper in-
teraction and recruitment of Pericardin but were not essential for Loh localisation. Fur-
thermore, our data suggest that the N-terminal part of Loh faces the plasma membrane
and anchors the protein to the cell surface. Pericardin interacts with the Loh C-terminal
domain. Ectopic Loh expression induces ectopic Prc networks on nearly every Drosophila
tissue except for the salivary glands. A more detailed analysis using the compartment-
specific expression in wing discs was also carried out. My contribution to this publication
was the heart function examination, which showed that increased Loh levels at the surface
of cardiac cells lead to enhanced matrix deposition and impaired heart function.
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The biomechanical properties of extracellular matrices
(ECMs) are critical tomany biological processes, including cell–
cell communication and cell migration and function. The cor-
rect balance between stiffness and elasticity is essential to the
function of numerous tissues, including blood vessels and
the lymphatic system, and depends on ECM constituents (the
“matrisome”) and on their level of interconnection. However,
despite its physiological relevance, the matrisome composition
and organization remain poorly understood. Previously, we
reported that the ADAMTS-like protein Lonely heart (Loh) is
critical for recruiting the type IV collagen–like protein Pericar-
din to the cardiac ECM.Here, we utilizedDrosophila as a simple
and genetically amenable invertebrate model for studying Loh-
mediated recruitment of tissue-specific ECM components such
as Pericardin to the ECM. We focused on the functional rele-
vance of distinct Loh domains to protein localization and
Pericardin recruitment. Analysis of Loh deletion constructs
revealed that one thrombospondin type 1 repeat (TSR1-1),
which has an embedded WXXWmotif, is critical for anchoring
Loh to the ECM. Two other thrombospondin repeats, TSR1-2
and TSR1-4, the latter containing a CXXTCXXG motif, ap-
peared to be dispensable for tethering Loh to the ECM but were
crucial for proper interaction with and recruitment of Pericar-
din. Moreover, our results also suggested that Pericardin in the
cardiac ECM primarily ensures the structural integrity of the
heart, rather than increasing tissue flexibility. In conclusion, our
work provides new insights into the roles of thrombospondin
type 1 repeats and advances our understanding of cardiac ECM
assembly and function.

Extracellular matrices (ECMs),3 which support and protect
cells and provide mechanical linkage between tissues like mus-

cles and epidermis, are generally assembled in a similarmanner.
After incorporation of transmembrane receptors, such as in-
tegrins and dystroglycans (1, 2), meshwork-forming compo-
nents like laminin and collagen IV are able to anchor. By inter-
acting with each other, they form a complex network with
distinct biomechanical properties, which is furthermore stabi-
lized by nidogen (3, 4) and allows other proteins (e.g. perlecan)
to bind to the matrix as well (5).

Whereas these steps can be found ubiquitously, theDrosoph-
ila cardiac ECM is different from the matrices of other tissues
or organs in several ways. It forms a 3D meshwork that con-
nects the contractile heart tube to the alary muscles and,
thereby, to the epidermis (6, 7).Within this meshwork, embed-
ded pericardial cells differentiate into a distinct population of
cell types, such as nephrocytes (8–10) or wing hearts (11, 12).
In flies, the cardiac ECM combines two important biome-

chanical features: elasticity that accounts for a flexible connec-
tion between heart and alary muscle cells and a high tensile
strength that withstands forces produced by lifelong heart con-
tractions. One major difference between cardiac ECMs and
matrices of other tissues is the presence of the ADAMTS-like
adapter protein Lonely heart (Loh), which can be found exclu-
sively at the surface of the heart and chordotonal organs. Here,
Lonely heart is essential to proper recruitment of the type
IV collagen–like protein Pericardin (13). Pericardin (Prc) is
secreted into the hemolymph by pericardial nephrocytes and
adipocytes, and, as soon as it becomes recruited to the cardiac
matrix by Lonely heart, it starts to form a stable network (14).
By this mechanism the heart is provided with an exceptional
ECM that allows it to withstand the strongmechanical forces
of a heartbeat. Lack of Pericardin or its anchor Lonely heart
leads to a total collapse of the dorsal vessel and dissociation
of the pericardial cells and alary muscles from the heart tube.
Concomitants are severely impaired heartbeat and absence
of heart-mediated hemolymph transport. Accordingly, cor-
responding mutant animals exhibit decreased fitness and
shortened lifespan (13).
The ADAMTS (a disintegrin and metalloproteinase with

thrombospondin motifs) superfamily consists of two classes of
proteins: ADAMTS and ADAMTS-like proteins. Their main
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difference is that ADAMTS-like proteins, such as Loh, lack the
proteolytically active motif within the ADAM spacer. Both
classes share several domains, with most of them being poorly
defined. In addition to a spacer region, a changing number of
thrombospondin type 1 repeats (TSR1) can be found next to a
protease and lacunin (PLAC) domain and a signal peptide (15).
These ancillary domains apparently ensure proper substrate
specificity as well as cell-surface or ECM tethering (16, 17).
TSR1 motifs were initially discovered in thrombospondins

(TSPs), which belong to the family of calcium-binding glyco-
proteins that are secreted into the extracellular matrix of all
complex organisms. TSPs have been shown to bind to fibronec-
tin, laminin, collagen, and other matricellular proteins to form
complex networks on the cell surface. TSP superfamily mem-
bers are involved in regulation of spinal cord outgrowth (e.g.
F-spondin) or act as specific anti-angiogenic factors in brain
development (e.g. BAI-1). In addition, they can be critical to
directed ECMproteolysis (16). TSPs aremodular proteins con-
taining several types of repetitive sequence motifs (Fig. 1). One
of themost characteristicmotifs is the evolutionarily conserved
thrombospondin type 1 repeat (TSR1), which is �60 amino
acids in length and supposed to form an antiparallel three-
stranded structure that interacts with glycoproteins of the
extracellular matrix. The human genome harbors �90 genes
encoding TSR1-containing proteins (18), whereas �14 corre-
sponding proteins are present in D.melanogaster (19). Among
these, some have been shown to contribute to heart development
during embryogenesis. These proteins are the transmembrane
receptorUncoordinated5 (Unc5) (20)andtheADAMTS-likepro-
tein Lonely heart (Loh) (13).
To understand the molecular mechanism by which Lonely

heart ensures proper cardiac ECM formation inmore detail, we
analyzed a large set of individually mutated Loh proteins for
their capability to incorporate into the ECM and recruit
Pericardin. To allow quantitative measurements of Pericardin
recruitment efficiency, we applied an in vivo recruitment assay
established previously in our laboratory (13). In addition to the
ECM of somatic muscles, we also investigated other types of
matrices present in Drosophila for their capability to recruit
Pericardin in a Loh-dependent manner. Furthermore, we ana-
lyzed whether Pericardin, once recruited to a target matrix, has
an intrinsic capacity to self-assemble into ameshwork indepen-
dent of Loh. To perform the analysis, we used imaginal discs to
express full-length Loh in distinct compartments of the disc
and evaluated potential spreading of the Pericardin meshwork
over neighboring zones that lacked Loh.
Finally, to achieve an initial understanding of the biome-

chanical relevance of Pericardin, we searched for physiological
consequences of ectopic Pericardin deposition. In this respect,
body wall muscles represent an effective readout system to
investigate, for example, altered animal locomotion or lifespan.
We found that incorporation of Pericardin into the matrix of
somaticmuscles has no influence on lifespan but impairs contrac-
tion, thereby affecting the general locomotion performance.

Results

Wehave shownpreviously that Loh is essential and sufficient
to recruit Pericardin from the hemolymph toward a given

matrix (13). Here, we did a follow-up study aiming to under-
stand the molecular mechanisms by which Lonely heart itself
adheres to the cardiac matrix and, furthermore, how the pro-
tein recruits and assembles Pericardin, two processes that were
not addressed until now.As depicted in Fig. 1, the Loh sequence
contains an N-terminal signal peptide as well as five TSR1-like
repeats. Of note, the number, size, and position of predicted
TSR1 repeats differ, depending on the search and prediction
algorithm used (Fig. 1A). Additionally, Loh contains two pre-
dicted glycosaminoglycan (GAG)-binding sites located within
two of the TSR1 domains. Up to now, the functionality of these
sites has not been confirmed experimentally.
It has been shown for ADAMTS-1 and other proteins that

anchoring to the extracellular matrix requires the C-terminal
presence of TSR motifs, suggesting an interaction with glycos-
aminoglycans, such as heparan sulfate, which are predeposited
at the matrix (15). This work provides initial evidence that
Lonely heart anchors to Drosophila matrices in a similar
manner.

Functional analysis of distinct Lonely heart domains

In this study, a series of lonely heart mutations were gener-
ated to establish corresponding transgenic Drosophila lines as
well as transiently transfected insect cell lines. Subsequently, a
combined analysis of both systems was performed to investi-
gate the molecular functions of individual domains present in
the Loh protein in detail. Each of the established transgenic
Drosophila lines carries a UAS-loh construct, consisting either
of the full-length (FL) WT sequence (positive control) or of
specifically mutated forms of loh lacking certain domains (Fig.
1B). Additionally, a construct lacking theADAMspacer region,
but retaining the antigenic region recognized by our anti-Loh
antibody, was generated. However, after inducing expression
by crossing tomef2-Gal4 or prc-Gal4 driver lines, this construct
could not be detected by Western blot analysis (data not
shown), indicating that the resulting protein is highly unstable
and thus degraded. Consequently, this construct was excluded
from further analysis. All other constructs were analyzed for
their capability to recruit Pericardin by applying a previously
established ectopic expression in vivo recruitment assay (13).
Before performing these experiments, we verified that the indi-
vidual Loh constructs were expressed properly and located to
the cell surface, which was a prerequisite for the follow-up
experiments. Corresponding analyses were done using a cell
culture system (Sf21 cells; Fig. 2) as well as transgenicDrosoph-
ila (Fig. 3).

Secretion and anchoring capability of Lohmutant constructs
in transgenic animals and Sf21 cells

Pericardin recruitment to the ECM of a certain tissue
depends on the presence of Loh at the target cell surface. This
presence in turn requires successful processing, secretion, and
anchoring of Loh. Therefore, we tested full-length WT Loh, as
well as the individuallymutated forms of the protein, for proper
secretion and localization. In this context, Sf21 cells (expression
driven by a constitutively active polyhedrin promoter) and
somatic muscle cells (expression driven by mef2-Gal4) were
analyzed. For visualizing Loh, we used a polyclonal anti-Loh

Functional domains of Lonely heart
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antibody recognizing a peptide sequence within the ADAM
spacer region of the protein. This antibody was described pre-
viously (13).
To ensure comparable transfection efficiencies of the Sf21

cells, eGFP was inserted into a second multiple cloning site
present in the used expression vector; the resulting GFP signal
was then used as a loading control for Western blot analysis
(Fig. 2M) as well as a cytoplasmic counterstain for immunocy-
tochemistry (Fig. 2, A–L). Captured images were processed for
fluorescence intensity profiling to analyze Loh secretion and
surface localization. As expected, full-length Loh was success-
fully secreted and anchored to the cell surface (Fig. 2A). As a
negative control, UAS-Loh�SP that lacks the N-terminal signal
sequence was used. The respective construct failed to become
secreted and distributed uniformly within the cytoplasm (Fig.
2C). A similar localization was observed for LohGAG1*�2*, in
which both speculative GAG-binding sites are mutated (Fig.
2K). The constructs Loh�TSR1-1 and LohGAG1* also showed
impaired surface location and apparently accumulated in secre-
tory vesicles close to the plasmamembrane (Fig. 2,D and I). The
respective localization patterns of these constructs may indi-
cate that secretion still occurred, but anchoring to the ECMwas

compromised. Mutations in the remaining thrombospondin
type I repeat domains (Loh�TSR1-2, Loh�TSR1-3, Loh�TSR1-4,
Loh�TSR1-5), as well as lack of the PLAC domain (Loh�PLAC)
or a mutation in the second speculative GAG binding site
(LohGAG2*), did not affect secretion or anchoring (Fig. 2, E, F,G,
H, J, and L). To address the question of whether the mislocal-
ized constructs are expressed and secreted properly, but fail to
incorporate into the ECM, Western blotting analyses of trans-
fected Sf21 cells as well as of the respective construct-specific
cell culture media were performed. If ECM incorporation fails,
whereas expression and secretion are still proper, the respective
Loh constructs should be detectable in the culture medium. As
depicted in Fig. 2M, all constructswere expressed and exhibited
molecular masses in line with expectations. To ensure compa-
rable transfection rates, GFP was co-transfected and used as a
loading control. Interestingly, in addition to the cell lysate (Fig.
2M), Loh�TSR1�1, LohGAG1*, and LohGAG1*�2* were also pres-
ent in the cell culture medium (Fig. 2N), which strongly indi-
cates that the respective constructs are not able to bind effi-
ciently to the ECM. Thus, these data are in line with the results
of the immunofluorescence stains (Fig. 2, D, I, and K). Of note,
the Loh�TSR1-5 construct was also present in the culture

Figure1. Lonelyheartdomainstructureandconstructsused in this study.A, theLonelyheart isoformAsequence (GenBankTMentryAAF52956.3)wasused
to identify functional motifs. An N-terminal signal peptide, a variable number of thrombospondin repeats type I, an ADAM spacer region, and a single
C-terminal PLACdomainwere recognized by ScanProsite, Interpro, NCBI, SMART, PFAM,Motif Finder, andUniProt. Additionally, two putative glycosaminogly-
can (GAG) binding sites were identified that locate within two thrombospondin repeat type I motifs (44, 45). Numbers depict the respective amino acid
positions. B, Lonely heart constructs used in this study. Red crosses indicate mutated protein motifs. Nomenclature indicates deletions (�) or point mutations
(*). Due to algorithm-dependent, inconsistentpredictionsof theTSR1domains, constructsweregeneratedbasedon theprotein structureproposedpreviously
(13). SP, signal peptide. C, 3D model of Lonely heart with color-coded protein domains. All thrombospondin domains locate to the surface of the protein.
Modeling was performed using YASARA (42) and VMD version 1.9.3 (University of Illinois).

Functional domains of Lonely heart

7866 J. Biol. Chem. (2018) 293(20) 7864–7879



Figure2. Expressionand localizationofmutatedLohconstructs inSf21 cells.Sf21 cellswere transfectedwithWTand individuallymutated Lohconstructs.
Successful transfectionwasmonitored by simultaneous expression of cytoplasmic GFP (green channel). WT aswell asmutated Lohwere visualized by anti-Loh
antibody staining (red channel). Intensity profiling of stained cells was used to determine the subcellular localization of individual Loh constructs. The
respective regions of evaluation are marked (arrows in A–L). Full-length Loh (A) is secreted and accumulates at the surface of the cell. Anti-Loh staining of
untransfected cells results in a spotted distribution of low-intensity signals (overexposed to visualize the shape of the cells) (B). Loh lacking the signal
peptide is not secreted and retained in the cytoplasm (C). The constructs Loh�TSR1-1 and LohGAG1* show no distinct surface location but accumulate in
a patchymanner close to the plasmamembrane (D and I). A similar behavior is observed for LohGAG1*�2*, yet with a broader distribution in the cytoplasm
(K). Individual mutations in the remaining thrombospondin type I repeat domains (Loh�TSR1-2, Loh�TSR1-3, Loh�TSR1-4, and Loh�TSR1-5), as well as lack of
the PLAC domain (Loh�PLAC) or a mutation in the second speculative GAG binding site (LohGAG2*), do not affect secretion or anchoring (E–H, J, and L).M,
Western blotting of construct-specific cell lysates confirms expression and adequate molecular mass of all Loh constructs. Asterisks indicate putative
degradation products that are unique to Loh�TSR1-5 and do not appear in the case of any other TSR1 deletion construct. Co-transfected GFP was used as
a loading control.N, Western blotting of construct-specific cell culturemedia confirms the presence of Loh�TSR1-1, Loh�TSR1-5, LohGAG1*, and LohGAG1*�2*,
indicating proper secretion but impaired binding of the respective constructs to the ECM. The depicted blots are representative of three individual
biological replicates.
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medium, although immunocytochemistry detected it at the cell
surface (Fig. 2H). One explanation for this discrepancy is a
reduced stability of the construct, which is indicated by pres-
ence of additional bands on Western blots, probably degrada-
tion products that are unique to Loh�TSR1-5 and do not appear
in the case of any other TSR1 deletion construct (Fig. 2M, aster-
isks). This reduced stability may be caused by impaired protein
folding, which in turn could result in less efficient ECM incor-
poration. In this context, the essentially identical band compo-
sition that we observed for constructs holding similar muta-
tions (e.g.TSR1deletion constructs 1–4 andGAGsubstitutions
1, 2, and 1� 2; Fig. 2M) indicates proper folding and stability of

the respective proteins. Of note, the tryptophan residues pres-
ent in the speculative GAG1 motif as well as the cysteine resi-
dues present in putative GAG2 (Fig. 1A) are probably of signif-
icance to the structure of the TSR domain in which they are
embedded (19). However, as depicted above, substitution of the
respective motifs apparently does not severely affect stability of
the corresponding entire proteins (Fig. 2M).
To assess secretion and ECM incorporation in Drosophila,

we expressed Loh and itsmutated forms in somaticmuscle cells
using mef2-Gal4 as a driver (Fig. 3). Flat preparations of third
instar larvae were fixed and immunostained for Loh. To visual-
ize cell borders, anti-spectrin antibodies were used for counter-

Figure 3. Expression and localization of mutated Loh constructs in somatic muscles. All UAS constructs were inserted at the 86F8 landing site on the 3R
chromosome. Expression was driven by crossing inmef2-Gal4, which induces expression of the target construct in the muscle lineage. Loh localization was
visualized by anti-Loh antibody staining (red channel). Muscles were counterstained with anti-�-spectrin antibodies (green channel). Intensity profiling of
stained cells was used to determine the subcellular localization of individual Loh constructs. The respective regions of evaluation are marked (arrows in A–L)
Full-length Loh, driven bymef2-Gal4, is secreted and accumulates at the surface of themuscle (A). TheUAS-Loh FL construct alone (negative control) shows no
expression (B). Loh lacking the signal peptide is not secreted but appears to be directed to the nucleus (C). Loh lacking TSR1-2, TSR1-3, TSR1-4, or TSR1-5 is
properly secreted and locates to the surface of the cells (E–H). A similar pattern is observed for the construct harboring a mutation in the second speculative
GAG binding site (J). Loh that lacks TSR1–1 is not present at the muscle surface (D), which is also the case for the construct carrying a mutation in the first
putativeGAG-binding site (I).MutatingbothpredictedGAG-binding sites simultaneously results in complete loss of Loh incorporation into themuscle ECM (K).
Deleting the PLAC domain (L) has no effect on secretion or localization of Loh.

Functional domains of Lonely heart

7868 J. Biol. Chem. (2018) 293(20) 7864–7879



staining. This allowed us to perform intensity profiling to check
for Loh secretion and surface localization in somatic muscles.
In line with our results using cultured Sf21 cells, we found that
most of the tested constructs were secreted and localized to the
ECM. However, Loh�TSR1-1, LohGAG1*, and LohGAG1*�2* were
again absent from the cell surface (Fig. 3, D, I, and K), which
confirms the cell culture data and emphasizes the high rele-
vance of these domains to proper ECM incorporation. The data
of the localization and anchoring analyses as well as Pericardin
recruitment efficiencies are summarized in Table S1.

Quantitative analysis of Pericardin recruitment efficiency

Utilizing the transgenic lines introduced above, we tested
whether mutated forms of Loh still harbor the capability to
recruit Pericardin to the ECMofmuscle cells andwhether Peri-
cardin, if recruited, assembles into a network of ECM fibers. It
has been shown previously that the full-length form of Loh,
when expressed inmuscles or adipocytes, is sufficient to recruit
Pericardin from the circulating hemolymph and incorporate it
into the surface meshwork of ECM fibers (13). We quantified
the capacity ofmutated forms of Loh to recruit Pericardin using
a “sumpixel intensity” region of interest (ROI)-based approach.
For normalization of the Pericardin signal in stained specimens
of different genotypes, we utilized F-actin stainingwith phalloi-
din, a method that has recently been described and successfully
used (21). As controls, we used animals that harbored the full-
lengthUAS-Loh (UAS-Loh FL) construct but lackedGal4 (neg-
ative control; Fig. 4A), UAS-Loh FL expressed by mef2-Gal4
(positive control; Fig. 4B), and UAS-Loh�SP driven by mef2-
Gal4 (Fig. 4C). Our previous tests have shown that deleting
the signal peptide completely inhibits secretion and Pericardin
recruitment (Fig. 4C).We confirmed that full-lengthWTLoh is
able to recruit Pericardin to the ECM of muscle cells. In addi-
tion, mef2-Gal4–driven expression of UAS-Loh�TSR1-3, UAS-
Loh�TSR1-5, and UAS-Loh�PLAC results in considerable Peri-
cardin recruitment (Fig. 4, F, H, and L), indicating that these
protein domains play no major role in Pericardin assembly. By
contrast, mef2-Gal4–driven expression of UAS-Loh�TSR1-1,
UAS-Loh�TSR1-2, UAS-Loh�TSR1-4, UAS-LohGAG1*, UAS-
LohGAG2*, and UAS-LohGAG1*�2* does not result in significant
Pericardin accumulation (Fig. 4, D, E, G, I, J, and K), which
suggests that these distinct domains of Lonely heart are respon-
sible for efficient Pericardin recruitment. Thrombospondin
repeat 1 (TSR1-1), with its embedded speculativeGAG-binding
site, appears to be most critical to Loh anchoring (Fig. 3D),
whereas TSR1-2 and TSR1-4 are dispensable for anchoring but
important for recruiting Pericardin toward a certain matrix
(Figs. 3 (E and G) and 4 (E and G)). Furthermore, our results
show that lack of the PLAC domain has no impact on Loh
secretion, ECM adhesion, or Pericardin recruitment (Figs. 3L
and 4L). We are aware of the fact that a slight reduction in
Pericardin recruitment efficiency may not be measurable by
our in vivo approach.
We completed this set of experiments by testing all generated

Loh constructs for their ability to recruit Pericardin to a tissue
other than somaticmuscles (Fig. S1). Pericardin-Gal4, aswell as
Cg-Gal4, mediates strong expression of the Gal4 transgene in
adipocytes, and it has been shown that Loh is able to recruit

Pericardin under these experimental conditions (13). Although
not quantitatively proven in detail, our results using adipocytes
as a second test tissue confirmed our observations from analyz-
ing recruitment of Pericardin to somatic muscles. The analysis
of adipocytes turned out to be more difficult because fat cells
are a natural source of Pericardin production. Thus, there is
always a certain amount of Pericardin at the cell surface, which
is normally released into the hemolymph. Exposing Loh at the
adipocyte surface apparently results in retention of the pro-
duced Pericardin rather than recruitment of it from the hemo-
lymph. Nevertheless, in-line with our data from the muscle
recruitment assay, mutations in the first or second thrombos-
pondin type 1 repeat or in the first or second putative GAG-
binding site result in loss of Pericardin recruitment to the adi-
pocytes (Fig. S1, C, D, G, and H). This is also observed for the
construct holding simultaneous mutations in both speculative
GAG binding sites (Fig. S1E). Additionally, deleting the fourth
TSR domain leads to considerably reduced Prc recruitment
(Fig. S1J).

Tissue-specific analysis of Pericardin recruitment

Once recruited, Pericardin readily assembles into the preex-
isting or continuously forming meshwork of ECM fibers, indi-
cating that not only the cardiac ECM, but also the ECM of
muscles and adipocytes, harbor all the constituents needed for
Pericardin incorporation. However, it is still unknown whether
matrices in general harbor an intrinsic capacity to assemble and
to incorporate Pericardin and whether Loh alone is necessary
and sufficient or if other, yet unknown recruitment factors are
also required. To answer this question, we expressed Loh in a
variety of additional cells and tissues, including salivary glands,
wing imaginal discs, and glial cells of the central nervous sys-
tem, by crossing the UAS-Loh full-length transgenic line to the
different tissue-specific Gal4 driver lines. Again, we used the
anti-Loh antibody to confirm proper secretion and the pres-
ence of Loh at the respective cell surface. Subsequently, we
monitored redistribution of Pericardin to the Loh-exposing tis-
sues using the anti-Pericardin antibody (Fig. 5). We found that
in addition to adipocytes andmuscle cells (Fig. 5,A and B), also
wing imaginal disc cells (Fig. 5E) and glial cells (Fig. 5C) are
capable of recruiting Pericardin as long as Loh is exposed at
the surface of the respective cells. This finding supports the
hypothesis that the ability to recruit and incorporate Pericardin
is a general property of a wide range of matrices. Interestingly,
salivary glands are the only type of tissue that appears to be
incapable of recruiting Pericardin. A careful microscopic anal-
ysis confirmed that Loh is produced and that it locates to the
outer surface of the salivary gland cells (Fig. 5D). Thus, we can
exclude the possibility that Loh itself is not stably present at
the matrix and therefore fails to recruit Pericardin. It rather
appears likely that a certain property of the salivary gland ECM
or lack of a critical ECM constituent impedes Pericardin
recruitment to this tissue.

Recruitment of Pericardin to distinct wing disc compartments

Previous work showed that Pericardin requires Loh for
recruitment and proper incorporation into the ECM; however,
proper Loh localization does not require Pericardin (13). To
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understand the molecular mechanisms by which Loh recruits
and assembles Pericardin, we aimed to distinguish between two
possible models. 1) Loh may act as a crystallization seed that
recruits Pericardin from the hemolymph, either directly or via
additional linker proteins. In a second step, the matrix-bound
Pericardin molecules promote additional recruitment, assem-
bly, and ECM incorporation of Pericardin from the hemo-
lymph. Consequently, Pericardinmatrices should spread over a
tissue even if Loh is not present underneath. 2) Pericardin only

adheres and incorporates if Loh localizes underneath; thus,
coordinated self-assembly and spreading of Pericardin over a
tissue that lacks Loh is not possible. To discriminate between
these two possibilities, we expressed full-length Loh (UAS-
Loh FL) in different compartments of the wing discs by uti-
lizing dpp-Gal4, ci-Gal4, hh-Gal4, and sd-Gal4 as drivers (see
Fig. 6). In each case, we found that Pericardin recruitment is
restricted to those areas that express and display Loh. For
example, hh-Gal4 drives Loh expression exclusively in cells

Figure 4. Pericardin recruitment efficiency. To quantify Pericardin recruitment efficiency of individual Loh constructs, expression was driven by crossing in
mef2-Gal4. Third instar larval offspringwerepreparedand stained for Pericardin (anti-Prc,green channel) andcounterstained for F-actin (phalloidin, red channel,
inset). Images were recordedwith identical settings, and ROIs weremeasured using the “sum slices” method implemented into ImageJ. As a negative control,
animals with the genotypew1118,�/UAS-Loh FL were used (A). Pixel intensity obtained for Pericardin staining (green channel) was normalized against F-actin
staining (red channel). Quantification is presented as a scatter plot. Full-length Loh recruits Pericardin to the muscle matrix (B). Significant recruitment is also
obvious for Loh constructs lacking the third TSR domain (UAS-Loh�TSR1–3) (F), the fifth TSR domain (UAS-Loh�TSR1–5) (H), or the PLAC domain (UAS- Loh�PLAC)
(L). In Loh constructs lacking the signal peptide, no Pericardin signal above background is observed (C). Loh harboring a deleted first thrombospondin type 1
repeat (UAS-Loh�TSR1-1) (D) or amutation of the embedded speculative GAG-binding site (UAS-LohGAG1*) (I) exhibits a considerably reduced capacity to recruit
Pericardin. A strong reductionof Pericardin recruitment is also seen in Loh�TSR1-2, in Loh�TSR1-4, and in LohGAG2*mutants (E,G, and J). Lohproteins carryingmutations
in both predicted GAG binding sites (LohGAG1*�2*) do also exhibit severely impaired Pericardin recruitment (K). Deleting the PLAC domain has no effect on Loh
secretion on Pericardin recruitment (L). The box plot/scatter plot (bottom) depicts quantification of the construct-specific recruitment efficiencies.
Colored asterisks indicate the respective significance levels (Student’s t test; *, p � 0.05; **, p � 0.01; ***, p � 0.001) as calculated for the individual
controls (colored boxes).
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of the posterior wing compartment (Fig. 6C, green channel).
Consequently, Pericardin, synthesized and secreted by adi-
pocytes of the fat body, adheres exclusively to this domain
without spreading out into the anterior wing compartment
(Fig. 6C, red channel). These results strongly support the
second model proposed above, which postulates a necessity
of underlying Loh for proper Pericardin recruitment and
incorporation. Thus, the distinct localization of Loh allows for a
temporally and spatially highly specific Pericardin incorpora-
tion into specialized extracellular matrices, such as the cardiac
ECM.

Analysis of the biochemical interactions in
Pericardin-containing extracellularmatrices

To understand the molecular mechanisms that facilitate
Loh-dependent Pericardin incorporation into extracellular
matrices in more detail, we analyzed the biochemical interac-
tions characteristic to these matrices. In this effort, we utilized
a series of GFP-tagged ECMproteins (LanA::GFP, LanB1::GFP,
Vkg::GFP, �PS-integrin::GFP, and Pericardin::GFP) (22) and
analyzed them for co-immunoprecipitation with Pericardin,
nidogen, and laminin. Of note, co-immunoprecipitation of Loh
and Pericardin has already been confirmed (13). As depicted in

Fig. 7A, the GFP-tagged proteins exhibited a molecular mass
consistent with expected values (including posttranslational
modifications), thus indicating the presence of stable fusions.
Furthermore, the respective proteins could be extracted from
corresponding larval homogenates in rather convenient
amounts. The only construct that could not be detected with
anti-GFP antibodies was Pericardin::GFP. However, the fact
that endogenous Pericardin as well as laminin was present in
Pericardin::GFP pulldown fractions but absent in correspond-
ing control preparations (w1118; Fig. 7 (B and D)) indicates
that Pericardin::GFP can be isolated from corresponding trans-
genes, but in rather limited amounts. Further analyses revealed
that Pericardin co-immunoprecipitates with LanA::GFP,
LanB1::GFP, Vkg::GFP, and Pericardin::GFP, but not with
�PS-integrin::GFP (Fig. 7B). The fact that the bands detected in
the Pericardin::GFP sample correspond to the size of WT Peri-
cardin (Fig. 7B, asterisks) confirms that endogenous Pericardin
is labeled and not the GFP fusion protein. Nidogen co-immu-
noprecipitates with LanA::GFP, LanB1::GFP, and Vkg::GFP,
but not with �PS-integrin::GFP and Pericardin::GFP (Fig. 7C),
whereas laminin co-immunoprecipitates with Vkg::GFP and
with Pericardin::GFP, but not with�PS-integrin::GFP (Fig. 7D).
Despite a rather ineffective Pericardin::GFP isolation (Fig. 7A),

Figure 5. Tissue-specific recruitment of Pericardin. Lonely heart was
ectopically expressed in different tissues to analyze the ability of the corre-
sponding extracellular matrices to incorporate Pericardin. Drivers used are
Cg-Gal4 for adipocytes (A),mef2-Gal4 formyocytes (B), repo-Gal4 for glial cells
of the central nervous system (C), sgs-Gal4 for salivary glands (D), and en-Gal4
for imaginal discs (E). Anti-Loh staining (green (A, B,D, and E) or blue (C) chan-
nel) and anti-Pericardin staining (red channel (panels labeled with a prime
symbol)) are shown individually and asmerged images (panels labeled with a
double prime symbol). A�, B�, C�, D�, and E� depict bright-field images of the
individual tissues. Dashed lines (E) highlight the border of the wing imaginal
disc. All panels show maximum intensity projections of confocal sections.
With the exception of salivary glands (D), Pericardin is recruited to all tissues
tested (A, B, C, and E).

Figure 6. Pericardin recruitment to distinct compartments of the wing
disc surface. Ectopic expression of UAS-Loh FL in different compartments of
third instar larval wing imaginal discs using dpp-Gal4 (expressed along the
anterior-posterior boundary; A–A�), ci-Gal4 (anterior compartment; B–B�), hh-
Gal4 (posterior compartment; C–C�), and sd-Gal4 (expressed in the wing
pouch; D–D�) as drivers. Loh is visualized using an anti-Loh antibody (green
channel), and Pericardin is visualized using an anti-Pericardin antibody (red
channel). The right column depicts a schematic illustration of the compart-
ment-specific Gal4 expression for all driver lines used. Pericardin recruitment
is restricted to areas that express and display Loh. Orientation of imaginal
discs is indicated in the top right corner.
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a distinct laminin signal is present in the respective fraction
(Fig. 7D), which indicates a strong interaction between Pericar-
din and laminin. Of note, we did not observe co-immunopre-
cipitation of�PS-integrinwith laminin, although an interaction
has been reported before (23). This discrepancy may be due to
misfolding of the �PS-integrin::GFP fusion construct that we
used in our study. Thus, our finding that Pericardin does not
co-precipitate with integrin must be considered preliminary.
The data of the immunoprecipitation assay are summarized in
the assembly model depicted in Fig. 10.

Incorporation of Pericardin into thematrix of somaticmuscles
affects contraction performance

To achieve an initial understanding of the physiological rel-
evance of Pericardin, we analyzed whether recruitment and
assembly of the protein into ectopic matrices affected the bio-
mechanical properties of the corresponding matrix. We con-
sidered recruitment of Pericardin to muscles to be a useful
readoutmodel because biomechanicalmodulations of themus-
cle matrix probably have a direct influence on contraction effi-
ciency and, thereby, on locomotion in general. To measure
muscle performance, we analyzed the distance a larva covers
within a straight run of 10 s (Fig. 8A	), as well as the number of
contractions that occur during this time frame (Fig. 8A�). Based
on these data, we also calculated the distance covered by a sin-
gle contraction (Fig. 8A). As depicted, specimens with Pericar-
din ectopically incorporated into the muscle matrix exhibit
reducedmovement speed. Interestingly, the effect is not caused
by a reduced contraction rate in corresponding animals, which
is comparable with that of controls (Fig. 8A�), but by a reduced
distance covered per contraction (Fig. 8A). This result may
indicate that artificial incorporation of Pericardin into the ECM
of muscle cells increases stiffness of the matrix, which even-

tually impairs proper contraction of the tissue. We also
assessed possible effects on lifespan and found no significant
influence of ectopic Pericardin deposition under laboratory
conditions (Fig. 8B).

Overexpression of Lonely heart in cardiomyocytes leads to
matrix phenotypes and affects heart performance

The primary function of Loh is the recruitment of Pericardin
toward the cardiac matrix. Pericardin requires the presence of
Loh to become properly incorporated into the ECMmeshwork
and for full functionality (13, 14). Therefore, we tested whether
the amount of Loh present at the surface of cardiac cells directly
affects ECM architecture (e.g. by recruiting increased or
reduced quantities of Pericardin or other, yet unknown Loh
interactors). An ultrastructural analysis of the cardiacmatrix of
homozygous lohMB05750 mutant wandering third instar larvae,
compared withWT, revealed no visible difference with respect
to, for example, thickness of the matrix (Fig. 9A). By contrast,
overexpression of full-length Loh (UAS-Loh FL) in cardiac cells
results in irregular matrix deposition characterized by a dra-
matic increase in the width of the matrix (Fig. 9A, arrowheads).
Heart performance, measured by high-speed videomicroscopy
in semi-intact third instar larvae, is also affected when full-
length Loh is overexpressed in cardiac cells. Corresponding
animals display a considerably reduced heart rate, concomitant
with severe arrhythmia (Fig. 9, B and C). Of note, arrhythmia
includes long periods of heartbeat arrest, which emphasizes the
severity of the phenotype. Representative examples are shown
in Fig. 9B and in Movies S1–S4.

Discussion

In contrast to matrices present at the surface of most other
tissues, the cardiac ECM is exposed to permanent mechanical

Figure 7. Pericardin co-immunoprecipitates with distinct ECM components. GFP-tagged ECM proteins (laminin A, LanA::GFP; laminin B1, LanB1::GFP;
Viking, Vkg::GFP; �PS-integrin, �PS-integrin::GFP; Pericardin, Pericardin::GFP) were purified from third instar larvae and subjected to Western blot analysis.
Anti-GFP antibodies were applied to estimate the protein-specific purification efficiency (A). Anti-Pericardin (Prc; B), anti-nidogen (Ndg; C), and anti-laminin
(Lan; D) antibodies were used to assess co-immunoprecipitation of the individual ECM components with the purified GFP fusion proteins. The rather weak
detection of endogenous Pericardin in the Pericardin::GFP sample is indicated (B; asterisks). The observation that nidogen migrates significantly higher than
expected (predictedmolecularmass, 149.1 kDa)presumably reflects extensiveposttranslationalmodificationof theprotein. Similarmass shifts, predominantly
caused by N- and O-glycosylation, have been reported for nidogens from other species (4). The depicted blots are representative of two individual biological
replicates.

Functional domains of Lonely heart

7872 J. Biol. Chem. (2018) 293(20) 7864–7879



stress generated by the regular and repetitive contraction cycles
of the heart. These unique biomechanical conditions require
ECM adaptation, which is achieved predominantly by incorpo-
rating specific structural components into the respective mat-
rices. In Drosophila, one of these components is the type IV
collagen–like protein Pericardin, which is recruited specifically
to cardiac tissue by its adaptor protein Lonely heart (13). How-
ever, until now, neither the recruitment process itself nor the
relevance of Pericardin to the biomechanical properties of the
cardiac ECM have been studied in detail. By conducting a
recruitment assay based on systematically generated domain-
specific Loh mutants, we found that presence of the first TSR1
domain is critical to localizing Loh to the ECM (Fig. 3D). Inter-
estingly, mutating only the speculative GAG-binding site
embedded within the first TSR1 domain is sufficient to abro-
gate Loh anchoring, indicating a high functional relevance of
this distinct sequencemotif (Fig. 3I). This result was confirmed
by expressing the same constructs in Sf21 cells. Also in this
system, deletion of the first TSR1 domain or mutation of the
embedded putative GAG site resulted in considerably reduced
surface localization of the respective Loh constructs (Fig. 2, D
and I). Significantly, Western blot analysis detected the pro-
teins in the culturemedium (Fig. 2N), which indicates that pro-
duction and secretion still occurred, whereas incorporation
into the ECM was impaired. Thus, our data suggest that
TSR1-1, with its embedded putative GAG-binding site, is cru-

cial for anchoring Loh to the ECM, which represents a prereq-
uisite for the subsequent recruitment of Pericardin. On the
other hand, the second speculative GAG binding site, embed-
ded within the TSR1-4 domain, appears to be dispensable for
localizing Loh (Figs. 2 (G, J, and N) and 3 (G and J)) but is
required for efficient Pericardin recruitment (Fig. 4J). Of note,
previous work identified the respective CXXTCXXGmotif as a
consensus site for O-fucosylation and showed that mutating
this motif results in impaired protein secretion (24). Because
the substitution in UAS-LohGAG2* covers this motif (Fig. 1A),
slightly impaired secretion of this construct appears possible.
However, its complete inability to recruit Pericardin (Fig. 4J)
cannot be attributed to minor deficiencies in secretion. Thus,
our findings indicate that both speculative GAG-binding sites
are of high functional relevance, with the first site being essen-
tial to proper anchoring of Loh, whereas the second one
appears to be required for Pericardin recruitment. Interest-
ingly, also lack of the second TSR1 domain results in failure to
recruit Pericardin (Fig. 4), whereas localization of Loh is not
affected (Figs. 2 (E and N) and 3E). Thus, the TSR1-2 and
TSR1-4 domains as well as the putative GAG2-binding site
seem to be dispensable for localizing Loh but crucial to proper
Pericardin interaction and recruitment. In this context, the
distinct position of the respective domains within Loh is prob-
ably decisive. According to structural modeling, TSR1-2 and
TSR1-4, the latter containing the predicted GAG2 site, exhibit

Figure 8. Artificial recruitment of Pericardin affects muscle function. A, ectopic expression of full-length Loh in muscles (mef2-Gal4 
 UAS Loh FL; green
triangles) significantly impairs crawlingperformance. As controls, F1 animals fromeither a crossing ofmef2-Gal4
w1118 (red squares) or fromw1118
UAS-Loh
FL (blue diamonds) were used. Crawling performance was measured as crawling distance in cm/contraction (A) or crawling distance/10 s (A	). Crawling
performance is significantly reduced if Pericardin is recruited to the muscle ECM (green triangles in A and A	). The contraction frequency is not significantly
altered in corresponding animals (A�). Ectopic expression of full-length Loh (mef2-Gal4
UAS Loh FL; green triangles) has no effect on lifespan, comparedwith
controls (mef2-Gal4
w1118 (red squares) andw1118
UASLohFL (blue diamonds)) (B). Depicted aremeanvalues� S.D. (error bars). Corresponding significance
levels are indicated (asterisks, Student’s t test; *, p � 0.05; **, p � 0.01; n.s., not significant). Data are presented as box plots and scatter plots.
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close spatial proximity (Fig. 1C). The fact that lack of either
domain completely abolishes the capacity of Loh to recruit
Pericardin (Fig. 4) indicates that these two domains constitute
the interaction site between Loh and Prc, with the embedded
speculative GAG binding site being of critical relevance. Subse-
quent to the initial binding, the nearby TSR1-3 and TSR1-5
domains may support interaction; however, their functional
relevance is minor compared with TSR1-2 and TSR1-4 (Fig. 4).
Taking these data into account, it appears likely that the N-ter-
minal part of Loh, including the first TSR1 repeat and the

embedded predicted GAG binding site, is facing the plasma
membrane and anchors the protein to the cell surface, probably
via glycosaminoglycan binding. The C-terminal part of Loh
would then be available for interaction with Pericardin, and
possibly also with other ECM components, via the second and
fourth TSR1 repeats. Of note, a function of the PLAC domain,
which is present in several enzymes and ECM proteins, such as
ADAMTS-2, -3, -10, and others, was not uncovered by our
approach. Deleting the C-terminal PLACdomain in Loh has no
distinct consequences, either for Loh secretion or for Pericar-

Figure 9. Ultrastructural and physiological effects of modulated Loh levels in cardiac tissue. A, transsections of the heart chamber of wandering third
instar larvae analyzed by transmission EM. Images in the top panels represent overviews (
20,000), whereas the bottompanels depicts close-ups of themarked
areas. Black arrowheads indicate ECMaccumulations thatmainly occur atmembrane invaginations of cardiomyocytes in loh overexpression animals (handC�
Loh FL) but are absent in control animals (w1118) or loh null mutants (lohMB05750). B, representativeM-modes (10-s videos) of third instar larvae of the depicted
genotypes indicateheart rateover timeandoccurrenceof arrhythmia.C, quantificationofB. Bothheart rate and rhythmicity (arrhythmia index) are significantly
affected in loh knockout animals (lohMB05750; handC-Gal4) and loh overexpression larvae (handC� Loh FL), comparedwith controls (handC-Gal4 and UAS-Loh
FL). Depicted are mean values � S.D. (error bars). Corresponding significance levels are indicated (asterisks, Student’s t test; *, p � 0.05; **, p � 0.01; ***, p �
0.001; n.s., not significant). Data are presented as box plots and scatter plots.
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din recruitment efficiency, as far as we can state in view of the
sensitivity limitations of our test system. Results are summa-
rized in Table S1.
Regarding the question of whether ECMs are generally capa-

ble of recruiting and incorporating Pericardin, we found that
this is not the case. Whereas Loh-dependent recruitment was
observed for fat body cells, somatic muscles, glial cells of the
central nervous system, and wing discs, salivary gland cells did
not incorporate Pericardin into the ECM, although Loh was
present at the surface (Fig. 5). This result indicates that other,
yet unknown ECM components are required, in addition to
Loh, for proper recruitment of Pericardin and that at least one
of these factors is not present in salivary gland cells. Identifica-
tion of the respective constituents represents an important
objective of future studies because it would complement the
current understanding of the interconnections that form the
cardiac extracellular matrix (Fig. 10). The alternative explana-
tion, the presence of an inhibitory protein that prevents Peri-
cardin incorporation into the ECM of salivary glands, appears
unlikely, although we cannot rule out this possibility for sure.

When dissecting third instar larvae, Pericardin fibers ran-
domly associated with various tissues are constantly observed
(not shown). However, significant amounts of Pericardin, orga-
nized and incorporated into themeshwork of amatrix, are only
present at the surface of the heart and chordotonal organs. This
tissue specificity essentially depends on the presence of Loh
(13), and this paper. The dispersed and random adhesion of
Pericardin, synthesized and secreted by adipocytes, to other
tissues presumably reflects an intrinsic property of the protein
to interact, with low affinity, with matrix components other
than Loh (e.g. with collagen IV or laminin) (Fig. 7). Thus, Peri-
cardin is able to adhere to an existingmatrix, yet efficient incor-
poration requires Loh presence. This hypothesis is also sup-
ported by the results of experiments expressing Loh at
distinct surface areas of wing discs (Fig. 6). Therefore, we
speculate that Loh is a primary anchor for Pericardin.
Whether anchoring is mediated by direct or indirect inter-
action remains to be determined.
To understand the functional impact of Pericardin incorpo-

ration into extracellular matrices in more detail, we directed

Figure 10. Schematic representation of an extracellular matrix with incorporated Pericardin. The ECM is coupled to the actin cytoskeleton via integrins
or dystroglycans. Laminins form the connection between the large structural ECM constituents, including collagen IV, Pericardin, and integrin/dystroglycan.
Based on our results, we postulate that Lonely heart binds to glycosaminoglycans of membrane-associated proteins via its first speculative GAG-binding site
and to Pericardin (directly or indirectly) via its second and fourth thrombospondin type 1 repeat. Loh itself is shown as a protein domain schemewith a signal
peptide indicated in light blue, theADAMTS spacer ingreen, thePLACdomain in yellow, and the remaining thrombospondin type1 repeats ingray, ofwhich two
harbor a predicted GAG binding site (red bars). The form of the scheme is based on the protein model shown in Fig. 1C. The depicted interaction between
Pericardin and integrin is based solely on the presence of an RGDmotif at the C terminus of Pericardin and is not experimentally proven.
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the protein to the surface of somatic muscles by ectopically
expressing Loh in this tissue. Because neither Loh nor Pericar-
din are present at the surface ofWT somatic muscles, the setup
allows distinct evaluation of the resulting biomechanical effects
in corresponding transgenic animals. As depicted (Fig. 8), spec-
imens with Pericardin incorporated into the muscle matrix
exhibit a considerably reduced movement speed, which is
caused by a reduction in the distance covered by a single con-
traction wave (Fig. 8A); the contraction rate is not altered in
corresponding animals (Fig. 8A�). These effects are consistent
with an increase in ECMstiffness as a result of Pericardin incor-
poration, which, in the case of body wall muscles, impairs flex-
ibility and thus contraction efficiency. Of note, as has been
shown in the aging mouse myocardium, an increase in cardiac
stiffness correlates with the accumulation of collagen (25). Fur-
thermore, fly hearts also exhibit reduced contraction efficiency
with age, which manifests in decreased diastolic and systolic
dimensions (26–28). The fact that Pericardin knockdown flies
do not show this age-dependent decline (21) indicates that pro-
gressive Pericardin incorporation increases stiffness of the car-
diac ECM in a similar way. Our data indicating that elevated
Loh levels at the surface of cardiac cells result in increased
matrix deposition and severely impaired heart function (Fig. 9)
support this indication and emphasize the relevance of an ade-
quate cardiac ECM composition to proper heart function.
Aside from simply reflecting increased cardiac stiffness, the
observed effects on heart rate and rhythmicity may also be
indicative of altered chronotropy, caused by impaired activity
of certain ion channels that in turn affects pacemaker function.
This possibility is supported by recent data on Drosophila car-
diac muscles, suggesting that basement membrane (BM) pro-
teins are more than simple structural entities. Based on the fact
that knockdown of Pericardin, laminin A, and viking increased
cardiac contractility, whereas BM stiffness was apparently not
altered, it was postulated that BM proteins are capable of regu-
lating cardiac function by modulating interaction of the heart
tube with adjacent muscle layers (21). By altering Loh abun-
dance, and thus matrix composition, this interaction may be
impaired, which could affect activity of corresponding mecha-
nosensitive channels, eventually resulting in the observed
phenotypes.
Whereas an in-depth understanding of Pericardin function-

ality clearly requires further studies, our current data suggest
that the presence of the protein within the cardiac ECM is pri-
marily required to ensure the structural integrity of the beating
heart, rather than representing ameans to increase flexibility of
the tissue.

Experimental procedures

Drosophila stocks/fly lines

All UAS-Loh constructs were generated in this laboratory
with the assistance of a commercial injection service (Best-
Gene, Chino Hills, CA). Drosophila stocks labeled with BL
numbers were obtained from the Bloomington stock center.
For theWT,we usedw1118. Gal4 driver lines usedwereCg-Gal4
(29); ci-Gal4, hh-Gal4, sd-Gal4, en-Gal4 received from T. Klein
(Düsseldorf, Germany); dpp-Gal4 received from H. Aberle

(Düsseldorf, Germany); mef2-Gal4 received from H. Nguyen
(Erlangen, Germany); pericardin-Gal4 received from L. Perrin
(Marseille, France); repo-Gal4 received from G. Technau
(Mainz, Germany); and sgs4-58-Gal4 received from A. Hof-
mann (Berlin, Germany). Fly husbandry was carried out as
described previously (30).

Generation of Loh constructs

Loh constructs used to generate transgenic Drosophila were
cloned into a yeast/Escherichia coli/Saccharomyces cerevisiae
triple-shuttle vector (pJJH1784) based on vectors described
previously (31). The vector pJJH1784 allows cloning via homo-
logous recombination in yeast and site-specific integration into
the Drosophila genome. All Loh constructs were introduced
into the germ line by injections in the presence of the PhiC31
integrase (using line BL24749, Bloomington Drosophila Stock
Center), which resulted in insertion into the 86F8 landing site
on the 3R chromosome. Designs of the Loh constructs are
depicted in Fig. 1B. All mutations were established by PCR and
an appropriate primer design. Transgenic flies were generated
using commercial services (BestGene). Complete sequences are
available on request.

Sf21 expression constructs and cell culture

Heterologous expression was performed in Sf21 cells (RRID:
CVCL_0518) using the Bac-to-Bac� baculovirus expression
system (Life Technologies, Inc.). Full-length WT and mutated
forms of Loh were cloned into an E. coli/S. cerevisiae/baculovi-
rus triple-shuttle derivative of the pFastBacTMDual vector. The
respective vector (pJJH1460) was constructed similarly to the
vectors described previously (31). Expression was induced as
described previously (32). To track transfection efficiency, an
eGFP reporter gene was inserted into the same vector under
control of the p10 promoter. Transfected Sf21 cells were grown
on coverslips in 6-well plates for 72 h. Subsequently, the cover-
slips were removed from the wells, and adherent cells were
fixed in 3% paraformaldehyde in PBS for 30min. After washing
(3 
 5 min in PBS), cells were blocked and permeabilized in 2%
BSA, 0.01% Triton X-100 (in PBS) for 20 min and incubated
with primary antibodies (anti-Loh; 1:500) overnight (4 °C).
Unbound antibodies were removed by washing (3 
 5 min in
PBS), and cells were blocked again for 60 min (Roti Immuno-
Block, Carl Roth, Karlsruhe, Germany), followed by additional
washing (3 
 5 min in PBS). Secondary antibodies (anti-guinea
pig, Cy3 conjugate, Dianova) were diluted in PBS (1:200)
and applied for 90 min at room temperature. Finally, cells were
washed again (as described above) and mounted in Fluoro-
mount-G (Southern Biotech, Birmingham, AL). Confocal
images were captured with an LSM 5 Pascal confocal micro-
scope (Zeiss, Jena, Germany).

Immunoprecipitation

For each sample, 100 wandering third instar larvae were
snap-frozen in liquid nitrogen and ground to powder. The pow-
der was resuspended in 1 ml of lysis buffer (150 mM NaCl, 5%
glycerol, 1% IGEPAL-CA-630, 1mMMgCl2, 50mMTris, pH7.5,
1
 protease inhibitor mix from Sigma-Aldrich, Heidelberg,
Germany) and incubated for 30min at room temperature. Sub-
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sequent to centrifugation (15 min, 4000 
 g), 800 �l of the
supernatant were mixed with paramagnetic beads precoupled
to anti-GFP antibodies (�MACS GFP Isolation Kit, Miltenyi
Biotec, Auburn, CA) and run over magnetic �-columns
according to the manufacturer’s instructions (Miltenyi Bio-
tec). Elution fractions were subjected to SDS-PAGE and
Western blotting as described previously (33). Primary anti-
bodies were anti-GFP (made in goat, 1:2000; Abcam, Cam-
bridge, UK), anti-Pericardin (made in mouse, 1:100; De-
velopmental Studios Hybridoma Bank, Iowa City, IA),
anti-nidogen (made in rabbit, 1:3000; gift from Stefan Baum-
gartner), and anti-KcLaminin (made in rabbit, 1:2000; gift
from John Fessler). Secondary antibodies were anti-goat-AP
(1:10,000; Sigma), anti-mouse-AP (1:10,000; Sigma), and
anti-rabbit-AP (1:10,000; Sigma).

Immunohistochemistry, Western blotting analyses, and
confocal microscopy

Immunostainings were carried out as described previously
(33). Antibodies used in this study were as follows: guinea pig
anti-Loh (1:500; this laboratory), mouse anti-Pericardin/EC11
(1:5; Developmental Studios Hybridoma Bank), mouse anti-�-
spectrin/3A9 (1:3; Developmental Studios Hybridoma Bank),
rabbit anti-nidogen/entactin (1:1000; a gift from S. Baumgart-
ner), rabbit anti-laminin (detects only secreted laminin trimers;
a gift from J. Fessler), mouse anti-�-Tubulin (1:5 to 1:200,
Developmental Studios Hybridoma Bank), and rabbit anti-GFP
(1:1000; Abcam). Secondary antibodies used were anti-mouse
Cy2/Cy3 (1:100/1:200;Dianova), anti-rabbit-Cy2/Cy3 (1:100/1:
200; Dianova), and anti-guinea pig Cy2/Cy3/Alexa633 (1:100/
1:200/1:200; Thermo Fisher Scientific, Dianova, and Abcam).
F-Actin was visualized by staining fixed tissues using TRITC
coupledwith phalloidin (Sigma) at a concentration of 0.4�g/ml
(1:200) in 1
 PBS, for 2 h at room temperature. Confocal
images were captured with a Zeiss LSM 5 Pascal cLSM.
Z-stacks were acquired using standard settings and objectives.
If not otherwise noted, Z-stacks are depicted as maximum pro-
jections. Image processing was done with ImageJ and Affinity
Photo.

Transmission EM

Larvae were processed as described previously with minor
modifications (34). Briefly, abdomens of larvae were prepared
and fixed for 4 h at room temperature in 2% glutaraldehyde
(Sigma) in artificial hemolymph, subsequently washed in 0.5 M

cacodylate buffer, pH 7.4, post-fixed for 2 h at room tempera-
ture in 1% osmium tetroxide in 0.5 M cacodylate buffer, pH 7.4
(Science Services,Munich, Germany), dehydrated stepwise in a
graded ethanol series, and embedded in Epon 812. Ultrathin
sections (70 nm) were assembled on an ultramicrotome (UC6
and UC7 Leica, Wetzlar, Germany) and mounted on copper
slot grids. Sections were stained for 30min in 2% uranyl acetate
(Science Services) and for 20 min in 3% lead citrate (Carl Roth,
Karlsruhe, Germany). TEM images were acquired with a Zeiss
902 or a Zeiss 120-kV transmission electronmicroscope. For all
genotypes, n 
 3.

Recruitment assay and pixel intensity analysis

For the Pericardin recruitment assay, UAS-loh constructs
(full-length WT or mutated forms of Loh) were expressed
under the control of mef2-Gal4 (muscle cell lineage); pericar-
din-Gal4 (adipocytes and pericardial cells); Cg-Gal4 (adi-
pocytes); repo-Gal4 (central nervous system); sgs-Gal4 (salivary
glands); or dpp-Gal4, ci-Gal4, hh-Gal4, sd-Gal4, or en-Gal4
(imaginal disc). All crossings were set up, and offspring were
allowed to grow up at 27 °C until the third instar wandering
stage. Subsequently, animals were dissected, and tissues of
interest were fixed for further processing (13, 35).
Confocal images of stained third instar larvae were obtained

with an LSM5 Pascal confocal microscope (Zeiss). The Cy2 sig-
nal, depicting the distribution of Pericardin, was normalized to
the TRITC signal of the phalloidin staining to adapt to variable
parameters in the staining procedure, such as fixation or per-
meabilization efficiencies. Captured Z-stacks were further ana-
lyzed using ImageJ. After a reduction of the background, amax-
imum projection using the “sum slices” option was created.
Subsequently, the pixel intensity within an ROI was measured
(at least 10 animals/genotype). Further data analysis was con-
ducted with GraphPad Prism (GraphPad Software, La Jolla,
CA).

Lifespan assay

Following an approved protocol (36), 2–10 male or female
flies, collected within 1 day of eclosion, were transferred twice
per week to fresh vials with standard food. A minimum of 55
flieswere analyzed per genotype. Vialswere kept at 27 °C for the
duration of the lifespan assay. Surviving flies were counted after
vial changes. All animals were maintained under constant
12-h/12-h, light/dark cycles. Data analysis was conducted with
GraphPad Prism (GraphPad Software).

Crawling assay and data analysis

Wandering third instar larvae were collected, and their loco-
motion activity was recorded with a standard digital camera
under a Zeiss binocular (37). The larval linear forward crawling
distance and the number of body wall contractions within a
time frame of 10 s were assessed for each animal. Correspond-
ing measurements were done for at least 13 animals per cross-
ing. As negative controls, third instar offspring ofmef2-Gal4 

w1118, as well as UAS-Loh FL 
 w1118 crossings, were analyzed.
All distance measurements were performed using ImageJ,
whereas further data analysis was conducted with GraphPad
Prism (GraphPad Software).

Animal preparation and video analysis

Wandering third instar larvae were pinned down with the
dorsal side downward onto Sylgard 184 silicone elastomer
plates, which were filled with artificial hemolymph. Artificial
hemolymph contains 108 mM NaCl, 5 mM KCl, 2 mM CaCl2, 8
mMMgCl2, 1 mMNaH2PO4, 4 mMNaHCO3, and 5mMHEPES,
pH 7.1. Before use, the buffer was supplemented with sucrose
(final concentration, 10mM) and trehalose (final concentration,
10 mM) (38). After dissecting the animals, the specimens were
allowed to rest for 10 min. To record heartbeat, a high-speed
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video camera (Basler piA-640) was mounted on an upright
microscope (Leica DMLB), equipped with a 
10 Leica Fluotar.
Movieswere capturedwith the software Firecapture� (freeware
byTorsten Edelmann) and processed with ImageJ (39). Heart
parameters were analyzed using SOHA (Semi-Automated
Optical Heartbeat Analysis), a MATLAB application first
introduced by Fink et al. (40, 41). Additional data analysis
was done using Microsoft Excel and GraphPad Prism
(GraphPad Software).

Structural modeling

Yasara Structure 15.7.25 (42) was used to calculate a 3D ho-
mology model of Lonely heart. Templates for the homology
modeling process were identified by performing a BLAST
search of the lonely heart target sequence against ExPDB (43).
16 template structures were provided for building 56 homology
models. Finally, one hybrid model of the 56 homology models
was generated.
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Neuropeptides and peptide hormones are evolutionarily conserved signalling molecules
present from invertebrates to humans. Drosophila produces many neuropeptides and pep-
tide hormones that play essential roles in regulating growth, development, reproduction,
behaviour, physiology and other processes (Hewes and Taghert, 2001; Nässel and Zandawala,
2019). Previous studies have described the substrate specificity of the metallopeptidase
Neprilysin 4 (Nep4), which localises to the heart surface (Meyer et al., 2009; Hallier et al.,
2016). Multiple peptides are hydrolysed by Nep4, which hints at a heart modulatory func-
tion of these peptides. The study investigated a set of peptides for their ability to modu-
late cardiac function. Many peptides have been identified to significantly affect the heart
function in semi-intact animals. My contribution to publication 3 was to determine the in
vivo relevance of the specific peptides by using the HIRO software. Our results revealed
physiological mechanisms that regulate heart rhythmicity in Drosophila. Due to the fact
that heart parameters are evolutionarily conserved from Drosophila to humans (Sláma,
2012), these findings may be relevant for the understanding of cardiomodulatory factors
in vertebrates.
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Abstract: Neuropeptides and peptide hormones serve as critical regulators of numerous biological
processes, including development, growth, reproduction, physiology, and behaviour. In mammals,
peptidergic regulatory systems are complex and often involve multiple peptides that act at different
levels and relay to different receptors. To improve the mechanistic understanding of such complex
systems, invertebrate models in which evolutionarily conserved peptides and receptors regulate
similar biological processes but in a less complex manner have emerged as highly valuable.
Drosophila melanogaster represents a favoured model for the characterisation of novel peptidergic
signalling events and for evaluating the relevance of those events in vivo. In the present study, we
analysed a set of neuropeptides and peptide hormones for their ability to modulate cardiac function in
semi-intact larval Drosophila melanogaster. We identified numerous peptides that significantly affected
heart parameters such as heart rate, systolic and diastolic interval, rhythmicity, and contractility. Thus,
peptidergic regulation of the Drosophila heart is not restricted to chronotropic adaptation but also
includes inotropic modulation. By specifically interfering with the expression of corresponding
peptides in transgenic animals, we assessed the in vivo relevance of the respective peptidergic
regulation. Based on the functional conservation of certain peptides throughout the animal kingdom,
the identified cardiomodulatory activities may be relevant not only to proper heart function in
Drosophila, but also to corresponding processes in vertebrates, including humans.

Keywords: endocrine signalling; dorsal vessel; heart function; heart physiology; neuropeptides;
peptide hormones; peptide signalling

1. Introduction

Peptide signalling represents an evolutionarily highly conserved mechanism for regulating
numerous biological processes, including development, growth, reproduction, physiology, and
behaviour [1–6]. Sessile animals with limited locomotory activities, such as Hydra, utilise distinct
neuropeptides, e.g., for signal transmission between neurons and muscles [7–10]. More evolved
animals, such as mammals, exhibit highly complex peptidergic signalling that is still far from
being completely understood. The observations that most neuropeptides studied to date fulfil
more than one function and that multiple neuropeptides must work in concert to coordinate certain
physiological processes render the system extremely diverse [11]. Additionally, the recent and still
ongoing identification of small open reading frames (sORFs/smORFs) present in RNAs, which were
previously considered noncoding, has contributed to an increasingly complex picture, as many of these
ORFs are translated into previously unknown peptides of crucial physiological functionality [12–15].

Int. J. Mol. Sci. 2019, 20, 2; doi:10.3390/ijms20010002 www.mdpi.com/journal/ijms



Int. J. Mol. Sci. 2019, 20, 2 2 of 15

Nevertheless, in the last decades, considerable progress has been made toward understanding distinct
peptidergic signalling systems [16–18]. In this context, invertebrate models have proven highly
valuable for understanding the physiological bases of neuropeptide functionality in detail. Crustaceans
and insects were commonly used to isolate biologically active peptide species and to measure
their respective functionalities via specialised in vitro analyses [19–25]. More recently, the ability
to specifically interfere with expression of peptide precursors or with the expression of the respective
receptors has rendered Drosophila melanogaster a favoured organism for studying neuropeptide and
peptide hormone function in vivo [26–30]. Corresponding analyses resulted in the identification of
numerous mature neuropeptides that are released from individual neurohemal release sites of the
Drosophila central nervous system [31–33]. In addition, a number of physiological and behavioural
aspects were identified as being regulated, at least in part, by peptide signalling in Drosophila. These
aspects include reproduction and growth [34–38], food intake [39–41], learning and memory [42–44],
and circadian rhythmicity [45–49].

Despite its physiological significance, very little is known about the peptidergic regulation of
the Drosophila heart. In former studies, we characterised the substrate specificity of Neprilysin 4
(Nep4), a heart surface bound metallopeptidase [40,50]. In the course of these investigations, we
identified several peptides that were hydrolysed by Nep4 and considered cleavage by the heart
bound peptidase initial indication for a putative heart modulatory function of the respective peptide.
To assess the validity of this indication, in the present study, we analysed corresponding peptides
for cardiomodulatory activity. Presence of the respective neuropeptides and peptide hormones in
Drosophila has been experimentally confirmed previously [32,33,51–53]. As a result, we identified
a number of peptides that significantly modulated heart function in semi-intact animals. Affected
parameters included heart rate, systolic and diastolic interval, fractional shortening, and rhythmicity.
By specifically interfering with the expression of the peptides´ precursor genes, we further assessed
the in vivo relevance of distinct peptides. Thus, our results contribute to an in-depth understanding of
the physiological mechanisms that regulate heart function in Drosophila. Considering the functional
conservation of certain peptides and receptors, the observed cardiomodulatory activities may also be
relevant to corresponding processes in vertebrates, including humans.

2. Results

2.1. The Larval Drosophila Heart Is Highly Responsive to Peptide Application

In previous studies, peptides such as Angiotensin [54], CCAP [55,56], FMRFamide-related
peptides [57,58], and Proctolin [59–61] were identified as efficient regulators of heart function in
Drosophila. To identify additional cardiomodulatory peptides, we analysed a set of neuropeptides and
peptide hormones for their ability to modulate distinct larval heart parameters. The presence of all
respective peptides in Drosophila, as well as their corresponding molecular masses and sequences,
was experimentally confirmed in previous studies [32,33,51–53]. In an initial screen, we individually
applied each synthesised peptide species at a concentration of 1 × 10−7 M onto semi-intact larval
heart preparations and measured the resulting effects on characteristic heart parameters such as heart
rate, systolic and diastolic interval, fractional shortening, and rhythmicity via semi-automatic optical
heartbeat analysis (SOHA [62]). The tested peptides were Adipokinetic hormone (AKH); Allatostatin
A1, A2, A3, and A4 (AstA1–A4); Corazonin; Diuretic hormone 31 (DH31); Drosulfakinins 1 and 2
(DSK1, DSK2); Leucokinin; Proctolin; short Neuropeptide F (sNPF11–11, sNPF212–19); and Tachykinin 1
to 6 (Table 1).

As depicted in Figure 1, six peptides exhibited considerable cardioacceleratory activity. These
were Corazonin (+28.1% heart rate increase), DH31 (+40.8% heart rate increase), Proctolin (+48.4%
heart rate increase), Tachykinin 1 (+28.8% heart rate increase), Tachykinin 3 (+12.9% heart rate increase),
and Tachykinin 5 (+32.6% heart rate increase). None of the tested peptides significantly reduced heart
rate. Application of Allatostatin A4 resulted in a complete, yet reversible, heartbeat arrest.
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Table 1. Peptides used in this study and corresponding effects on distinct heart parameters in
semi-intact larvae.

Peptide Sequence Heart Rate Diastolic
Interval

Systolic
Interval

Fractional
Shortening

Arrhythmicity
Index

AKH QLTFSPDWa / / / / /
AstA1 VERYAFGLa / / / + /
AstA2 LPVYNFGLa / - + / /
AstA3 SRPYSFGLa / / / / /
AstA4 TTRPQPFNFGLa Θ Θ Θ Θ Θ
Corazonin QTFQYSRGWTNa ++ – + / /

DH31 TVDFGLARGYSGTQEAKHRMGLA
AANFAGGPa +++ - – / /

DSK1 FDDYGHMRFa / / / / /
DSK2 GGDDQFDDYGHMRFa / / / / /
Leucokinin NSVVLGKKQRFHSWGa / / / + /
Proctolin RYLPT +++ — / / +
sNPF11-11 AQRSPSLRLRFa / / / / /
sNPF14-11
sNPF212-19

SPSLRLRFa / / / / /

Tachykinin 1 APTSSFIGMRa +++ – / / +
Tachykinin 2 APLAFVGLRa / / / / /
Tachykinin 3 APTGFTGMRa + / / / /
Tachykinin 4 APVNSFVGMRa / / / / ++
Tachykinin 5 APNGFLGMRa +++ – / / /
Tachykinin 6 AALSDSYDLRGKQQRFADFNSKFVAVRa / / / / /

Listed are all peptides applied in this study along with their respective sequence and the effects on individual heart
parameters (at 1 × 10−7 M). Nomenclature indicates significance of the observed effects (+ = increase, p < 0.05;
++ = increase, p < 0.01; +++ = increase, p < 0.001; - = decrease, p < 0.05; – = decrease, p < 0.01; — = decrease, p < 0.001;
/ = no significant effect; paired sample Student´s t-test). Θ indicates full arrest of heartbeat upon peptide application.
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Figure 1. Heart rate is modulated by peptide signalling in semi-intact Drosophila larvae. Individual 
effects of the tested peptides (1 × 10−7 M) on heart rate. Data are presented as mean values (± S.E.M.) 
of the relative changes in heart rate in relation to the individual control preparations (prior to peptide 

Figure 1. Heart rate is modulated by peptide signalling in semi-intact Drosophila larvae. Individual
effects of the tested peptides (1 × 10−7 M) on heart rate. Data are presented as mean values (± S.E.M.)
of the relative changes in heart rate in relation to the individual control preparations (prior to peptide
application). A minimum of ten animals per peptide were measured. Significance levels are indicated
by asterisks (paired sample Student´s t-test, * p < 0.05; ** p < 0.01; *** p < 0.001). Application of
Allatostatin A4 resulted in a complete heartbeat arrest (heart rate not determined, n.d.).

To further specify these results, we performed dose–response experiments with the six identified
cardioacceleratory peptides as well as with Allatostatin A4. Applied peptide concentrations were
1 × 10−11 M, 1× 10−9 M, 1× 10−7 M, and 1× 10−5 M. As depicted (Figure 2), most peptides progressively
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stimulated heart rate while their concentrations were increased from 1 × 10−11 M to 1 × 10−7 M. Only
Proctolin and Tachykinin 5 required higher threshold concentrations to induce an effect (1 × 10−7 M).
Except for AstA4, all peptides tested exhibited the strongest cardioacceleratory effect at 1 × 10-7 M, with
a further increase in concentration resulting in a diminished response. Interestingly, AstA4 induced
heartbeat arrest at this particular concentration (1 × 10−7 M), while 1 × 10−9 M and 1 × 10−5 M
increased heart rate by 25.7% and 38.4%, respectively. In contrast to all other peptides, Tachykinin 3
decreased heart rate by 14% if applied at 1 × 10−11 M, while higher concentrations (1 × 10−7 M) elicited
a cardioacceleratory response (+12.9% increased heart rate).
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To assess whether the cardioacceleratory effects were caused by a decreased diastolic or systolic 
interval, we also measured these parameters individually. Due to the fact that for most peptides the 
strongest effects on heart rate were recorded at a concentration of 1 × 10−7 M (Figure 2), in this set of 
experiments, only this concentration was applied. Among the six cardioacceleratory peptides, five 
significantly reduced the diastolic interval: Corazonin (−21.6%), DH31 (−22.0%), Proctolin (−51.6%), 

Figure 2. Dose–response curves for the effects of chronotropic peptides in semi-intact Drosophila larvae.
Individual effects of the tested peptides at 1 × 10−11 M, 1 × 10−9 M, 1 × 10−7 M, and 1 × 10−5 M are
shown. Data are presented as mean values (± S.E.M.) of the relative changes in heart rate in relation
to the individual control preparations (prior to peptide application). A minimum of ten animals per
peptide were measured. Significance levels are indicated by asterisks (paired sample Student´s t-test,
* p < 0.05; ** p < 0.01; *** p < 0.001). n.d. indicates “not determined” (due to heartbeat arrest).

To assess whether the cardioacceleratory effects were caused by a decreased diastolic or systolic
interval, we also measured these parameters individually. Due to the fact that for most peptides the
strongest effects on heart rate were recorded at a concentration of 1 × 10−7 M (Figure 2), in this set of
experiments, only this concentration was applied. Among the six cardioacceleratory peptides, five
significantly reduced the diastolic interval: Corazonin (−21.6%), DH31 (−22.0%), Proctolin (−51.6%),
Tachykinin 1 (−31.2%), and Tachykinin 5 (−26.2%) (Figure 3A). By contrast, the systolic interval was
affected only by Corazonin (elongated by 13.3%) and DH31 (shortened by 16.4%) (Figure 3B). Thus,
the increased heart rates are predominantly caused by decreased diastolic intervals. Interestingly,
application of Allatostatin A2 resulted in a shortened diastolic interval (−16.5%), but an elongated
systolic interval (+17.2%). In combination, these opposing effects cancelled each other, resulting in an
unaltered heart rate (Figures 1 and 3A,B).
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Figure 3. Diastolic and systolic intervals, fractional shortening and rhythmicity are modulated by
peptide signalling in semi-intact Drosophila larvae. Individual effects of the tested peptides (1 × 10−7 M)
on: (A) diastolic interval; (B) systolic interval; (C) fractional shortening; and (D) rhythmicity. Data are
presented as mean values (± S.E.M.) of the relative changes in the respective parameters in relation
to the individual control preparations (prior to peptide application). A minimum of ten animals per
peptide were measured. Significance levels are indicated by asterisks (paired sample Student´s t-test,
* p < 0.05; ** p < 0.01; *** p < 0.001).

To assess possible effects on cardiac muscle contraction, we measured peptide-induced changes
in fractional shortening. As depicted in Figure 3C, Leucokinin increased contractility by 11.4 % and
Allatostatin A1 increased it by 6.2%. As a final testing parameter, we measured possible peptidergic
effects on heart rhythmicity. While application of Proctolin (+197.4%), Tachykinin 1 (+170.2%), and
Tachykinin 4 (+152.5%) resulted in significantly increased arrhythmia, none of the remaining peptides
affected this parameter in a statistically significant manner (Figure 3D).

The peptide-specific cardiomodulatory effects are summarised in Table 1. Corresponding raw
data are presented in Table S1. Representative M-modes for the peptides that significantly affected
heart rate are shown in Figure 4.
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effects, rendering the analysis of this parameter inconclusive (Figure 5B). 

 

Figure 4. Representative M-modes of semi-intact larval Drosophila hearts incubated with distinct
peptides (1 × 10−7 M). The movement of the heart walls over time (10 s) is depicted. Application
of Corazonin, DH31, Proctolin, or Tachykinins 1, 3, or 5 has a cardioacceleratory effect. Application
of Allatostatin A4 results in cardiac arrest. Upper panels represent control hearts (prior to peptide
application); lower panels depict the same hearts 1 min after peptide application. Scale bars indicate
1 s.

2.2. Peptidergic Signalling Affects Proper Heart Function In Vivo

As described above, 9 of the 19 peptides tested exhibited a significant modulation of chronotropic
heart parameters in semi-intact animals (Allatostatin A2 and A4, Corazonin, DH31, Proctolin, and
Tachykinin 1, 3, 4, and 5; Figures 1–4 and Table 1). To analyse the physiological relevance of these effects
in vivo, we utilised an RNAi mediated knockdown approach, with the aim of reducing abundance of the
respective peptide precursor proteins. Ubiquitous daughterless-Gal4 was used to drive RNAi expression
in any tissue possibly producing and secreting the peptide of interest. To allow for discrete evaluation
of the knockdown effects in vivo, we analysed intact 3rd instar larvae rather than using semi-intact
preparations. Of note, due to technical restrictions regarding the reproducible measurement of the heart
perimeter in intact animals, which requires a direct view of the tissue without refractive epidermal cells
in the optical path, the in vivo analysis was limited to measuring heart rate and rhythmicity. To account
for possible off-target effects or variable knockdown efficiencies, we analysed at least two independent
RNAi lines per gene. All lines were pre-selected for the expression of individual hairpin sequences.
Significant effects were considered valid only if they resulted from two transcript-specific hairpins.
As depicted in Figure 5, ubiquitous knockdown of the selected precursor proteins caused discrete
effects. Considering the validity criteria depicted above, reduced production of the Allatostatin A,
Corazonin, Proctolin, and Tachykinin precursor proteins resulted in a significantly increased heart rate.
By contrast, expression of one hairpin specific to the DH31 precursor transcript reduced heart rate,
while the second hairpin did not elicit any significant effects (Figure 5A). Regarding heart rhythmicity,
knockdown of the Corazonin, DH31, and Tachykinin precursor proteins resulted in a tendency towards
a more regular heartbeat. However, in all cases, only one of the analysed hairpins caused statistically
significant effects, rendering the analysis of this parameter inconclusive (Figure 5B).
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Figure 5. Knockdown of distinct peptide precursor proteins significantly affects heart function in intact
Drosophila larvae. Depicted are the individual effects of peptide precursor protein knockdown on (A)
heart rate and (B) rhythmicity. daughterless-Gal4 (da-Gal4) was used as a ubiquitous driver. Data are
presented as mean values (± S.E.M.) of the relative changes in the respective parameters in relation
to the depicted controls. At least ten animals per genotype were measured. Significance levels are
indicated by asterisks (Student´s t-test, * p < 0.05; ** p < 0.01; *** p < 0.001).

To allow for a detailed evaluation of the knockdown effects, raw data for all lines tested are
provided in Table S2.

3. Discussion

Peptidergic signalling represents an evolutionarily highly conserved means of regulating
numerous fundamental biological processes. While peptidergic regulation of development, growth,
reproduction, and behaviour has been investigated extensively, few studies to date have looked at
peptide-based modulation of cardiac function. However, peptide-mediated effects on heart rate and
heart contraction have repetitively been identified in Drosophila [54,57–61], with the corresponding
peptides acting via distinct G protein-coupled receptors (GPCRs) that in turn activate specific cellular
signal transduction pathways [63]. In addition, several studies report on peptide-mediated regulation
of cardiac rhythmicity in humans: Endothelin-1 or Angiotensin II are well-known for their ability to
modulate heart rhythmicity [64–69]. Furthermore, natriuretic peptides affect cardiac rhythmicity, most
likely by regulating SERCA activity via cGMP and PKG mediated phosphorylation of Phospholamban.
Impairments in this regulation result in cardiac arrhythmia [70,71]. In the present study, we screened
a number of peptides evidentially produced in Drosophila melanogaster for their ability to modulate
corresponding heart parameters in 3rd instar larvae. We selected this stage of animal development
due to the myogenic nature of the larval heart [72]. Thus, all effects described herein should be
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either intrinsic to heart or based on endocrine signalling, and do not involve any direct innervation
component. Among the 19 peptides tested, 11 significantly modulated larval heart function in
semi-intact preparations (Figures 1–3 and Table 1). While at first sight this ratio of cardioactive
peptides appears to be rather high, it is likely consequential of the fact that we pre-selected the tested
peptides and analysed only factors that have previously been identified as substrates of the heart
surface bound peptidase Nep4 [40]. Since we consider cleavage by the peptidase indicative of a
heart modulatory function, the high proportion of cardioactive peptides becomes more allegeable.
In this respect, our results that, except for Tachykinin 3, all identified peptides acted exclusively as
positive regulators of chronotropic (Figures 1 and 2) or inotropic heart parameters (Figure 3C) may
suggest that the peptidergic regulation of larval heart physiology is largely restricted to augmenting
respective parameters, while reduced heart rate/heart contractility is predominantly achieved through
the removal of corresponding peptides from the haemolymph. The latter likely involves hydrolysis
by certain peptidases present at the surface of muscle or heart cells, such as Nep4 [40,50]. Of note,
some of the identified peptides affected multiple cardiac parameters, while others exhibited more
functional specificity. For example, Proctolin and Tachykinin 1 modified heart rate and rhythmicity,
while Corazonin, DH31, and Tachykinin 5 specifically increased heart rate. By contrast, Tachykinin
4 affected only heart rhythmicity (Figures 1–3 and Table 1). Interestingly, the only two peptides that
altered fractional shortening, Allatostatin A1 and Leucokinin (Figure 3C), also exclusively modulated
this parameter. Considering the fact that vice versa none of the chronotropic peptides affected fractional
shortening (Table 1), these observations suggest that activity of cardiomodulatory peptides in general is
either specific to chronotropic or to inotropic modulation. In addition, these results indicate a complex
peptidergic regulation of the larval Drosophila heart that involves chronotropic and inotropic adaptation
and requires simultaneous signalling from several specific factors. With regard to inotropic modulation,
we identified Allatostatin A1 and Leucokinin as regulatory peptides. Interestingly, leucokinins have
already been associated with muscle contractility and a stimulatory effect of the peptides on hindgut
contraction in Leucophaea maderae has been reported [73,74]. The maximum response for each leucokinin
species was recorded at 2.1 × 10−7 M; however, the heart did not respond to any of the peptides. By
contrast, our data clearly show that Leucokinin increases the contractility of the larval Drosophila heart
at comparable concentrations (1 × 10−7 M, Figure 3C). Thus, while the general effect on muscle tissue
seems to be conserved, leucokinins apparently exhibit species-dependent tissue specificities, probably
based on the presence or absence of a corresponding receptor at the surface of a given tissue.

Regarding Drosophila tachykinins (DTKs), two receptors have been identified: NKD (neurokinin
receptor from Drosophila), and DTKR (Drosophila tachykinin receptor). With respect to NKD, it has been
shown that it can be activated only by DTK-6 [75]. Since we found that DTK-6 application did not affect
cardiac activity (Figures 1 and 3), participation of NKD in the peptidergic regulation of the Drosophila
heart appears unlikely. By contrast, DTKR has been reported to be responsive to all six Drosophila
tachykinins, with DTK-1 inducing the strongest response (EC50 = 3.9 × 10−9 M) and DTKs -2 to -6
being about one order of magnitude less active [76]. This broader specificity along with our results
that numerous Drosophila tachykinins affected heart function (DTK-1, -3, -4, and -5; Figures 1–3)
indicates that cardiac-specific tachykinin signalling is mainly relayed via DTKR. Interestingly, DTK-2
and DTK-6 did not elicit any significant effect, although they have been reported to activate DTKR
expressed in HEK-293 cells [76]. This result indicates that DTK-2 and -6 may have additional functions
in Drosophila larvae, probably mediated by binding to a receptor different from NKD or DTKR, which
attenuate the effects of DTKR activation in cardiac tissue. Concentration dependent activation of
distinct receptors may also be causal to our observation that DTK-3 reduces heart rate at 1 × 10−11 M,
but increases the same parameter at 1 × 10−7 M (Figure 2). With respect to allatostatins, a similar
situation may be present. Also for these peptides, two receptor proteins have been identified in
Drosophila (DAR-1 and DAR-2). According to Ca2+ mobilisation assays in transfected CHO cells, both
receptors exhibit EC50 values in the range of 20–100 nM for all allatostatins tested (AstA1–AstA4 [77]).
Thus, similar cardiomodulatory effects would be expected for these peptides if DAR-1 and DAR-2
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were the only responsive receptors in Drosophila. Interestingly, we observed a significant effect on
heart function only in response to AstA2 and AstA4 application, while AstA1 and AstA3 did not affect
any chronotropic heart parameter (Figures 1 and 3). This lack of activity observed for two of the four
tested allatostatins indicates that neither DAR-1 nor DAR-2 is involved in regulating larval Drosophila
heartbeat. Consequently, the distinct effects of AstA2 and AstA4 application are presumably mediated
by activation of yet unknown receptors. As confirmed by dose–response experiments, AstA4 mediated
activation of such a putative receptor resulted in an increased heart rate at ligand concentrations of
1 × 10−9 M and 1 × 10−5 M (Figure 2). Interestingly, at 1 × 10−7 M a complete, yet reversible heartbeat
arrest occurred, indicating an unphysiologically strong response at this particular AstA4 concentration
that may result in stress-induced heart failure.

To assess the in vivo relevance of these data in more detail, we analysed the physiological effects of
all chronotropic peptides identified in our screen (Allatostatin A2 and A4, Corazonin, DH31, Proctolin,
and Tachykinin 1, 3, 4, and 5) in intact transgenic larvae. In this respect, we used ubiquitous RNAi
(daughterless-Gal4) to knockdown expression of the respective precursor proteins in any tissue possibly
producing and secreting the peptide of interest. As shown in Figure 5, knockdown of all peptide
precursors affected heart rate, which substantiates a cardiomodulatory activity of the mature peptides.
Interestingly, only DH31 precursor knockdown resulted in a tendency to decrease this parameter, while
reduced levels of the Allatostatin, Corazonin, Proctolin, and Tachykinin precursor increased heart rate
(Figure 5A). These results are surprising, since our data from semi-intact heart preparations indicate a
cardioacceleratory activity of all respective peptides (Figures 1 and 2). Thus, vice versa, knockdown
of the respective precursor proteins should result in decreased heart rate. However, given the fact
that neuropeptides typically have different roles during development and adulthood, the observed
knockdown effects may reflect a combination of physiological and developmental impairments.
In addition, knockdown of a precursor protein usually affects numerous mature peptides. This
simultaneous loss of peptide signalling, probably interfering with multiple peptidergic systems, may
cause considerable physiological stress that is sensed by the heart and results in an increased heart rate.
On the other hand, the type of assay may also influence the effects on heart rate. In Cancer magister, it has
been shown that different experimental setups can affect the results, as Proctolin application in intact
animals decreased heart rate, while semi-isolated hearts exhibited a cardioacceleratory response [78].
At least with respect to Proctolin, this discrepancy is observed also in Drosophila: while Proctolin
injection into 3rd instar larvae is reported to decrease heart rate [61], our results using semi-intact
animals clearly show a cardioacceleratory activity of the peptide (Figures 1 and 2). Thus, a combination
of methodical setups appears to be required to adequately characterise cardioactive peptides in
Drosophila. However, considering the reduced complexity and the resulting gain in interpretability, we
regard direct application analyses using semi-intact heart preparations as favourable techniques for
initial peptide identification.

By combining semi-intact heart preparations with in vivo analyses, we have identified a number of
cardioactive peptides in Drosophila melanogaster. While in-depth analyses of the distinct physiological
functions of these peptides require further efforts, our data represent a valuable resource for designing
corresponding studies in the future.

4. Materials and Methods

4.1. Fly Strains

daughterless-Gal4 (da-Gal4, RRID:BDSC_55850) was used as a ubiquitous driver. RNAi lines
(Table 2) were obtained from either the Vienna Drosophila Resource Center (VDRC) or the Bloomington
Drosophila Stock Center (BDSC). The KK collection specific host strain VDRC-ID 60101 was used as
a control for the KK RNAi lines, and the strain BDSC_36303 served as a control for the TRiP RNAi
lines (each of them crossed to da-Gal4). Both control lines share identical genetic backgrounds with
the lines of the respective collection (KK or TRiP). The genetically distinct lines of the GD collection
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(Table 2) were controlled by crossing both, the respective UAS-RNAi lines as well as the applied driver
line (da-Gal4) to w1118 (RRID:BDSC_5905).

Table 2. RNAi lines used in this study.

Provided by Collection Identifier Target Gene

VDRC KK VDRC-ID 103215 CG13633; Allatostatin A
VDRC GD VDRC-ID 50295 CG13094; Diuretic hormone 31
VDRC GD VDRC-ID 37763 CG13094; Diuretic hormone 31
VDRC KK VDRC-ID 106876 CG3302; Corazonin
VDRC KK VDRC-ID 102488 CG7105; Proctolin
VDRC KK VDRC-ID 103662 CG14734; Tachykinin

BDSC TRiP RRID:BDSC_25800 CG14734; Tachykinin
BDSC TRiP RRID:BDSC_25866 CG13633; Allatostatin A
BDSC TRiP RRID:BDSC_25999 CG3302; Corazonin
BDSC TRiP RRID:BDSC_29570 CG7105; Proctolin

4.2. Peptide Application Assay and Dose–Response Analysis

Prior to peptide application, wandering male 3rd instar larvae were dissected in artificial
haemolymph (5 mM KCl, 8 mM MgCl2, 2 mM CaCl2, 108 mM NaCl, 1 mM NaH2PO4, 5 mM HEPES and
4 mM NaHCO3, pH 7.1). Prior to use, the buffer was supplemented with trehalose (final concentration:
5 mM) and sucrose (final concentration: 10 mM) [79]. Specimens were pinned down with the ventral
side upwards onto Sylgard 184 silicone elastomer plates. All internal organs except for the heart
and associated tissue (e.g. alary muscles, pericardial cells) were removed. After a resting period of
10 min, a 60 s video of the heartbeat was recorded and used as a control. Afterwards, the artificial
haemolymph was removed and replaced with artificial haemolymph containing a candidate peptide
(Table 1). After 1 min, the heartbeat was again recorded for 60 s and analysed for peptide-specific
alterations in comparison to the respective control measurement. For an initial screen, only one peptide
concentration was tested (1 × 10−7 M). To further assess the dose–responsive relationship of positive
candidates, three additional concentrations (1 × 10−11 M, 1 × 10−9 M and 1 × 10−5 M) of the respective
peptides were applied. All peptides were synthesised by JPT Peptide Technologies (Berlin, Germany)
and were of >90 % purity. The proper sequence and mass of each peptide was confirmed using an
ESI-ion trap (Amazon ETD Speed with a captive spray ionisation unit, Bruker Corporation, Billerica,
MA, USA) by measuring the masses of the intact molecules as well as the masses of the fragments,
which were generated by collision-induced dissociation (CID) of the corresponding parent ion.

4.3. In Vivo Measurement of Heart Parameters

To measure the heart function of animals with ubiquitous knockdown of the peptide precursors
or cardiac-specific knockdown of their receptors in vivo, wandering male 3rd instar larvae were
anaesthetised for 8 min using ether. The anaesthetised animals were transferred with the dorsal
side upwards to a moistened microscope slide and a 60 s video of the beating heart was captured
through the cuticle. For optimal detection of the heartbeat, the camera was focused on a region in
which the heart tube was in close proximity to trachea (dorsal trunks) or fat body tissue, allowing
the simultaneous detection of the heartbeat and related movements of the surrounding tissues with
high contrast.

4.4. Video Analysis and Calculation of Cardiac Parameters

For heartbeat recording, a high-speed video camera (Basler piA-640) was mounted onto an upright
microscope (Leica DMLB) equipped with a 10× Leica Fluotar. Movies were captured with the software
Firecapture ®(freeware by Torsten Edelmann) and processed with ImageJ [80].
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For the peptide screen, heart parameters were analysed using SOHA (semi-automated optical
heartbeat analysis), a MATLAB application introduced by Fink et al. [62] and further developed by
Ocorr et al. [81]. The SOHA software utilises two computer algorithms to combine overall darkness
changes of a video (Frame Brightness Algorithm) with pixel-by-pixel intensity changes (Changing
Pixel Intensity Algorithm), thereby allowing calculation of different heart beat parameters. Besides the
heart rate [Hz] and systolic/diastolic intervals (duration of contraction and relaxation phases [ms]),
also contractility ([%] of fractional shortening) as well as heart beat arrhythmia can be determined. To
measure fractional shortening, the SOHA software allows manually annotating the edges of the heart
tube at its maximally dilated and maximally contracted state. Based on these diameters, percentages
of fractional shortening can be calculated:

%FS =
Diastolic diameter − Systolic diameter

Diastolic diameter
× 100 (1)

As described in [62], the arrhythmicity index was calculated via dividing the standard deviation
of the heart period by the median of the heart period:

AI =
Standard deviation (HP)

Median (HP)
(2)

Additionally, the SOHA software also generates kymographs (M-modes) of heart wall movements
(X-axis) over time (Y-axis). M-modes are horizontally aligned pixel slices from each frame of a
respective heart beat video. In this way, an M-mode allows visualising distinct differences in heart
performance (e.g. heart rate). Additional data analysis was done using Microsoft Excel and GraphPad
Prism 5 (GraphPad Software, La Jolla, CA, USA).

Analysis of in vivo heart parameters was done by measuring the changes in light intensity that
occur during a single heartbeat. For automated evaluation of the parameter values, a self-compiled
Java script with OpenCV (Open Source Computer Vision, [82]) was employed. The resulting plots
(Figure S1) were verified for proper heartbeat detection. Additional data analysis was done using
Microsoft Excel.

4.5. Statistics

Statistical analysis was performed using Microsoft Excel. For the peptide screen, a minimum of 10
animals per peptide were measured. Paired sample t-tests were performed to determine the statistical
significance of peptide-specific effects. For statistical analysis of in vivo effects, an independent samples
t-test was used. At least 10 animals per genotype were analysed.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/20/1/2/s1,
Figure S1: Representative plots of heartbeat detection in intact animals: (A) da-Gal4 x BDSC_60101 (control, KK);
and (B) da-Gal4 x BDSC_103215 (KK). Detected heartbeats (black dots) are labelled by consecutive numbers.
In contrast to control animals (A), knockdown of the Allatostatin precursor protein results in increased heart rate
(B); Table S1: Raw data of peptide-specific cardiomodulatory effects in semi-intact animals; Table S2: Raw data of
knockdown-specific cardiomodulatory effects in intact animals.
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6 Unpublished Data

6.1 Introduction

Drosophila is an excellent model system for examining heart development and investigat-
ing cardiovascular diseases. Methods are available to measure the Drosophila heart rate;
these include semiautomatic optical heart rate analysis (SOHA) (Ocorr et al., 2009), optical
coherence tomography (OCT) (Choma et al., 2006) and the FTIR-based imaging method
(Berh et al., 2018). However, none of the currently available software is an open-source,
standalone, cross-platform solution that can analyse the heart rate of intact animals with
minimal effort and maximum output. The heart analysis software Heart Image Recorder
Osnabrück (HIRO) makes this feasible without dissection, which can affect the heart per-
formance. In the present study, I demonstrated how HIRO works and showed the influence
of the RNAi-mediated downregulation of critical ECM proteins in Drosophila melanogaster.
At least two different RNAi lines were used for each protein. These were either from the
Vienna Drosophila Resource Center (VDRC)-KK RNAi, VDRC-GD RNAi or VDRC-shRNAi
construct collection (Table 3). It is recommended that RNAi crossings from the VDRC-KK
collection use the VDRC-60101 as a control line (Vissers et al., 2016). Other lines were com-
pared with the handC-Gal4; handC-GFP > w1118 or the handC-GFP; prc-Gal4 > w1118 control
lines.
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6.2 Materials and methods

6.2.1 Recording the Drosophila heart rate

All video recordings were done on an upright microscope (Leica DMLB). The heart rate was
recorded for 60 seconds with a high-speed video camera (Basler piA-640) and the software
Firecapture (v1.3). For this purpose, it was essential to focus the microscope on the heart
tube location. Figure 5 shows a close-up of the region of interest (ROI), where the heartbeat
can be derived from the movement of the neighbouring trachea. The heart tube was not
visible using the tissue glue or diethyl ether method, but the trachea movement syncs with
the heartbeat and can therefore be used for heart rate measurement. The files were saved
as uncompressed audio video interleave (avi) files.

Figure 5: Region of interest (ROI) selection for heartbeat recording. The figure
shows a close-up of the ROI, where the heartbeat can be derived from the movement of
the neighbouring trachea. A) A Drosophila 3rd instar wandering larva under the micro-
scope. It was anaesthetised with diethyl ether for 10 Minutes. The red rectangle represents
the measured area within a frame. B) The upper and lower tubes are the trachea, which
move synchronously with the beating heart (not visible itself).

6.2.2 Preparation of Sylgard©184 silicone elastomer plates

The Sylgard 184 Silicone Elastomer Base (DOW, Midland USA) was mixed with the Sylgard
184 Silicone Elastomer Curing Agent (DOW, Midland USA) with a ratio of 10:1. Following
this, glass plates were filled with a 1mm thick layer of the elastomer.
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6.2.3 Dissection method

After collection, the wandering third instar larvae were pinned onto Sylgard©184 silicone
elastomer plates filled with tempered artificial haemolymph and dissected from the ventral
side. Once the viscera were removed, the animals were allowed to recover for 10 minutes.
Following this, they were placed dorsal side up on a cover slide on the focusing stage of the
microscope.

6.2.4 Tissue glue fixation method

Wandering third instar larvae were collected and placed dorsal side up on a cover slide. Fol-
lowing this, they were covered with Histoacryl©(Braun, Rubi Spain). After glue hardening,
the slide was dorsal side up placed on the focusing stage of the microscope.

6.2.5 Diethylether anaesthesia method

Once the wandering third instar larvae were collected, they were transferred into a glass
tubule with an air-permeable bottom (Fig. 6). The tubule gets inserted into a conical flask
that contains wool saturated with 1 ml Diethylether (Roth, Karlsruhe Deutschland). After
10 minutes, they were placed dorsal side up on a cover slide on the focusing stage of the
microscope.

Figure 6: Diethylether method. Wandering third instar larvae were collected and trans-
ferred into a glass tubule with an air-permeable bottom. The tubule with the Drosophila
larvae is placed into a conical flask that contains wool wetted with 1 ml Diethylether (Roth,
Karlsruhe Deutschland). After 10 minutes, the larvae are anesthetised and can be used for
investigations.
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6.2.6 HIRO software

HIRO is written in Java and uses the Swing graphical user interface. Its principal function
is to recognise and evaluate Drosophila heartbeats within previously recorded video files.
Various video capture software save those files with different video codecs. To handle this,
the FFmpeg library has been implemented in HIRO so that it can work with both uncom-
pressed and compressed video files. HIRO can be used with connected cameras and allows
to record videos. The user can work with different colour models to be able to respond to
different setup conditions. HIRO offers two algorithms to remove the background. The first
algorithm works with thresholding (Otsu, 1979); the second is the Canny edge detector al-
gorithm (Canny, 1986). The video tool offers a real-time preview and a real-time histogram.

Calculating the mean grey values
HIRO can calculate the heart rate by measuring the mean pixel intensity in each frame and
compares them. It uses the OpenCV library to calculate each frame's brightness within one
video. OpenCV is an open-source library for image and video analyses. Every video frame
is converted into a specific OpenCV-Mat-Class, which is a matrix containing all pixel values
of the frame. The beating heart waveform can be thought of as a collection of grey value
data points (Fig. 7). Each frame's mean pixel intensity is then stored within a HIRO file
next to the video file.

Figure 7: Mean grey value of one heartbeat. The figure shows the mean grey values of
one heartbeat while working under a transmitted-light microscope. During a contraction,
less light can pass through the heart tube. The maximum contraction point, represented by
the highest grey value, is marked with a red arrow.

Smoothing noisy video signals
Measuring through cuticula may cause blurry signals. To handle this, HIRO employs the
moving average algorithm to smooth the signal (Hansun, 2013). All values are saved within
the HIRO data files. The algorithm calculates the average grey value over a period. It adds
two or more data points, divides their sum by the total amount of data points that were
added, and replaces the first data point in the file with the average grey value. The algorithm
repeats this process with the second, third, etc. data point until the end of the file is reached.
The result is a smoothed dataset with less noise (Fig. 8).
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Figure 8: Themoving average algorithm. A) Example frame of a clear view of the heart
area. B) Example frame of a blurry view. C) The mathematical formula of the algorithm. D)
The mean value a n is calculated as the sum of (y n, y n+1, y n+2) divided by the smoothing
factor (here 3). E) All data points from one heartbeat in a blurry diagram. F) A close-up of
the data within the red rectangle in the noisy signal. G) Smooth amplitudes after applying
the moving average algorithm.
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Automated heartbeat detection via HIRO
The main goal of the software is to automatically detect the heartbeat. A heart contracts
and relaxes in one cycle. The contraction is called the systolic interval, and the relaxation
phase is called the diastolic interval. To detect a heartbeat, the software tracks the peaks
within the grey values (Fig. 9). One commonway to do this is to utilise thresholds. Once the
grey values reach the threshold value, a heartbeat is recognised. This process does not work
with the ether preparation method, in which the values were increasing and decreasing, so
it was impossible to use a threshold (Fig. 9). For heart rate searching, the graph is divided
into parts and the algorithm searches for peaks (maximum intensity value (Fig. 10)). HIRO
detects the recording speed of a movie file and calculates the elapsed time between frames.
The heart rate frequency (in Hz) is the time between two detected systolic peaks, which
represents the darkest frames.

Figure 9: Thresholds are not suitable for intact heartbeat detection. Wild-type heart-
beats did not show a constant level of grey values. A) Stunned larvae can stir, which leads
to increasing and decreasing grey value levels while the heart is beating. B) Magnification
of the red rectangle shows the increasing values while the heart was beating.

HIRO detects systolic and diastolic intervals
The software can distinguish between systolic and diastolic intervals (Fig. 11). To detect
the diastolic peaks, the graph is inverted and the algorithm searches again for peaks. The
peaks represent the brightest frames within the video file and indicate the end of a diastolic
interval. The start of a systolic interval is the darkest frame, and it ends with the next
brightest frame. That frame determines the start of the diastolic interval, and that interval
ends with the next darkest frame.
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Figure 10: The algorithm for heartbeat detection. The maximum contraction of one
heartbeat is the highest grey value in a series of frames. The algorithm aims to detect the
peaks within the curves. A) The grey values of six wild-type Drosophila heartbeats. The
red line marks the start, and the blue line marks the end of a search range. B) Magnification
of the first heartbeat shown in A). C) Flowchart of the algorithm. D) Pseudocode of the
algorithm.
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Figure 11: The detection of systolic and diastolic intervals. A) The grey values of three
heartbeat intervals. B) Magnification of the black rectangle in A). The red box represents
the start of the systolic interval, and the green box marks the start of the diastolic interval.
C) and D) Real-time images of the systolic and diastolic intervals, respectively. E) The pixel
differences from C) and D) during one heartbeat. F) The heart rate, which was calculated by
measuring from one peak to another peak. G) A systolic interval starts with a green point
and ends with a black point, and is vice versa in the diastolic interval. A systolic interval is
depicted as a red line, and a diastolic interval is illustrated as a black line.
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6.2.7 Fly lines

handC-Gal44.2; handC-GFP3.1 and handC-GFP2.3; prc-Gal4 was used as driver and crossed
with the UAS-RNAi lines. Drosophila GD and KK RNAi collection lines were obtained
from the Vienna Drosophila Resource Center (VDRC, (Dietzl et al., 2007)), and NIG-FLY
stocks were obtained from the National Institute of Genetics (NIG) in Japan (Table 3).
The KK collection-specific VDRC-ID 60101 was used as a control for the KK RNAi lines.
The GD RNAi lines were controlled by crossing the applied driver line to w1118

(𝑅𝑅𝐼𝐷 ∶

𝐵𝐷𝑆𝐶_5905).

Table 3: RNAi fly lines used in this thesis.

Protein Symbol Annotation
symbol

P-Element
RNAi Lib-
rary (GD)

phiC31
RNAi Lib-
rary (KK)

NIG-RNAi
Strains

Integrin α PS2 If CG9623 v44885 v100770 -
Integrin β PS Mys CG1560 v29620 v103704 -
Laminin A LanA CG10236 v18873 v330178 -
Laminin B2 LanB2 CG3322 v42559 v104013 -
Lonely heart Loh CG6232 v31020 - 6232R-1
Nidogen Ndg CG12908 v13280 v109625 -
Pericardin Prc CG5700 v41320 v100357 -
Trol Trol CG33950 v24549 v110494 -
Viking Vkg CG16858 v16986 v106812 -

Table 4: Control and driver lines used in this thesis.

Control lines
KK Control line (v60101) (Vissers et al., 2016)
w1118 BL3605 Bloomington Drosophila Stock

Center
Driver lines

handC-Gal44.2; handC-GFP3.1
handC-GFP2.3; prc-Gal4

6.2.8 Software

Table 5: Software used in this thesis.

Software Source /Company Purpose of application
Affinity designer Serif Create graphics
Eclipse Eclipse Foundation Java programming
FireCapture Version 1.3 Thorsten Edelmann ©2009-

2017
Recording videos

GraphPad Prism 4 GraphPad Statistics
HIRO this work Video processing
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6.3 Results

The main function of HIRO is to detect the cardiac rhythm in living specimens at highest
possible precision. Comparisons between heart measurements can only be made between
animals of the same age and developmental stage.

6.3.1 Identifying the optimal preparation stage

Three developmental stages (larval, pupal and adult) of Drosophila were used to test the
functionality of HIRO (Fig. 12). The heartbeat was accurately detected for animals of all
three developmental stages. The best results were obtained from larvae. Therefore, larvae
were used for further investigations based on the consistent heart rhythm and straightfor-
ward handling.

Figure 12: Heatbeat detection in three developmental stages over 60 seconds. The
larval stage (A), the pupal stage (B) and the adult stage (C). The red rectangles represent the
measured area within a frame. A'), B') and C') show the diastole. A''), B'') and C'') show the
systole. A'''), B'''and C''') show the pixel subtraction from the diastolic and systolic images.
A''''), B'''') and C'''') show HIRO detecting the heart rate while measuring the grey values
(X-axis) over time (Y-axis). The blue lines represent the grey value of the measured area;
the black dots represent the start of the systolic interval; and the green dots represent its
end.
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6.3.2 Determination of the optimal preparation method

The animals need to be fixed and anaesthetised without affecting the cardiac rhythm; there-
fore, various methods were tested. At least 11 w1118 animals were used for every prepara-
tion. Dissecting the animal leads to a significantly decreased heart rate in comparison to the
glue or ether method (Fig. 13 A). No significantly altered heart rate between the glue and
ether method was detected (Fig. 13 A). Furthermore, ether-anaesthetised animals showed
a significantly reduced arrhythmicity index compared with the other preparation meth-
ods (Fig. 13 B). Analysing the systolic and diastolic interval showed that immobilisation of
glue and ether leads to a significantly decreased systolic and diastolic interval compared to
dissected larvae (Fig. 13 C, D).

6.3.3 Confirming the heart rhythm of control lines

Follow-up experiments were conducted in larvae, which were anaesthetised with ether.
Control lines were analysed to further confirm the proper functionality of HIRO. Various
transgenic backgrounds might influence the cardiac rhythm. Different control lines were
used depending on the experiment (Table 4). In the subsequent text, the handC-GFP; prc-
Gal4 is abbreviated as prc-Gal4, and the handC-Gal4; handC-GFP driver is abbreviated as
handC-Gal4.
The crossing of w1118 to handC-Gal4 or prc-Gal4 already reduces the heart rate significantly
compared to w1118 alone (Fig. 14 A). Compared to w1118 , animals from the PhiC31 RNAi
Library (KK) Line crossed with handC-Gal4 or prc-Gal4 show a significantly reduced heart
rate (Fig. 14 A). No significantly altered heart rate between the handC-Gal4 > w1118 or the
prc-Gal4 > w1118 line was detected (Fig. 14 A). Additionally, prc-Gal4 > KKv60101 control line
showed a significantly decreased heart rate compared to prc-Gal4 > w1118 (Fig. 14 A). prc-
Gal4 > w1118 showed an increased arrhythmicity index (AI) in comparison to the w1118 and
prc-Gal4> KK control lines (Fig. 14 B).

6.3.4 Analysing the influence of RNAi-mediated downregulation of critical car-

diac ECM proteins

In the following experiments, the influence of various heart ECM proteins on cardiac activ-
ity was tested. The RNAi lines were driven with either the handC-GFP; prc-Gal4 driver line
or the handC-Gal4; handC-GFP driver line. handC-GFP; prc-Gal4 is abbreviated as prc-Gal4,
and the handC-Gal4; handC-GFP driver is abbreviated as handC-Gal4.

Integrins
Integrins are heterodimers with associated α and β subunits. They are receptors that link
extracellular matrix molecules to cytoskeletal components.
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Figure 13: Comparison of the preparation methods. Red bars represent data from dis-
sected larva, green bars represent data from animals fixedwith glue, and blue bars represent
data from animals anaesthetised with ether. Data are presented as mean values (± SEM).
Significance levels are indicated by asterisks (paired sample Student's t-test, * p < 0.05; ** p
< 0.005; *** p < 0.0005; n.s., not significant).

71



6 UNPUBLISHED DATA

Figure 14: Heart measurements of control animals. Heart rate (A) and arrhythmicity
index (B) of control lines. Data are presented as mean values (±SEM). Significance levels
are indicated by asterisks (paired sample Student's t-test, * p < 0.05; ** p < 0.005; *** p <
0.0005; n.s., not significant).

αPS2 Integrin - (If)
The inflated (If) gene encodes one of five Integrin α subunits. Together with an Integrin
β subunit, it forms a receptor for extracellular matrix proteins. The analysed If RNAi lines
showed no significant difference independent of the driver line used (Fig. 15 A, A'; Fig. 16
A, A'). Only the handC-Gal4 > Ifv110770 RNAi showed a significant increase for the AI (Fig.
16 A).

βPS Integrin - (Mys)
The myospheroid (Mys) gene encodes a β subunit of the integrin dimer. Only handC-Gal4
> Mysv103704 RNAi showed a significantly increased arrhythmicity index (Fig. 16 B). In con-
trast, prc-Gal4 > Mys RNAi mediated knockdown has a significant decrease in heart rate,
whereas the AI is significantly increased compared to the control. (Fig. 15 B, B'; Fig. 16
B, B'). The Mysv29620 RNAi line had a significantly reduced heart rate and an increased AI.
prc-Gal4 > Mysv103704 RNAi led to nonviable offspring; thus, it was not evaluated (Fig. 15 B',
Fig. 16 B').

Laminins
Laminins are heterotrimeric molecules found in all basement membranes. Laminin is com-
posed of three polypeptides (α, β and γ) (Beck et al., 1993; Miner and Yurchenco, 2004).
The α chain permits the interaction with Integrins, Dystroglycan and Perlecan, while the
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β and γ chains are responsible for the self-assembly of Laminin. RNAi lines that encode
Laminin A (α ) and Laminin B2 ( γ) were used in the following experiments.

Laminin A - (LanA)
The handC-Gal4 driver crossed with both LanA RNAi lines showed no influence on the
arrhythmicity index (Fig. 16 C). Only the handC-Gal4 > LanAv18873 RNAi showed a signif-
icantly increased heart rate (Fig. 15 C). However, prc-Gal4 > LanAv18873 RNAi and prc-Gal4
> LanAv330178 RNAi showed a significantly altered heart rate (Fig. 15 C'). Remarkable, prc-
Gal4 > LanAv18873 had an increased heart rate and prc-Gal4 > LanAv330178 RNAi had a strongly
decreased HR (Fig. 15 C'). Additionally, prc-Gal4 > LanAv330178 RNAi showed an increased
arrhythmicity index (Fig. 16 C').

Laminin B2 - (LanB2)
LanB2v42559 RNAi crossed with both driver lines showed a significantly increased heart rate
(Fig. 15 D, D'). The second line had no altered heart rate. Both LanB2 RNAi lines showed
no significantly modified arrhythmicity index (Fig. 16 D, D').

Lonely heart - (Loh)
Lonely heart recruits Pericardin into the cardiac matrix and is essential for heart develop-
ment. Because only one GD RNAi line is available in the Vienna Stock Center, the second
RNAi (6232R-1) was obtained from the NIG fly stock (Japan). prc-Gal4 > Lohv31020 RNAi and
prc-Gal4 > Loh6232R-1 RNAi did not show any significantly altered heart rate or AI (Fig. 15
E', Fig. 16 E'). However, handC-Gal4 > Lohv31020 RNAi and handC-Gal4 > Loh6232R-1 RNAi
had a significant effect on the heart rate and AI (Fig. 15 E, Fig. 16 E). Both lines exhibited an
increased AI, but they showed contradictory results regarding HR. handC-Gal4 > Lohv31020

RNAi had a significantly decreased heart rate, while handC-Gal4 > Loh6232R-1 RNAi had an
increased heart rate (Fig. 15 E).

Nidogen - (Ndg)
BMs are mainly composed of mesh-like networks formed by CollagenIV and Laminin,
linked by Nidogen (NDG). handC-Gal4 > Ndgv13280 RNAi and handC-Gal4 > Ndgv109625 RNAi
showed no significantly altered heart rate or AI (Fig. 15 F; Fig. 16 F). Although the differ-
ence was not significant, the AI from prc-Gal4 > Ndgv13280 was increased compared to the
control (Fig. 16 F'). Additionally, prc-Gal4 > Ndgv109625 RNAi led to a significantly increased
AI (Fig. 16 F'). However, only prc-Gal4 > Ndgv13280 RNAi had a significantly reduced heart
rate (Fig. 15 F').

Pericardin - (Prc)
Pericardin is a type IV Collagen-like protein. It is secreted into the haemolymph by neph-
rocytes and adipocytes. The anchor protein Lonely heart recruits it to the cardiac matrix
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and forms a stable network. handC-Gal4 > Prcv31320 RNAi and handC-Gal4 > Prcv100357 RNAi
showed no significantly altered heart rate or AI (Fig. 15 G; Fig. 16 G). Notably, a drastic in-
fluence on the heart rate was observed when the Prc RNAi lines were crossed with prc-Gal4.
Interestingly, a non-beating heart was formed once prc was downregulated in adipocytes.

Trol - (Trol)
Basement membranes consist of Laminin, Nidogen, and the heparan sulfate proteoglycan
Perlecan. terribly reduced optic lobes (trol) encodes the extracellular matrix component Per-
lecan. handC-Gal4 crossed with both RNAi lines showed no significantly altered heart rate
(Fig. 15 H). prc-Gal4 > Trolv24549 RNAi and prc-Gal4 > Trolv110494 RNAi exhibited a signifi-
cantly altered heart rate (Fig. 15 H'). Notably, prc-Gal4 > Trolv24549 RNAi showed a decreased
heart rate while prc-Gal4 > Trolv110494 RNAi had an increased HR (Fig. 15 H'). Additionally,
the handC-Gal4 > Trolv110494 RNAi had a significantly increased AI (Fig. 16 H). Furthermore,
prc-Gal4 > Trolv110494 RNAi led to an increased AI (Fig. 16 H').

Viking - (Vkg)
The viking gene encodes a subunit of Collagen IV and is an essential part of basement
membranes. Both, the handC-Gal4 > Vkgv16986 RNAi and handC-Gal4 > Vkg 106812 RNAi did
not affect the heart rate or the AI (Fig. 15 I; Fig. 16 I). This was also observed for prc-Gal4 >
Vkgv16986 RNAi (Fig. 15 I'; Fig. 16 I'). Only prc-Gal4 > Vkgv106812 RNAi showed a significantly
increased heart rate (Fig. 15 I'). Although the difference was not significant, the AI from
prc-Gal4 > Vkgv16986 RNAi was increased compared to the control (Fig. 16 I').
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Figure 15: Heart rate effects of RNAi-mediated downregulation of crucial ECM
proteins in third instar larvae. RNAi lines were driven with either the handC-Gal4;
handC-GFP driver line (left column) or with the handC-GFP; prc-Gal4 driver line (right
column). Data are presented as mean values (±SEM). Significance levels are indicated by
asterisks (paired sample Student's t-test, * p < 0.05; ** p < 0.005; *** p < 0.0005; n.s., not
significant).
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Figure 16: Heart rhythmicity effects of RNAi-mediated downregulation of crucial
ECM protein in third instar larvae. RNAi lines were driven with either the handC-Gal4;
handC-GFP driver line (left column) or with the handC-GFP; prc-Gal4 driver line (right
column). Data are presented as mean values (±SEM). Significance levels are indicated by
asterisks (paired sample Student's t-test, * p < 0.05; ** p < 0.005; *** p < 0.0005; n.s., not
significant).
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6.4 Discussion

6.4.1 Intact anaesthetised Drosophila larvae are the most reliable for heartbeat

recordings

Drosophila has several developmental stages including the embryo, three larval stages, 15
pupal stages, and the final adult fly, which can live up to 50 days (Linford et al., 2013). It has
been shown that ageing causes cardiac dysfunction (Cannon et al., 2017); thus, it is crucial
to analyse animals that have the same age. The functionality of HIRO was tested using the
larval stage, the white prepupa stage, and the adult fly of Drosophila (Fig. 12).
Wandering, late third instar larvae were used because they have the same age, have a trans-
parent cuticula, and have simple handling requirements (Fig. 12 A). The pupal cuticle be-
comes darker with increasing stage. The dark cuticle hinders the detection of heart para-
meters and during metamorphosis muscle movement within the body can affect the heart
performance (Fig. 12 B''''). Amore accessible approach to detect heart parameters is to select
white prepupa (Fig. 12 B). Oneweek old flies were sedated and fixedwith their wings spread
(Fig. 12 C). In general, the experiments showed that HIRO functions properly with all three
animal stages. Wandering, late third instar larvae were used for the high-throughput assay
because of the simple handling requirements.
In this work, the immobilisation techniques dissection, glue and ether for late third in-
star larvae were tested (Section 6.2.3, 6.2.4, 6.2.5). Dissection was also used for the SOHA
method (Ocorr et al., 2009). Comparing the heart rate after glue or ether immobilisation
showed that the dissection method has a significant effect. After dissection, the heart rate
decreases, while the systolic and diastolic interval significantly increase compared to the
glue and ether (Fig. 13 A, C, D). Furthermore, dissection showed a similar arrhythmicity
index compared to the glue method but an increased arrhythmicity index compared to the
ether method (Fig. 13 B). Dissection has an increased risk of damaging the alary muscles. A
recent study showed that the internal architecture of larvae is constrained by alary muscles
(Bataillé et al., 2020); thus, dissection might influence the heart parameters.
Fixing third instar larvae with glue was the second immobilisation approach (Section 6.2.4).
The heart rate and systolic interval were not significantly different between the glue and
ether immobilisation (Fig. 13 A, C). However, the diastolic interval and AI showed signific-
cantly increased values (Fig. 13 B, D). These results are in contrast with a previous study that
showed that FlyNap is less detrimental for cardiac function than ether or CO2 (Paternostro
et al., 2001). FlyNap is a triethylamine-based cocktail used to anaesthetise Drosophila. The
previous study used adult flies, whereas the current study used larvae. Another previous
study used epoxy, CO2 and FlyNap, and the authors found that the heart rate became ir-
regular and the heart function was significantly decreased in adult flies (Tsai et al., 2011).
Furthermore, FlyNap was shown to increase the heart rate of Anopheles gambiae (Chen
and Hillyer, 2013). Based on the obtained results and those of previous studies, heartbeat
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recordings of ether-anesthetised unprepared non-dissected third instar larvae were chosen
for subsequent experiments.
Different control lines were used depending on the type of experiment (Table 4). The var-
ious transgenic backgrounds might influence cardiac rhythm. Indeed, handC-Gal4 > w1118

and prc-Gal4 > w1118 showed a significantly lower heart rate than the w1118 line (Fig. 14
A). This observation was surprising and led to the assumption that the white locus may
influence the cardiac function. A few studies have analysed the heart rate of third instar
larvae (Table 6). These studies have used either optical coherence microscopy (Men et al.,
2016), visual counting (Gu and Singh, 1995; Zhu et al., 2016), or the MetaMorph software
fromUniversal Imaging (Lalevée et al., 2006; Sénatore et al., 2010). The genetic backgrounds
and methods are different, but the detected heart rate ranges are similar to our results (Fig.
14). This indicated that the selected lines can be used, and the heart rate detection method
works.

Table 6: Recent publications with heartbeat measurements of intact Drosophila
third instar larvae.

Publication Genotype Heart rate Preparation

(Gu and Singh, 1995) Canton-S 2.58 Hz* anterior and posterior pins
(Lalevée et al., 2006) y,w;Canton-S 2.61 Hz mounted on tape

(Sénatore et al., 2010) 1029-Gal4 >
y,w; Canton-S 2.73 Hz mounted on tape

(Men et al., 2016) 24B-GAL4/+ 4,6 Hz* mounted on tape
(Zhu et al., 2016) Canton-S 3 Hz* The ant farm

The asterisks represent values obtained from figures

6.4.2 Reduced expression of different heart ECM proteins significantly affects

heart performance

Our research group is specialised in studying the process of heart formation and heart func-
tion inDrosophila. Therefore, the first approach to test theHIRO softwarewas to investigate
RNAi-mediated downregulation of important heart ECM proteins. Heart integrity is lost
without a functional ECM, resulting in heart failure and heart collapse (Drechsler et al.,
2013; Wilmes et al., 2018). The ECM is a network of proteins that spans the space between
cells and organs. It consists of three component groups: structural components, secreted
adaptor proteins and transmembrane receptors.

Myospheroid is essential for proper heart function
Integrins are heterodimeric transmembrane receptors. They enable intercellular signalling
by bridging the ECM and the intracellular actin cytoskeleton (Campbell and Humphries,
2011). A previous study found that unregulated Integrin activation leads to contractile
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dysfunction and arrhythmias in mice (Valencik et al., 2006). Drosophila has a small Integrin
family with only two β and five α subunits (Bloor and Brown, 1998; Brown et al., 2000).
The inflated gene (αPS2 Integrin) encodes one of these subunits and was used in this thesis.
Only the handC-Gal4 > Ifv110770 RNAi showed a significantly increased AI (Fig. 16 A). There
is a high functional redundancy between the five α subunits, which might have led to the
observed results.
The myospheroid (βPS Integrin) gene encodes one of the two βPS subunits. Only handC-
Gal4 > Mysv103704 RNAi showed an increased AI, while handC-Gal4 > Mysv29620 RNAi line
showed no significantly different cardiac function compared with the control line (Fig. 15
B, Fig. 16 B). By contrast, there was a strong effect when Mysv103704 RNAi was crossed with
the prc-Gal4 driver (Fig. 15 B', Fig. 16 B'). prc-Gal4 > Mysv29620 RNAi showed a signifi-
cantly reduced heart rate and an increased AI. prc-Gal4 > Mysv103704 RNAi led to nonviable
offspring, so it was not evaluated. This could have been caused by the strong effect of the
RNAi-mediated downregulation of Myospheroid. Previous studies showed that the βPS
subunit is the most abundant subunit, and its absence causes lethality at an earlier stage
than the lack of any α subunit does (Gotwals et al., 1994; Roote and Zusman, 1996). The
Mysv103704 RNAi line might be more effective than the Mysv29620 RNAi line. One option
would be to validate the relative gene expression by quantitative real-time PCR (RT-qPCR).

RNAi-mediated downregulation of Laminin A has an impact on heart rate
The shape of tissue is primarily dictated by the basement membrane (BM), a particular type
of ECM that forms a meshed network of protein polymers that surrounds organs, providing
them with structural support and flexibility (Yurchenco, 2011). Laminins are essential for
BM assembly because they can bind to cells, to themself and to other BM components (Li
et al., 2002; Pozzi et al., 2017). InDrosophila, four genes encode two Lamininα, one Laminin
β and one Laminin γ subunit, which form the only two Laminin heterotrimers in the fly
(Henchcliffe et al., 1993). Only prc-Gal4 > LanAv330178 RNAi had a significantly increased AI
(Fig. 15 C'). Either handC-Gal4 or prc-Gal4 driven LanAv18873 RNAi showed a significantly
increased heart rate (Fig. 15 D, D'); in contrast, prc-Gal4 > LanAv330178 RNAi showed a
decreased heart rate compared to its KK control line (Fig. 15 C'). Recent studies showed
that a lack of Laminin A prevents tube formation (Haag et al., 1999; Urbano et al., 2009), and
null mutations in the lanA gene result in embryonic lethality with defects in the heart tube
(Henchcliffe et al., 1993; Yarnitzky and Volk, 1995). RNAi-mediated downregulation of LanA
might lead to a less massive effect on the heart, resulting in tachycardia. It is surprising that
both RNAi lines driven with prc-Gal4 showed a contrary heartbeat influence. One option
to confirm these results is to repeat future measurements with different RNAi lines (Kyoto:
207443, BDSC:28071).
LanBv42559 RNAi crossed with both driver lines showed a significantly increased heart rate,
while the other RNAi line did not have a significantly altered heart rate (Fig. 15 D, D'). RNAi
downregulation showed no influence on the AI. The contrasting results from the LanA
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RNAi approach indicate that the newly developed HIRO software is more suitable to detect
stronger phenotypes and weaker in detecting only marginal effects. At first, the efficiency
of the RNAi lines should be validated. Examining the RNAi efficiency due to RT-qPCR
might be an option to prove this assumption. Furthermore, other studies have observed an
abnormal accumulation of Collagen IV and Perlecan in LanB null mutant tissues (Urbano
et al., 2009).

Lonely heart is essential for proper cardiac function
The lack of Lonely heart (Loh) causes heart failure (Drechsler et al., 2013). The second
publication described in this thesis demonstrated that the overexpression of Lonely heart
in cardiac cells leads to a reduced heart rate and arrhythmia (Rotstein et al., 2018). In the
RNAi approach described in this thesis, neither of the Lonely heart RNAi lines crossed with
the prc-Gal4 driver showed significant alterations in cardiac performance (Fig. 15 E', Fig.
16 E'). In contrast, handC-Gal4 > Lohv31020 RNAi and handC-Gal4 > Loh6232R-1 RNAi showed
a significantly altered heart rate and an increased AI. Surprisingly, handC-Gal4 > Lohv31020

RNAi had an increased heart rate while handC-Gal4 > Loh6232R-1 RNAi had a decreased heart
rate (Fig. 15 E). To further analyse this contrast, the RNAi lines should be investigated in
more detail, and to further verify the measured effect, follow-up experiments such as im-
munostaining should be conducted. These experiments would rule out any morphological
heart defects. Additionally, measuring the ECM stiffness via atomic forcemicroscopywould
help to understand the cardiac phenotypes better (Kular et al., 2014).

Nidogen plays a role in maintaining a regular heart rhythm, and Trol influences
the heart rate
Another adaptor protein is Nidogen (Ndg). It plays a crucial role in BM assembly by provid-
ing a link between the Laminin and Col IV networks by integrating other ECM proteins,
such as Perlecan (Fox et al., 1991; Reinhardt et al., 1993). Ndg has been found in the BMs
surrounding most larval tissues, including the heart (Dai et al., 2018). In the RNAi approach
used in this thesis, prc-Gal4 > Ndgv13280 RNAi displayed an increased AI. The difference was
not significant, yet the AI from prc-Gal4 > Ndgv13280 RNAi was also increased compared to
the control (Fig. 16 F'). A previous study showed that Nidogen double-null mice survive to
birth but die within 24 h, possibly due to either pulmonary or cardiovascular failure (Bader
et al., 2005).
The final adaptor protein investigated is Perlecan. This protein provides anchoring points
for additional proteins and acts as a stabiliser (LeBleu et al., 2007; Bix and Iozzo, 2008).
Perlecan is encoded by the trol (terribly reduced optic lobes) gene and is one component
of the extracellular matrix (Friedrich et al., 2000; Voigt et al., 2002). Both of the Trol RNAi
lines crossed with prc-Gal4 showed a significantly altered heart rate (Fig. 15 H). Similar
to the Loh RNAi approach, one line showed a reduced heart rate, and one line showed an
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increased heart rate. All in all, these data indicate that HIRO is considered to be used as a
good indicator for alterations in heart parametes on a high throughsput level. Nevertheless,
HIRO should be applied as an indicator for follow up experiments.

RNAi-mediated downregulation of Collagen IV may not affect the heart paramet-
ers
Collagen IV forms a mesh-like network stabilising the structure of BMs. Two genes encode
for type IV collagens (col4a1 and viking) (Le Parco et al., 1986; Rodriguez et al., 1996). Viking
accumulates in all regions of ageing adult hearts (Vaughan et al., 2018). In this thesis, only
prc-Gal4 > Vkgv106812 RNAi showed a significantly increased heart rate (Fig. 15 I'). A previ-
ous study found that Viking knockdown increased the contractility of adult hearts during
ageing (Sessions et al., 2017). The fact that only one Viking RNAi line showed a significant
effect leads to the conclusion that either Viking has no effect on the heart parameters of
Drosophila or that the RNAi approach is not sensitive enough to detect small alterations in
the heart parameters. Another option is that the RNAi did not work properly or resulted
in a marginal effect. RT-qPCR could verify this assumption.
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6.5 Summary

The following table summarises the results from the RNAi high throughput screening (Table
7).

Table 7: Summary of the high thoughput RNAi screen. The arrows represent in-
creased or decreased heart parameter. The hyphen represents a not significant result. Sig-
nificance levels are indicated by asterisks (paired sample Student‘s t-test, * p < 0.05; ** p
< 0.005; *** p < 0.0005). HR, heart rate; AI, arrhythmicity index; n.v. not viable; n.e. not
evaluable

.

Gen Line ID handC-Gal4 prc-Gal4
HR AI HR AI

if
v44885 - - - -
v100770 - ↑ * - -

mys
v29620 - - ↓ ** ↑ *
v103704 - ↑* n.v. n.v.

lanA
v18873 ↑*** - ↑* -
v330178 - - ↓*** ↑*

lanB
v42559 ↑* - ↑* -
v104013 - - - -

prc
v41320 - - n.e. n.e.
v100357 - - n.e. n.e.

loh
6232R-1 ↓*** ↑** - -
v31020 ↑* ↑** - -

ndg
v13280 - - ↓*** -
v109625 - - - ↑**

vkg
v16986 - - - -
v106812 - - ↑*** -

trol
v24549 - - ↓* -
v110494 - ↑** ↑** ↑*

HIRO can calculate systolic and diastolic intervals
HIRO can detect the systolic and diastolic interval (Fig. 13); however, the software might
incorrectly detect the heartbeat signal within noisy data in some cases. The user can discard
the video or delete that specific peak. The user should also keep in mind that systolic and
diastolic intervals are calculated from one heartbeat to the next (Fig. 11). Hence, themissing
point will not affect the heart rate or AI, but it will affect the systolic and diastolic intervals.
Future HIRO versions should overcome this problem.

HIRO can be used for high-throughput heart parameters screening
The RNAi screen conducted in this thesis revealed Myospheroid and Laminin A as promis-
ing candidates for further investigation (Fig. 15 B'; Fig. 16 B', C'). The adaptor proteins
Lonely heart and Perlecan showed contrasting results (Fig.15 E, H'). One option to recon-
cile these results is to validate the relative gene expression by RT-qPCR. RNAi is a potent
technique, but its potential off-target effects might influence the heart function. Additional
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RNAi lines ( BDSC: 14237, BDSC 14730) should be tested to minimise the off-target risk.
HIRO can be used as a high-throughput screening software option that has a simple setup.
This novel software makes it possible to efficiently identify promising candidates that can
be confirmed and analysed in further experiments.
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6.6 Outlook

Automatic detection of usable videos
Over time, computers have become increasingly efficient. Machine learning provides new
approaches in several disciplines, including medicine and biology. One way to increase the
efficiency of HIRO is to apply autodetection of blurry videos. A neural network may help
to detect unusable videos from several recorded videos. A recent study investigated the use
of neural networks in carrying out data selection (Wang et al., 2019).

Real-time quantitative PCR
RNAi is a gene silencing method which is initiated by short double-stranded RNA (siRNA)
molecules. siRNAs vary in efficiency, and the absence of competent siRNA results in an
ineffective knockdown. Real-time quantitative PCR (RT-qPCR) is one method to quanti-
tatively measure RNAi efficiency (Milstein et al., 2013). After total RNA extraction from
tissues, cDNA synthesis is performed. A common method is to use the SYBR green, which
is a dye that emits fluorescence when it binds to double-stranded DNA. The detection of the
fluorescence signal allows determining the amount of DNA with each amplification cycle
(Milstein et al., 2013).

Hardware for the real-time detection of heart rhythm under a microscope
Raspberry Pi is a single-board computer for low-cost embedded systems and can be used
for signal processing, image processing and robotic applications. The computer provides
an interface for connecting a camera and other external devices, such as an OLED display
for visualising data (Fig. 17). Another option is to connect a USB camera to the system.
Raspberry Pi's operation system, called Raspbian, can run programs that are written in
either Java or Python. This setup allows real-time measurement at the microscope and
would further accelerate the high throughput screening.
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Figure 17: A possible hardware setup for real-time heartbeat measurements. The
camera should be mounted on the ocular, while the OLED display shows the values.
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7 APPENDIX

7 Appendix

7.1 Abbrevations

Abbreviation Complete meaning
AI Arhythmicity index
ADAMTS A Distintegrin and Metalloprotease with Thrombospondin Type 1 Mo-

tifs
BM Basement membrane
BPM Beats per minute
Cg25c Collagen at 25C
Dpp Decapentaplegic
ECM Extracellular matrix
GAG Glycosaminoglycan
HIRO Heart Image Recorder Osnabrück
HR Heart rate
HZ Hertz
If Inflated
LanA Laminin A
LanB2 Laminin B2
Loh Lonely heart
Mys Myospheroid
Ndg Nidogen
OCT Optical coherence tomography
PLAC Protease and Lacunin
Prc Pericardin
RT-qPCR Quantitative real-time PCR
ROI Region of interest
SOHA Semi-automatic Optical Heartbeat Analysis
Svp Seven up
Tin Tinman
Trol Terribly reduced optic lobes
TSR Thrombospondin type repeat
UAS Upstream Activating Sequence
VDRC Vienna Drosophila Resource Center
Vkg Viking
W White
WG Wingless
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7.2 Java Code

7.2.1 Java UML diagrams

MathMethods
mittelwert ( ArrayList ⟨ double ⟩ ) : double
stabw ( ArrayList ⟨ double ⟩ ) : double
median ( ArrayList ⟨ double ⟩ ) : double
ttest_check ( ArrayList ⟨ double ⟩, ArrayList ⟨ double ⟩ ) : double
onesample_ttest_check( double, ArrayList ⟨ double ⟩ ) : double

Figure 1: The MathMethods class. It provides methods for statistical analysis.

PeakHandler
PeakHandler ( )
nPeaks ( ArrayList ⟨ double ⟩, int ) : ArrayList ⟨ String ⟩

removeGaps ( ArrayList ⟨ double ⟩, int ) : ArrayList ⟨ String ⟩

getAverage ( ArrayList ⟨ double ⟩, int ) : ArrayList ⟨ double ⟩

DetectPeaks ( String, File, int, int, int, int, int ) : void
draw ( ArrayList ⟨ double ⟩, ArrayList ⟨ double ⟩, ArrayList ⟨
double ⟩, String, int ) : void

Figure 2: The PeakHandler class. The methods DetectPeaks and nPeaks recognize the
peaks within a signal. PeakHandler contains the methods draw, which call the class Graph-
Panel.
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HeartbeatDrawer
padding : int
labelPadding : int
lineColor: Color
pointColor : Color
gridColor : Color
Graph_Stroke : Stroke
pointWidth : int
numberYDivisions : int
scores : List⟨ double ⟩

peaks : List⟨ double ⟩

real_systole : List⟨ double ⟩

serialVersionUID : long
GraphPanel ( List⟨ double ⟩, List⟨ double ⟩, List⟨ double ⟩)
paintComponent ( Graphics ) : void
getMinScore ( ) : double
getMaxScore ( ) : double
ControlImage ( ArrayList<double> ) : double
SetScores ( List⟨ double ⟩) : void
GetScores ( List⟨ double ⟩) : List⟨ double ⟩

saveImage ( String, String) : void

Figure 3: The HeartbeatDrawer class. It generates the grey-value overview pictures.

GreyAnalyser
data : JList <String>
selectedlx : int []
filename : String
researcher : String
temperature : String
path : File
VideoAnalyser ( String, String, int [], File, JList <String> )
run () : void

Figure 4: GreyAnalyser. This class calculates the grey values from all frames of selected
videos.
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RecorderFrame
videobox: JFrame
histo : JPanel
contentPane : JPane
toolbox : JFrame
infos : Jpanel
scalare : ArrayList ⟨ Integer ⟩
nextLoop : boolean
fps : JLabel
recordtime : Jlabel
record : JButton
stop : JButton
Storage : ArrayList ⟨ Mat ⟩
go : boolean
aufnahmegestartet : boolean
RecorderFrame ( int, File, int, int, int, int, int, String, String, int, int
)
RecorderFrame ( Graphics ) : void
write ( ) : void
img2Mat ( BufferedImage) : Mat

Figure 5: The RecorderFrame class. It provides the Graphic User Interface for video re-
cording and draws the real-time histogram.
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Recorder
cap: VideoCapture
filter : int
threshold1 : int
threshold2 : int
aperature : int
maxValue : int
adaptiveMethod : String
Threshold : String
blockSize : int
constant : int
VideoFile : File
useCam : int
Recorder ( int, File, int, int, int, int, int, String, String, int, int )
getOneFrame ( ) : BufferedImage
getFPS ( ) : double
setFPS ( double ) : void
getWidth () : double
getHeight ( ) : double
getGain ( ) : double
getBrigntness ( ) : double
setBrigntness ( double ) : void
getExposure ( ) : double
Mat2BufferedImage(Mat) : BufferedImage

Figure 6: The Recorder class. It records one frame from the camera.
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7.2.2 Important Java methods ⊵
int counter =0;

for (int i = 0; i < selectedIx.length; i++) {

String file = path.getAbsolutePath()+"\\"+data.getModel().getElementAt(

selectedIx[i]);

Mat frame = new Mat();

VideoCapture cap = new VideoCapture(file);

String savefile = file;

if (savefile.indexOf(".") > 0)

savefile = savefile.substring(0, savefile.lastIndexOf("."));

try {

PrintWriter pWriter = new PrintWriter(new BufferedWriter(new FileWriter(

savefile+".hir", false)));

pWriter.println((int)cap.get(5));

pWriter.println(researcher);

pWriter.println(temperature);

while(true){

if (cap.read(frame)){

Scalar value = Core.mean(frame);

pWriter.println(value.val[0]);

}else {

break;

}

}

pWriter.flush();

pWriter.close();

} catch (IOException e) {

JOptionPane.showMessageDialog(null, "Something went wrong in 

VideoAnalyser. Files integrity may be corrupted.");

}

counter++;

}

JOptionPane.showMessageDialog(null, "Done. "+counter+" movies were analyzed.");✝
Listing 1: The GreyAnalyser calculates the grey values from a video file.
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⊵
public ArrayList<String> nPeaks(ArrayList<Double> array, int range) {

ArrayList<String> resultarray = new ArrayList<String>();

int l, r, tmpj;

tmpj=0;

String tmpstr="";

for (int i = 0; i < array.size(); i++) {

boolean isPeak = true;

// Check from left to right

l = Math.max(0, i - range);

r = Math.min(array.size() - 1, i + range);

for (int j = l; j <= r; j++) {

// Skip if we are on current

if (i == j) {

continue;

}

if (array.get(i) < array.get(j)) {

isPeak = false;

tmpj=j;

break;

}

}

if (isPeak) {

tmpstr=Double.toString(array.get(tmpj));

if (!(resultarray.contains(tmpstr))) {

resultarray.add(tmpstr);

}

i += range;

}

}

return resultarray;

}✝
Listing 2: The nPeaks method detects the peaks within the grey values.
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⊵
Mat tmp = new Mat();

BufferedImage bi = videoCap.getOneFrame();

BufferedImage coordinates = new BufferedImage(620, 620, BufferedImage.

TYPE_BYTE_GRAY);

tmp = img2Mat(bi);

g = contentPane.getGraphics();

g.drawImage(videoCap.getOneFrame(), 0, 0, this);

g = histo.getGraphics();

Scalar value = Core.mean(tmp);

if(Scalarcounter<255) {

if(!nextLoop){

scalare.add(Scalarcounter, (int)value.val[0]);

} else {

scalare.set(Scalarcounter, (int)value.val[0]);

}

} else {

Scalarcounter=0;

nextLoop=true;

}

Graphics2D histogramm = coordinates.createGraphics();

histogramm.setFont(new Font("TimesRoman", Font.BOLD, 15));

histogramm.setRenderingHint(RenderingHints.KEY_TEXT_ANTIALIASING,

RenderingHints.VALUE_TEXT_ANTIALIAS_ON);

histogramm.setStroke(new BasicStroke(2f));

histogramm.fillRect(0, 0, 620, 620);

histogramm.setColor(Color.black);

histogramm.drawLine(30, 570, 570, 570);

histogramm.drawLine(30, 570, 30, 30);

histogramm.drawString("Time", 550, 585);

histogramm.drawString("Grey Value", 10, 10);

histogramm.drawLine(20,30,30,30);

histogramm.drawString("255", 5, 25);

histogramm.drawLine(20,570,30,570);

histogramm.drawString("0", 5, 570);

histogramm.drawLine(20,320,30,320);

histogramm.drawString("130", 5, 320);

histogramm.drawString("Gray Value", 10, 10);

histogramm.setColor(Color.cyan);

histogramm.setStroke(new BasicStroke(3f));

for(int i=0; i<scalare.size(); i++) {

if(scalare.get(i)!=null && i>0)

histogramm.drawLine((i-1+30)*2, ((285-scalare.get(i-1))*2), (i

+30)*2, ((285-scalare.get(i))*2));

}

histogramm.dispose();

g.drawImage(coordinates, 0, 0, this);
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Scalarcounter++;

if(aufnahmegestartet) {

Storage.add(img2Mat(bi));

}✝
Listing 3: The drawHistogram method generates live histograms while recording.
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⊵
String video = new String();

String line = new String();

String[] data = new String[5];

MathMethods calculator = new MathMethods();

ArrayList<Double> FileSystole = new ArrayList<>();

ArrayList<Double> ConcludeSystole = new ArrayList<>();

ArrayList<Double> FileDiastole = new ArrayList<>();

ArrayList<Double> ConcludeDiastole = new ArrayList<>();

ArrayList<Double> FileHeartperiod = new ArrayList<>();

ArrayList<Double> ConcludeHeartperiod = new ArrayList<>();

ArrayList<Double> FileHz = new ArrayList<>();

ArrayList<Double> ConcludeHz = new ArrayList<>();

ArrayList<Double> FileAI = new ArrayList<>();

ArrayList<Double> ConcludeAI = new ArrayList<>();

File path = new File(defaultdata.getAbsolutePath());

PrintWriter pWriter = new PrintWriter(new BufferedWriter(new FileWriter(

path+"\\conclude.csv", false)));

pWriter.println("Filename;Systolic intervall;Diastolic intervall;

Heartbeat duration;Median Hz;Mean Hz; Arhythmicity index");

for(int i=0; i<filenames.size(); i++ ) {

FileReader fr = new FileReader(filenames.get(i));

BufferedReader br = new BufferedReader(fr);

int counter=0;

FileSystole.clear();

FileDiastole.clear();

FileHeartperiod.clear();

FileHz.clear();

FileAI.clear();

while((line = br.readLine())!=null) {

data=line.split(";");

if(counter==1) {

video=data[0];

}

if((counter>2)) {

FileSystole.add(Double.parseDouble(data[2]));

FileDiastole.add(Double.parseDouble(data[3]));

FileHeartperiod.add(Double.parseDouble(data[4]));

FileHz.add(Double.parseDouble(data[5]));

}

counter++;

}

ConcludeSystole.add(calculator.mittelwert(FileSystole));

ConcludeDiastole.add(calculator.mittelwert(FileDiastole));

ConcludeHeartperiod.add(calculator.mittelwert(FileHeartperiod));

ConcludeHz.add(calculator.mittelwert(FileHz));

ConcludeAI.add((calculator.stabw(FileHz)/calculator.median(FileHz)));
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pWriter.println(video+";"+calculator.mittelwert(FileSystole)+";"+

calculator.mittelwert(FileDiastole)+";"+calculator.mittelwert(

FileHeartperiod)+";"+calculator.median(FileHz) +";"+calculator.

mittelwert(FileHz)+";"+(calculator.stabw(FileHz)/calculator.

median(FileHz)));

counter=0;

br.close();

fr.close();

}

pWriter.println();

pWriter.println("Mean"+";"+calculator.mittelwert(ConcludeSystole)+";"+

calculator.mittelwert(ConcludeDiastole)+";"+calculator.mittelwert(

ConcludeHeartperiod)+";"+calculator.median(ConcludeHz)+";"+calculator

.mittelwert(ConcludeHz)+";"+calculator.mittelwert(ConcludeAI));

pWriter.flush();

pWriter.close();✝
Listing 4: The Conclude method calculates the mean values of .csv files.
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⊵
static String create_MMOde (String hir_file, int slider) {

String filename = hir_file.replaceAll("hir", "avi");

String finalfile ="";

VideoCapture cap = new VideoCapture(filename);

ArrayList<Mat> rows = new ArrayList<Mat>();

Mat output=new Mat();

Mat frame = new Mat();

int counter=0;

try {

while(true){

if (cap.read(frame)){

Mat row= new Mat();

frame.col((slider*frame.width()/100)).copyTo(row);

if(counter>0) {

org.opencv.core.Core.reduce(frame,row, 1 , 1);

rows.add(row);

}

counter++;

}else {

break;

}

}

cap.release();

org.opencv.core.Core.hconcat(rows, output);

BufferedImage image = new BufferedImage(output.width(),output.height(),

BufferedImage.TYPE_INT_RGB);

image=Mat2BufferedImage(output);

String savepath = filename.substring(0,filename.lastIndexOf("\\"))+"\\

Data\\";

String savefile = filename.substring( filename.lastIndexOf( "\\" ) + 1,

filename.lastIndexOf( "." ) );

finalfile = savepath+savefile+"_mmode.png";

ImageIO.write(image, "PNG", new File(finalfile));

} catch (Exception f) { JOptionPane.showMessageDialog(null, "Something went 

wrong. Files integrity may be corrupted."); }

return finalfile;

}✝
Listing 5: The MMode method generates a kymograph.
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