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Abstract

The fruit fly Drosophila melanogaster has emerged as a useful model for cardiac diseases, both
developmental abnormalities and adult functional impairment. Using the tools of both classical
and molecular genetics, the study of the developing fly heart has been instrumental in identifying
the major signaling events of cardiac field formation, cardiomyocyte specification, and the
formation of the functioning heart tube. The larval stage of fly cardiac development has become
an important model system for testing isolated preparations of living hearts for the effects of
biological and pharmacological compounds on cardiac activity. Meanwhile, the recent
development of effective techniques to study adult cardiac performance in the fly has opened new
uses for the Drosophilamodel system. The fly system is now being used to study long-term
alterations in adult performance caused by factors such as diet, exercise, and normal aging. The fly
is a unique and valuable system for the study of such complex, long-term interactions, as it is the
only invertebrate genetic model system with a working heart developmentally homologous to the
vertebrate heart. Thus, the fly model combines the advantages of invertebrate genetics (such as
large populations, facile molecular genetic techniques, and short lifespan) with physiological
measurement techniques that allow meaningful comparisons with data from vertebrate model
systems. As such, the fly model is well situated to make important contributions to the
understanding of complicated interactions between environmental factors and genetics in the long-
term regulation of cardiac performance.

[. Introduction

In the late twentieth century, the rapid expansion of the field of developmental genetics has
been one of the greatest triumphs of the biological sciences. Invertebrate genetic model
organisms have been used to make startling progress in understanding the steps of
patterning, cell specification, and organogenesis during normal development. More recently,
invertebrate model systems have been employed as effective models for adult-onset and age-
related diseases.

Since the fruit fly Drosophila melanogaster is the only major invertebrate model system that
contains a working organ with developmental and functional homologies to the vertebrate
heart, flies have been the only model system where the advantages of invertebrate genetics
have been utilized to model cardiac development and disease.

The Drosophila heart undergoes developmental steps reminiscent of the early stages of
vertebrate heart development. Following subdivision of the cardiac mesoderm from the
broader visceral mesoderm, the cardiac field forms from two bilaterally symmetric, linear
strands of cells. These two rows of presumptive cardiac cells then migrate to the midline,
where they adhere to each other to form a tube with a hollow lumen. Meanwhile,
cardiomyocytes are gradually specified by multiple signaling inputs that activate cell-
autonomous expression of conserved transcription factors.1-2

Using molecular genetics, lineage tracing, and confocal imaging, the genetic pathways
involved in fly cardiac specification have been identified and, in many cases, orthologs have
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been shown to be involved similarly in early vertebrate heart development.3 In parallel,
disruptions in these vertebrate orthologs have been associated with developmental
disorders.*>

The accessibility and simplicity of the Drosophila larval heart have made it a useful model
for testing effects of natural or synthetic compounds that regulate cardiac performance. By
introducing such factors into partially dissected open preparations, the direct effects of
various neurotransmitters on cardiac rate and rhythm have been assayed. The transparency
of the larva has facilitated optical measurements of rate and rhythm in intact animals under
both normal and pathological conditions, while electrical field measurements have proved
effective in describing defects in electrical conductance.b

Excitingly, the use of Drosophila genetics has begun to make a significant impact in the
field of adult cardiac performance. As a short-lived model system with well-described
characteristics of aging, flies represent an excellent opportunity to model long-term changes
in cardiac function that can be traced throughout life, at both the population level and the
individual level. Several techniques have been developed to facilitate this process, including
generation of M-mode traces from intact or semi-intact preparations, external electrical
pacing, and external field recording. Already, flies have been used to model the effects of
nutrition, genetic disease, exercise-training, age-related pathology, and normal aging.’

This review will discuss the uses of the Drosgphila model system for the study of cardiac
developmental and adult disease. We will address, in turn, what has already been learned
from the study of embryonic cardiac development, larval cardiac function, and the study of
aging adult flies.

II. Embryonic Cardiac Development

Using traditional forward genetics supplemented with candidate gene approaches, a detailed
portrait of the specification and organogenesis of the heart has emerged in flies. In this
section, we will describe the development of the fly heart in four stages: cardiac field
formation, cardiomyocyte specification, division of cardiomyocytes into subtypes, and
migration/adhesion of the heart tube. In conclusion, we will outline the relationship between
the genetic factors involved in these events in the fly and its vertebrate counterparts.

[ll. Cardiac Field

The field of presumptive cardiac cells is distinguished from other mesodermal-derived tissue
types ultimately by the action of two conserved extracellular signaling molecules, the Wnt
family homolog wingless (wg) and the BMP family homolog decepentaplegic (dpp) (Table
I). wygis expressed in the embryo in a series of stripes which mark, and, indeed, help to
define, the segments of the embryonic mesoderm along the anterior—posterior axis.8-11
Meanwhile, gpp is an important component that signals position to the mesoderm along the
dorsal-ventral axis.1213 Thus, these two signaling molecules act along perpendicular axes
during embryogenesis.

The points of intersection between these two expression patterns are instructive and required
for specification of cardiac cell types. Cardiac cell fate requires the combined exposure to
these two signaling molecules not once but twice, at two separate stages of
embryogenesis.5% Mesoderm-specific context is provided to interpret this signal by the
Nkx2.5 homolog tinman (tin).1*1> Combined misexpression of wg, dpp, and tin is sufficient
to induce cardiac-specific gene expression ectopically.50 Interestingly, visceral mesoderm is
distinguished from dorsal mesodermal derivatives, such as heart, by the activity of another
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NK family homeobox protein, Bagpipe, which acts to provide context to more ventral
mesodermal cells exposed to the combined signals of Wg and Dpp.17

This strategy of integrating broad extracellular signals with mesoderm-specific homeobox
genes to specify cardiogenic mesoderm is broadly conserved in vertebrates as well. BMP
family members are essential for induction of cardiac mesoderm in the mouse,! chick,%2
and frog,%3 while SMAD-family transcription factors that act downstream of Bmp signaling
are autonomously required for cardiogenesis in mice.54

Moreover, as in flies, BMP signaling cooperates with cell-autonomous activity of the tin
homolog Nkx2.5 to specify cardiomyocyte lineage in mouse. Nkx2.5 mutant mice have
morphological defects resulting from lack of proper specification of the cardiac tube,5% and
ka2.56%xpression is dependent on the activity of BMP-dependent SMAD transcription
factors.

The relationship between Wnt signaling and cardiac induction is more complicated in
vertebrates than flies. In frog and chick embryos, it is necessary to inhibit Wnt signaling
induced by ligands secreted from the neural tube to allow cardiac field formation.%” This
inhibition is accomplished by the action of two proteins from the organizer region,
Dickkopf-1 and Crescent.58:69 Dickkopf-1 requires the activity of the homeodomain
transcription factor Hex in this context.”0

However, work in conditional mouse knockouts has made it clear that at other stages, Wnt
signaling is essential as a positive regulator of cardiomyocyte differentiation,’1:"2 and
becomes essential again as a positive regulator of cardiomyocyte proliferation
postnatally.’3:74 A biphasic role, depending on timing, also exists in zebrafish, where Wnt
signaling prior to gastrulation promotes cardiac differentiation, while signaling after
gastrulation inhibits cardiac differentiation.”® Further complicating the picture, signaling
through noncanonical Wnt pathways is also required for cardiac specification, and this
noncanonical signaling may itself act to dampen canonical signaling.’®

In addition, proliferation of cardiac progenitors in both flies and vertebrates requires
secreted FGF factors. In chick and zebrafish embryos, inhibition of FGF signaling reduces
the size of the cardiac field.18-20 |n flies, the FGF Receptor, heartless (htl), as its name
would suggest, is required for the formation of a functional heart tube.?! Cardiac defects in
heartless mutants may, however, be attributable primarily to a failure in the migration step
of the cardiac mesoderm to the dorsal midline.?

Despite the greater complexity found in the vertebrate system, it seems clear that the signals
involved in the early stages of fly cardiac development are well conserved in vertebrate
models. Since these genes are also involved in many congenital cardiac abnormalities, a
combination of research in fly and vertebrate models will continue to be of interest in
elucidating these relationships in increasing detail.

IV. Cardiomyocyte Differentiation

Presumptive heart cells in the fly are subdivided by the coordinate action of several
conserved transcription factors.””78 The heart becomes subdivided into a posterior pumping
heart proper and a more anterior portion termed the aorta as a result of positional
information provided by homeobox transcription factors (Fig. 1).547° Later, during pupal
metamorphosis, homeobox genes act in response to hormonal signals to control remodeling
of cardiomyocytes into their adult form.8% Within the cardiomyocytes forming the heart tube
proper, several specific pairs of cells are fated to alter their shape8! and form the valve-like
ostia that allow inflow into the tube prior to pumping.82
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After the early role of tinin specifying cardiac mesoderm, it is required again during the
differentiation of myocardial cells, where it is necessary to define contractile
cardiomyocytes and restrict formation of ostia to their proper location.83 #n expression itself
is maintained through the action of the T-box transcription factors midand H15 (aka nmri-
2,84 and mid, H15and tinact coordinately to promote cardiomyocyte differentiation.8°:86

Also acting coordinately as part of this regulatory network is the GATA factor encoding
gene pannier (pnr), which acts in response to ectodermal gpp signaling to maintain #in
expression and acts both coordinately and separately to activate target genes, including tin
itself.87-%0 Interestingly, the prrantagonist u-shaped (usth), a homolog of vertebrate FOG
genes, antagonizes cardiogenesis early on,23 but later acts to promote cardiogenesis by
maintaining #in expression.%0

Another important factor acting in conjunction with #nand prrto promote cardiomyocyte
differentiation is the T-box containing Dorsocross (Doc) family of transcription factors.
While the three members of this family appear to have partially redundant function, a triple
knockout results in failure of cardiomyocyte specification.9 The combined activity of these
genes activates genes directly involved in morphological specification, such as the
Drosophila homolog of the vertebrate Hand genes.%2

Although the combined activity of tin, pnr, and DocI-3is required for cardiomyocyte
specification, Doc genes then resolve themselves into a mutually exclusive expression
pattern with #in, caused by mutual repression, in which #nis expressed in four out of six
cells in each segment, and Doc genes are expressed in the remaining two. The two cells
where Doc is expressed become ostia in the posterior heart tube, while the four cells where
tinis expressed become contractile cardiomyocytes.83

Cardiomyocyte differentiation proceeds under the direction of differentiation genes, which,
in some cases are direct tintargets, such as b-3 tubulin®® aSur*9° or dHandP® and in other
cases are targets of transcription factors activated by 7, such as dMef2.97 A key
transcription factor in the cells fated to become ostia is the COUP-TF homolog seven-up
(svp).28 sypacts to repress tin expression in these cells and maintains expression of wg.2>27

Strikingly, many of the relevant transcription factors to Drosophila cardiac specification
have vertebrate orthologs that are also involved in cardiac development and specification,
and many of these have been associated with congenital heart diseases.* The vertebrate
homolog of tin, Nkx2.5, has been linked to atrial and ventricular septal defects, 16 as well as
tetralogy of Fallot.%8 Also linked to septal defects are the prnrhomolog GATA428 and the
nmrfamily homolog Thx5.16

Even the combined coordinate and mutually repressive network between transcription
factors elucidated in flies shows evidence of being reflected in vertebrate cardiogenesis as
well. Genetic interactions have been observed between GATA4 and Tbx5 in mice,® and
Nkx2.5along with Nkx2.7is necessary to downregulate Thx factors later in cardiac
development in zebrafish.100 In general, there appears to be a greater degree of redundancy
in vertebrate species, for example. GATA4 and GATAGS are both necessary to carry on the
activities controlled by pnrin flies, 101 but the simplicity of the fly model will continue to be
used as an important advantage to the identification of important regulatory families.

V. Migration/Adhesion

The formation of the final embryonic structure occurs in three steps. First, the bilaterally
symmetric rows of cells undergo morphological changes to their membrane structure and
align with each other. Then, the two rows of presumptive cardiomyocytes migrate to the
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dorsal midline. Lastly, the two rows adhere to each other and form a lumen between them
(Fig. 2).

Prior to migration, the two rows of cardiac cells undergo a mesenchymal to epithelial
transition, during which they establish contacts between themselves and form a continuous
monolayer.812 During this process, they begin to express various membrane markers and
determinants of polarity.192 This process is dependent initially on cell adhesion molecules,
including the Ig-family protein Faint sausage (Fas)103 and the transmembrane receptor
protein Toll, 194 while maintenance of the ultrastructure becomes dependent on conserved
extracellular matrix proteins, including laminins,105:106 jntegrins, 197 and cadherins later.103
In addition, the heterotrimeric G-protein encoding gene, brokenheart (bkh), is required in a
cell-autonomous fashion to establish apical-basal polarity, and bk# embryos have polarity
defects in tube formation resulting in dysfunctional hearts.108

Once the two rows of cells are properly aligned, they must move together along their
respective rows toward the dorsal midline where they will adhere to each other. As the cells
migrate, they remain in contact with the “leading edge” of the overlying ectodermal sheet,
which is simultaneously migrating toward the midline in the process of dorsal closure. A
Type IV-collagen-like protein, Pericardin, mediates the coordinated movements of the two
germ Iayeorgs in this process and is essential for the migration of cardiac precursors to the
midline.l

Signaling between the secreted protein Slit and its receptors Robo and Robo2 is essential for
maintaining cell polarity during migration and for adhesion when the two bilateral rows of
heart cells fuse at the midline.119 In wild-type development, Slit accumulates at the points of
connection between bilateral heart precursors and signals to Robo, which is localized at the
apical surfaces of the cell pairs, although Robo2 can substitute for Robo in robo mutant
flies.110 While fusion of the bilateral heart precursors is occurring, Slit localization is
absolutely required for proper localization of membrane proteins that govern the switch
from basal-lateral to apical-lateral polarity necessary for initiation of proper cardiac
function.111 As a result, mutations in s/itproduce alignment defects reminiscent of those
seen in flies carrying mutations in genes encoding the membrane proteins themselves, such
as discs large and the E-cadherin-encoding shotgun.?112 Using live imaging, it has been
demonstrated that the Slit/Robo interaction also plays an additional role to regulate the cell
shape changes necessary for the heart cells to contact each other dorsally and ventrally to
form a lumen.2

Recently, the morphogenesis of the anterior region of the heart near the border between the
heart and aorta has been more fully described?® and termed the outflow tract. Excitingly, this
outflow tract has a distinctive derivation from the pharyngeal mesoderm, suggesting a direct
developmental homology with the vertebrate outflow tract. In both vertebrates and flies,
outflow tract is derived from cells in the pharyngeal mesoderm which express either the
transcription factor /adybirdin flies or the homologous transcription factor Lbx1 in
vertebrates.2%30 Interestingly, the migration and assembly of these cells from the pharyngeal
mesoderm to form the outflow tract also require the interaction between Slit and Robo.113

Additional conserved factors have been identified in recent years that are responsible for
maintenance of adhesion and/or polarity after the initial formation of the heart tube. In
genetic screens for a phenotype in which myocardial cells lose their connections with the
surrounding pericardial cells, several new players were identified. One such factor was the
HMG-coA reductase, along with downstream effectors of the mevalonate pathway.114 These
factors act to regulate heterotrimeric G-proteins, which are also necessary for adhesion
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between myocardial and pericardial cells.198:114 These proteins act, in part, by regulating
protein components of the septate junction, including Neurexin-1V, Sinuous, and Coracle.115

In this context, studies of Drosophila cardiac development have led to productive use of the
fly heart not only as a model for early stages of vertebrate heart development, but also as a
model for tubulogenesis in general 116

Indeed, rather than thinking about conservation of genetic functions at the level of individual
genes, it is becoming more common to think in terms of conservation of gene regulatory
networks governing development of orthologous structures. As such, these networks
involving interrelated genes involved in the formation and maintenance of similar structures,
such as the heart, not only act as conserved regulators of the development of homologous
structures but also provide a buffered system for the development and structure of conserved
organ systems to be tweaked during speciation without losing the essential function of the
organ. Bioinformatic evidence suggests that conservation of gene expression in homologous
organ systems is relatively high across species,117 and the gene network governing heart
development continues to be elucidated in comparative experiments between flies and
vertebrates.

VI. Larval Heart Function

A. Methods

During the larval stages of Drosophila development, a tremendous degree of growth occurs,
with a tiny embryo-sized first instar larva gradually reaching the size required for pupation
and metamorphosis. The heart must increase its size proportionately during this process, but
does so not by cell division, but rather by cell growth.® Thus, the final third instar larval
heart is structurally similar to the embryonic heart, but much larger and more suitable for
physiological assays. In addition, the larva is essentially transparent, making it an ideal stage
for visualization of cardiac function in intact animals (Fig. 3).82

Another significant advantage of the larva as a model system is that it has a myogenic
pacemaker that continues to promote regular contractile activity without neuronal input.118
The larval fly heart is, however, innervated!1® and neuronal input regulates rate and rhythm
of cardiac contractions.129121 Thuys, partially dissected preps can be utilized to expose the
heart to physiological medium and keep it beating regularly for extended periods of time.
Using several different preparations and methods, the intact or semidissected larva has been
used to test the effects of numerous biologically active compounds, both synthetic and
naturally derived (e.g., hormones and neurotransmitters).

In this section, we will discuss the various methods developed to exploit the Drosophila
larva as a model system, and summarize the findings with regard to cardiac susceptibility to
various external bioactive inputs.

A breakthrough in automation and processing of measurements in intact larvae came with
the adaption of photodiode-based measurements of late-stage, immobile larvae at the larva—
pupa transition.122 Measurements of transmitted light through the larva change rhythmically
in consonance with the heart movements as the heart changes both its shape and the shape of
the connected viscera, then returns to its previous shape in a cyclical fashion. The darkening
and then lightening of the transparent larva thus produces a cycling trace of changing light
exposure in a photodiode that receives input through the microscope field of view. This trace
is driven by and mimics exactly the movements of the heart over the same period. Rate and
rhythmicity can then be ascertained by mathematical application to the traces. Variations on
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this method have subsequently been employed in which pixel-tracing camera technology has
replaced the photodiode, but acquisition and processing of the data are otherwise similar.123

The application of this technique to intact animals has made it suitable for genetic
applications, and several candidate mutants have been analyzed in the fly model using this
system.122.124.125 | addition, a large-scale genetic screen has been conducted in which a
collection of insertional mutants were screened for mutations that significantly accelerated
or decelerated larval heartbeat, identifying several novel candidates for future study in the
fly model.123

In addition to intact visualization, the larva is also the developmental stage most easily
amenable to semi-intact dissection. Perhaps, the most common and fruitful usage of the
Drosophila larva has been with preparations dissected in physiological media and then
treated with various biological or pharmacological compounds. The accessibility of the larva
to such treatments in combination with the many genetic tools available in the fly system has
made this model a useful one for identifying and describing minimum components
necessary for generation and propagation of cardioactive electrical signals, as well as for
examining how neuronal inputs to cardiac activity are governed in a simple model system.

One method, which is suitable both for measurements of physiological function and as a
preparation to perfuse the heart with pharmacological agents, is to perform a partial
dissection, then pull a portion of the heart into a micropipette tip, which can then be
employed to record spontaneous field potentials.126

Within the last 2 years, several novel ideas have emerged for preparation and measurement
of larval heart activity, including two novel preparations for viewing and making recordings
from intact larvae. One, known as the “ant farm” method, utilizes plastic spacers to imbed
the larva in a small region where it is constrained from moving but unstressed and with both
an air source and a thin layer of food available to the larva, thus avoiding potential changes
to heart activity due to starvation or oxygen stress responses.12” This method is well suited
for examination of the response to genetic interventions, without potential complications
from dissection, and can be employed for relatively lengthy recording times. Two different
groups have introduced an additional method involving restraint by glue, which introduces
some caveats with respect to the restraint method, but makes the animal easily available to
the introduction of electrodes for field recording or pacing stimulus.127.128 These
preparations have been used in direct visual counting of heart rate2” and also used in
automated optical counting protocols,129:130

The introduction of the novel automated optical protocols represents a substantial advance
building upon previous optical methods, expanding their possibilities. Importantly, these
methods allow data to be quantitated not just at the level of patterns of cardiac activity over
time, as in prior indirect measures, but allow direct data acquisition of several parameters of
individual beats on a continuing basis.129 Such parameters include systolic and diastolic
volume, relaxation, and contraction velocity. Once these data have been acquired, they can
be used in turn to derive other measurements such as fractional shortening. Interestingly,
these methods have also been applied successfully to analyze cardiac movements in other
systems, including vertebrate models such as the zebrafish.117:129,130

Another recent innovation with great potential, although requiring highly specialized
equipment, is the combined use of optical coherence tomography (OCT) with laser scanning
fluorescence microscopy. This technique requires the use of two dedicated imaging systems
in combination, but does provide cross-sectional visualization in perpendicular planes of
living animals.131
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Section VII will describe how these various methods, past and present, have been employed
to examine genetic, pharmacological, hormonal, and peptidergic regulation of cardiac rate
and rhythm.

VIl. Pacemaker Regulation

In the mid-1990s, early versions of these methods began to be employed to establish that the
larval heart is moyogenic. Using partially dissected preps, treated with pharmacological
compounds that block specific subsets of ion channels, it was established that calcium and
potassium currents are essential for larval pacemaking, but that sodium channels are
dispensable.132 At the same time, these channel-blocking experiments lent molecular
support to the earlier contention that the larval heartbeat is fully myogenic.118.122.132

Mutations in genes encoding components of ion channels closely support pharmacological
results, as mutants deficient in potassium channel function, such as slowpoke, shaker, and
ether-a-go-go, all have deficiencies in rhythmic control of heartbeat, while disruption of
calcium or chloride channels has little effect.12> The role of intracellular calcium storage and
release in regulating contractile activity also appears to be conserved, as mutations in the
ryanodine receptor ortholog in flies reduce contractile activity in cardiac muscle.133

Despite the myogenic nature of the insect pacemaker, it has been clearly established that
regulation of the rate and rhythmicity of contractions is influenced by a variety of biological
compounds. For example, injections of the insulin-signaling antagonist Adipokinetic
Hormone into late larvae/prepupae had a cardioacceleratory effect.134

Using photodiodes to record heart movements, it was demonstrated that temperature-
sensitive mutations in the gene no action potential (nap) caused arrhythmias which
disappeared when animals were returned to the permissive temperature.122 Lending further
credence to the idea that neuronal regulation modulates the activity of the myogenic
pacemaker, several neurotransmitters were demonstrated to accelerate heart rate without
adverse effects on rhythmicity, including serotonin, octopamine, norepinephrine, dopamine,
and acetylcholine.124 Conversely, mutations affecting secretion or synthesis of these
neurotransmitters tended to decelerate the heart.124 Other reports have generated partially
contradictory results!3° but some of these discrepancies may be explained by dose-
dependent differences, as serotonin, for example, has more recently been shown to be
cardioacceleratory or cardioinhibitory depending on dose of exposure.13¢ Additionally,
several FMRFamide-related peptides, including Dromyosuppressin, were demonstrated to
decelerate the larval heart.137

The Crustacean Cardioacceleratory Peptide was also found to accelerate heart rate in
Drosophila larvae.138 Interestingly, release of Crustacean Cardioacceleratory Peptide is
activated by Ecdysis Triggering Hormone just prior to eclosion and may be responsible for
the temporary elevation in heartbeat that presages the emergence of the adult fly.139.140
Other neuropeptides involved in the molting or adult emergence process are also
cardioactive, including the pyrokinin-like peptide encoded by the Augin gene.141

Regulation by neuronally produced factors is necessary not only to adjust heart rate to
changing conditions but also to maintain proper heart rate under normal resting conditions,
as demonstrated by examining the heart rate in flies with a temperature-sensitive mutation in
the dynamin-encoding gene shibire.142 These mutants are deficient in the ability to recover
endocytotic vesicles at the restrictive temperaturel43 and are useful for temporary induction
of phenotypes dependent on neurotransmitter communication. Both optical recording and
electrocardiograms were employed on intact late larvae/prepupae to establish that blocking
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the functions of multiple neurotransmitters by inactivating shibire leads to defects in
regulation of heart rate even under resting, unstressed conditions.144

An extensive series of tests of various exogenous factors in combination with genetics has
led to significant progress in understanding the makeup of the various currents associated
with the larval pacemaker. Multiple classes of G-proteins have been implicated as targets of
pharmacological interventions, while cGMP and Protein Kinase G seem to be critical
components of changing pacemaker responses to varying conditions.14° Interestingly, some
of the same genetic factors identified as key regulators in the involuntary response of heart
rate to conditional change have also previously been shown to be important factors in
behavioral regulation of activity levels and foraging behaviors, such as the foraging

gene, 146147 and the peptide encoded by the flatline gene. flatline, despite extensive
sequence homology to Manduca allostatin, does not appear to act as a Juvenile Hormone
antagonist in Drosophila, but instead has a potent myotropic activity in both cardiac and
visceral muscle.148

More recently, a combination of genetic approaches and electrophysiology has identified a
two-pore domain potassium channel Ork1 that is essential for the regulation of heart rate and
rhythm.149 Reduction of OrkZ expression throughout the animal or specifically in the heart
tube leads to a proportional increase in heart rate while overexpression of OrkZI blocks heart
beat entirely and action potentials are unrecordable when Ork1 is overexpressed.149
Significantly, action potentials in wild-type hearts were recorded throughout the length of
the heart, supporting the idea that Drosophila cardiomyocytes are more homogeneous than
vertebrate cardiomyocytes. The highly conserved Sarco-Endoplasmic Reticulum Calcium
ATPase (SERCA) protein has also recently been studied using the fly larva as a conserved
readout. Flies carrying mutations in the SERCA gene have disrupted heart rate and extended
periods of heart stoppage.3!

The combination of evolving techniques for precise cardiac physiology in insect models
with the sequenced genome in flies should result in continued importance of the fly model in
addressing problems such as how currents are generated and regulated to precisely govern
pacemaking. The Drosophilalarva is well positioned to be an important model system for
use in testing various combinations of genetic and pharmacological factors contributing to
cardiac disease.

Functional Models

During pupal morphogenesis, the heart is one of a few structures that persist without being
completely degraded and remodeled.119 However, a few modifications are made to the
morphology of the heart before eclosion.81:82 The formation of the familiar head/thorax/
abdomen insect body plan is overlaid with the heart in such a way that the heart proper is
located in the abdomen of the adult. A conical chamber is formed near the thorax/abdomen
boundary that serves to collect haemolymph for expulsion through the aorta, which proceeds
through the thorax and sends haemolymph forward toward the head (Fig. 4).

Limited changes also occur to the structure of the heart itself. An additional layer of striated
muscle is generated during pupation along the ventral surface of the heart, with striations
that proceed in a longitudinal direction, rather than the transverse spiral “paper towel tube”
shape of the fibers in the rest of the heart muscle. An additional pair of ostia are also
generated during metamorphosis, such that the adult heart contains four pairs of ostia, as
compared to the larval three.81:82 In addition, the character of these ostia is morphologically
different. In the adult, they are no longer simple openings, but take on a more valve-like
appearance.
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Perhaps, the most important difference from the point of view of disease modeling is the
introduction of direct innervations to the heart at adult stages, adding a layer of complexity
to the regulation of heart rate and rhythm.121 Pairs of neurons in each segment innervate
both the heart itself and the muscles attaching the heart to the body wall (alary muscles).
Additional nerve projections known as Bipolar Neurons cluster toward the posterior of the
heart where they serve as a point of release for Crustacean Cardioactive Peptide, 121 and
application of CCAP at these sites instigates anterograde contractions, suggesting that these
neurons are important regulators of “forward” heartbeat.10 Meanwhile, bilateral, segmental
innervations from glutaminergic neurons regulate the periodic reversal characteristic of
insect heartbeat.150

Recently, another forward pair of ostia was discovered in two different species of
Drosophilids using a recording technique from multiple sensor elements in sequence.151
These forward ostia are essential for retrograde heartbeat, as they collect and separate
haemolymph supply from specialized thoracic spaces, the implications of which for
circulation are just beginning to be understood.15! These separated flows of circulation may
in the near future make it possible to use flies to model other circulatory disorders that had
not previously been thought accessible using insect model systems.

Already, the fly system has been in use over the last few years as a model for various cardiac
disorders, and offers several important advantages over vertebrate models. First, the rapidity
and facility of the genetics available in the fly system are an obvious motivation to use the
fly to examine complicated genetic interactions in multifactorial etiologies of disease.
Second, the groundwork laid by the fly community and by the Drosophila genome project
has made mutations, overexpression constructs, and inducible RNAI constructs available for
the vast majority of the genome. Third, and perhaps most excitingly, the short lifespan and
ability to monitor cardiac function longitudinally have made the fly system available as an
important model for long-term studies, applicable either to progressive disease models, or
even to changes to cardiac function brought about by the consequences of normal aging.’

In Section VIII.A, we will discuss the novel techniques developed in the last few years to
make these studies possible, and then discuss the results and their application to vertebrate
disease and aging.

An initial success in usage of adult flies to model cardiac functional disturbance was
accomplished by examining maximal heart rate in cases of exogenous stress. Heart rate was
increased either by exposing flies to increased temperature or to external currents, and the
maximum tolerable increase in heart rate was measured at various ages.1°2 It was
determined that the ability of the heart to tolerate externally induced increases in heart rate is
an age-dependent phenomenon, since genetically identical flies at older ages entered cardiac
arrest when exposed to similar conditions to those tolerated easily by younger flies.152

Further progress was made when edge-detection techniques were adapted from usage in
larvae (see above) to become feasible in adults as well.123 This technique relies on pixel-
tracing software to identify edges of the cardiac tube, identifiable by their differential
contrast in high-resolution black and white video images. This technique allows long-term
tracing of heart movements in unstressed and intact conditions. Importantly, this technique
and others that do not rely on fluorescence offer the advantage of not requiring the
introduction of additional stimuli that may affect endogenous cardiac regulation, such as
ultraviolet light when detecting movement using Green Fluorescent Protein, for example.
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Refinement of stress testing followed rapidly with a stress test protocol that relied on a
defined condition to test the response flies of various genotypes, ages, and environmental
exposures.153 It offers the distinct advantage of being applicable to up to 10 flies at once,
thus facilitating large study designs to take advantage of the large numbers common to fly
studies, in comparison to vertebrates. Because this method does not depend on maximal
tolerance of extreme stress, it is useful for picking up more subtle abnormalities and has
been used effectively in screens to pick up mutations affecting short-term or long-term
cardiac performance.123 By testing the percentage of populations that respond to low-level
stress by entering fibrillations or arrest events, as well as the percentage of flies experiencing
a cardiac event that successfully recover normal heartbeat regulation, this method serves as a
useful marker for physiological age and health that can pick up not just direct abnormalities,
but, importantly, population tendencies toward abnormalities (Fig. 5). In combination with
genetics, this method has served as an important first step toward identifying new genotypes
that can be used as models of disease® or of aging.42

Further refinement to these techniques has involved partially dissected preps, bathed in
physiological media that allows continued heart function for several hours.1%> Algorithms
have been developed to analyze video traces taken from such prepst2 to extract several
useful parameters, including fractional shortening, a two-dimensional measure that can be
used proportionally to infer the volume expelled during contraction; arrhythmicity index,
used to quantitate the frequency of arrhythmias; and period length, which is proportional to
resting heart rate. The use of these measures in combination allows a significant degree of
diagnostic precision, not just identifying cardiac abnormalities, but also classifying them
into different subtypes of functional abnormalities.

Similar measures can also be achieved using video analysis of intact preps, although the use
of intact preps involves some trade-offs in camera resolution as compared to dissected preps.
In return, one gains the assurance that the animal is intact in its own physiological state
rather than a mimicking media. Depending on experimental design, this trade-off may be
worthwhile, in cases where longitudinal analysis of the same flies over time is critical®6 or
where retention of neuronal input is desired.

Another option for acquiring parametric measurements of live cardiac performance in intact
animals is the use of OCT technology. In this technique, the fly is enclosed in a small
chamber to prevent large movements, and the internal space of the heart tube is detected in
real time as it shortens and expands through an ultrasound-like technology.15” This method
combines the advantage of utilizing intact animals in their inherent physiological
environment with some of the resolution advantages of the partial dissection/video method.
The primary disadvantage of this powerful method is its requirement for specialized
technology that is not readily available commercially.

Either OCT or video-based traces can be utilized to generate M-mode displays (Fig. 6),
which take a thin slice of an ongoing display of movement and then display repeated short
intervals of that same slice across time. In effect, this creates a still-life visualization of the
animated movement of that particular portion of the heart. This is valuable not just for visual
purposes, but also can be used as input for analysis algorithms.19°

While direct cardiac functional readouts have had a tremendous impact on the utility of the
fly heart as a model, traditional genetic methods have also been effectively applied to
generate tissue-specific data centered on the heart. For example, heart-specific microarrays
have been generated,158 screens using inducible RNAI constructs driven in the heart have
been conducted?® and genome-wide association studies have been conducted with cardiac
performance as a quantitative output for QTL mapping.1>®
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Excitingly, the fly heart has also been effective as a readout for testing human genes directly
for effects on heart function. For example, genes from a human chromosomal region
associated with congenital heart defects in Down’s Syndrome patients have been tested in all
permutations of single and combined overexpression in the fly heart. This study has been
successful in narrowing down the potential effectors of this phenotype to two genes that,
when expressed in combination, generate cardiac defects. The same genes are now being
expressed in mice to confirm the phenotypic results directly in a vertebrate model.169 Such
studies are likely to become more common in the immediate future, as the power of fly
genetics to test large numbers of factors in a short time will continue to make study designs
possible that would be prohibitively expensive and time-consuming in vertebrate models.
The information gained from bulk studies in the fly can then be used to intelligently design
specific studies in vertebrate models limited to the best potential candidates.

In Section X, we will describe in turn several recent studies that have effectively utilized
the adult fly heart as a model for examining specific-genetic factors contributing to human
disease.

IX. Single-Gene Disease Models

An effective entry point for modeling specific or general cardiac pathologies in flies is the
candidate gene approach. A recent example of the effectiveness of such an approach is the
recent work using the fly to model the cardiac dysfunction that occurs as a result of the
progressive degeneration in muscular dystrophy patients.

The causal gene in multiple forms of the human disease muscular dystrophy has been
identified as the structural protein Dystrophin.161 Dystrophin plays a dual role, being
necessary to provide the structural framework for contractile activity, and also being
involved in signaling events inside muscle cells through its interactions with other proteins
in the Dystrophin/Dystroglycan complex.162:163

In both flies and vertebrates, the dystrophin(dys) gene is expressed in multiple isoforms,
with different isoforms being expressed in different tissue-specific patterns. Two different
splice variants of the fly dysgene are expressed in the adult myocardium, suggesting that
Dys is likely to play an endogenous role in cardiac function in insects as well.

In mouse models of muscular dystrophy, deficiency of dys gene expression results in
structural degeneration of the myocardium in a progressive fashion that is aggravated by
age-related structural derangement.32 In flies mutant for the Drosophila homolog of dys, a
similar structural degeneration of myocardial fiber arrays has been observed.33

Adult heart performance in dys mutant flies displays several abnormalities as a consequence
of these structural defects, as measured by video tracking of the movements of dissected
heart preparations.33 Such flies have an increased resting heart rate, which comes about due
to a decrease in fractional shortening, defined as a decrease in heart wall diameter change
during contraction, a measure that is proportional to cardiac output. Since dys mutants
exhibit both wider diastolic diameter and reduced fractional shortening, they are said to have
a dilated cardiomyopathy phenotype.33 This phenotype is a direct result of deficiency of Dys
protein in cardiac tissue, since it can be rescued by cardiac-specific expression of the dys
gene. Interestingly, the fly and mouse functional versions of these proteins are so similar
that the fly phenotype can be rescued by cardiac expression of a truncated version of the
homologous mouse gene.33

Another gene product that has been associated with muscular dystrophy in vertebrates is the
Sarcoglycan protein, mutations in which are known to cause cardiomyopathy in
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vertebrates.3435 Deletions of the homologous fly gene have been examined, and shown to
cause a progressive impairment of locomotor ability along with reduced cardiac function.36
Cardiac phenotypes are qualitatively similar to those in dys mutants, with progressive
structural derangement accompanied by increased diastolic diameter and reduced fractional
shortening, characteristic of the dilated cardiomyopathy phenotype.36

These experiments, along with the others described below, serve well to illustrate several
fundamental points. First, the fly model responds phenotypically to genetic interventions in
ways that are recognizable and remarkably similar to vertebrates. Second, in some cases the
genetic material involved is similar enough for cross-species experiments to produce useful
data. Third, following upon the first two points, the essential similarity between vertebrate
and insect models in isolated organ function makes the fly model a viable choice for
structure—function analysis of vertebrate proteins. Indeed, the fly has already been
effectively used to examine the role of various domains and splice variants of the Dys
protein in skeletal muscle.164

The fly has also become a useful model for unraveling the effects of components of the
contractile machinery in the myocardium. Due to genetic redundancy and multigene families
in vertebrate lineages, the simpler fly model offers a desirable alternative for avoiding
complications resulting from such redundancies. A recent example is found in the use of the
fly system to study mutations in proteins from the myosin transducer complex.3” The
molecular motor formed by a complex of myosin light and heavy chains is a conserved
molecular regulator of contractile activity in both skeletal and cardiac muscles. Both
reduction or stimulation of transducer activity can cause muscle pathology in
vertebrates.38:39 In flies, there exists a single M#Ac gene encoding all isoforms by means of
differential splicing in different tissues.40:41

Using two existing point mutations in the M#hc gene, one that increases motor activity and
one that inhibits motor activity, the effects of altering motor activity specifically in cardiac
tissue were tested. As in vertebrates, either stimulation or inhibition of the myosin motor
caused pathologies. Interestingly, the phenotypes generated were quite different, however.37
Flies with reduced myosin transducer activity become dilated at diastole, have reduced
systolic shortening, and have an increased incidence of arrhythmias that grows progressively
worse. This constellation of phenotypes is characteristic of the dilated cardiomyopathy
phenotype (Table Il). Meanwhile, flies with increased transducer activity display
morphological constrictions in isolated areas of the heart tube where full relaxation does not
occur. As these flies undergo aging, these constrictions appear in more areas of the heart in a
progressive fashion. This phenotype is one of several indices that are collectively described
as restrictive cardiomyopathy (Table I1).

A similar approach was employed to test the fly homolog of the vertebrate protein Muscle
LIM Protein (MLP). This protein has been found associated with the Z-discs at the
boundaries of sarcomeres in cardiac muscle, 165166 and the collective assortment of proteins
associated at the Z-disc has been demonstrated to be critical for cardiac contractile
function.167 Mutations in several of these components, including MLP, lead to dilated
cardiomyopathy.168

A fly homolog, m/p84B, is also expressed in sarcomeric Z-discs of the cardiac muscle in
flies.169 RNAI knockdown of the fly gene did not cause overt structural defects, but did
induce significant physiological deficiencies, including rhythmic defects and prolongation of
the diastolic interval 169

Another grouping of conserved genetic factors associated with cardiac dysfunction in both
vertebrates and insects is the group of genes encoding ion channels necessary for the
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generation or propagation of currents involved in electrical stimulation of cardiac
contractions. Two recent studies have addressed specific single-gene mutations in flies
affecting one such ion channel.

One such study focused on the fly homolog of the vertebrate KCNQI gene. This gene
encodes a subunit of a potassium channel necessary for cardiac repolarization.3 Mutations
in this gene have been associated in humans with a prolonged QT interval on
electrocardiograms, a condition which, in turn, has been associated with Long QT
Syndrome, a condition that causes increased risk of ventricular tachycardia and sudden
death, 4445

Deletion mutants were generated for the fly homolog, also called KCNQ. Null mutants did
not have overt structural abnormalities but, like animal models of Long QT syndrome,170
were extremely sensitive to stress, when induced by external pacing.*? These abnormalities
could be rescued by cardiac-specific expression of a wild-type KCNQ transgene, indicating
that the requirement for KCNQ protein is tissue autonomous in the myocardium.1%° Using
M-Mode video traces from semi-intact preparations, it was determined that KCNVQ mutant
hearts begin to exhibit substantial irregularities in heart rhythm early in life, in contrast to
wild-type hearts, which are quite regular until age-related deterioration starts to induce
spontaneous arrhythmias.1>° Additionally, the period length of mutant heart beats rapidly
degenerates to a much greater length, and hence, a much slower heart rate, than wild-type
hearts of the same age. Again, as in vertebrates, electrical field potential recordings
indicated a tendency toward failure to repolarize, suggesting that this is the underlying
mechanism for the stress sensitivity and arrhythmias.1®® Similar effects were reported for
other conserved channel genes, including the homolog of the vertebrate HERG gene.

Another such study examined mutations in the dSUR gene, vertebrate homologs of which
form essential subunits of the KATP channel. These channels are known to be important in
adult heart function, particularly in protection from ischemic stress.1’1.172 |nterestingly,
cardiac expression of RNAI against dSUR rendered flies extremely susceptible to external
pacing stress and to hypoxic stress.9® Interestingly, this gene has also served as a pioneering
example in flies of reiterated usage of developmental transcription factors essential for
cardiac specification to also regulate cardiac differentiation and adult function. The dSUR
gene is coordinately regulated directly by the GATA family homolog Pnr and by the Nkx
family homolog Tin.%

Several developmentally important cardiogenic factors have been implicated in adult cardiac
pathologies, particularly in the induction of pathological hypertrophy.173 GATA4, for
example, in addition to its association with several familial forms of congenital heart
disease, 174175 also has been strongly associated with adult-onset pathological
hypertrophy176 and is thought to contribute to hypertrophy by activating similar targets that
are employed during initial cardiac growth during development.1?7

Using adult-specific expression drivers to drive RNAI constructs, the role of the Drosophila
GATA family homolog pnrin maintenance of adult cardiac physiology was examined. Flies
either expressing prnr RNAI, a dominant negative pnrconstruct, or carrying heterozygous
genomic pnrmutations showed an enhanced sensitivity to external pacing stress, and these
phenotypes could be rescued by cardiac expression of wild-type pnr.178 Flies heterozygous
for pnrmutations exhibited a high-cardiac arrhythmia index and a high-period length
(equivalent to low heart rate). Both of these phenotypes were also susceptible to rescue by
expression of a pnrconstruct with a cardiac-specific driver.1’8 RT-PCR also revealed that
expression of several structural components of muscle as well as essential ion channel
subunits was downregulated in prrheterozygotes.178
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Heart-specific overexpression of the T-Box family homolog nmrwas also able to rescue
both pacing sensitivity and tendency to arrhythmia, suggesting that nmris likely to be
functionally downstream of prrin this context.1’® The Nmr protein had previously been
shown to act synergistically with the Nkx2.5 homolog Tin to regulate adult function.17®
Taken together, these results establish the fly as a model for conserved regulation of adult
function by developmental genes. As such, the opportunity exists over the next few years to
use the fly as a model to test alterations of such genes and their downstream targets, which
are likely to involve similar targets to those in vertebrate pathological hypertrophy.

These studies are examples of how the fly heart can be used as a model system to unravel
the etiology of diseases already known in humans, but difficult to test in vertebrate model
systems. Such models, once developed, set the stage for testing of various interventions to
rescue the disease phenotypes. Given the remarkable conservation of disease mechanisms, it
seems likely that interventions identified in insect models will also find application in
vertebrate models or human patients.

X. Disease Mechanisms

The usage of the fly model is not limited, of course, to forming models for the testing of
interventions against known vertebrate diseases, however. The fly has also begun to emerge
as a useful system for examining the role of various physiological interactions that are not
yet well understood in vertebrates. A recent example is a study examining the role of the
pericardial cells as a nonautonomous regulator of adult function. In vertebrates, the
epicardial cells are known to be necessary for the proper maturation and adult function of
the myocardium, 180181 hyt the mechanism by which epicardial cells accomplish this is not
yet well understood.

The pericardial cells surrounding the fly myocardium may act in a homologous fashion to
the vertebrate epicardium in some respects. For example, the transcription factor Evx2 is
expressed in the mouse epicardium, and its homolog even-skipped (eve) is expressed in a
key subset of the fly pericardial cells.*6 If this expression is removed by genetic means,
these cells become naive and are deleted from the pericardial lineage, which results in
several deleterious effects on both muscular mobility and myocardial performance,
including reduced resting heart rate in both larvae and adults, as well as reduced resistance
to pacing stress in adults.46 Taken together, these results suggest the possibility that cells
marked by expression of Eve-family transcription factors may be essential to signal to
associated myocardial cells to maintain adult heart function in both vertebrates and insects.

Recently, a fusion construct, in which the pericardial enhancer for eve was fused to a protein
that represses eve expression, was used to examine more closely the consequences of
deletion of Eve-positive pericardial cells on adult myocardial function. It was found that
such hearts from flies with Eve-positive pericardial cells deleted have an elevated
arrhythmicity index, decreased resistance to external pacing stress, and alterations to
diastolic width and fractional shortening characteristic of a restrictive cardiomyopathy
phenotype.

These phenotypes are consistent with a conserved role for vertebrate epicardium with insect
pericardial cells, and further study in the fly model will be instrumental in unlocking the
mechanism by which these interactions take place.

More evidence for a conserved regulation of adult cardiac function has been recently
provided by the identification of the EGF Receptor signaling pathway as an important
postdevelopmental regulator of cardiac function. A mutation in the rhomboid3 gene, which
encodes a transmembrane protein necessary for the processing of a critical EGF-receptor

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2013 January 22.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Piazza and Wessells

Page 16

ligand, was shown to cause a dilated cardiomyopathy phenotype.182 This effect was specific
to maintenance of adult function, as no developmental abnormalities were detected. Cardiac
expression of an activated version of the EGF Receptor rescued this phenotype, as did
expression of preprocessed ligand.182 Furthermore, adult-specific expression of a dominant
negative version of the EGF Receptor itself produced a progressive dilated cardiomyopathy
phenotype as well. Taken together, these results argue strongly that active EGF Receptor is
necessary to maintain postdevelopmental cardiac function in Drosophila.

This phenotypic role for EGF Receptor in the maintenance of postdevelopmental function
appears to be conserved in vertebrates as well. This conservation has important
consequences, particularly in the treatment of some forms of tumors. For example, inhibition
of ErbB2, the closest human homolog of the Drosophila EGF Receptor, is a target of some
chemotherapeutic treatments. Unfortunately, inhibition of ErbB2 has also been associated
with dilated cardiomyopathy in humans.47-49

Another example of the usage of the fly model to shed light on mechanisms that are
conceptually ambiguous in vertebrate comes from recent work on the role of oxidative stress
in degenerative cardiac phenotypes resulting from disease or from normal aging. Oxidative
stress has been proposed to be a causative agent in several cardiac disorders, including
diabetic cardiomyopathy, where it may act indirectly through impairment of vascular
function via induction of atherosclerosis or hypertension83.184 or directly in the
myocardium, where increased levels of reactive oxygen species (ROS) have been associated
with heart failure and ischemia/reperfusion injury.185186 These effects are also exacerbated
by a vicious cycle of coregulation with inflammatory cytokines.187 The inflammation
associated transcription factor NF-kappa B has also been associated with arrhythmias,
including atrial fibrillation.188 ROS levels in the myocardium itself have been shown to
increase in response to inflammation and this process may be mediated by the proteins of the
RAGE (receptor for advanced glycation end products) family, which is upregulated in
response to hyperglycemia and triggers additional ROS producing activities.189

Evidence from a variety of vertebrate genetic models that increase ROS generation is in
agreement that high levels of ROS are associated with pressure-induced cardiac
hypertrophy90-193 and sensitivity to ischemic stress.19 Due to the cyclical nature of ROS
as targets and regulators of numerous physiological states, it is difficult to resolve with
certainty whether ROS are indeed causal factors in these pathologies or whether they are
instead symptoms inevitably associated with dysfunctional cardiac tissue that exacerbate
preexisting pathologies.

Two recent fly studies have used single-gene mutations to attempt to address these issues.
The first of these used the fly homolog of the vertebrate Opal gene, whose product is
expressed in the mitochondrial membrane in humans, and has been associated with several
degenerative diseases of the eye.*0 Flies heterozygous for a null mutation in the Drosophila
homolog, dopal, exhibit vision defects, indicating a high degree of functional conservation
with the human gene.5! These flies also exhibit significant cardiac abnormalities, including a
reduced resting heart rate, increased tendency toward arrhythmias, as well as decreases in
fractional shortening and decreased resistance to external pacing stress.>! Significantly,
however, these heart phenotypes do not appear to be directly a consequence of increased
oxidative damage, because treating the same flies with antioxidants fails to rescue the
cardiac phenotypes. This failure is not due to ineffectiveness of the antioxidant treatment,
because the same treatment effectively rescues the eye phenotypes observed in the same
model.19° Rather, the case is made that the eye phenotypes are a consequence of oxidative
damage, but the cardiac phenotypes are related to deficiencies in mitochondrial respiratory
function as a result of reduction in dOpal levels.
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A common avenue for studying the effects of oxidative stress on specific functions is by
examining the phenotypic effects of mutations or tissue-specific knockdowns of genes
essential for scavenging ROS. A mouse knockout has been generated for superoxide
dismutase 2 (SOD2),%2 a gene that encodes a mitochondrially localized protein that
scavenges superoxide produced during mitochondrial reactions and converts it to hydrogen
peroxide, from which other proteins can convert it to water. Mice homozygous for the SOD2
knockout display serious cardiac defects, consistent with a diagnosis of dilated
cardiomyopathy,>2 in addition to other degenerative phenotypes and mitochondrial
dysfunction.196 Mice heterozygous for this knockout are overtly normal but develop cancers
at a high rate due to sensitivity to endogenous and exogenous oxidative stress.195.197
Conversely, treatment with an exogenous SOD2 mimetic can rescue some of these cardiac
effects, 198 while expression of an SODZ2transgene can alleviate effects of oxidative stress in
cultured cardiomyocytes.193

Flies that carry a null mutation for Soa” are able to reach adulthood, but have an extremely
short lifespan, averaging less than 2 days.>3 Since the lifespan is so short, flies were tracked
using noninvasive video techniques throughout life to assess whether their progressive
deterioration was qualitatively similar to the phenotypes seen in progressive human diseases
or in aging.

Sod2 mutant hearts have a dramatic reduction in net heart rate, due to frequent pauses,
followed by episodic resumption of rapid, shallow heartbeats.1>6 During periods of beating,
the heart rate is considerably faster than wild type, but with a reduced fractional shortening
and presumably a lower contractile output as a result. Eventually, prior to the death of each
individual animal, the heart ceases to beat at all, even in response to external stimuli. No
evidence was seen for a progressive deterioration in high-oxidative stress conditions that
resembled age-related or progressive disease-related pathology. Rather, there appeared to be
a threshold effect, in which past a certain point of oxidative damage, the heart loses its
ability to maintain effective function entirely, and up to that point, there is very little

evidence of the progressive decline in resting function seen in aging wild-type flies (Fig.
7).42.153,156

Interestingly, when the same longitudinal tracking techniques were applied to wild-type flies
at advanced ages, the same pattern was observed. Although there is a progressive decay in
rhythmic control and ultrastructure over the lifespan of the animal (see aging section below),
the chain of spontaneous functional failures that result in loss of effective cardiac
performance do not actually begin until the last 36-48 h of life, and can, in fact, be used to
predict which flies are in the process of dying 1-2 days prior to actual death!®6 (Fig. 7).

A distinct advantage of flies as a cardiac model is the ability of flies, as evident in the Soa2?
mutant flies just described, to survive for relatively extended periods after extreme
disruption of cardiac function. Since insects are not directly dependent on heart activity for
oxygen, it is possible to observe the consequences of functional abnormalities that would
result in sudden death in a vertebrate model. This advantage, in combination with the
relative lack of redundancy already mentioned, has suggested the usage of flies to examine
reiterative roles of gene products that are developmentally important to produce functional
hearts and then are reused in temporally separable roles to maintain adult function.

Xl. Unbiased Screens—Disease Phenotypes

The most historically important and obvious advantage of the Drosgphila model system is
the ability to do large-scale unbiased screens for a wide variety of phenotypes. Not only do
the quick generation time and wide array of available techniques facilitate rapid
identification of candidates, but the distance between primary screen candidates and specific
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retesting is also much shorter than in vertebrate model systems, allowing researchers to get
from identification of loci to specific mechanisms within a reasonable time frame. The use
of the fly model in this context has traditionally been associated with developmental
biology, and indeed, most of the major developmental signaling pathways were first
identified in this way. Only recently, as phenotypic characterization of physiological, rather
than structural, abnormalities in flies has become more rapid and routine, has the concept of
unbiased genetic screens become feasible for specific aspects of organ physiology, such as
cardiac performance. Two recent examples demonstrate the inspiring possibilities now
available for identifying novel regulators of adult cardiac function with the fly system.

One such screen has utilized the OCT technology recently developed to allow diagnosis of
abnormalities in resting heart function in intact unanaesthetised animals (see Methods
section above). Primary screening was done using a collection of deficiency stocks
maintained at the public Drosgphila stock center in Bloomington, Indiana. While these
deficiencies are all homozygous lethal, they represent an excellent tool for identifying loci
that are heteroinsufficient for physiological phenotypes. In this case, deficiencies on the
second chromosome were screened for the dilated cardiomyopathy phenotype characteristic
of adult flies with impaired adult functional regulation (Table II).

One gene identified in this screen, weary (wry), has already been further characterized and
defined as a novel ligand for the conserved Noich receptor, based on cell aggregation
assays.199 After identifying the importance of wry for maintenance of adult function, the
same study went further to demonstrate that other known ligands for Notch, as well as the
downstream transcription factor associated with Notch signaling, Supressor of Hairless, are
also required autonomously in the heart for adult function.19% A role for Notch in the
etiology of adult cardiac dysfunction has already been implicated in vertebrate studies.200
Now that the conservation of this importance has been extended to flies, the fly model
system can be used to further dissect pathway components and mechanistic interactions in
the heart in upcoming years.

A second example took a quite different approach, using a genome-wide collection of
inducible RNAI constructs, also publicly available from the Vienna Drosophila RNAI
Center. Each RNAI was driven specifically in the adult heart, and primary screening was
done not for heart function directly, but indirectly by assessing lethality at an increased
temperature. The rationale for this is that since heart rate is temperature-dependent in insect
species, passage of adults through a period of high temperature is equivalent to a cardiac
stress test. This approach proved fruitful as ~6% of the genome displayed evidence of
inability to tolerate this stress, and these showed a significant enrichment for genes
previously classified as being part of conserved functional classes.20!

One pathway that generated multiple hits in this analysis was the CCR4-Not complex,
previously identified in yeast202 as a chromatin regulator,293.204 put never before associated
with cardiac function in any organism. Secondary screens confirmed that knockdown of the
not3 gene in the myocardium by multiple methods generates flies with the classic dilated
cardiomyopathy phenotype, including expanded heart period, reduced fractional shortening,
and increased systolic diameter.291 These phenotypes may be a consequence of structural
alterations, since disruption of myofiber arrangement was also observed. However, RT-PCR
from hearts with knockdown of not3revealed significant reduction in the gene expression
from several genes previously identified to be critical for cardiac performance, including
Serc2a, Mhc, and KCNQ,2%1 suggesting that the phenotype of 70t3 may be dependent on
regulation of a cardiac gene program.
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These observations were rapidly translated to vertebrate models by the construction of
knockout mice for the mouse homolog of n70£3. Contractile abnormalities were observed in
heterozygous knockout mice, and also in ex vivo explanted cardiomyocytes. Furthermore,
hearts in heterozygous mice were extremely sensitive to cardiac stress, as assessed by
transverse aortic constriction.291 In support of the idea that Not3 acts through influencing
the chromatin state of a cardiac genetic program, these phenotypes were able to be rescued
by HDAC inhibitors. Expanding the relevance of these results to humans, a recent genome-
wide association study for Long QT Syndrome in humans also identified a member of the
Not complex, supporting a conserved role in the human population.20°

In Section XII, we will discuss the developing use of the fly as a model of long-term
changes in cardiac function brought about by consequences of aging, or by changes in
“lifestyle,” such as diet and exercise.

XIl. Cardiac Aging

Invertebrate models have been instrumental in advancing the understanding of genetic
regulation of lifespan. Both fly and worm models have been used extensively in screens and
candidate approaches to identify single genes that are capable of extending lifespan when
overexpressed, or when mutated.2%6.207 Several major mechanisms of lifespan extension
have been shown to be conserved in vertebrate and invertebrate models, including dietary
restriction,208 insulin/IGF signaling,209210 and TOR Kinase signaling.211:212

Until recently, however, invertebrate models have not been suitable for investigations of
detailed organ physiology during aging, primarily because of a lack of suitable measurement
techniques that can be applied in large numbers or in longitudinal study designs. In recent
years, functional aging has begun to be an increasingly fertile topic of study in flies and
worms, however. Worms have been used as a model for deterioration of mobility and
integumental integrity during aging,23 while flies have been used to analyze declines in
functional mobility?14 and immune response.?15 Importantly, functional assays allow
changes in lifespan associated with genetic modifications to be attributed causally to
changes in actual function. Genetic alterations that improve lifespan may or may not also
improve function,?16 while interventions that improve function during aging may not always
extend lifespan.21’ Since extension of life without concomitant extension of function is of
limited value, measurements of functional aging are likely to become an increasingly
important function of invertebrate genetic model systems, such as worms and flies.

The development of increasingly powerful techniques for measurement of cardiac
physiology in Drosophilain recent years has made cardiac aging an especially well-studied
aspect of functional aging in flies. Given the extraordinary degree of conservation of
functional genetics between fly and vertebrate hearts, as demonstrated by the multiple
success stories in disease models discussed in the previous section, it seems likely that a
similar degree of conservation will apply to mechanisms of cardiac age-related change as
well.

Based on longitudinal human studies,?18 and on a variety of studies in vertebrate animal
models, 218219 conserved changes associated with aging cardiac function have been
described. These fall into two categories, one being pathologies that are age-related simply
because they are a result of accumulated damage that has had more time to accumulate in
older individuals. These pathologies are often a result of prolonged exposure to various risk
factors, such as high-fat diets, smoking, or family history, as well as environmental
pathogens or irritants.220-223 However, it is generally accepted that even in healthy
individuals, a gradual deterioration in cardiac function occurs as a function of normal aging.
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For example, older humans exhibit an increase in diastolic end-filling, resulting in an
increase of contraction duration.224.225 This increased contraction duration in turn leads to a
reduction in resting heart rate, and an even more pronounced reduction in maximal heart rate
during exercise. Reduction in maximal heart rate may also be a consequence of reduced
number of functional atrial pacemaker cells, which contributes to loss of rhythmic
homeostasis, as reflected in the age-related increase in atrial fibrillation events.226 Aging
humans and rodents also exhibit decreased resistance to a variety of cardiac stresses,
especially ischemic reperfusion stress.227

Work in isolated cardiomyocytes has demonstrated that cardiomyocytes from aging
individuals also have reduced contractile strength,228 reflected in reduction of gene
expression for components of the contractile machinery?2? and a reduction in mitochondrial
gene expression and mitochondrial enzymatic activity.230 Mitochondrial morphology is also
altered in aged cardiomyocytes, as mitochondria from older cells appear swollen and fewer
cristae.231 As a consequence of reduced mitochondrial efficiency, higher amounts of ROS
are also produced in these cells, causing further damage to mitochondria.232:233 |n addition,
aging in humans has been associated with a progressive pathological hypertrophy, which
may be driven in part by reiteration of a developmental program, since Nkx2.5 and GATA4
are reactivated during this process.22°

Several aspects of cardiac function have been shown to decline progressively with age in a
robust fashion detectable in widely divergent genetic backgrounds. Maximum heart rate
declines steadily throughout life,152 while resting heart rate undergoes a steady decline
between 1 and 5 weeks of agel23.153 (Fig. 8). This reduction in beats per minute is largely a
function of lengthening relaxation time, which gradually increases the period length of a
contraction wave.®® In addition, a gradual loss of rhythmic regularity leads to a gradual
increase in incidence of spontaneous tachycardia-like events occurring in older flies.15°
Furthermore, a reduction in fractional shortening is evident during normal aging33 which
produces phenotypes similar to disease models in which contractile machinery is
impaired.36:37 This changing profile of performance is reminiscent of age-related
dysfunctions in cardiac performance in the human population, who undergo increases in
incidence of atrial fibrillation, reduction in maximal heart rate, and reduction in contractile
output with age as well.”-218

Thus, flies are an excellent system to test the long-term effects of genetic or environmental
antiaging interventions on cardiac function. The first such experiments sought to test the
effects on cardiac performance of the best known signaling pathway that regulates lifespan,
the insulin/IGF signaling pathway.

Reduction in insulin/IGF signaling, in some contexts, extends lifespan in flies, worms, and
mice.234-236 A series of alleles of the Drosophila Insulin Receptor (/nR), some of which
extend lifespan and some do not, were tested across ages for their effects on cardiac
performance. Allelic combinations that did not extend lifespan also failed to extend cardiac
performance, as measured by resistance to external pacing stress. By contrast, allelic
combinations that did extend lifespan also delayed the age-related decrease in cardiac stress
resistance.13 Similar results were observed when insulin/IGF signaling was reduced by
other means, including mutations in the insulin receptor substrate homolog c¢Aico and
ablation of cells responsible for secretion of insulin-like peptide.1®3 These results suggested
that reduction of insulin/IGF signaling extends lifespan in part by extending functional
characteristics of essential organ systems to more advanced ages.

Strikingly, it was also demonstrated that this function of insulin signaling acts autonomously
in this context to regulate cardiac aging. Although blocking insulin signaling specifically in
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adipose tissue has been shown to extend lifespan in flies, mice, and worms,235.237-239
cardiac-specific reduction of insulin signaling was capable of impeding cardiac aging even
in animals where insulin signaling was unaltered in any other tissue33 (Fig. 9). Taken
together, these results support a model in which insulin/IGF signaling activity plays a
conserved role in adipose tissue, where it regulates the production of secondary signals that
regulate organ-specific aging. Importantly, one of those secondary signals is insulin itself,
and blockage of this signal alone in cardiac tissue is sufficient to severely impede cardiac
age-related dysfunction.

Significantly, tissue-specific impedance of the aging process in the heart, despite its potent
local effects, had no impact on overall lifespan,13 presumably due to normal age-related
decline of other essential organ systems. This observation highlights a substantial advantage
of the Drosophila system as a model of cardiac aging, since it allows age-related change in
cardiac function to be studied separately from lifespan, an approach that would be
impossible in a vertebrate model system, where acute dependence on cardiac function for
immediate oxygen supply renders cardiac function inextricably tied to lifespan.

Another signaling pathway known to influence lifespan in multiple organisms is the TOR
Kinase signaling pathway.?1! TOR signaling interacts with, and experiences cross-talk with,
insulin/IGF signaling at multiple points in the respective pathways, but nevertheless,
produces phenotypes separable from those of the canonical insulin pathway.240 A
heteroallelic combination of d7OR mutations is capable of extending lifespan in
Drosophila.?*! This same combination appears to alter the response to insulin-signaling
downstream of the transcription factor dFoxo, as dTOR mutants block several effects of an
activated dFoxo transgene.241 Both loss of function mutations in d7OR and cardiac
expression of TOR antagonists are capable of providing protection against age-related
decline in both resting heart rate and cardiac stress resistance.241

Further support for this idea has come from recent study of a negative feedback regulator of
TOR signaling, Sestrin. Flies carrying mutations in the Drosophila homolog of Sestrin,
aSesn, exhibit many phenotypes characteristic of hyperactive TOR signaling, including
impaired heart performance that is qualitatively similar to that seen in flies of advanced
ages. aSesn mutants displayed increased period length, and increased incidence of
arrhythmias, disorganization of structural myofibrils, and dilation of the heart diameter
during both systolic and diastolic phases.>* Slowing of heart rate and dilation of heart
diameter could be rescued by feeding flies rapamycin, while rhythmic defects could be
rescued by feeding of antioxidants.>* This seems to support a model in which TOR activity
leads directly to increased period length and structural defects, but rhythmic defects are a
secondary consequence of increased oxidative stress in flies where TOR is hyperactive.

Thus, two major nutrient responsive signaling pathways, TOR and insulin/IGF, act to
regulate cardiac aging and lifespan. The possibility that they do so through a common
regulatory target was tested using a candidate gene approach. Since both of these signaling
pathways have a conserved role in regulating translation through control of either expression
or activity of the conserved 4eBP protein,242-245 the role of 4eBP in controlling cardiac
aging was tested directly. Cardiac-specific overexpression of d4eBP provided a similar
degree of protection against age-related decline in rhythmicity and stress resistance to that
provided by heart-specific impedance of TOR activity (Fig. 10).%5 By contrast, heart-
specific overexpression of the regulatory target of 4eBP, the eukaryotic initiation factor,
deifde, caused hearts at young ages to display impaired stress resistance in a profile
characteristic of aging wild-type hearts (Fig. 10).%° Differential expression and/or activity of
4eBP seems to completely account for the tissue-autonomous effects of both insulin/IGF and
TOR signaling, as a series of co-overexpressions consistently indicated that d4eBPand
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deif4e acted epistatically to both dFoxoand dTOR.3® This role in regulating cardiac aging is
specific to d4eBP and is not general to all regulators of translation levels, as other regulators
of translation were not able to generate such phenotypes.

Another major signaling molecule that interacts with both insulin and TOR signaling to
regulate translational levels, for example, is S6 Kinase, which regulates translation in part by
phosphorylating ribosomal S6 to regulate its activity.246 Hypomorphic mutations in the
Drosophila S6K gene provided a potent extension of cardiac stress resistance to older ages,
suggesting that this signaling molecule too plays an important role in the translation/cardiac
aging axis. However, cardiac-specific expression of a dominant negative dS6K transgene
had no effect on cardiac aging.2® Expression of dominant negative dS6K in the insulin
producing cells (IPCs),24” however, greatly extended cardiac stress resistance in aging flies.
This effect is likely to be mediated by the observed reduction in secretion of insulin-like
peptides in these flies,® since the cardiac aging profile of these flies is similar to flies in
which the IPCs have been ablated.153

If TOR and insulin/IGF signaling regulate cardiac aging using a specific translational
regulatory protein, 4eBP, as an effector, what are the likely targets for 4eBP that are of
importance? A reasonable hypothesis is that genes regulating fatty-acid metabolism are
likely to be crucial in this process. During vertebrate aging, both gene expression of genes
encoding proteins involved in fatty-acid metabolism248 and fatty-acid substrate utilization
are altered.249 Furthermore, both fatty-acid metabolism itself241 and gene expression of
genes involved in lipid metabolism?30 are altered as a consequence of dFoxo and dTOR
activity. Thus, signaling pathways that modulate physiology in response to diet are likely to
be of continuing importance for modeling not only effects of normal aging on cardiac
physiology but also the effects of diets high in lipid on progressive cardiac disease states.

How does this compare with the effects of insulin/IGF axis on vertebrate cardiac aging? The
role of insulin/IGF in vertebrates is more complicated than in flies, since the effects on aging
related functional changes are superimposed on the potent effects of this pathway on growth
and on repair mechanisms. The insulin receptor is required for postnatal cardiac growth in
mice and also for hypertrophy in response to exercise.21-254 Insulin/IGF also plays a very
different role in damaged hearts than in healthy aging hearts. For example, although chronic
administration of IGF-1 in murine hearts induces pathological hypertrophy, IGF-1
administration to hearts following myocardial infarction improves survival of
cardiomyocytes.255:256 Fyrther complicating matters, IGF-1 exerts a protective effect on
repair of damaged cardiac tissue, but these effects are dependent on which isoform is
expressed in the heart, as some have tissue-specific and opposing effects.257

A significant advantage of the fly model in this context is that these effects can be removed
from the equation, facilitating study of the direct effects of nutrient sensing pathways, such
as insulin and TOR signaling, on cardiac functional aging, without complications from other
effects of pathway manipulation. Since flies have an open circulatory system, indirect
effects on the heart from alterations in vascular biology can be excluded. Since adult fly
hearts are essentially postmitotic, effects derived from alterations in postnatal growth and
repair can also be excluded.

In Section XI1I, we will focus on recent work using the fly model to address genetic
responses to “lifestyle choices” and their effects on cardiac physiology.

XIIl. Diet and Exercise

Perhaps, the most important disease that can be modeled in flies is obesity. Obesity is
arguably the most common contributing factor to cardiac disease worldwide,2°8:259 and
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extensive evidence from human studies and from vertebrate models indicates that exposure
to high-fat diets and/or obesity induces a variety of pathological states that affect cardiac
function, either directly or indirectly, including atherosclerosis,269:261 jnflammation,262
hypertension,263.264 and dyslipidemia.26°

Since the fly model system lacks a vasculature, it represents an excellent /n7 vivo system for
modeling direct effects of nutritional content and energy state on myocardial function,
without complications from changes in vascular function. Fatty acids are the primary energy
source for cardiomyocytes and during the aging process a decrease in fatty-acid usage has
been observed,256 suggesting that ATP production may be compromised in aging hearts.
This idea is consistent with age-related changes in myocardial expression of genes required
for beta-oxidation,248.267

Recent work has also demonstrated that altering fatty-acid metabolism has potent effects on
cardiac physiology in the fly. A dominant hypomorphic mutation in a gene encoding a
conserved fatty-acid transporter, dFaip, has been examined for effects on a variety of
stresses. Homologs of dFatp are necessary for long-chain fatty-acid uptake in a variety of
species, from yeast to human.>6:57 While null mutations for dFatp are lethal, hypomorphic
mutations improve resistance to cold stress, heat stress, and starvation stress (Morley and
Wessells, unpublished observation). Although dFatp hypomorphs display a dramatic
increase in stored triglycerides and circulating fatty-acid levels, they nevertheless have an
improved lifespan, not only on standard diets, but also on extreme high-fat diets, suggesting
that they have an increased general resistance to lipotoxicity (Piazza and Wessells,
unpublished observation).

The benefits of this mutation do not extend to cardiac function, however. Mutant flies have
reduced cardiac contractility and reduced resistance to external pacing stress, consistent with
the idea that they are compromised energetically. Defects in energetic function are tissue
autonomous, since they can be reproduced by heart-specific expression of RNAi constructs
against dFatp (Jennens and Wessells, unpublished observation) in otherwise wild-type flies.
Overexpression of dFatp in the myocardium is also deleterious, producing phenotypes
resembling lipotoxic cardiomyopathy. This is consistent with results in vertebrate models,
where cardiac overexpression of the closest murine homolog of dFafp induces lipotoxicity
and compromised cardiac function.268 Interestingly, the cardiac defects induced by
hypomorphic mutation of dFatp are rescued by knocking down one copy of a gene required
for triglyceride storage, suggesting that these phenotypes are not governed solely by the
amount of transport activity available to the heart, but by the balance of transport activity
available in comparison to the amount of circulating free fatty acids and energy
requirements in times of stress. Excitingly, the detrimental cardiac phenotypes of reduced
dFatp expression can also be rescued by inducing an endurance exercise program, which
tends to also reduce stored triglycerides. These results highlight the value of the fruit fly
model as a way for examining the impact of environmental factors on genetic diseases.

Indeed, upcoming years are likely to see a substantial increase in the usage of the fly system
as a model for the complex interactions between diet, function, and aging. It is already
becoming clear, as advances in assays for organ physiology in flies continue to become
available, that lifespan extending mutations or interventions do not necessarily improve
function concomitantly. Lifespan is a highly combinatorial readout for a wide ranging
number of changes to the physiology of various organ systems. Mathematically speaking,
lifespan extension may depend most directly on whether a particular intervention happens to
improve aspects of physiology that are relevant to caged, laboratory lifespan. The effects on
overall physiology or on wild-dwelling animals may in fact be quite different. In the
previous example, as an illustration, reductions in overall fatty-acid intake and usage
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powerfully extend lifespan and resistance to external stresses, but the same animals are
unlikely to survive for long in the wild, since they have especially low tolerance for
temporary cardiac stresses such as are commonly experienced by wild animals, or city-
dwelling humans, every day. The fly system, since it combines invertebrate genetic tools
with functional assays for specific organs, such as the heart, offers an exceptional model
system for scrutinizing details and trade-offs involved in various interventions that alter
lifespan or cardiac performance.

Another development that will further this process in upcoming years is the development of
flies as a model for exercise training. High levels of habitual exercise serve multiple
modeling purposes. First, the ability of flies to undergo a training regimen is a useful assay
to measure overall functional fitness of animals undergoing a genetic or environmental
intervention. Second, flies undergoing training can be a useful model system to test the
effects of varying exercise and diet levels on cardiac function across ages. Third, flies
undergoing training can be a model to use in screens to identify genes that are necessary for
the heart to experience functional improvement as a result of training.

Endurance exercise has long been known to produce improvements both to skeletal muscle
function and to cardiac function in vertebrates. In addition to its preventive role, exercise
training can even benefit patients already experiencing heart failure269.270 and protect
against damage from ischemia and reperfusion.2’} Improvements to vertebrate cardiac
function following endurance training have been documented in both young and old
animals.272:273 The Drosophila model, due to its relatively short lifespan, offers an excellent
opportunity to study the effects of age across ages in long-term, longitudinal study designs.

A protocol for long-term endurance training has been devised for Drosophila. It relies on the
instinct for negative geotaxis that causes flies to involuntarily run upwards when knocked to
the bottom of a container. A machine, called the Power Tower, named after an amusement
park ride with a similar motion, was built to take advantage of this instinct by repeatedly
knocking flies down at regular intervals, inducing them to continuously run upwards as long
as the machine is running?l’ (Fig. 11). A training paradigm was designed empirically that
produces long-term improvements in mobility and cardiac stress resistance in multiple
genotypes of wild-type flies.

Flies that undergo endurance training gradually begin to show greater resistance to external
pacing stress during and following training. Although no difference in rhythmicity was
detected between cohorts, exercised groups displayed improvements in contractility and
experienced a lower incidence of cardiac arrest in response to externally induced stress.21’
In contrast to vertebrate studies, this improvement is only seen in flies that begin training at
young ages. After a certain point of age-related decline is reached, flies are no longer able to
execute the training program at the activity level necessary to induce benefits.

A hallmark of endurance training in humans and vertebrate models is a progressive
alteration in mitochondrial number and efficiency.274275 Benefits to cardiac function
acquired during exercise training in flies do not seem to be dependent on alterations in
mitochondrial number or efficiency, however. A fly line with an extraordinary degree of
mitochondrial activity without increased generation of ROS276 displays dramatically
improved mobility, with or without exercise, suggesting that improvements in mobility may
be mediated in part by changes in mitochondrial activity in flies, as in vertebrates. However,
these “mito-efficient” flies do not display a corresponding improvement in cardiac
contractility or stress resistance, suggesting that the mechanisms by which endurance
training improves cardiac function may be distinct from those by which it improves skeletal
function.217
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First steps have also been taken to begin to model the long-term effects of diet and exercise
on cardiac function in combination. For example, different dietary constituents have been
altered to form a matrix of varying dietary components. Flies were grown on each diet and
resistance to external pacing stress tested throughout life as an indicator of cardiac
functional health across ages on each diet (Morley and Wessells, unpublished). It was found
that altering the level of carbohydrates in the diet had little, if any effect, on the normal age-
related decline in cardiac stress resistance. However, reducing lipid content in the diet
profoundly altered the aging profile of cardiac stress resistance. Reduction in yeast (source
of both protein and lipid in the fly diet) has long been known to induce a lifespan extending
dietary restriction process.23 Interestingly, the level of yeast reduction that produces
lifespan extension has no effect on cardiac aging. However, if yeast is reduced still further,
to a level that actually reduces lifespan, presumably through nutritional insufficiency,
cardiac function is dramatically improved. At this reduced yeast level, cardiac stress
resistance decreases much more slowly with age than in wild type (Morley and Wessells,
unpublished), suggesting that cardiac function, especially under stress conditions, has quite
different energy requirements from those influencing overall lifespan.

This difference becomes more pronounced when intensive exercise is introduced into the
experimental design. Lifespan extension in response to diet has been shown to be more a
function of the ratio of carbohydrate calories to protein and lipid calories than a function of
actual caloric reduction.2’” However, the ability to execute an endurance exercise program
and derive benefits to cardiac function requires a much higher level of calories than the
amount that is optimal for lifespan extension under inactive conditions. Furthermore, the
amount of lipid contained in the diet is much more important to the ability to complete
endurance exercise than the amount of carbohydrate.1’

Significantly, there is also a qualitative difference between the effects of dietary restriction
on cardiac performance and the effects of endurance exercise on cardiac performance.
Dietary restriction benefits primarily late life control of rhythmicity, while endurance
exercise benefits primarily late life retention of contractility and fractional shortening. This
difference is reflected as well in the difference in resistance to external pacing between the
two interventions, as dietary restricted flies have a reduced incidence of fibrillation events,
while exercise trained flies have a reduced incidence of arrest events when paced (Morley
and Wessells, unpublished observation?17). Another important difference is that, at least in
flies, dietary restriction does not improve measures of age-related functional decline such as
mobility assays?’8 or cold tolerance,2’9 although it does extend lifespan.2%8 By contrast,
endurance exercise does not increase maximal lifespan, but does improve several indices of
cardiac and skeletal muscle function.217.280

Although endurance training in flies produces several physiological responses that resemble
those observed in humans and vertebrate animal models, whether or not these effects occur
through mechanisms that are genetically conserved is still an open question. A first step
toward addressing this question has been to use a candidate gene approach to test whether
genes known to be important in the vertebrate response to endurance exercise may also
serve the same function in flies.

Perhaps, the best studied gene in the vertebrate exercise response is PGCI-a, a
transcriptional cofactor that is strongly upregulated by exercise in both humans®8 and in
rats.>9 Upregulation of PGCI-a causes an increase in mitochondrial biogenesis?89 and an
upregulation of fatty-acid oxidation.266

Overexpression of the fly homolog of PGCI-a, known as spargel, appears to provide some
of the same benefits as an endurance training program. Flies overexpressing spargelin
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muscle experience an upregulation in global mitochondrial activity, an improvement in
mobility, as measured by climbing assays, and an increase in oxidative stress resistance
(Jennens and Wessells, unpublished observation).

Flies overexpressing spargel in the myocardium display a dramatic improvement in
resistance to external pacing stress across ages. Interestingly, although sparge/
overexpression and endurance exercise provide a similar magnitude of pacing stress
resistance, if sparge/ overexpressing flies are also subjected to endurance training, they
receive a further increase in the magnitude of stress resistance (Jennens and Wessells,
unpublished observation). This is consistent with a model in which sparge/is involved in a
conserved genetic response to endurance exercise that provides benefits to cardiac stress
resistance, but that other, as yet unidentified genes are also necessary to provide the full
potential benefits of this intervention. Future work using this model will detail further which
aspects of cardiac function are altered by exercise or by spargel expression. The way is now
open, as well, to utilize the traditional strength of the fly model system, which is to do
unbiased screens to identify novel loci that are necessary or sufficient to induce
cardioprotective effects of endurance exercise.

The use of adult flies as a model for functional aging, diet, and exercise is only in its
infancy, as is the newly feasible use of flies as a model for adult cardiac physiology. It is to
be expected, however, that many more researchers will begin to utilize this model system in
these contexts. Eventually, the fly system may prove to be just as important a model for
adult physiology and aging as it has been historically in the study of development.

XIV. Summary

The Drosophila model system has evolved into a powerful model for multiple aspects of
cardiac function and disease. Using classical genetics, lineage tracing, and confocal
microscopy, flies have been used to define conserved signaling pathways regulating the
formation of the cardiac field, controlling migration of cardiac cells to the midline,
governing repolarization of the cellular arrangement and fusion of opposing cells to form the
heart tube, and instituting a cardiogenic network of genes that specify specific functional
subsets of cardioblasts.

The larval stage of Drosophila development has been a fruitful model for isolating the
effects of various genetic alterations on current formation and propagation of contractile
waves, as well as the maintenance of rhythmic control. The development of isolated preps
with beating hearts under physiological conditions has made possible the use of the larva as
a model to test the effects of various biological and pharmacological compounds on cardiac
rate, rhythm, and contractile force.

Novel methods for visualizing adult cardiac function and for measuring cardiac stress
resistance in adults have led to further use for the fly model. Several fly lines have been
created that genetically model specific human diseases that impair cardiac function. In some
cases, these are genomic mutants, while in others, cardiac-specific gene alteration produces
cardiac phenotypes in isolation from the rest of the body.

The ability to track cardiac function across ages in adult flies has led to the use of the fly as
a model for cardiac aging. Several conserved genetic pathways have been identified that
alter the rate of age-related change in cardiac performance in flies. The ease of maintenance
and short lifespan of the fly have made it possible to begin using the fly to model the effects
of alterations and diet and exercise level on cardiac function across ages. The intersection
between diet, exercise, and aging is of critical importance to addressing the continued
increase in heart disease linked to obesity and insulin resistance in the world’s population.

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2013 January 22.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Piazza and Wessells

Page 27

As a model system, flies are well suited for dealing with multiple interventions
simultaneously in large numbers. They are also well suited for tracking lifelong effects of

Su

ch interventions. As such, we expect that flies will be used even more frequently in

upcoming years as a valuable tool for understanding these interrelated problems.
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Diagram of embryonic heart (adapted from Ref. 12).
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Fig. 2.
Diagram of migration and alignment of embryonic cardioblasts (adapted from Ref. 2).
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Fig. 3.
Diagram of larval heart (adapted from Ref. 82).
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Diagram of adult heart (adapted from Ref. 82).
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Fig. 5.

Heart failure as a function of age after external electrical pacing from outbred wild-type
offspring (WT; ywx Canton S). This parameter is highly age-dependent, but is not affected
by temperature or gender during the first 5 weeks of adult life.153
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Fig. 6.

Representative M-mode records showing the movement of the heart tube walls (y~axis) over
time (x-axis). Blue bars indicate the diastolic diameter of each heart and the red bars indicate
the systolic diameter. Records for 1-week-old flies (A) show predominately regular heart
beat patterns as the GMHS5 heterozygotes (as in Ref. 42), whereas most flies overexpressing
UAS-dFEif4ein the heart show arrhythmic heart beat patterns.5®
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Fig. 7.

Various measures of functionality decline at different rates in Sod2”/~ flies. Percentage of
flies observed to exhibit either spontaneous ambulation (red), response to gentle stimuli
(blue), or spontaneous heartbeat (green) is charted for (A) Sod2™~, (B) Sod2™'*, (C) Sod2
revertants or (D) 2w (A), (B) and (C) are shown over a 24-hour time period, whereas (D)
is shown throughout a lifetime. In (D), day 1 in the graph represents day 1 of the
experiment, but day 64 of the age of flies.156
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Fig. 8.

Plot of heart rates from an outbred wild-type (WT; yw x Canton S) strain by age. Heart rate
measurements were made at 25 and 29 °C for seven consecutive weeks. All flies were reared
at the same temperature (25 °C). Heart rate measurements for both genders at each
temperature are progressively lower with age (age main effect, Fratio = 54, £< 0.001).153
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Stress-induced cardiac failure rate over 7 weeks in flies with heart-specific overexpression
of /nR, dPTEN, or dFOXO. UAS-/nR x GMH5-Gal4 have a high failure rate at all ages
(mean failure rate = 0.58). In contrast to heart-specific /nR overexpression, both UAS-
dPTEN x GMHS5 and UAS-dFOXO x GMHS5 progeny showed a low-failure rate at all ages
(mean failure rate = 0.22 and 0.33, respectively), which does very with age (X2 =0.17, P=
0.7 and x2 = 2.90, P= 0.9, respectively; 7> 160 for each sample).153
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Cardiac overexpression of d4eBP showed a significantly flattened slope of stress-induced
failure. Indeed, the change in failure rate with age is no longer statistically significant
(genotype-by-age, XZ =1, P=0.4). Expression of dEifde also flattened the slope throughout
the time period, but showed a higher failure rate compared with controls at each time point
(at week 1, y2 = 22, P<0.0001).5
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Fig. 11.

Schematic representation of the Power Tower, a motor-operated enforced climbing
apparatus that exercise-trains Drosophila. (A) As the rotation arm circles around in a
clockwise direction, the lever pushes down and the two platforms of vial holders rise up. (B)
As the rotating arm rolls-off, the lever lifts and the platform of vial holders drops down. The
flies drop to the bottom of the vial, inducing their negative geotaxis instinct. The flies
continue to repeat this process until the motor is shut-off. Exercise-training thus occurs
through continuous climbing. (C) An image of the Power Tower.217

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2013 January 22.



1X31-)ewiarems 1Xa1-)ew1a1ems

1Xa1-)1ewa1ems

Piazza and Wessells

TABLE |

Drosophila Homologs of Genes Involved in Cardiac Development
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Vertebrate/animal homolog

Drosophila Homolog

Reference

Wnt family

BMP family

Nkx2.5

NK family

FGF signaling

FOG family

COUP-TF

GATA4

T-box (Tbx5)

Lbx1
Sarco-endoplasmic reticulum calcium ATPase (SERCA)
Dystrophin
Sarcoglycan

Myosin transducer complex
KCNQZ

Evx2

ErbBO

Opal

Superoxide dismutase 2
Sestrin

4eBP

Fatty acid transporter
PGCl-a

wingless (wg)
decepentaplegic (app)
tinman (tin)
bagpipe

heartless (htl)
u-shaped (ush)
seven-up (svp)
pannier (pnn

nmr

ladybird

SERCA
aystrophin (ays)
a-sarcoglycan
Myosin heavy chain (Mhc)
KCNQ
even-skipped (eve)
EGF receptor
dopal

Soa2

sesn

4eBP

Fatp

spargel

8-11
12,13
14-16
17
18-22
23,24
25-27
28

16
29,30
31
32,33
34-36
37-41
42-45
46
47-49
50,51
52,53
54

55
56,57
58,59

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2013 January 22.



1X31-)ewiarems 1Xa1-)ew1a1ems

1Xa1-)1ewa1ems

Piazza and Wessells Page 53

TABLE Il
Phenotypic Characterization of Cardiac Pathologies Elicited by Single-Gene Mutation in Drosophila

Disease Phenotypes

Dilated cardiomyopathy Enlarged heart, abnormally functioning heart, reduced fractional shortening, enlarged tube diameters, impaired
systolic function, increased diastolic diameter, increased systolic diameter, expanded heart period

Restrictive cardiomyopathy  Elevated arrhythmicity index, decreased resistance to external pacing stress, alterations to diastolic width and
fractional shortening

Long QT syndrome Increased risk of ventricular tachycardia and sudden death, sensitive to stress
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