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Why is Drosophila a good model of cardiac physiology?
The fly heart has been an excellent model of cardiovascular development for over a decade.
Since the discovery of the homeobox transcription factor tinman (Azpiazu and Frasch 1993,
Bodmer 1993, Bodmer et al. 1990) and the recognition that it is conserved in vertebrates
[reviewed in (Bodmer 1995, Harvey 1996)], more and more evidence has corroborated the idea
that much of the regulatory genetic network controlling the specification and differentiation
of the heart is conserved from flies to mammals [reviewed in (Bodmer and Frasch 1999,
Bodmer et al. 2005, Cripps and Olson 2002, Zaffran and Frasch 2002) ], laying the ground
work for molecular models of congenital heart disease in humans [reviewed in (Chien and
Olson 2002, Prall et al. 2002, Seidman and Seidman 2002, Olson 2004, Srivastava 2006)].
Given the remarkable conservation of molecular and embryological mechanisms underlying
cardiogenesis in the animal kingdom, it seems plausible that the genetic control of heart
function may also be conserved. Clearly, many proteins that carry out cardiac function, such
as ion channels and contractile proteins, are highly conserved (reviewed in Bodmer et al.
2005): contributors to excitation-contraction coupling, such as the ryanodine receptor, SERCA,
myosin, troponin, and ion channels likely to be involved in pacemaking, such as Ih/HCN
(Monier et al. 2005), are all present in fly cardiomyocytes. Also, plasma membrane invag
inations forming T tubules have been observed in the fly’s heart, much like in vertebrates, and
the mononucleate cardiomyocytes that comprise the heart tube are electrically connected by
GAP junctions formed by innexin proteins in invertebrates. Thus, it is conceivable that the way
these conserved proteins function within the mature heart to ensure a normal heartbeat has also
evolved from a common evolutionary design that was in place prior to the invertebrate-
vertebrate split.

In the following we review recent advances in elucidating the genetics of cardiac function and
aging in Drosophila and propose that the control of the cardiac physiology and rhythmicity is
conserved between in many ways vertebrates and invertebrates. As a consequence, the fly heart
is a potentially useful genetic model not only for understanding congenital heart disease that
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causes developmental defects, but also for understanding functional abnormalities, such as
cardiomyopathies and arrhythmias (Bier and Bodmer 2004).

Modulation of the heart rate
During larval stages, the Drosophila cardiovascular system is composed of a dorsal vessel
containing 52 pairs of cardiomyocytes that display both endothelial and muscle cell
characteristics. The cardiomyocytes form a tubular structure, flanked by pericardial cells. The
organ can be divided into two distinct morphological and functional domains along the anterior-
posterior (A/P) axis: the aorta, which constitutes the outflow tract, and the ‘heart’ itself, which
is the only domain capable of spontaneous rhythmic activity (Figure 1). The heart, whose
automatic myogenic activity generates the basic cardiac rhythm, ensures the pumping of the
hemolymph in an open circulatory system. This relatively simple organization, coupled with
sophisticated genetic tools available in Drosophila, provides a powerful model for elucidating
the basic mechanisms of heart rhythm (pacemaking) and contractility. Mutations in a number
of ion channels and transporters have been found to alter larval heart rate, including in SERCA,
the Sarco-endoplasmic reticulum Ca2+-ATPase, and in the Ca2+-channel encoded by
cacophony (Ray and Dowse 2005,Sanyal et al. 2006). Moreover, vertebrate homologs of
potassium channels encoded by either-a-gogo (eag) and KCNQ are responsible for
repolarization of the cardiac action potential (Kr/HERG and Ks/KCNQ; for review see
Sanguinetti and Tristani-Firouzi, 2006) , and eag and KCNQ mutants in Drosophila also perturb
proper heart function, further underlining the remarkable functional parallels in basic cardiac
physiology between flies and humans (Johnson et al. 1998;Ocorr et al. 2007; for review see
Bodmer et al. 2005). Investigation of ion channel expression, their cardiac-specific functions
and detailed contractile properties of the Drosophila heart has become more readily possible
in recent years, with the advent of new experimental techniques applied to this small organism.

The recording of intracellular action potentials in the larval heart with sharp glass
microelectrodes has been achieved by using a floating electrode to record from the fly heart
even as it contracts (Figures 1 C,D; Lalevée et al. 2006). Typical pacemaker action potentials
were observed, with a slow diastolic depolarization preceding the fast depolarization which
triggers contraction (Figure 1D). The size of the recorded action potential is typical for
invertebrates, which tend to be relatively small (for details see legend of Fig. 1). The shape of
the action potential is, however, reminiscent of that recorded in the mammalian sino-atrial node
rather than in the ventricle. This type of action potential including the slow diastolic
depolarization or pacemaker potential is recorded all along the heart portion of the fly’s dorsal
vessel, suggesting that the larval population of cardiac myocytes may behave as both working
and pacemaker cardiomyocytes.

To identify additional genes potentially involved in modulating cardiac activity, a screen for
genes that are specifically expressed in the contractile myocytes of the heart but not in the aorta
cardiomyocytes was carried out (L.P. and M. Sémériva, unpublished). Among them are the
Na+-dependent bicarbonate anion exchanger 1 (NDAE1), the hyperpolarization cyclic
nucleotide-gated channel (HCN, possibly generating the cardiac pacemaker Ih or If current),
and the Outwardly Rectifying Potassium channel 1 (ORK1, a two-pore domain potassium
(K2P) channel (Lalevée et al. 2006, Monier et al. 2005, Perrin et al. 2004).

Investigation of the role of ORK1 in cardiac physiology revealed that cardiac-specific
inactivation of Ork1 leads to an increase in heart rate (Lalevée et al. 2006). By contrast, ORK1
overexpression in the heart abolishes the heartbeat. Interestingly, larvae without a heartbeat
were alive but did not produce any adult flies, which suggests that regular heart contraction
may not be absolutely necessary for larval survival. The waveform of action potentials recorded
from ORK1-RNAi knockdown hearts (Figure 1C) suggests that the level of Ork1 activity sets
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the cardiac heartbeat frequency by controlling the duration of the slow diastolic depolarization
phase. It is conceivable that lowering ORK1 activity diminishes an outward K+ current leading
to an accelerated depolarization, while ORK1 overexpression induces K+ mediated
hyperpolarization. These observations identify a new mechanism for cardiac rhythm control
and suggest that K2P channels influence cardiac pacemaker activity. Since K2P channel
activity is known to be regulated by many inputs, including neurotransmitters, hormones and
anaesthetics, the discovery that ORK1 functions as a regulator of heart rate in Drosophila
suggests that K2P channels may function similarly in vertebrates.

Even though the larval heart is a relatively simple organ, its myocardial cells in Drosophila
display several hallmarks of pacemaker cardiomyocytes, suggesting that this bug may indeed
serve as a useful model for genetic analysis of heart function, including cardiac pacemaking
and regulation of heart rate. In addition, while vertebrate genes are usually present in multiple
copies, most Drosophila genes exist as single copies. This lack of genomic redundancy allows
gene function to be rigorously assessed. For example, HCN channels are encoded by four
different genes in mammals, whereas in Drosophila, there is only one HCN gene, expressed
specifically in the heart portion of the dorsal vessel (Monier et al. 2005). The fact that normal
heart function is not essential for larval viability provides an enormous advantage for analysis
of severe abnormalities and for conducting large scale genetic screens to identify new genes
involved in cardiac function.

Modulation of the heart rhythm
New methods for investigating the heart function in organisms that are too small for
conventional heart analysis have recently been developed that promise to dramatically expand
the possibilities for screening mutants and for detailed analysis of the cardiac contractility in
Drosophila. One method uses a non-contact echography, optical coherence tomography
(OCT), to image the heart contractions in an ultrasound- like fashion visualizing the dynamics
of the heart lumen (Wolf et al. 2006). Although somewhat limited in its spatial resolution, this
non-invasive method seems to be applicable for high throughput screening and to investigate
‘dilated heart’ phenotypes. Interestingly, troponin I and tropomyosin mutants or flies with
cardiac overexpression of a mutant cardiomyopathic form of sarcoglycan exhibited systolic
dysfunction phenotypes reminiscent of the corresponding dilated cardiomyopathy syndromes
in humans (Wolf et al. 2006).

For more detailed analysis of the cardiac contractions it is necessary to surgically expose the
fly’s heart in order to make it accessible for high-speed, high-resolution video microscopy
(Figure 2A). A semi-intact fly preparation was recently developed, which is well-suited to
study cardiac arrhythmia, as well as other parameters of cardiac contractions (Ocorr et al.
2007). Movies of exposed heart tube preparations bathed in oxygenated, physiological saline,
allow monitoring the movement of the edges of the heart at various locations along the heart
tube using specialized software (developed by M. Fink). To do this a specified region of one
pixel width spanning the diameter of the heart is electronically “cut” out of each frame of the
movie (Figure 2A) by the softw are and aligned horizontally, creating an image montage that
describes the movement of the heart walls over time (Figure 2B). The resulting image is similar
to the M-mode of cardiac ultrasound measurements in humans. Because these movies are taken
at speeds up to 200 frames per second, the M-modes are able to track even very rapid
movements during contraction. Remarkably, as the fly ages the rhythmicity of its heartbeat is
less and less regular with increased episodes of arrhythmias [Figure 2B; (Ocorr et al. 2007) ].
The observed changes in cardiac rhythmicity with age are reminiscent of the increased
incidence of atrial fibrillation and heart failure in the aging human population [reviewed in
(Lakatta and Levy 2003)]. Thus, the regular cardiac rhythm not only declines with age in
humans but also in flies, suggesting that the heart in Drosophila could serve as a useful genetic
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model. This semi-intact fly preparation has also been used to measure tension generated by the
cardiac muscle using carbon fibers (Ocorr et al. 2007).

Mutations in human KCNQ genes, encoding the pore-forming subunits underlying Ks I , cause
type 1 long QT syndrome (LQT1) and are associated with an increased risk for torsades des
pointes (TdP) arrhythmias and sudden death (Jentsch 2000, Towbin 2004, Sanguinetti and
Tristani-Firouzi 2006). There is only one copy of the KCNQ gene found in Drosophila genome
(Wen et al. 2005) and deletion mutants of the single Drosophila KCNQ gene are viable but
show a 3-fold higher than normal susceptibility to pacing-induced heart failure [see below; and
(Ocorr et al. 2007)]. Recent investigation of the heart rhythm of KCNQ mutants revealed that
Drosophila, the only invertebrate genetic model organism with a heart (Bier and Bodmer
2004), may also be a surprisingly good model for studying the genetics of arrhythmias, as a
result of both mutations and aging. High-speed video recording and display of heart wall
movements in M-mode show episodes of prolonged heart contraction and fibrillation in KCNQ
mutants, and this phenotype gets progressively more severe as the flies age [Figure 2C; (Ocorr
et al. 2007)]. The fibrillations observed in mutant flies are likely due to delayed relaxation of
the myocardium, as revealed by increases in the duration of phasic contractions, extracellular
field potentials and systolic tension. In addition to the KCNQ channel, mutations in the human
ether-a-gogo related gene (HERG), which encode subunits of channels underlying the cardiac
IKr current, also affect human heart function and lead to the LQT2 and most drug-induced LQT
syndromes. Remarkably, mutants or heart-specific knockdown of HERG-related fly genes als
o exhibit a significantly elevated frequency of arrhythmias (K.O. and R.B., unpublished). These
findings suggest that flies can develop congenital and age-dependent arrhythmias and the
underlying causes may be similar to those that produce arrhythmias in mammals.

Transcription factors in cardiac function
Defects in a number of transcription factor genes required for specification and differentiation
of diverse cardiac lineages have been associated with human congenital heart disease (CHD) .
Recent evidence suggests that these cardiogenic transcription factors are also involved in
causing heart function defects that are manifest primarily in adults. For example, null mutants
in the fly’s cardiac determinant tinman give rise to severe developmental defects and lack most
dorsal mesodermal derivatives, including the cardiac primordium. In contrast, mouse knockout
of the tinman homolog Nkx2–5 or double knockout of Nkx2–5/2–6 develop almost normally
until the linear heart tube stage (Lyons et al. 1995, Tanaka et al. 1999, 2001). This apparent
discrepancy between flies and mammals was recently resolved by investigating the specific
requirement of tinman only within the cardiac progenitors, as opposed to its role in the entire
early mesoderm. These cardiac progenitors are the equivalent of the mammalian cardiac
crescent that expresses the cardiac Nkx genes and gives rise to myocardium. In order to remove
the heart progenitor -specific function of tinman in Drosophila, the enhancer responsible for
‘late’ cardiac-only tinman expression was selectively eliminated in a genomic rescue construct
in a tinman null mutant background. These ‘cardiac tinman’-deficient flies are viable and do
form a heart tube initially but have a reduced lifespan, and importantly, exhibit severely
compromised adult cardiac morphology and function (Zaffran et al. 2006). This suggests that
in addition to its cardiogenic role in the early mesoderm, tinman is also required for proper
cardiac morphogenesis and differentiation, as is the case in mammals, again underlying the
unified principles of organogenesis. Further supporting this notion is the finding that
haploinsufficient human and late knockout mouse mutations in Nkx2–5 cause atrial-septal
defects during development, and in addition cause disruption of the conduction system in the
adult heart (Schott et al. 1998; Pashmforoush et al. 2004).

A future challenge will be the exploration of polygenic modifiers of these CHD syndromes
that apparently influence dramatically the expression of the heart disease phenotype.
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Drosophila is particularly powerful as a genetic animal model to investigate genetic
interactions, and is ideally suited to test the influence of polygenic variants relevant to disease
genes. Indeed, there seems to be an emerging genetic network involving homeobox, T-box and
GATA factor genes that is responsible in establishing or maintaining proper cardiac function
(L.Q. and R.B., unpublished), in addition to their established role in development. It is possible
that similar interactions also exist in the mammalian adult heart.

Cardiac aging
Cardiac aging can be regarded as a progressive decline in heart function that is intrinsic to the
organ itself and that correlates with the age of the organism. Most elderly adults are much more
concerned about preserving their functionality later in life rather than simply extending their
lifespan (Phelan et al. 2004). For this reason the study of functional senescence of the heart as
distinguished from its effect on global mortality becomes important. Some genes that
specifically influence the functional status of the organ may not affect organismal survival. It
will be interesting to distinguish between those processes that regulate lifespan from those that
control age-dependent decline in individual organ systems.

One of the most notable phenotypes of cardiac senescence in humans and rodents is the
reduction in maximum heart rate that can be achieved under stress (Lakatta 2001). This
phenomenon of impaired cardiovascular acceleration during stress is a biomarker of
mammalian cardiac aging, but its genetic basis is not well-determined, partly owing to the
complex interactions between genes, age, disease and lifestyle (Lakatta 2001). An initial
understanding of the interactions may only be possible by examining cardiac aging using
simpler genetic animal models.

In this regard, Drosophila may be uniquely situated for studies of cardiac aging, since it is the
only one among other simple genetic models that possesses a fluid pumping heart (Bier and
Bodmer 2004). Because the survival of the organism is not as tightly coupled to heart function
as it is in vertebrates it will be possible to investigate this organ’s senescence in relative
independence of organismal senescence. Moreover, the maximal heart rate of Drosophila under
stress conditions, such as elevated ambient temperature and external electrical pacing, is also
significantly and reproducibly reduced with aging, analogous to observations in elderly humans
(Paternostro et al. 2001, Wessells et al. 2004). Thus, Drosophila with its versatile genetic tools
can also be exploited for identifying and studying genes involved in cardiac functional
senescence. Again, the insights from these studies are likely to significantly impact the field
of human cardiac pathology and aging.

Several genes and pathways have already been identified that play a crucial role in fly cardiac
aging. The Drosophila SUR gene (dSUR) encodes a subunit of the ATP- sensitive potassium
channel (KATP). which plays important roles in various cellular processes by coupling cell
metabolism to electrical activity (Akasaka et al. 2006, Seino 1999). The expression of dSUR
in the heart is dramatically diminished in the aging heart, and RNAi-mediated knockdown of
dSUR in young fly hearts phenocopies aged hearts under conditions of pacing-induced stress
(Akasaka et al. 2006). These results provide evidence for a role of dSUR in protecting against
declining performance during cardiac aging. Mutations in human SUR2, the mammalian
homolog of dSUR, result in cardiomyopathy by compromising K ATP channel function
(Bienengraeber et al. 2004), and it is possible that a reduction in K ATP channel activity could
cause membrane electrical instability, especially in older hearts (Akasaka et al. 2006). This
suggests that similar to the fly’s dSUR, human SUR2 may also protect against cardiac
senescence.

The insulin/insulin-like growth factor (IGF) signaling is a well-established genetic pathway
that regulates longevity (Kenyon 2001, Tatar et al. 2003). Drosophila mutants of insulin-like
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receptor (InR) and chico (encoding the insulin receptor substrate) extend the lifespan of the
organism (Clancy et al. 2001, Tatar et al. 2001) as well as protect their hearts from two age-
related phenomena: decreases in resting heart rate and increases in heart failure resulting from
pacing-induced stress (Wessells et al. 2004). Additionally, interfering with InR signaling
exclusively in the heart, by overexpressing the phosphatase dPTEN (a negative regulator of
insulin/IGF signaling) or the forkhead transcription factor dFOXO (a negatively-regulated
target of insulin/IGF signaling), prevents the decline in cardiac fitness with age (Wessells et
al. 2004). These data indicate that insulin-like signaling is involved in both systemic as well
as cardiac -specific senescence. Moreover, the ablation of insulin-producing cells (IPCs) in
flies also slows demographic aging and reduces age-dependent heart failure (Wessells et al.
2004), indicating that both a reduction of insulin receptor signaling and circulating insulin
levels influence organismal aging and age-related cardiac susceptibility to pacing stress. This
is consistent with the observations that overexpressing dFOXO in the adult fat body results in
long-lived flies (Giannakou et al. 2004, Hwangbo et al. 2004), whereas cardiac-specific
overexpression of InR and dPTEN do not seem to affect the overall lifespan of the animal
(Wessells, et al., 2004). Lifespan-altering manipulation of insulin/IGF signaling specifically
in the fat body of the head also decreases insulin production from the IPCs, thus affecting
longevity and possibly organ senescence indirectly, which is suggestive of a complex
coordination of aging with organ-autonomous endpoint effects (Hwangbo et al. 2004, Wessells
et al. 2004).

Interestingly, upregulating the expression level of dFOXO in the adult fat body protects against
the oxidative stressor paraquat (Hwangbo et al. 2004), raising the possibility that insulin-like
signaling could, at least in part, delay cardiac performance senescence via reducing oxidative
stress damage. However, in the chico mutants with extended lifespan (Clancy et al., 2001) and
lowered cardiac aging (Wessells et al. 2004), there seems to be no alteration in their resistance
to oxidative stress (Clancy et al. 2001). Thus, the contribution of oxidative damage to heart
functional aging remains to be further examined.

Another example of how alteration in energy homeostasis could be coupled to aging and organ
senescence is illustrated by manipulations of the Drosophila Target of Rapamycin (dTOR)
pathway. In addition to its well-studied role in nutrient sensing and cellular growth in response
to insulin/IGF and PI3K, TOR signaling is also involved in global lifespan regulation in model
organisms. A recent study further showed that lowering TOR activity in Drosophila prevents
age-dependent functional decline of heart performance, and this could be attributed to a
reallocation of energy stores preferentially for the regulation of “long term” responses such as
lifespan and organ maintenance (Luong et al., 2006). Collectively, these findings support the
notion that insulin/TOR signaling plays an important role in modulating organismal and cardiac
aging, and it remains to be determined whether TOR regulates cardiac functional senescence
via its known downstream effectors such as S6K and 4E-BP, or through some other novel
factors. Given the high degree of parallel mechanisms controlling organismal aging and
lifespan, it is likely that the mechanisms underlying cardiac functional aging in flies are also
conserved, and will have significant implications on mammalian heart aging and physiology.
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Figure 1.
(A) Cardiac-specific expression of GFP (1029-Ga4/UAS-GFP) in semi-dissected
Drosophila larvae outlines the morphology of the heart. Posterior is to the right. GFP allows
monitoring the shape and function of the organ in living individuals. The thinner anterior
portion is termed the aorta and the thicker posterior portion the heart proper, which displays
automatic contraction activity. (B) Schematic drawing of the larval cardiac tube consisting of
104 cardiac myocytes. In the heart, cardiomyocytes expressing the orphan nuc lear receptor
encoded by seven-up develop into functional ostia (in pink) which constitute the hemolymph
inflow tracts. The heart’s tinman- expressing cardiomyocytes also express Ork1, HCN and
NDAE1 and develop into autonomously beating cardiomyocytes (in green). Black arrows
indicate the direction of the blood flow. (C) Micrograph of a segmental porti on of the heart in
diastole (top) and systole (bottom). Arrowheads indicate the (outer) heart wall. (D) Action
potentials (AP) recorded in larval automatic cardiomyocytes of a wildtype heart (left) or a heart
with cardiac-specific dsOrk1 knockdown (right, 1029Gal4/UAS-ORK1-RNAi6.3). In the wild
type, larval APs are characterized by a slow diastolic depolarization (DD) preceding the fast
depolarization. As invertebrate cardiac APs in general, these relatively small APs are due to a
relatively high potassiu m concentration of insect hemolymph (25mM). Upon cardiac ORK1
overexpression the heartbeat stops and the membrane potential is recorded at about -30mV,
which drops to beyond -70mV in 5mK potassium concentration in artificial hemolymph (for
details see Lalevée et al. 2006). In contrast, Ork1 knockdown seems to accelerate the DD phase
(presumably due to a reduction in the outward K+ current), and thus the heart rate is increased
(adapted from reference Lalvéee, et al, 2006).
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Figure 2.
(A) Semi-intact heart preparation where the abdominal heart is exposed by removing the head,
ventral thorax, gut, and fat bodies. The exposed heart can beat for hours in oxygenated, artificial
hemolymph. The line between arrow heads indicates the 1 pixel-wide portion of the movie
frame used to generate the M-mode traces shown in B and C. (A’) A portion of the heart around
the region indicated in (A) is double-stained for actinin (red) labeling Z-lines of myofibers
within cardiomyocytes and for neuromancer (H15-lacZ, green) labeling cardiomyocyte
nuclei). (B) M-mode traces prepared from high speed movies of dissected flies. A 1 pixel-wide
region with both edges of the heart tube is defined in a single movie frame. Same regions are
electronically cut from all of the frames in the movie and aligned horizontally to produce the
trace. Arrhythmic heart beats are evident in KCNQ mutants as early as 1 week of age. The
incidence and severity of arrhythmias increase with age in all flies but is consistently more in
KCNQ mutants than in wildt-ype (wt). For quantitative analysis, see Ocorr et al. (2007).
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