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Abstract
We have begun to study the genetic basis of deterioration of cardiac function in the fruit fly
Drosophila melanogaster as an age-related cardiac disease model. For this purpose we have
developed heart function assays in Drosophila and found that the fly's cardiac performance, as that
of the human heart, deteriorates with age: aging fruit flies exhibit a progressive increase in electrical
pacing-induced heart failure as well as in arrhythmias. The insulin receptor and associated pathways
have a dramatic and heart-autonomous influence on age-related cardiac performance in flies,
suggestive of potentially similar mechanisms in regulating cardiac aging in vertebrates.
Compromised KCNQ and KATP ion channel functions also seem to contribute to the decline in heart
performance in aging flies, suggesting that the corresponding vertebrate gene functions may similarly
decline with age, in addition to their conserved role in protecting against arrhythmias and hypoxia/
ischemia, respectively. The fly heart is thus emerging as a promising genetic model for studying the
age-dependent decline in organ function.

Keywords
heart; aging; arrhythmia; heart failure; hypoxia; KATP channel

Introduction
Age-related diseases are becoming increasingly more prevalent in industrialized societies that
have increasingly longer average life expectancies. These diseases are difficult to treat, in part
because we do not sufficiently understand the distinction between ‘normal’ and disease-
associated aging. By studying genetically tractable model systems it has become clear in recent
years that both aging-related processes and disease progression may be influenced and
regulated by specific genes. However, the mechanisms underlying the aging process in a
normal or mutant organism and how the functional and morphological decline of organ systems
is initiated, coordinated and executed is almost completely unknown. Since cardiac dysfunction
is the most common cause of death in the elderly, an understanding of the progression and
control of age-related changes in heart function becomes increasingly important as our societies
become increasingly older. To date virtually nothing is known about the genetic mechanisms
that control the age-dependent deterioration of the heart in health and disease. We have recently
implemented assays for monitoring the cardiac stress response, arrhythmias and other
dysfunctions in the simple Drosophila system, the only invertebrate genetic model with a heart.
Given the high degree of parallel genetic functions between flies and vertebrates in

Correspondence: Rolf Bodmer, Ph.D. The Burnham Institute for Medical Research Center for Neuroscience and Aging 10901 North
Torrey Pines Road La Jolla, CA 92130, USA. Tel: (858) 646-3100 × 7144 Fax: (858) 713-6274 E-Mail: rolf@burnham.org.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Mech Ageing Dev. Author manuscript; available in PMC 2007 April 10.

Published in final edited form as:
Mech Ageing Dev. 2007 January ; 128(1): 112–116.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cardiogenesis (Bodmer, 1995; Cripps and Olson, 2002; Zaffran and Frasch, 2002; Bodmer, et
al., 2005), and given the strikingly common mechanisms that determine lifespan and rate of
overall aging (Guarente and Kenyon, 2000; Helfand and Rogina, 2003; Finch and Ruvkun,
2001; Partridge and Gems, 2002; Barbieri, et al., 2003; Tatar, et al., 2003), it is likely that the
genetic basis of age-related changes in cardiac performance is also conserved. Thus,
Drosophila is an ideal system to study the genetic basis of cardiac performance decline with
age and disease. Below, we summarize the approaches we have taken and some of the insights
that we have recently obtained.

Age-dependent increase in heart failure in flies
Chronic heart disease often accelerates the decline of cardiac function in older people (Ribera-
Casado, 1999; McLaughlin, 2001; Busby, et al., 1989; Maurer, et al., 1995). The human heart
has been demonstrated to undergo changes in function with advancing age, including increased
prevalence of rhythmic abnormalities. These changes cause an age-related increase in the risk
for congestive heart failure and contribute additional risk factors to other cardiac pathologies
(Lakatta and Levy, 2003). As the life expectancy continues to increase, these age-related risk
factors become increasingly clinically relevant. Among the age-related changes in the
cardiovascular system are decreases in myocyte number, accumulation of fibrosis and collagen
and decreases in stress-induced cardiac function, and many other alterations (reviewed in Khan
et al., 2002). Mammalian models of age-related cardiac dysfunction and heart failure are often
of limited value or are unpractical for uncovering fundamental mechanisms, mainly because
normal heart function is essential for viability, and overall lifespan is prohibitively long.
Therefore, we have developed Drosophila as a model for studying genetic mechanisms of
cardiac aging and disease progression, since a fly's life span is only weeks (compared to years
in rodents) and its cardiac function can be significantly compromised without causing
premature death (Wessells et al., 2004), in part because oxygen supply is provided by a tracheal
system that is separate from the circulatory system.

Pacing-induced heart failure
Cardiac stress in humans, induced by exercise and electrical pacing, coupled with
echocardiography is a useful tool in the detection of certain forms of disease (reviewed in
Gligorova and Agrusta, 2005). To gage cardiac performance in Drosophila, our lab recently
developed methods for assessing cardiac performance in Drosophila. In the external electrical
pacing paradigm the fly heart is physically stressed by accelerating its baseline rate, which at
rest is 3-4 Hz, to 6 Hz for 30 seconds (methods described in Wessells et al., 2004; Wessells
and Bodmer, 2004). When monitoring young wildtype flies immediately after this pacing
regime, the fraction of wildtype hearts that exhibit arrest or uncoordinated fibrillation is
relatively low (20-35% electrical cardiac ‘failure’ in 1-week old flies, Fig. 1), and this rate
increases progressively with age (65-85% failure in 5- to 7-week old flies; Wessells, et al.,
2004). Interestingly, these results parallel the increased risk of heart failure in the aging human
population (see Lakatta and Levy, 2003), although in mammals heart failure is defined as a
mechanical failure to pump blood, whereas in our assay it is a failure of the fly's heart to produce
repeated, productive contractions when stressed by electrical pacing.

Insulin signaling and cardiac aging
By examining mutants known to affect overall aging, we found that reducing Insulin Receptor
(InR) or Target Of Rapamycin (TOR) signaling dramatically lowers the risk of pacing-induced
heart failure in old flies (Wessells, et al., 2004; Luong, et al., 2006). Moreover, heart-specific
expression of InR and TOR signal transduction components also alters cardiac performance
(Wessells, et al., 2004; R.J. Wessells and R.B., unpublished), demonstrating that at least part
of the effect of InR-TOR signaling is cardiac autonomous. Thus, cardiac performance, in
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particular the age-dependent rate of heart failure brought on by pacing-induced stress, is highly
sensitive to changes in these signaling pathways. The ability to manipulate gene functions
specifically in heart cells of Drosophila makes this system ideal for studying the genetics of
age-dependent influences on cardiac function.

Age-dependent increase in arrhythmias in flies
Although pacing-induced cardiac arrest or fibrillation is indicative of cardiac dysfunction it
does not provide information as to the specific underlying causes or mechanisms. In order to
further characterize the heart's contractile properties we used a high speed video camera to
capture heart wall movements in a semi-intact fly preparation in which the heart is surgically
exposed and most neuronal inputs to the heart are disrupted. We created M-mode records from
these recordings and found that the majority of young, 1-week old wildtype fly hearts (yw,
w1118) show regular rhythmic contractions with constant rates (∼2 Hz) that last for over an
hour in oxygenated supplemented artificial hemolymph (Figure 2, top). This regular, rhythmic
beating pattern deteriorates as the fly ages, and by 5-7 weeks a majority of wildtype flies exhibit
non-rhythmical heart contraction patterns (Figure 2, bottom).

KCNQ-induced arrhythmias
The observed age-dependent increase in arrhythmicity correlates with an age-related decrease
in the RNA expression level of the single Drosophila KCNQ-type K+ channel gene (T.A., K.O.
& R.B., unpublished) and a KATP - channel gene (dSUR; Akasaka et al., 2006); see below Fig.
4A). Mutations in human KCNQ genes, encoding the pore-forming subunits underlying IKs,
cause type 1 long QT syndrome (LQT1) and associated ventricular arrhythmias. Deletion
mutants of the Drosophila KCNQ gene are viable but show increased pacing-induced heart
failure (K.O., R.J. Wessells & R.B., unpublished). High-speed video recording and display of
heart wall movements in M-mode (as in Fig. 2) show episodes of prolonged heart contraction
and fibrillation in these KCNQ deletion mutants and this phenotype gets progressively more
severe as the flies age. Our observation that the incidence of cardiac arrhythmia increases with
age, concomitant with a decrease in KCNQ gene expression, suggests that alterations in these
and other channels (eg. Seizure / HERG) involved in heart muscle repolarization may be
responsible for some of the effects of aging on heart function. Because flies seem to develop
congenital and age-dependent arrhythmias, as is observed in mammals, this genetic model can
serve as a tool to study the genetics underlying arrhythmias with likely relevance to humans.

KATP channel function and aging
The incidence of ischemic heart disease is strikingly on the rise in the modern world (Giordano,
2005). It is thus important to elucidate the molecular basis of the heart's response to hypoxia/
ischemia and determine how this response changes with age, in order to devise preventive and
therapeutic strategies. KATP channels are thought to sense the intracellular metabolic state;
they are regulated by intracellular ATP/ADP ratio, which in turn is affected by metabolic
stresses including hypoxia (Babenko et al., 1998). One consequence of KATP channel activation
is an increased hyperpolarization of cardiomyocytes resulting in shortened action potential
durations, thus preventing a Ca2+ overload. One of the mammalian KATP channels in cardiac
muscle is a heterooctamer of two subunits: a sulfonylurea receptor (SUR2A) and an inward
rectifier (Kir6.2). Drosophila dSUR has been identified as a functional homolog of the
mammalian SUR2 gene (Nasonkin et al., 1999). We have recently shown that dSUR plays a
critical role in providing tolerance against hypoxia in Drosophila, similar to the role of SUR2
in mammals (Akasaka, et al., 2006). In addition, cardiac dSUR knockdown results in an
increased rate of pacing-induced heart failure (Fig. 3), as in KCNQ mutants (see above). Similar
heart dysfunction is seen in vertebrates when KATP channels are perturbed: Kir6.2 mutant
hearts exhibit diminished electrical tolerance against catecholamine-induced ventricular
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arrhythmia because of a failure to achieve action potential shortening and by causing early
after-depolarization (Liu, et al., 2004). Thus, the elevated heart failure rate in dSUR knockdown
hearts may be due to KATP channel insufficiency.

Since an elevation of the pacing-induced heart failure rate is also observed during the natural
age-related decline in fly cardiac function (Fig. 1), it is possible that KATP channel insufficiency
is an important contributor to the increased risk of heart failure with age. Indeed, dSUR RNA
levels, as determined by real-time RT-PCR with RNA from isolated hearts, show a dramatic
decline in dSUR expression compared to control genes (Fig. 4A). Thus, the increase in heart
failure rate with age correlates with a decrease in dSUR expression. Pharmacological
manipulation of dSUR activity supports this conclusion: dietary administration of tolbutamide,
a KATP channel inhibitor, causes a higher incidence of heart failure compared to the non-treated
flies (Fig. 4B). In contrast, exposure of older flies to pinacidil, a KATP channel activator, shows
a lower than normal pacing-induced failure rate (Fig. 4C). These results suggest that increased
dSUR activity may improve cardiac performance and lends further support to the idea that loss-
of-dSUR-function contributes to declining cardiac performance with age. Interestingly,
ischemic preconditioning, a treatment that protects the myocardium from hypoxic injury by
applying repetitive pre-exposure to hypoxia, is no longer observed in older human patients
(Ishihara et al., 2000), and in old guinea pigs with reduced ventricular SUR2A expression when
compared to tissue from young animals (Ranki et al., 2002). Moreover, mutations in human
SUR2 were found in two independent families with middle age onset of dilated cardiomyopathy
(Bienengraeber et al., 2004). These mutations result in structural abnormalities of the KATP
channel and impair ATP-dependent channel gating. Taken together, reduced dSUR-function
seems to be an indicator of cardiac aging, and Drosophila with its genetics and short life span
may provide a unique model for age-dependent responses to hypoxia, in addition to other age-
related human diseases (see above).

In sum, Drosophila is emerging as an excellent genetic model for various aspects of organ-
specific aging, especially that of the heart, which ages remarkably similar to humans. Aided
by its short lifespan, genetic versatility and our simple but robust assays of (cardiac)
physiology, the fly can now be used for large-scale screening for new genes that affect organ
(heart)-specific aging.
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Figure 1.
Pacing-induced heart failure as a function of age following external electrical pacing from
outbred wild type offspring (yw x Canton S). Experiments were performed at both 25°C and
29°C for a period of seven weeks. Test temperature alone has no effect on failure rate (Χ2=
0.05, p=0.82). Pacing-induced failure rate is age-dependent for both genders at both
temperatures (Χ2>40, p<0.0001). More than 90 flies were used for each sample point. From
Wessells et al. (2004).
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Figure 2.
(left hand panels) M-mode traces prepared from high speed movies of dissected flies with
exposed hearts at one week (top) and five weeks of age (bottom). 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. (right
hand panels) Histograms of the heart period lengths from the M-mode traces. Note the regular
heart beat and corresponding narrow heart period distribution at one week; the incidence and
severity of arrhythmicity increases with age (eg. at five weeks) and the heart period distribution
broadens.
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Figure 3.
Cardiac dSUR function protects heart performance against electrical pacing. Heart failure rate
after 30-second high frequency (6Hz) external pacing in one-week old RNAi-mediated
knockdown mutants (progeny of UAS-dSUR-RNAi flies with the heart-specific GMH5 driver.
Controls (progeny of GMH5 crossed with yw and yw crossed with UAS-dSUR-RNAi lines)
show a low rate of heart failure. Conversely, cardiac dSUR knockdown results in significantly
elevated levels of pacing-induced heart failure (*<0.01). Adapted from Akasaka et al.
(2006).
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Figure 4.
dSUR KATP channel expression declines with senescence. (A) Relative expression of dSUR
(0.15), tin (0.72), GFP (0.65) and SH3β (0.78) genes in five-week old hearts compared to hearts
at one-week of age. Note the dramatic reduced dSUR RNA level with age compared to controls.
(B,C) Electrical pacing-induced heart failure in flies treated with drugs that affect the
mammalian sulfonylurea receptors. (B) One-week old yw flies fed with SUR blocker
tolbutamide showed a higher heart failure rate than DMSO control-treated yw flies (45% and
25% respectively; p<0.01). (C) 3.5-week old yw flies fed with the KATP channel opener
pinacidil showed a lower failure rate than DMSO-controls (26% and 42% respectively;
p<0.02). From Akasaka et al. (2006).
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