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Abstract
Manganese superoxide dismutase (MnSOD or SOD2) is a key mitochondrial enzymatic antioxidant.
Arguably the most striking phenotype associated with complete loss of SOD2 in flies and mice is
shortened life span. To further explore the role of SOD2 in protecting animals from aging and age-
associated pathology, we generated a unique collection of Drosophila mutants that progressively
reduce SOD2 expression and function. Mitochondrial aconitase activity was substantially reduced
in the Sod2 mutants, suggesting that SOD2 normally ensures the functional capacity of mitochondria.
Flies with severe reductions in SOD2 expression exhibited accelerated senescence of olfactory
behavior as well as precocious neurodegeneration and DNA strand breakage in neurons. Furthermore,
life span was progressively shortened and age-dependent mortality was increased in conjunction with
reduced SOD2 expression, while initial mortality and developmental viability were unaffected.
Interestingly, life span and age-dependent mortality varied exponentially with SOD2 activity,
indicating that there might normally be a surplus of this enzyme for protecting animals from
premature death. Our data support a model in which disruption of the protective effects of SOD2 on
mitochondria manifests as profound changes in behavioral and demographic aging as well as
exacerbated age-related pathology in the nervous system.
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Introduction
A variety of genetic approaches have identified many genes that impact survival in worms,
flies and mice. These studies provide valuable clues regarding the molecular maintenance of
life span (Hekimi and Guarente, 2003; Murphy et al., 2003). Importantly, many of the genetic
pathways identified by these studies are conserved throughout the animal kingdom (Tatar et
al., 2003), suggesting that mechanisms of aging might be similarly conserved.
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Age-related accumulation of oxidative damage is one of the mechanisms suggested by genetic
and other studies to underlie aging (Harman 1956, 1972, 2006; Hekimi and Guarente, 2003;
Longo and Finch, 2003). For example, oxidatively damaged macromolecules accumulate in
mitochondria as a function of age (Sohal and Sohal, 1991; Sohal and Dubey, 1994; Sohal and
Weindruch, 1996), augmentation of antioxidant defenses through genetic and dietary
manipulations extend life span (review by Muller et al., 2007), and reduction in antioxidant
defenses or exposure to exogenous oxidizing agents greatly shortens life span (Sohal et al,
2002). These studies and others are consistent with a model in which the rate of mitochondrial
ROS production or damage to mitochondrial macromolecules determines the rate at which
each species ages (Barja, 2002). Despite years of focused research, however, the connection
between oxidative damage and aging remains somewhat tenuous (Sohal, 2002).

To further probe the relationship between oxidative stress and aging, we generated a series of
Drosophila mutants with progressive reductions in mitochondrial superoxide dismutase
(SOD2), the major SOD isoform in mitochondria. We analyzed indices of mitochondrial
function, DNA damage, nervous system integrity, behavioral senescence, life span and
mortality in these animals. We find that reduced SOD2 expression disrupts mitochondrial
function, accelerates DNA strand breakage in the brain, causes precocious neurodegeneration,
and accelerates senescence of olfactory behavior. Additionally, we find that reduced SOD2
expression increases age-specific mortality and that there is a non-linear relationship between
SOD2 expression and this parameter of demographic aging. These mortality analyses suggest
that normal levels of SOD2 allow aerobic organisms to survive within a wide range of oxidative
stress. Together, our data indicate that SOD2 is an essential front line defense against oxidative
damage, age-related pathology, functional senescence and mortality.

Experimental Methods
Western blots

Total protein was extracted with 1X sample buffer (0.5M TRIS.HCl pH 6.8, 3% glycerol; 0.4%
SDS and 10mMDTT) from age-matched young flies. Equivalent amounts of protein samples
were separated using 9% discontinuous SDS-PAGE and transferred to PVDF membranes.
Transferred proteins were probed with rabbit anti-SOD2 primary antibody (Stressgen, Canada)
at 1:5000 dilution and subsequently with HRP-conjugated anti-rabbit secondary antiserum
(Calbiochem, USA) at 1:5000 dilution and detected with ECL using the manufacturer's
protocol. Western blots were quantified by scanning the exposed films. The arbitrary
luminescence units for SOD2 bands in each genotype were normalized and expressed as
percentage values of KG06854R. Equal amounts of total protein in each lane were confirmed
by staining the probed blot with Coomassie blue that reports all peptide fractions. The final
values were compiled from three blots. The error bars represent the standard deviation in each
genotype.

RNA isolation and real-time PCR
RNA was isolated from approximately 30 flies per sample using RNAeasy kit (Qiagen). Real-
time PCR was performed in a two-step reaction using a cDNA preparation kit and Platinum
SYBR green qPCR supermix from Invitrogen using random hexamer in the first step and gene
specific primers in the second step. Sod2 mRNA was quantitated using 2−ΔΔCt method with
RP49 as an internal control. The PCR efficiencies of Sod2 and RP49 were approximately equal
and validation experiment was done spanning four log values. Graph of log input of cDNA
versus ΔCt value for Sod2 and RP49 yielded straight lines with slopes < 0.1, thus validating
the use of 2−ΔΔCtmethod (Giulietti et al., 2001).
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Biochemical assays
Total SOD activity was measured in microtiter plates according to the manufacturer's
instructions (Cayman Chemical Co., USA Superoxide Dismutases assay kit Cat#706002). Cu/
Zn SOD (SOD1) activity was deduced by subtracting SOD2 activity from total SOD activity.

Aconitase activity was measured from whole fly extracts in reaction mixtures containing 0.6
mM MnCl2, 2 mM citric acid, and 50 mM Tris-HCl, pH 8.0. Aconitase activity was determined
as the absorbance change at 240 nm which reflects the conversion of citrate to isocitrate.
Fumarase activity was determined as the conversion of malate to fumarate measured at 240
nm (Rocker, 1950; Henson and Cleland, 1967).

Chromogenic detection of aconitase activity was performed according to Kirby et al., 2002.

Lifespan assays and mortality calculations
All lifespan studies were done in population cages with approximately 500 flies per cage. 2−3
day old flies were anesthetized in small batches, separated according to sex and counted. Males
and females were allowed to recover for 24 hours and equal number of males and females were
added to each population cage. Mortality cages were kept in insect chambers maintained at 24°
C. Flies were cultured on regular fly media containing maize, yeast, agar and molasses. The
numbers of dead flies were assessed daily. Age-specific mortality was calculated using the
Gompertz's model of population aging. Ln values of instantaneous mortality (μx) were plotted
against chronological time (days). All mortality calculations and maximum likelihood
estimates were done using WinModest V1.02 (Pletcher, 1999) and plotted on GraphPad Prism
V3.02, from GraphPad Software Incorporated.

TUNEL assays
TUNEL assays were performed using “In-Situ Cell Death Detection Kit,
AP” (Cat#1684809910) Roche Diagnostics (USA), according to the manufacturer's
instructions. Age-matched specimen heads were dissected, fixed in FAAG (4% formaldehyde,
5% acetic-acid, 1% glutaraldehyde dissolved in 80% ethanol), embedded in paraplast, and
sectioned at 7μm. TUNEL detection was done using the optional alkaline phosphatase detection
procedure (Roche catalogue no. 11684809910) and digitally imaged in bright field at 400X on
a Zeiss Axioskop 2 plus microscope.

Olfactory Behavior
All flies for behavioral tests were reared and aged at 25°C, 60% relative humidity under a 12
hour light/dark cycle. Avoidance of 4-methylcyclohexanol (MCH, Sigma Chemical Co. St.
Louis, MO, USA, dilution factor 1:100) was performed essentially as described (Stoltzfus et
al., 2003). One- to four-day-old adults were briefly anesthetized with CO2, separated by sex,
and then transferred in groups of 25 to fresh food vials. Flies at various ages were transferred
to a T-maze. After one minute of rest, flies were allowed two minutes to choose between a
maze arm containing an air stream with MCH and an opposing arm containing an air stream
without an explicit odorant. After each two-minute choice test, flies were briefly anesthetized
with CO2. Flies that moved into the two arms of the T-maze were counted and transferred
together into a fresh food vial for aging until the next assessment. Avoidance indices were
calculated as described (Stoltzfus et al., 2003) and then normalized to the performance of 3−5
day old w[CS] control flies (Cook-Wiens and Grotewiel, 2002) tested in parallel during each
assessment. While males and females were tested separately, there were no effects of sex in
any of the studies on olfactory behavior (three-way ANOVA, n.s.). Therefore, data from males
and females were combined. Statistical analyses were performed with JMP (SAS, Cary, NC,
USA).
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Results
Flies with progressive reduction in SOD2 expression and activity

P-element insertion KG06854 resides in the 5’ untranslated region of the first exon in Sod2
(Fig. 1). Via imprecise excision of this P-element, we previously generated a strong loss of
function allele, Sod2n283 (Fig.1), that has undetectable SOD2 activity and protein expression
(Duttaroy et al., 2003). Additional molecular analyses revealed that the Sod2n283 chromosome
carries a 167 bp deletion that removes portions of the first exon and intron of Sod2, including
the putative ATG start codon (Fig. 1). As a control, a revertant allele, KG06854R, was derived
from precise excision of KG06854 (Fig. 1). Thus, the Sod2n283 and KG06854R alleles are
derivatives of the same KG06854 insertion line.

In addition to the null allele, we can now report that the single P-element insertion KG06854
into the Sod2 5’-UTR causes reduced expression of this gene, a characteristic shared by many
P-insertions (Bellen et al., 2004) and it was designated as Sod2 weak (Sod2wk/wk). We
performed a series of immunoblot, RNA and enzyme activity assays to determine the effects
of the Sod2 alleles on SOD2 expression and function. Quantitation of Western blots revealed
that with respect to the revertant, KG06854R, Sod2wk/wk homozygotes produced about 46% of
SOD2 protein and heterozygous null Sod2n283/+ flies produce 44%, respectively (Fig. 2A). The
Sod2 weak over null heterozygote (Sod2n283/wk) encodes only 22% of the SOD2 protein relative
to the KG06854R (Fig. 2A). Reduced protein expression is a consequence of less Sod2 mRNA
expression, which is evident from quantification of Sod2 mRNA in Sod2n283/+ heterozygotes,
Sod2wk/wk homozogotes, and Sod2n283/wk (Fig. 2B). Total SOD activity assays indicated that
Sod2n283/+ heterozygotes have 50% SOD2 activity compared to KG06854R controls while
SOD2 activity was essentially undetectable in Sod2n283 homozygotes (Fig. 2C). Cu-ZnSOD
activity was not changed in either of these genotypes (Fig 2C), suggesting that there is no
compensatory upregulation of SOD1 in Sod2 mutants. These experiments demonstrate that
Sod2n283 is a null allele and that Sod2wk is a partial loss of function allele at the Sod2 locus.
Additionally, our analyses show that these alleles by themselves or in trans can be used to
progressively reduce SOD2 expression and function.

Reduced expression of SOD2 increases age-specific mortality
Complete loss of SOD2 function dramatically shortens life span in flies (Duttaroy et al.,
2003). and mice (Li et al., 1995; Lebovitz et al., 1996). We performed survival studies to
determine the impacts of progressive reduction of SOD2 function on life span and mortality.
Revertant control flies had mean and maximum life spans of 50.4 and 86 days, respectively
(Fig. 3A, Table 1). Mean and maximum life spans were reduced by 20−24% in Sod2n283/+

heterozygotes and Sod2wk/wk homozygotes (Fig. 3B and 3C, Table 1), flies that express ∼50%
of normal levels of SOD2 activity (Fig. 2). Furthermore, reduction of SOD2 function by ∼75%
in Sod2n283/wk transheterozygotes (Fig. 2) shortened mean and maximum life spans by 38%
and 43%, respectively (Fig. 3D, Table 1). These data confirm that SOD2 activity is essential
for normal life span.

According to the Gompertz model of population aging, changes in life span can be caused by
alteration of initial mortality, age-specific mortality rate, or both (Pletcher, 1999; Gompertz,
1825; Kowald, 2002). We first confirmed that all strains tested conformed to the Gompertz
model without obvious errors (Fig. 3, Table 1). We then used maximum likelihood estimates
(MLE) from WinModest software (Pletcher, 1999) to determine the initial mortality rate
(parameter “a”) and the rate of demographic aging (change in mortality slope, parameter “b”)
for each population. Reduced SOD2 expression had no effect on initial mortality (Table 1). In
contrast, the rate of demographic aging was sensitive to SOD2 expression. All flies with
reduced SOD2 levels had increased age-specific mortality (Fig. 3, insets). Furthermore,
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progressive reduction in SOD2 levels caused progressive increases in the mortality slopes
(Table 1, Fig. 4A). We also performed a detailed mortality decomposition analysis that
estimated the contribution of initial mortality and the change in mortality slope on life span in
the Sod2 mutants (Pletcher, 1999). The increased age-specific mortality in Sod2 mutants was
estimated to reduce mean life span by 7.5−21.5 days relative to revertant controls (Table 2).
In contrast, any putative changes in initial mortality in Sod2 mutants was estimated to reduce
life span by 1.6 days or actually increase life span by 2 days at most (Table 2). This analysis
confirmed that loss of SOD2 affected life span primarily by increasing the slope of the mortality
plot, but not through changes in the initial mortality rate (Table 2). Together, our life span and
mortality analyses strongly support a role for SOD2 in determining the rate of demographic
aging.

What kind of relationship exists between SOD2 levels, demographic aging and life span? We
found that SOD2 expression and the Gompertz rate of aging were related by an inverse power
function (Y=1/Xn; r2 = 0.9636, Fig. 4A). This relationship suggests that the Gompertz rate of
aging will be highly sensitive to SOD2 expression between 0 and ∼200% of normal level.
Beyond that one can only make theoretical prediction that suggests greater than 2-fold
overexpression of SOD2 will drive the Gompertz rate of aging toward zero (Figure 4A, inset).
The effect of SOD2 on this aging parameter will become asymptotic at extremely high levels
of expression similar to mean lifespan, which varied non-linearly (logarithmic) with SOD2
expression (Fig. 4B). This relationship predicts that the beneficial effect of SOD2
overexpression on this aging parameter plateaus at very high concentrations of SOD2. Our data
corroborates well with an earlier report where life span studies were performed using the same
transgenic line (Mockett et al., 1999).

SOD2 expression is essential for mitochondrial function
Aconitase is a citric acid cycle protein localized to the mitochondrial matrix. Aconitase activity
is a useful index of mitochondrial function during normal aging and conditions with elevated
oxidative stress (Fridovich and Gardner, 1991; Gardner et al., 1994; Yarian et al., 2006). We
measured aconitase activity to determine whether reduced SOD2 function had consequences
for the functional integrity of mitochondria. Since fumarase is a mitochondrial enzyme that is
not sensitive to oxidative stress (Melov et al., 1999), we measured activity of this enzyme as
a control. Aconitase activity was reduced by 75% in Sod2n283 homozygotes as well as in
Sod2wk/Sod2n283 flies compared to revertant controls (Fig. 5A). Aconitase activity was found
to be normal, in young Sod2n283/+ heterozygotes (Fig.5A). Total loss of mitochondrial
aconitase activity was evident in Sod2n283 homozygotes by chromogenic detection of aconitase
activity, which also indicated some reduction in aconitase activity in Sod2n283/wk (Fig, 5B). In
contrast, fumarase activity was not altered in flies with reduced SOD2 expression (Fig.5C).
The preferential inactivation of mitochondrial aconitase and not fumarase in Sod2wk/n283

indicates that reduced expression of SOD2 causes oxidative damage to aconitase and
compromises mitochondrial function.

Reduced SOD2 expression exacerbates age-related cellular pathology and behavioral aging
Oxidative stress causes DNA strand breakage, a molecular change that can be monitored in
situ with TUNEL assays (Kokoszka et al., 2001). We assessed TUNEL positive neurons in the
fly brain to determine whether reduced SOD2 expression caused DNA strand breakage.
TUNEL positive cells were essentially absent in 0−5 day-old revertant controls (Fig. 6A),
whereas brains from Sod2n283 homozygote showed obvious TUNEL staining within the first
20 hours after eclosion (Fig. 6B). Interestingly, revertant controls (not shown) and
Sod2n283/+ heterozygotes (Fig. 6C) did not have comparable numbers of TUNEL positive
neurons until ∼9 weeks of age. These data suggest that reduced expression of SOD2 results in
oxidative damage to DNA causing strand breakage.
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Exposure to increased oxidative stress can cause loss of neurons (Melov et al., 1999). We
assessed the structural integrity of the brain to determine whether reduced SOD2 expression
is associated with neuronal loss. Brains from control flies do not exhibit signs of neuronal loss
at 35 days of age (Fig. 6F) or greater ages (data not shown). Flies harboring Sod2n283 in trans
to Sod2wk, however, had obvious vacuoles in the brain by as little as 29 days of age (Fig. 6E).
The normal maintenance of neurons in the brain, therefore, requires SOD2 expression.

Olfactory abilities decline with age in a number of species (Grotewiel et al., 2005). We assessed
odor avoidance as a function of age in flies to determine whether Sod2 influences age-related
decline in olfactory behavior. Odor avoidance declined with age as expected in control flies
(KG06854R) (Figure 7A and 7B). Odor avoidance across the first 5 weeks of life in
Sod2wk/wk and KG06854R declined indistinguishably from that in controls (Figure 7A). In
contrast, odor avoidance in flies with more severe reduction in Sod2 expression (Sod2n283/
Sod2wk) declined more rapidly than in revertant controls (Figure 7B). These studies indicate
that senescence of olfactory behavior in Drosophila is influenced by SOD2 and that substantial
reductions in SOD2 expression are required before significant effects on age-related decline
in olfactory behavior are observed.

Discussion
SOD2 is a key free radical scavenging enzyme within mitochondria (Landis and Tower,
2005). Severe reduction of SOD2 expression in mice and flies causes a number of phenotypes
including short life span, neuronal loss, and mitochondrial dysfunction (Li et al., 1995;
Lebovitz et al., 1996; Kirby et al., 2002; Duttaroy et al., 2003; Xia et al., 2006). Here, we used
Drosophila to investigate the role of this enzyme in demographic mortality parameters, nervous
system pathology and behavioral senescence. Drosophila Sod2 mutants have reduced
mitochondrial aconitase activity, they exhibit increased apoptosis in the central nervous system
along with early on-set neurodegeneration and accelerated senescence of olfactory behavior.
Furthermore, life span is progressively shortened and age-specific mortality is increased in
flies with reduced SOD2 activity. Thus, SOD2 might influence the on-set of age-related
pathology, aging in general, or both.

Other studies have also investigated the consequences of reduced SOD2 function in model
organisms. In contrast to previous studies, the data reported here were derived from a series of
loss of function and hypomorphic mutations in Sod2 that allowed us to assess the consequences
of progressively reducing SOD2 activity on mitochondrial function and several age-related
phenotypes. Consistent with experiments in mice (Li et al., 1995; Williams et al., 1998; Lynn
et al., 2005) and flies (Kirby et al., 2002), we find that the activity of mitochondrial aconitase,
a citric acid cycle enzyme sensitive to oxidative damage (Das et al., 2001), is blunted in flies
with reduced SOD2 function. Our data verify that SOD2 function is required to maintain
mitochondrial aconitase activity and therefore mitochondrial function in animals. Interestingly,
our results also show that cytoplasmic aconitase activity is not altered in Sod2 mutants, raising
the possibility that the oxidative damage that occurs in these animals might be restricted largely
to the mitochondria as suggested previously by studies in mice (Williams et al., 1998). In
contrast to an earlier study in Drosophila where life span was measured under reduced SOD2
expression (<10% SOD2) using Sod2 RNAi (Kirby et al., 2002) this study uses bona fide
Sod2 mutant alleles, which allowed us to test our hypothesis in mutant heterozygotes with 50%
and 22% SOD2 activity remaining. Therefore our conclusions are based on a true gradient of
SOD2 activity along with extensive demographic analysis.

The shortened life span in Drosophila Sod2 mutants reported here is consistent with previous
studies in mice (Li et al., 1995; Lebovitz et al., 1996) and flies (Kirby et al., 2002; Duttaroy et
al., 2003). By using a series of genotypes in which SOD2 activity was varied, however, we
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find that mean and maximum life span in flies is systematically shortened and their rate of
aging is highly sensitive to progressive reductions in SOD2 activity. This finding highlights
an intimate link between oxidative stress and life span determination. Moreover, these studies
indicate that life span is closely correlated with the ability of animals to eradicate ROS at their
primary cellular source, the mitochondria. One major caveat that remains with this conclusion
is that Drosophila adults with ∼50% to up to 60% SOD2 activity can not achieve a normal life
span yet a similar modest decrease in the amount of SOD2 enzyme did not impacted the life
span of mice (Van Remmen et al., 2004). What is even more compelling is that like in
Drosophila extensive tissue damages are also apparent in Sod2+/− mice yet their life span
remains unaffected (Williams et al., 1998; Van Remmen 1999; Van Remmen 2001). While it
is hard to reconcile this difference since catalase overexpression can extend the life span in
mice (Schriner et al., 2005) but it is proposed recently that oxidative stress theory of aging can
be better established in Drosophila than in mice (Muller et al., 2007). Considering the fact that
certain strains of mice carries genetic modifier(s) like Nicotinamide Nucleotide
Transhydrogenase which can positively influence the life span of Sod2−/− mice due to its
mitochondrial antioxidant activity (Huang et al., 2006), it will be interesting to see if similar
genetic modifier(s) might influence the life span of Sod2+/− mice as well. We now know that
the life span of Sod2

n283 remains uninfluenced in different genetic backgrounds (Duttaroy lab
unpublished) nullifying the possibility of similar genomic modifiers in the Drosophila genome.

Reductions in life span can be due to alterations in initial mortality (a.k.a. baseline mortality),
the rate of change in age-specific mortality (a.k.a. the mortality trajectory or demographic rate
of aging), or both (Pletcher et al., 2000). Extensive demographic analyses revealed that while
initial mortality was not altered in Sod2 mutants, the slope of the mortality plot was
progressively increased as SOD2 activity was reduced. The increased slope in the mortality
trajectory with unchanged initial mortality in Sod2 mutants seen in our studies, argues that
SOD2 activity is principally required during adulthood to protect animals from progressive
physiological defects associated with oxidative damage. Although no detail analysis is
available at this time on how, when or if at all SOD2 activity is required during development,
it is possible that there are other enzymes expressed that can compensate for the absence of
SOD2 or that fewer reactive oxygen species are generated during this period (Kirby et al.,
2002).

Consistent with previous reports (Mockett et al., 1999; Orr et al., 2003), we find that life span
is not significantly extended in flies with overexpression of SOD2 throughout development
and adulthood. In contrast, other studies show that conditional overexpression of SOD2 only
during adulthood extends life span up to 33% (Sun et al., 2002; Sun et al., 2004). These
apparently contradictory results can be reconciled by a model in which overexpression of SOD2
during development have negative consequences on adult life span while overexpression of
SOD2 during adulthood has positive effects on adult life span. Our data showing increased
initial mortality and decreased demographic rate of aging in flies constitutively overexpressing
SOD2 support this model. Such a prediction seems to be gaining support from recent
observations because over a certain amount SOD2 is toxic to the organism (Keaney et al
2004; Bayne et al., 2005; Ford et al., 2007). Furthermore, hyper production of SOD2 in mice
can truly enhance the mitochondrial oxidative capacity (Silva et al., 2005) yet it failed to show
any appreciable increase in mean life span although some increase in maximum life span was
claimed (Hu et al., 2007). None of these studies however measured the Gompertz's rate of
aging, so it is difficult to comment on how the mortality rate changes in these animals. Since
excessive SOD might cause increased lipid peroxidation (Nelson et al., 1994; McCord and
Edeas., 2005) or could disrupt signaling events requiring reactive oxygen species (Finkel,
2000; Griffiths, 2005; Gregg et al., 2004; Lo et al., 1996; Irani, 2000; Lehtinen et al., 2006) in
young animals suggests that higher amounts of SOD may not be physiologically favorable
therefore the existing amount of SOD allows the cell to function within a wide margin of ROS
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toxicity. Based on our observation we speculate that through evolution, aerobic organisms have
struck a balance in their oxidative stress counter-measures and acquired the capacity to operate
within a wide range (±40−50%) of mitochondrial SOD2 levels without a disastrous effect on
lifespan.

It is intriguing that an association between SOD2 and neuropathology also exist in flies since
this phenomenon was described in SOD2−/− mice as spongioform pathology of the brain
(Melov et al., 2001, 2004). Further support for this association is incresaingly apparent because
reduced SOD2 expression can modulate Alzheimer's disease like pathology in Amyloid
precursor protein transgenic mice (Esposito et al., 2006) and in Drosophila brain enhanced
oxidative stress resulting from less SOD2 expression facilitates tau-induced neurodegeneration
(Dias-Santaga et al., 2007). Complete loss of SOD2 in mice causes a range of phenotypes
related to nervous system function including lethargic locomotor behavior, seizures, ataxia,
and head tremor (Li et al., 1995; Lebovitz et al., 1996; Melov et al., 1998; Lynn et al., 2005).
These studies are largely qualitative and furthermore do not address whether any of these
phenotypes progressively worsen with age. Our studies show that flies with 75% reductions
in SOD2 activity exhibit accelerated loss of olfactory behavior as a consequence of age during
the first 3−4 weeks of adulthood. These data confirm that SOD2 normally protects flies from
age-dependent decline of olfactory system function. Interestingly, while flies with a 50%
reduction in SOD2 activity have a greater than 20% reduction in mean life span, these animals
do not have obvious changes in their olfactory behavior across age. Thus, life span and age-
related decline of olfactory system function are differentially sensitive to loss of SOD2 activity.

In practice it can be difficult to determine whether manipulations that shorten life span or hasten
age-related functional changes impact aging per se or, alternatively, engender a global
pathological state unrelated to aging that nonetheless manifests as accelerated decline in age-
related measures. Our studies with a series of Drosophila Sod2 mutants confirm the essential
role of this gene in protecting flies from mitochondrial oxidative damage, neurodegeneration,
age-related defects in behavior and early-onset mortality. These findings highlight the
evolutionary conservation in SOD2 function from flies to mammals. Furthermore, these studies
reinforce the utility of using the Drosophila model for investigating the role of this key enzyme
in organismal biology.
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Figure 1.
Molecular analysis of Sod2 alleles. Sod2n283 has a 167 bp deletion within exon 1 and part of
intron 1. The span of the deletion was confirmed by sequencing a unique PCR band that arose
in Sod2n283 when primer combination 1 and 5 were used. Sequence data revealed that 18 nt of
P-element sequence (lower case letters) were left in Sod2n283. Sod2wk is the original P-insertion
located in the 5’ untranslated region of Sod2. KG06854R is a precise excision derivative of
KG06854 as revealed by DNA sequencing (not shown). Molecular coordinates are according
to FlyBase release 3.0.
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Figure 2.
Levels of SOD2 protein, mRNA, and activities in various Sod2 alleles. (A) Histogram showing
the expression of SOD2 protein in different alleles relative to the control KG06854R.
Densitometric analysis revealed that Sod2wk/wk and Sod2n283/+ flies, respectively, encode about
46% and 44% of SOD2 protein relative to KG06854R. Sod2n283/wk double mutant expresses
only 22% of SOD2 with respect to KG06854R. A transgenic line carrying four copies of
Sod2 (obtained from Bill Orr, Southern Methodist University) encodes about 43% more SOD2
than KG06854R. Average of percent relative intensity values obtained from densitometric
scans of three separate blots are shown in the table. Coomassie blue staining of the same blot
established equal protein loading in each lane. Error bars indicate SD (n=3).
(B) Sod2 mRNA expression. Real-time PCR was used to measure mRNA expression of
Sod2 relative to RP49 control. Compared to KG06854R flies Sod2wk/wk, Sod2n283/+ and
Sod2n283/wk express 59%, 62% and 33% mRNA for Sod2, respectively.
(C) SOD2 activity. Sod2n283/+ heterozygotes have 50% of the SOD2 activity found in
KG06854R controls whereas SOD2 activity is essentially undetectable in Sod2n283

homozygotes. The activity of SOD1 was unchanged in all three genotypes.
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Figure 3.
Life span and mortality in Sod2 mutants. Main plots are life span data. Insets are mortality
data. In all graphs, solid lines are observed data and dotted lines are derived from the Gompertz's
MLE parameters ‘a’ and ‘b’ using WinModest. In each genotype the predicted curve (dotted
line) fits closely to the observed values (continuous line). (A) KG06854R controls. In B, C &
D the grey continuous line in the mortality plots (insets) corresponds to the mortality trend of
KG06854R and has been included for comparison of the difference in slope (initial mortality
rate).
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Figure 4.
Relationship between SOD2 expression and demographic parameters. Q= Sod2n283/wk, R=
Sod2n283/+, S= Sod2wk/wk, T= KG06854R and U= Sod2+/+; P{Sod2+/+}. (A) A power law
relationship was observed when the demographic rate of aging (parameter b from WinModest)
was plotted versus percent SOD2 expressed. R2 = 0.9636. Inset shows projected rate of
demographic aging as a function of percent SOD2 expression, indicating that a marginal
decrease in the rate of demographic aging will occur with progressively increased levels of
SOD2 expression. (B) Log mean lifespan versus Log SOD2 expression describes a straight
line, indicating that the percent change in mean lifespan will eventually plateau after a certain
level of SOD2 expression is achieved (inset).
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Figure 5.
Aconitase and fumarase activity in Sod2 mutants. (A) Total aconitase activity was significantly
less in Sod2n283 homozygotes and Sod2n283/wk transheterozygotes. Young Sod2n283/+

heterozygotes had normal aconitase activity. (B) Chromogenic detection of aconitase activity
shows that mitochondrial aconitase consist of bulk of the celluar aconiatse. Complete absence
of mitochondrial aconitase in Sod2n283 homozygotes suggests its breakdown by excessive
ROS, (C) Fumarase activity remains unaltered in Sod2 mutants.
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Figure 6.
TUNEL staining and structural integrity of the brain in Sod2 mutants. (A-D) TUNEL staining.
(A) TUNEL positive nuclei (in blue) in adult brain sections following the induction of DNA
fragmentation with 2000U of DNase1. (B) Sod2n283 homozygote brains that are less than 20
hours old had many TUNEL positive nuclei due to either dying cells or DNA breaks induced
by increased ROS production. (C) 0−5 day-old KG06854R brains had no TUNEL positive
nuclei. (D) TUNEL positive nuclei appeared in Sod2n283/+ heterozygotes at ∼9 weeks of
adulthood. (E-F) Hematoxylin-eosin stained sections of adult brains. (E) 29 day-old
Sod2n283/wk transheterozygote with vigorous brain lesions. (F) 35 day-old KG06854R control
with no detectable lesions.

Paul et al. Page 20

Mech Ageing Dev. Author manuscript; available in PMC 2009 April 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Paul et al. Page 21

Mech Ageing Dev. Author manuscript; available in PMC 2009 April 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Senescence of olfactory behavior in Sod2 mutants. (A) Two-way ANOVA indicated that
avoidance of MCH in KG06854R (black bars) and Sod2wk/wk flies (open bars) declined with
age (p<0.0001, n = 13−16) but was not affected by genotype. (B) Avoidance of MCH in both
KG06854R and Sod2n283/wk flies declined with age (two-way ANOVA, effect of age,
p<0.0001, n = 28−32). MCH avoidance in the two genotypes was significantly different
(p<0.0001). Data in A and B are compiled from 2 and 4 independent experiments, respectively.
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