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Yeast FLP recombinase was used in a binary transgenic system (“FLP-OUT”) to allow induced overexpres-
sion of catalase and/or Cu/Zn-superoxide dismutase (Cu/ZnSOD) in adult Drosophila melanogaster. Expression
of FLP recombinase was driven by the heat-inducible hsp70 promoter. Once expressed, FLP catalyzed the
rearrangement and activation of a target construct in which expression of catalase or Cu/ZnSOD cDNAs was
driven by the constitutive actin5C promoter. In this way a brief heat pulse (120 or 180 min, total) of young adult
flies activated transgene expression for the rest of the life span. FLP-OUT allows the effects of induced
transgene expression to be analyzed in control (no heat pulse) and experimental (heat pulse) populations with
identical genetic backgrounds. Under the conditions used, the heat pulse itself always had neutral or slightly
negative effects on the life span. Catalase overexpression significantly increased resistance to hydrogen peroxide but
had neutral or slightly negative effects on the mean life span. Cu/ZnSOD overexpression extended the mean life
span up to 48%. Simultaneous overexpression of catalase with Cu/ZnSOD had no added benefit, presumably
due to a preexisting excess of catalase. The data suggest that oxidative damage is one rate-limiting factor for
the life span of adult Drosophila. Finally, experimental manipulation of the genetic background demonstrated

that the life span is affected by epistatic interactions between the transgene and allele(s) at other loci.

An increasing number of data suggest that oxidative damage
contributes to the aging process in Drosophila melanogaster and
other organisms. The oxygen radical superoxide is produced
primarily as a by-product of normal oxidative respiration in
mitochondria. Superoxide can be converted by multiple path-
ways in vivo to the highly reactive hydroxyl radical. Hydroxyl
radical and other oxygen radicals cause significant damage to
cellular macromolecules including protein, DNA, and lipids (1,
48, 61). The enzymes catalase and Cu/Zn-superoxide dis-
mutase (Cu/ZnSOD) are primary cellular defenses against ox-
ygen radicals, and their functions are conserved from Esche-
richia coli to humans. Cu/ZnSOD converts superoxide to H,O,,
and catalase converts H,O, to H,O and O,. These cellular
defenses against oxidative damage are not completely efficient,
since oxidatively damaged macromolecules have been found to
accumulate in virtually all aging organisms examined.

In humans, mutations in Cu/ZnSOD which increase oxida-
tive stress cause the neurodegenerative disease familial amyo-
trophic lateral sclerosis (10, 14, 42). Oxidative damage has also
been implicated in several other neurodegenerative diseases,
including Alzheimer’s disease and Parkinson’s disease (52).
Increased wild-type Cu/ZnSOD activity can also have negative
effects. Constitutive overexpression of Cu/ZnSOD in trans-
genic mice by using the homologous promoter causes cell-type-
specific developmental and functional abnormalities generally
attributed to disruption of normal oxidative stress defenses (3,
5).

In Drosophila, loss of catalase or Cu/ZnSOD activity by
mutation decreases the resistance to oxidative stress and dra-
matically reduces viability and life span (29, 39). The correla-
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tion between oxidative damage and aging has led to the hy-
pothesis that oxidative damage may normally be a limiting
factor for the life span of Drosophila. Several groups have
begun to test this hypothesis by assaying the effects of in-
creased expression of one or more oxidative stress resistance
genes in transgenic Drosophila. Catalase expression has been
increased by creating transgenic flies containing an extra copy
of the endogenous gene carried on a P element germ line
transformation vector (19, 35). While increased resistance to
exogenous H,O, was observed, no increase in the life span was
obtained.

Analysis of Cu/ZnSOD overexpression in transgenic Dro-
sophila has yielded somewhat conflicting results. Cu/ZnSOD
expression has been increased by using chromosomal duplica-
tions of the gene (49) and by creating transgenic flies contain-
ing an extra copy of the endogenous gene (34, 44). Slightly
increased resistance to oxidative stress was observed, but no
consistent increase in life span was detected. In contrast, when
Cu/ZnSOD activity levels were increased in transgenic flies by
expressing the bovine protein with the constitutive Drosophila
actin5C promoter, an increased resistance to oxidative stress
was produced and was reported to cause a ~10% average
increase in the mean life span (40). Finally, transgenic flies
containing extra copies of both the catalase gene and the Cu/
ZnSOD gene were generated. The strains had increased oxi-
dative stress resistance, decreased accumulation of oxidative
damage products, and an increase in the life span which was
not observed with either gene alone (33). One possible expla-
nation for the differing results obtained in Cu/ZnSOD overex-
pression experiments is the large effect of genetic background
on life span.

One limitation of current transgenic technologies is that
each control and experimental (overexpression) transgenic line
also has other differences in genetic background (20, 57). Dif-
ferences in genetic background of this type have been found to
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have effects on the life span which are large enough to mask
any effects of the transgene(s) under study (20, 50, 51, 54).
Another limitation of current transgenic technologies is that
overexpression occurs throughout the life cycle, and thus it is
not possible to separate effects on development from effects on
adult aging. An inducible system provides additional controls
for these two variables. The yeast FLP/FRT recombination
system functions in transgenic Drosophila (17) and provides a
system for induced gene expression called “FLP-OUT” (6, 53).
FLP-OUT was adapted in these experiments to allow induced
overexpression of catalase and Cu/ZnSOD, alone and in com-
bination, in adult Drosophila. Overexpression of Cu/ZnSOD
was found to increase the mean life span by up to 48%, de-
pending on the particular genetic background used. These
results demonstrate the usefulness of inducible systems for
studies on aging and may help reconcile previously conflicting
reports on the effects of Cu/ZnSOD overexpression on the
Drosophila life span.

MATERIALS AND METHODS

D. melanogaster stocks, culture, and transformation. Fly stocks were main-
tained on cornmeal-agar medium (2). All stocks are as described previously (26).
The FLP! transgenic line contains the hsp70:FLP transgene inserted on the first
chromosome (see Fig. 1A) (17) and was obtained from Kent Golic. The FLP?
transgenic line contains the 4sp70:FLP transgene on the third chromosome and
was obtained from the Bloomington Drosophila Stock Center. All experiments
were done with FLP!, with the exception of those whose results are presented in
Table 8, in which FLP? was used. The transgenic line containing the lacZ
expression construct (Fig. 1B) (53) was obtained from Gary Struhl. To obtain
adult flies of defined ages or to determine the mean life span, stocks were
cultured at 25°C until 0 to 2 days post-eclosion, and then females only were
removed and maintained at 40 flies per vial at 25°C. For the experiment whose
results are shown in Table 8 only, male flies were used. The adults were trans-
ferred to fresh vials every 2 days, and the number of dead flies was counted. As
the age of the cohort increased, the number of vials was reduced to maintain ~40
flies per vial. All fly ages are expressed as number of days since eclosion.
Transgenic flies were generated by standard methods (43), using the w’/’® re-
cipient strain. All P element insertions were made homozygous by appropriate
crosses to the same set of inbred balancer stocks in the w’/’® background.

Heat pulse protocol for FLP-OUT. Heat pulses were performed as follows. For
each genotype, a single age-synchronized cohort of ~500 adult mated females
was generated by pooling (mixing) flies collected from several bottles. This single
pooled cohort was maintained at 25°C until the flies reached 5 days of age. On
day 5, the flies were randomly divided into two equal groups, control (Co) and
heat pulsed (HP). Co flies were maintained at 25°C. HP flies were given a heat
pulse of 32°C for 15 min followed immediately by 37°C for 45 min. The flies were
then returned to 25°C, and the heat pulse regimen was repeated on day 6. This
2-day heat pulse protocol was found to yield the largest FLP-OUT induction of
the lacZ expression construct in combination with FLP! and to have the smallest
negative effect on life span. Both more severe and less severe heat pulses were
tested, and the effect of the heat pulse itself on life span was always neutral or
negative. All fly ages are expressed as number of days since eclosion. For the
experiment whose results are shown in Table 8 only, the heat pulse was changed
to a continuous 90 min at 37°C on days 5 and 6, which yielded the optimal
expression of the lacZ construct in combination with FLP? (data not shown).

B-Gal activity assays. B-Galactosidase (B-gal) enzymatic activity was quanti-
tated in whole fly extracts by using the spectrophotometric assay (45). Assays
were performed under conditions where the reaction was linear with regard to
time and amount of extract. Data are presented as the mean and the standard
deviation for triplicate assays. The protein concentration in extracts was deter-
mined with the Bradford reagent (Bio-Rad). The w’/’8 strain was used to gen-
erate all transgenic lines, and no (zero) B-gal activity was detectable in extracts
of the w//’8 strain using the spectrophotometric assay. B-gal expression was
visualized in dissected flies, larvae, and cryostat sections by published procedures
(46).

Plasmid constructions. The Cu/ZnSOD expression construct was generated as
follows. The 4.4-kb NotI-Kpnl fragment containing the actin5C promoter was
isolated from plasmid D237, obtained from Gary Struhl (53), and inserted into
the NotI-Kpnl sites of transformation vector pCaSpeR4 (56) to create the
pCaSpeRAct construct. A 740-bp EcoRI fragment containing the full-length
Cu/ZnSOD c¢DNA was obtained from Bill Orr (Southern Methodist University)
and inserted into the EcoRlI site of pCaSpeRACT. The correct orientation of the
cDNA relative to the actin5C promoter was confirmed, and this construct was
named pCaSpeRACTSOD. A 2.6-kb Kpnl fragment containing a transcriptional
stop sequence (the Asp70 3’ end) flanked by FLP recognition target (FRT) sites
was isolated from plasmid J33R obtained from Gary Struhl (53) and inserted into

FLP-INDUCED Cu/ZnSOD EXTENDS DROSOPHILA LIFE SPAN 217

the Kpnl site of pCaSpeRACTSOD. The correct orientation was confirmed, and
the final construct was named pACTstopSOD.

The catalase expression construct was generated as follows. The 2.6-kb Kpnl
fragment containing the stop sequence flanked by FRT sites from plasmid
J33R was inserted into the Kpnl site of pCaSpeRACT to generate plasmid
pCaSpeRACT**. A 1.92-kb EcoRI fragment containing the catalase cDNA was
isolated from construct McCAT, obtained from Bill Orr (32), and inserted into
the EcoRI site of PCaSpeR4 to generate the pCaSpeRCAT construct. pCaSpeR-
ACT** was partially restriction digested with Kpnl and completely restriction
digested with NotI to isolate the 7-kb NotI-Kpnl fragment containing the actin5C
promoter and stop sequence flanked by FRTs. pCaSpeRCAT was partially re-
striction digested with Kpnl and dephosphorylated, and the 7-kb NotI-Kpnl
fragment described above was inserted into the Kpnl site immediately 5" to the
catalase cDNA fragment. The correct orientation of the fragments was con-
firmed, and the final construct was named pACTstopCAT.

Catalase enzyme activity assay. Catalase enzyme activity was assayed essen-
tially as described previously (27). Briefly, enzyme extracts were prepared by
homogenizing five adult female flies in 800 I of ice-cold homogenizing solution
(0.05 M potassium phosphate [pH 6.9], 0.1% Triton X-100). The samples were
microcentrifuged at 4°C for 20 min and the resultant supernatant was diluted 1:2
with homogenizing solution. Reactions were initiated by addition of various
amounts of diluted extract to 1 ml of substrate solution containing 0.05 M
potassium phosphate buffer (pH 6.9) and 15 mM H,O,. The decrease in the
optical density at 240 nm (OD,,,) was measured over 5 min, and the change in
OD,,, per minute was linear with regard to time and amount of extract. The
catalase activity is reported as the change in OD,,, per minute per microgram of
extract (mean and standard deviation of triplicate samples).

SOD enzyme activity assay. The total SOD activity was assayed as described
previously (23). Briefly, extracts were prepared as described above for the cata-
lase assay. SOD activity is measured as the degree to which the oxidation of
quercetin by N',N’,N',N'-tetramethylethylenediamine (TEMED) is inhibited in
the presence of extract. Various amounts of extract were added to 3 ml of
reaction mixture containing 20 mM potassium phosphate buffer (pH 10), 0.8 mM
TEMED, and 0.8 mM EDTA plus 0.1 ml of quercetin stock solution (1.5 mg of
quercetin in 10 ml of dimethylformamide). The change in OD,,, was measured
for 10 min and compared to that of no-extract controls. SOD activity was
measured as the percent inhibition of quercetin oxidation and was linear with
regard to time and amount of extract. SOD activity is reported as the mean and
standard deviation of triplicate samples.

H,0, resistance assay. A total of 160 to 200 adult female flies of the indicated
ages were placed in plastic culture vials, at 40/vial, with a Kimwipe (Kimberly-
Clark) wetted with 1.0 ml of 10% sucrose solution containing 1% H,O,. At 72 h,
the H,O, concentration was increased to 5%. Fresh solution was placed in the
vials every 24 h, and the number of dead flies was counted at 24, 48, 72, and 96 h
after increasing the H,O, concentration to 5%. Data are presented as the
percentage surviving. In our hands, the stepwise increase in H,O, concentration
yielded more reproducible results than did constant treatment with 5% H,O,.

Negative geotaxis assay. The negative geotaxis assay was performed essentially
as described previously (25, 31). Briefly, a 15-cm height was marked on a 100-ml
graduated cyclinder test chamber. Then 10 adult females of the indicated age
(see Results) were placed in the chamber, gently knocked to the bottom, and
allowed to climb up the sides of the chamber. After 20 s, the number of flies
above the 15-cm mark was recorded. Data are presented as the mean and
standard deviation of four tests of 10 different groups of 10 flies each (i.e., 40
tests per data point). In our hands, more reproducible results were obtained if
the flies were given one “warm-up” run before data collection was begun.

Fecundity assay. Groups of 10 adult female virgins (13 days old) were placed
in culture vials with excess Oregon-R male flies for 3 days. All flies were trans-
ferred to fresh vials, and the females were allowed to lay eggs for 24 h and were
then removed. The total number of resultant progeny were counted, and the data
are presented as the mean and standard deviation of triplicate vials.

Statistical analyses. For the catalase assay, SOD assay, activity assay, fecundity
assay, and life span assay, all means (Co versus HP) were compared by using a
two-sided # test. A statistically significant difference (P < 0.05) is indicated by an
asterisk next to HP. For the life span assays, mean life span and standard error
of the mean (SEM) was calculated from tabular survival data. The Pearson
correlation coefficient, r (47), was calculated for the relationship between the
change in mean life span (HP minus Co) and the change in SOD enzyme activity
(HP minus Co) plotted in Fig. 5. The statistical significance of the correlation
coefficient was calculated by using Fisher’s r to z transformation (47). Survival
curves for Co and HP flies in the presence of H,0, were compared by using the
nonparametric log rank (Mantel-Cox) and Breslow-Gehan-Wilcoxon tests (24,
30). Mean life span calculations were performed by using the Mortal 1.0 Pro-
gram, generously provided by Jim Curtsinger (11a). All other calculations were
performed with Statview statistics analysis software (Abacus Concepts, Inc.,
Berkeley, Calif.).

RESULTS

The FLP-OUT system in adult Drosophila. The yeast FLP
recombinase has been shown to catalyze highly efficient recom-
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FIG. 1. FLP-OUT system. (A) hsp70:FLP construct in the FLP! transgenic
line. (B) lacZ-catalase-Cu/ZnSOD expression constructs before recombination.
(C) Expression constructs after FLP/FRT-mediated recombination. In the cata-
lase and Cu/ZnSOD expression constructs, the transcriptional stop sequence is
the 3’ end and polyadenylation signal sequence of the Asp70 gene, while in the
lacZ expression construct the stop sequence is the Draf gene (53). (D) B-gal
enzyme levels were assayed in extracts of adult Drosophila of the indicated
genotypes. The data are the mean and standard deviation of triplicate assays.
Statistically significant differences (P < 0.05) between HP and Co were deter-
mined with two-sided ¢ tests and are indicated by an asterisk.

bination between its DNA target sites (FRTS) in transgenic
Drosophila (17). This technique was modified to allow the
activation of a gene of interest specifically in clonal lineages of
cells during Drosophila development (FLP-OUT) (6, 53). In
the FLP-OUT approach, the yeast FLP recombinase is ex-
pressed under the control of the Asp70 heat-inducible pro-
moter in one transgenic construct (Fig. 1A). A brief heat stress
thus causes tissue-general expression of FLP. A second trans-
genic construct (the “expression” construct [Fig. 1B]) contains
the gene of interest downstream of the constitutive, tissue-
general Drosophila actin5C promoter. Transcripts initiating at
the actin5C promoter are prevented from reaching the gene of
interest by a transcriptional “stop” sequence. This transcrip-
tional stop sequence is itself flanked by FRTs, which are the
target sites for FLP recombinase. After FLP expression is
induced by the heat pulse, the FLP recombinase protein causes
the precise excision of the transcriptional stop sequence out of
the expression construct, hence the name FLP-OUT (Fig. 1C).
This results in constitutive expression of the gene of interest
from that point in time onward.

The FLP-OUT system was optimized for the postmitotic
cells of adult Drosophila by using a lacZ expression construct
(Fig. 1B). Mild heat pulses on consecutive days were found to
yield eightfold induction of B-gal activity (Fig. 1D). The ma-
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jority of the fly DNA underwent the specific FLP-OUT reac-
tion, and lacZ expression was stable and observed at high levels
in all tissues of the adult fly (data not shown).

It seemed likely from previous studies that the effects of
Cu/ZnSOD overexpression might be dependent on the genetic
background. A scheme was designed to allow convenient assay
of each independent transgenic construct insertion in two dif-
ferent genetic backgrounds, to determine if and how this might
affect the results. The FLP' transgenic line, containing the
hsp70:FLP fusion gene inserted on the first chromosome, bears
a distinct dominant marker mutation on each third chromo-
some. One third chromosome is marked with the dominant eye
structure mutation Drop™’® (Dr*?), and the other third chro-
mosome is the TM3 balancer, marked with the dominant bris-
tle mutation Stubble (Sb). In this way, the progeny of a cross of
the FLP! line to any wild-type or transgenic line can be easily
separated into two distinct, heterogeneous genetic back-
grounds: those that inherit the Sh-marked TM3 third chromo-
some (T background), and those that inherit the Dr***°-marked
third chromosome (D background). These two heterogeneous
genetic backgrounds are thus identical except for the identity
of one copy of the third chromosome. The genetic background
in general and the gene allele(s) on the third chromosome in
particular have previously been shown to affect the Drosophila
life span (11, 12), and the D-background flies were found to be
relatively longer-lived than the T-background flies. Several ex-
periments were performed simultaneously in both the longer-
lived D-background flies and the shorter-lived T-background
flies to determine if genetic background affected the results.
For genotype designations in the figures and tables, this back-
ground is denoted by a D or T in parentheses.

Catalase and Cu/ZnSOD overexpression. Three transgenic
lines containing the catalase expression construct were gener-
ated (Fig. 1B). Each catalase transgenic line was crossed to a
line (FLP') transgenic for the hsp70:FLP construct (Fig. 1A),
to generate flies transgenic for both constructs. Different
genomic locations can have positive or negative effects on
expression of transgenes (“position effects”), and thus it was
expected that the amount of overexpression would vary among
different transgene insertion sites. Catalase enzymatic activity
was quantitated in extracts of flies (Fig. 2), and the inducing
heat pulse resulted in 1.5- to 2.5-fold catalase enzyme overex-
pression, depending on the particular transgenic insertion (Fig.
2B and C). The induction of catalase activity was specific, since
heat pulse treatment of several control lines caused no change
in catalase activity (Fig. 2A).

Four transgenic lines were similarly generated for the Cu/
ZnSOD expression construct (Fig. 1B). Each line was crossed
to the FLP' line, and SOD enzymatic activity was assayed with
and without the inducing heat pulse in the doubly transgenic
flies (Fig. 3). Two of the Cu/ZnSOD transgenic lines, SOD>**!
and SOD?®?, reproducibly yielded 1.2- to 1.5-fold SOD en-
zyme overexpression (Fig. 3B to F). The other two Cu/ZnSOD
transgenic insertion lines, SOD** and SOD?"?, yielded little to
no detectable increase in SOD activity. Since the inserted con-
struct is the same in all lines, the differences in expression
between lines is probably due to inhibitory chromosomal
position effects on the recombination (FLP-OUT) and/or tran-
scription of the transgenes in lines SOD** and SOD*®2, A “dou-
ble SOD” transgenic line containing both the active SOD>**!
and relatively inactive SOD?** insertions was constructed. This
SOD?**;SOD>**! line yielded somewhat higher background lev-
els of SOD activity without a heat pulse, however, induction of
SOD with a heat pulse could still be detected (Fig. 3B to F).
The heat pulse itself had no significant effect on SOD enzy-
matic activity in multiple control lines (Fig. 3A).
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FIG. 2. Catalase enzyme activity assay. Catalase enzyme activity was quantitated in extracts of whole flies of the indicated genotypes. (A) Control lines. (B) Lines
transgenic for FLP! and the indicated catalase overexpression construct insertions. (C) Repeat of experiment in panel B. (D) Lines transgenic for FLP' plus the
indicated catalase insertion plus the indicated SOD insertion. (E) Repeat of experiment in panel D. The data are the mean and standard deviation of triplicate assays.
Statistically significant differences (P < 0.05) between HP and Co were determined with two-sided ¢ tests and are indicated by an asterisk.

Catalase overexpression was found to have a significant ef-
fect on H,O, resistance in the fly. H,O, in cells can be con-
verted by multiple pathways to the highly toxic hydroxyl radi-
cal, and feeding of H,O, to Drosophila is highly toxic. The
inducing heat pulse had negative effects on resistance to H,O,
in two control lines (Fig. 4A and B) and neutral effect in a third
control line (Fig. 4C). As seen below (see Table 1), a variable
neutral to negative effect of the heat pulse on survival was also
observed with control strains in the absence of H,O, treat-
ment. Thus, the heat pulse itself was associated with a small
toxic effect, which was sometimes observed in the control
strains and sometimes not. In contrast, in flies engineered to
overexpress catalase, the heat pulse caused significantly in-
creased resistance to killing by H,O, feeding (Fig. 4D to F).

To allow simultaneous overexpression of catalase and Cu/
ZnSOD, lines containing various catalase construct insertions
in combination with the active SOD**! or SOD?®? insertions
were generated. In these lines, the heat pulse again produced
catalase overexpression (Fig. 2D and E) and increased resis-
tance to H,O, (Fig. 4G to I). However, in the presence of the
catalase insertions, overexpression of SOD activity by the Cu/
ZnSOD insertions was reduced (Fig. 3G and H).

Catalase and Cu/ZnSOD overexpression affects the life
span. The effect of catalase and/or Cu/ZnSOD overexpression
on life span was assayed by measuring the mean life spans of
age-synchronized cohorts of flies, with and without the induc-
ing heat pulse. To determine whether the effects of overex-
pression were influenced by the genetic background, each cata-
lase and SOD construct insertion was assayed for its effects on
life span in both the shorter-lived T genetic background and
the longer-lived D genetic background. For all experiments,
the genetic background was identical between the Co and
experimental HP populations. Heat pulse of multiple Co lines
always had neutral or slightly negative effects on the life span
in both the D and T genetic backgrounds (Table 1). Similarly,
overexpression of catalase alone was found to have neutral or
slightly negative effects on mean life span, in both the longer-
lived D genetic background and the shorter-lived T genetic
background (Table 2). The line yielding the highest level of
catalase overexpression, CAT?>*?, exhibited the slight negative
effect on life span (Table 2).

The effect of Cu/ZnSOD overexpression on the mean life
span was also assayed (Table 3). Lines SOD*®? and SOD**,
which exhibited no detectable SOD enzyme overexpression,
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FIG. 3. SOD enzyme activity assay. Total SOD enzyme activity was quantitated in extracts of whole flies of the indicated genotypes. The data show the percentage
to which extract inhibits the oxidation of quercetin in the presence of TEMED and are the mean and standard deviation of triplicate assays. Statistically significant
differences (P < 0.05) between HP and Co were determined with two-sided ¢ tests and are indicated by an asterisk. (A) Control lines, including both the D and T
backgrounds, as indicated. (B) Flies transgenic for FLP' and the indicated SOD construct insertions, D background, assay 1. The FLP';SOD?®2 sample was lost, and
therefore the experiment was performed two more times. (C) Flies transgenic for FLP! and the indicated SOD construct insertions, D background, assay 2. (D) Flies
transgenic for FLP! and the indicated SOD construct insertions, D background, assay 3. (E) Flies transgenic for FLP! and the indicated SOD construct insertions, T
background, assay 1. (F) Flies transgenic for FLP! and the indicated SOD construct insertions, T background, assay 2. (G) Flies transgenic for FLP' plus the indicated
catalase construct insertion plus the indicated SOD construct insertion, in D or T backgrounds, as indicated, assay 1. (H) Flies transgenic for FLP! plus the indicated
catalase construct insertion plus the indicated SOD construct insertion, in D or T backgrounds, as indicated, assay 2. The induction of the double-SOD line,
SOD?4;SOD3A! is significant or marginally significant if the replicate experiments are combined: for the D background (B> + C° + D), P = 0.05; for the T background
(E® + F°), P = 0.10. Similarly, if replicate experiments are combined for the CAT plus SOD lines, the induction of SOD is significant or marginally significant for the
following genotypes: CAT**%SOD*A! (G + H') P = 0.05, CAT?®*%4S0D**! (G? + H?) P = 0.05, CAT**%4SOD?*®! (G* + H?) P = 0.10.
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FIG. 4. Resistance to killing by H,O, feeding. Flies of the indicated genotypes were assayed for survival while being fed 5% H,0,. Data are presented as percent
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survival. A total of 140 to 200 flies were analyzed for each survival curve. Results of nonparametric statistical analyses are presented below each graph.
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TABLE 1. Mean life span of control strains
Life span (mean = SEM) (days) of: % Change
Genotype o s (HP — Co)/Co* P (HP versus Co)
Expt 1
Oregon-R 51.27 = 1.44 47.36 £ 1.58 —7.63 0.0672
FLP;,0R(D) 59.28 £ 1.26 59.29 £ 1.37 +0.02 0.992
FLP';lacZ(D) 45.68 = 1.61 38.95 = 1.36 —14.73* 0.002
FLP';0R(T) 43.56 = 1.49 43.51 £1.36 —0.11 0.976
FLP';lacZ(T) 35.05 £ 1.16 33.63 = 0.94 —4.05 0.3422
Expt 2
Oregon-R 49.88 £ 1.52 45.78 £ 1.40 —8.22* 0.0466
FLP';OR(D) 61.37 = 1.26 60.83 = 1.01 —0.87 0.617
FLP%lacZ(D) 49.13 = 1.31 48.04 = 1.00 —2.22 0.484
FLP';OR(T) 43.17 = 1.49 4423 £ 1.35 +2.47 0.5892
FLPYlacZ(T) 3351 £ 1.25 31.49 = 0.85 —6.02 0.1802

“ x, statistically significant change.

had no effect or small negative effects on life span in both
genetic backgrounds. In contrast, line SOD**!, which yielded
1.2- to 1.5-fold overexpression of SOD, produced a 10 to 14%
increase in mean life span in both the longer-lived D genetic
background and the shorter-lived T genetic background. Line
SOD*®2, which yielded 1.4- to 1.8-fold SOD enzyme overex-
pression, increased the mean life span by 16 to 20% in the T
genetic background. However, it did not significantly increase
the life span in the D genetic background. The double SOD
line SOD**;SOD**!, which gave a small but detectable in-
crease in SOD activity (Fig. 3), yielded a significant increase in
the life span in one of two experiments in both the D and T
genetic backgrounds. An increased life span required SOD
overexpression, since a heat pulse of all of the expression
construct insertions in the absence of the FLP construct always
had neutral or negative effects on the life span (Table 4). Thus,
an increase in the mean life span was observed only in trans-
genic lines which overexpressed SOD enzymatic activity.

In vivo catalase and Cu/ZnSOD act in concert to detoxify
oxygen radicals, and another study has reported that extension
of the life span is observed only when the enzymes are over-
expressed simultaneously (33). The effect on life span of simul-
taneous induced overexpression of catalase and Cu/ZnSOD
was determined by assaying multiple Drosophila lines contain-

ing the FLP" construct and both the catalase and Cu/ZnSOD
expression constructs (Table 5). Simultaneous overexpression
of catalase and Cu/ZnSOD did not confer any added benefit
relative to Cu/ZnSOD overexpression alone and appeared to
have small negative effects. An increased life span was ob-
served only in backgrounds containing the active SOD inser-
tions SOD**! and SOD>®%; however, the positive effects were
smaller than in the absence of the catalase inserts. This result
may be because the degree of SOD enzyme overexpression was
reduced in the presence of the catalase inserts.

Effects of Cu/ZnSOD overexpression on adult activity and
fecundity. In Drosophila, increased activity decreases the life
span and, conversely, decreased activity increases the life span.
This relationship is found when activity is altered by increasing
or decreasing the temperature of culture, allowing or disallow-
ing mating or flight, or by using mutations which increase
activity (4, 58). It was therefore of interest to determine if the
increase in life span caused by Cu/ZnSOD overexpression was
associated with altered activity. Activity was assessed by the
negative geotaxis assay, which is a measure of the rate at which
flies climb away from gravity (25, 31). These experiments were
done with flies which had been heat pulsed and cultured in
parallel with the life span experiments. Negative geotaxis ac-

TABLE 2. Mean life span of strains overexpressing catalase

Life span (mean = SEM) (days) of:

% Change
Genotype o . (HP — Co)g/Co" P (HP versus Co)

Expt 1

FLP;CAT***(D) 45.29 = 1.19 42.86 = 0.80 —5.37 0.0892

FLP';CAT?®*(D) 62.30 = 0.75 60.91 = 0.83 -2.23 0.2112

FLP';CAT*®'*(D) 44.21 = 0.80 44.10 = 1.09 —0.25 0.9362

FLP';CAT***(T) 31.65 = 0.66 30.88 = 0.58 -2.42 0.3844

FLP,CAT?®%(T) 3735+ 1.13 36.43 = 1.07 —2.45 0.5552

FLP';CAT?B'}(T) 29.47 = 1.21 27.68 = 0.65 —6.09 0.1902
Expt 2

FLP;CAT***(D) 46.96 = 1.19 40.62 = 0.72 —13.51* <0.0001

FLP';CAT?®*(D) 62.69 = 0.62 61.97 = 0.61 -1.16 0.4010

FLP;CAT*®'*(D) 42.09 = 0.83 42.51 = 0.91 +1.00 0.7338

FLP';CAT***(T) 33.12 = 0.58 34.17 = 0.61 +3.17 0.2150

FLP,CAT?®%(T) 37.79 = 1.14 39.28 = 1.06 +3.94 0.3370

FLP';CAT?B'}(T) 32.48 = 0.80 31.26 = 0.92 —3.74 0.3174

@ *_ statistically significant change.
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TABLE 3. Mean life span of strains overexpressing Cu/ZnSOD

Life span (mean = SEM) (days) of:

Genotype o pr (HE{O Slgg)g/go,, P (HP versus Co)
Expt 1

FLP';SOD**!(D) 54.75 = 0.60 60.53 = 0.46 +10.55% <0.0001
FLP;SOD***(D) 59.45 = 0.88 57.38 £ 0.87 —3.48 0.095

FLP';SOD?®%(D) 48.97 = 1.02 4424 = 0.80 —9.66* <0.0001
FLP;SOD**(D) 5534 £1.25 4591 £ 0.85 —17.04* <0.0001
FLP';SOD**;SOD**!(D) 64.55 = 0.76 65.55 = 0.81 +1.54 0.3734
FLP,SOD**(T) 35.97 = 1.00 39.71 = 1.06 +10.39* 0.0102
FLP';SOD?*®*(T) 29.88 = 0.96 34.54 = 1.09 +15.58% 0.0020
FLP';SOD*®*%(T) 30.10 = 0.73 31.29 = 0.60 +3.94 0.2076
FLP';SOD*A(T) 31.68 = 0.81 31.96 = 0.68 +0.90 0.7872
FLP;SOD*4;SOD**!(T) 39.88 = 0.99 42.62 £ 1.11 +6.87 0.0802

Expt 2

FLP';SOD**!(D) 55.22 = 0.68 62.56 = 0.60 +13.28% <0.0001
FLP;SOD***(D) 53.87 £ 0.85 53.09 £ 0.84 —1.46 0.5092
FLP';SOD?®%(D) 49.16 = 0.94 39.72 = 0.80 —19.22% <0.0001
FLP;SOD**(D) 55.76 £ 1.25 46.90 = 0.92 —15.87* <0.0001
FLP';SOD**;SOD**!(D) 58.46 = 0.72 61.74 = 0.90 +5.61% 0.0046
FLP,SOD**!(T) 34.59 = 1.21 39.50 = 1.14 +14.20* 0.0028
FLP';SOD?*®**(T) 3241 = 0.92 38.93 = 1.19 +20.11% <0.0001
FLP';SOD*®*%(T) 31.16 = 0.64 30.71 = 0.56 —1.44 0.5962
FLP';SOD*A(T) 31.21 = 0.68 31.38 = 0.68 +0.54 0.8650
FLP;SOD*4;SOD**!(T) 35.89 = 1.11 39.75 =+ 1.33 +10.77* 0.0258

“ x, statistically significant change.

tivity normally deteriorates as a function of age and correlates
well with other measures of activity and aging (25, 31, 33).
Negative geotaxis activity was assayed at 21 days of age
(Table 6, experiments 1 and 2), and at 30 days of age (exper-
iment 3). In each case, assays were performed in both the T
and D genetic backgrounds. A heat pulse was found to cause
increased or decreased activity in certain genetic backgrounds
and to have no effect in other genetic backgrounds. No detect-
able correlation was found between activity and life span or

between activity and Cu/ZnSOD overexpression in either ge-
netic background at either age. Thus, within the limits of this
assay, increased life span does not appear to result simply from
decreased activity.

Preventing mating or egg-laying in Drosophila can cause an
increased life span (4, 37), and thus it was of interest to deter-
mine if an increased life span was associated with decreased
fecundity. Female fecundity was measured with and without
the inducing heat pulse in several control lines and in the

TABLE 4. Mean life span of control strains lacking FLP

Life span (mean = SEM)

Genotype (days) of: (H;/O _C}g:)g/ecoa P (HP versus Co)
Co HP
Expt 1
SoDA! 38.71 + 0.68 31.97 + 0.79 —17.40% <0.0001
SOD?B? 39.40 + 0.77 37.03 + 0.76 —6.01* 0.0278
SOD?4;SOD3A! 65.09 = 1.13 68.89 + 0.77 +5.84 0.0540
CAT?A? 35.26 + 0.87 31.11 + 0.66 —11.77% <0.0001
CAT?B!2 39.21 = 1.10 35.40 + 1.02 —9.73* 0.0108
CAT?*%S0DA! 40.96 * 0.87 38.90 + 0.73 —5.03 0.0704
CAT?A2%,S0OD?P? 31.97 = 0.71 31.62 + 0.65 —-1.11 0.7338
CAT?®'2,S0D>B? 46.37 = 0.97 43.69 * 0.79 —5.77* 0.0332
LacZ 34.73 + 1.41 31.20 + 1.33 -10.17 0.0672
Expt 2
SOD3A! 38.42 + 0.73 33.34 + 0.51 —13.22% <0.0001
SOD?B2 42.56 + 0.89 41.22 + 0.97 -3.15 0.3078
SOD**;SOD*A! 56.39 = 1.06 54.69 + 0.98 -3.02 0.2802
CAT?A? 38.01 = 0.87 35.57 + 0.57 —6.42* 0.0192
CAT?B? 40.81 = 1.13 36.84 + 1.31 —9.72% 0.0214
CAT?A%,S0DA! 46.10 = 0.63 39.42 + 0.65 —14.51* <0.0001
CAT?**%,S0D>8B? 4138 = 0.77 37.01 + 0.57 —10.54* <0.0001
CAT?B12,S0D>B? 52.76 = 1.46 51.77 = 1.17 —-1.88 0.5962
LacZ 32.76 + 1.64 31.70 + 1.45 -3.22 0.6312

¢ %, statistically significant change.
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TABLE 5. Mean life span of strains overexpressing catalase and Cu/ZnSOD

MoL. CELL. BIOL.

Life span (mean *= SEM) (days) of:

Genotype P P (H;/,D Elgg)g/éoa P (HP versus Co)
Expt 1
FLP';CAT?%,S0D**!(D) 53.64 £ 0.74 51.24 £ 0.68 —4.48* 0.0164
FLP',CAT??%S0D**! (D) 5293 £0.77 5211 £0.72 —1.56 0.4354
FLP';CAT?B'%,SOD**! (D) 51.13 £ 0.86 42.71 £ 0.70 —16.47* <0.0001
FLP,;,CAT*A%SOD**%(D) 52.46 = 0.93 43.28 £ 0.87 -17.50* <0.0001
FLP';CAT?2%,SOD*"%(D) 54.19 £ 0.71 49.50 = 0.66 —8.66™* <0.0001
FLP';,CAT?®'%,SOD*®*(D) 62.86 = 0.82 57.86 £ 0.63 —6.82* <0.0001
FLP';CAT*A%4,SOD*A(T) 30.53 = 0.61 36.27 = 0.65 +18.80* <0.0001
FLP';,CAT?®%S0D**(T) 36.11 £ 0.72 37.22 £ 0.77 +3.09 0.2892
FLP';CAT?B'%,SOD*A(T) 34.16 = 0.70 33.50 = 0.60 —1.93 0.4654
FLP';,CAT**%SOD***(T) 34.95 £ 0.72 29.80 = 0.71 —14.72* <0.0001
FLP';CAT?2%,SOD*B(T) 41.06 = 0.81 36.93 = 0.59 —10.06* <0.0001
FLP';,CAT?®'%,SOD*#*(T) 40.29 = 0.98 38.90 = 0.88 —3.45 0.2892
Expt 2
FLP';CAT?%,S0D*A!(D) 45.94 = 0.69 47.84 £ 0.71 +4.13 0.0548
FLP',CAT??%S0D**! (D) 46.53 = 0.58 50.41 £ 0.59 +8.35% <0.0001
FLP';CAT?B'%,SOD** (D) 59.03 £ 0.76 56.80 = 0.47 —3.77* 0.0132
FLP,;,CAT*A%SOD**%(D) 46.82 £ 0.75 40.99 £ 0.65 —12.45* <0.0001
FLP';CAT?2%,SOD*"%(D) 56.11 = 0.90 51.16 £ 0.65 —8.82* <0.0001
FLP';,CAT?®'%,SOD?*#%(D) 5735 £0.78 59.07 £ 0.75 +2.99 0.1118
FLP';CAT*A%,SOD*A(T) 37.03 £ 0.77 36.63 = 0.79 -1.79 0.5418
FLP';,CAT?®%S0D**(T) 35.44 = 0.69 37.33 = 0.84 +5.33 0.0818
FLP';CAT?B'%,SOD*A(T) 40.53 = 0.96 38.55 £ 0.93 —4.89 0.1362
FLP';,CAT**%SOD***(T) 32.68 £ 0.76 30.09 = 0.72 —7.92* 0.0136
FLP';CAT?2%,SOD*B(T) 39.99 + 1.12 39.84 = 1.05 —0.37 0.9204
FLP';,CAT?®'%,SOD*®*(T) 4222 £ 0.98 46.68 £ 0.88 +10.57* 0.0020

“ x, statistically significant change.

SOD?**! and SOD*®? lines (Table 7). No significant change in
fecundity was detected.

The amount of Cu/ZnSOD induction correlates with the
amount of life span extension. The amount of SOD induction
(HP minus Co) was plotted against the change in life span (HP
minus Co) for the lines containing FLP' and the various SOD
expression construct insertions. Life span was found to be
positively correlated with the amount of SOD induction in the
T genetic background (Fig. 5B).

A greater amount of Cu/ZnSOD induction was required for
an increased life span in the longer-lived D genetic background
(Fig. 5A). In the D genetic background, the lines yielding little
or no Cu/ZnSOD overexpression exhibit a somewhat decreased
life span upon application of a heat pulse. This may be because
the heat pulse and/or recombination are slightly more toxic in
this D genetic background. Consistent with this idea, FLP-
OUT overexpression of the lacZ expression construct some-
times has significant negative effects on life span in the D
genetic background but not in the T genetic background (Ta-
ble 1). Because of this negative effect in the D background, a
high level of Cu/ZnSOD overexpression was required to rescue
the life span back to control levels, and this accounts for the
correlation between Cu/ZnSOD overexpression and life span
in Fig. SA. Life span can be extended above control levels in
the D background under appropriate conditions: a consistent
increase in life span of 10 to 13% above control levels was
observed with the highly active SOD**! insertion (Table 3),
and a 6% increase was observed in one of two experiments
with the less active “double-SOD” (SOD**;SOD>**!) line (Ta-
ble 3).

Cu/ZnSOD overexpression can increase life span in male
flies. Experiments with the FLP! line were limited to female
flies due to a recessive temperature-sensitive background mu-

tation on the FLP' X chromosome, which caused temperature
sensitivity in males (data not shown). To confirm that life span
extension was also possible in males, a recently identified FLP
line (FLP?) which allows experiments in males was used (Table
8). The highly active SOD**! insertion was found to yield a
48% increase in mean life span in males when activated by
FLP?. A 14% increase in life span was obtained with the less
active double SOD line SOD**;SOD?**!, and the heat pulse
had a negative effect on the life span in the control genotype of
FLP? alone. One possible reason for the greater magnitude of
life span extensions observed in the experiment with males is
that FLP? may be more active than FLP*: FLP? yielded a two-
to threefold-higher induction of the lacZ construct than did
FLP' (data not shown).

DISCUSSION

The benefits of an inducible system. The FLP-OUT induc-
ible system provides powerful controls for the effects of genetic
background. Control and experimental (overexpressing) pop-
ulations are genetically identical and differ only in the use of
the inducing heat pulse and its consequences. The FLP-OUT
system also has the advantage that the investigator can choose
which stage of the life cycle to begin overexpression. For ex-
ample, in the experiments presented here, induction is started
in young adults. This means that all the preadult development
is identical between the control and experimental populations
and any difference between control and experimental popula-
tions is due to effects of the inducing heat pulse and its con-
sequences in the adults. Constitutive overexpression of Cu/
ZnSOD has toxic effects during Drosophila development,
specifically during pupation, and it has been suggested that this
toxic effect may limit the degree to which Cu/ZnSOD can be
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TABLE 6. Negative geotaxis activity

% moving 15 cm in

% Change
+
Genotype M (HP(; (,CO)/ (HP vefsus Co)
Co HP 0
Expt 1
Oregon-R 53.8+25 557x25 +3.5 >0.1
FLP';OR(D) 513+05 732x82  +427 >0.05
FLP';LacZ(D) 85.5+43 825*0.1 =35 >0.1
FLP';SOD**/(D) 87.1 =22 77.8+0.9 -10.7* <0.05
FLP,;SOD*** (D) 89.9+19 838=0.2 -6.79* <0.05
FLP';SOD***(D) 89.4 = 0.8 84.1 =43 -5.9 >0.1
FLP';SOD**(D) 87.0=2.1 702 = 1.1 —19.3* <0.01
FLP';0R(T) 75.8 40 84215 +11.1 >0.1
FLP';LacZ(T) 824+02 90515 +9.8* <0.02
FLP';SOD**(T) 66.6 =42 732 +7.0 +9.9 >0.1
FLPL;SOD*®¥(T) 654 +23 57.1*14 —12.7% <0.05
FLP';SOD***(T) 59.6 = 0.9 55.0 = 1.0 =7.7* <0.05
FLP';SOD**(T) 653 *=5.7 60.9 =22 -6.7 >0.1
Expt 2
Oregon-R 415+08 404 =05 =27 >0.1
FLP';OR(D) 31.3+05 420x04  +342* <0.01
FLP';LacZ(D) 602*+39 67.6=*5.1 +12.29 >0.01
FLP';SOD**!(D) 57.9=3.7 37.1%1.1 —35.9* <0.02
FLP;SOD*®**(D) 765 1.4 42.7+5.1 —44.2% <0.02
FLP';SOD***(D) 75.6 =44 81.5+8.7 +7.8 >0.1
FLP';SOD**(D)  90.1 £2.5 68.6 3.3 —23.9% <0.02
FLP';OR(T) 67.6 =40 88215 +30.5* <0.05
FLP';LacZ(T) 63910 885*25 +38.5% <0.01
FLP';SOD**(T) 75.0 =58 732 %3.1 —2.4 >0.1
FLP;SOD*®*%(T) 833 =21 729=34 —125 >0.05
FLP';SOD**¥(T) 75.6 =44 81.5+8.7 +7.8 >0.1
FLP';SOD**(T) 824 =13 83.6+8.5 -15 >0.1
Expt 3
Oregon-R 543+1.0 663*26  —22.1*% <0.05
FLP';OR(D) 413+18 632*42  +53.0* <0.05

FLP';LacZ(D) 755+43 725+03 —4.0 >0.1

FLP;SODA(D) 689 = 9.6 314+ 1.1  —54.4* <0.05
FLP';SOD**(D) 67.1+49 412+42 —386* <0.05
FLP';SOD**(D) 894 =08 850+53  —49 >0.1
FLP::SOD**(D) 833 =25 659+52 —20.9* <0.05
FLP;OR(T) 513+05 732+82  +42.7* <0.05
FLP'LacZ(T)  855+43 825+02  —35 >0.1
FLP::SOD*A(T) 794 =08 855+12  +7.7 >0.05
FLP';SOD*®(T) 833 =21 729+34  +17 >0.05
FLP';SOD*®(T) 717=44 749+48  —09 >0.1
FLP::SOD*N(T) 821=11 828+62  +09 >0.1

“ x, statistically significant change.

constitutively overexpressed while maintaining viability (40).
The inducible FLP-OUT system allows the investigator to re-
duce or avoid such toxic effects during development.
Overexpression of Cu/ZnSOD can extend the life span of
adult Drosophila. Overexpression of a single gene, Cu/ZnSOD,
was found to extend the mean life span of Drosophila up to
48%. The increase in life span was highly specific: it was ob-
served only in transgenic lines containing both the hsp70:FLP
construct and the Cu/ZnSOD expression construct. In re-
peated assays of over 20 different control lines, including SOD
and catalase insertions in the absence of FLP, wild-type lines,
and lines overexpressing catalase or E. coli B-gal, the inducing
heat pulse always had neutral or slightly negative effects. More-
over, in comparing the various SOD insertion lines, the
amount of SOD induction was found to be positively corre-
lated with the life span. Finally, Cu/ZnSOD overexpression
extended the life span in two different genetic backgrounds.
Oxidative damage has long been hypothesized to be a cause,
and perhaps a primary cause, of aging. Several studies have
shown that the life span of Drosophila can be increased in the
laboratory by genetic selection for delayed reproduction in
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large outbred populations (28, 38, 41). In such experiments,
the increased life span correlates with changes in allele fre-
quency for multiple genes, in some cases including that encod-
ing Cu/ZnSOD (13, 59). In another selected population, in-
creased life span was associated with increased oxidative stress
resistance and increased expression of several oxidative stress
resistance genes, including that encoding Cu/ZnSOD (15).
Thus, there is a correlation between oxidative stress resistance
and life span in Drosophila. However, extended life span in
selected populations is generally associated with “trade-offs”
such as decreased reproduction and activity at early ages; also,
decreased activity and/or reproduction can cause increased life
span. In the experiments reported here, the life span did not
significantly correlate with decreased activity or fertility, at
least not in the assays used. However, the possibility cannot be
ruled out that the increased longevity is associated with a
specific trade-off in reproductive activity or metabolism that is
not detected by those assays. In the absence of a detectable
reduction in activity or reproduction, we conclude that the
extension of life span is due to more efficient detoxification of
oxygen radicals in the Cu/ZnSOD-overexpressing lines. Thus,
the results suggest that oxidative damage is one rate-limiting
factor for the life span of adult Drosophila.

Effects of genetic background on life span extension by Cu/
ZnSOD. Each catalase and Cu/ZnSOD overexpression con-
struct insertion was assayed for its effects on life span in
two different, heterogeneous genetic backgrounds: a relatively
shorter-lived background (T) and a relatively longer-lived
background (D). A significant correlation between the amount
of induction of SOD activity and life span was found for both
genetic backgrounds. However, the ability of a particular insert
of the Cu/ZnSOD overexpression construct to extend the life
span was found to be affected by the genetic background. It is
likely that the different responses are due to the different
genomic locations of the inserts, which could affect the exact
level and/or tissue distribution of enzyme overexpression and
which can affect the life span (20).

Experiments were designed such that the shorter-lived T
genetic background and the longer-lived D genetic background
differed only in the identity of one copy of the third chromo-
some. The SOD*®? insertion caused an extended life span in
one genetic background (T) but not in the other (D). As seen
in the scatter plots of life span versus Cu/ZnSOD induction
(Fig. 5), fewer transgene insertions could extend the life span
in the D background. Thus, these data suggest that differences

TABLE 7. Female fecundity

No. of progeny

% Change
+
Genotype (mean = SD) (HPE Co)/ (HP Vefsus Co)
Co HP °
Expt 1
Oregon-R(D) 668 £4.6 585=x0.6 —12.4 >0.1
FLP';OR(D) 86.8 £12.7 87.0x74 +0.3 >0.1
FLP';LacZ(D) 835+64 740=*113 —114 >0.1
FLP';OR(T) 653147 635x12 -2.8 >0.1
FLP';LacZ(T) 532%12.7 645=x57 +21.3 >0.1
FLP';SOD**(D) 960 =7.0 81.5+7.1 —15.1 >0.1
FLP';SOD***(D) 1073 =9.7 72.5+4.7 —32.4 >0.05
FLP';SOD**!/(T) 960 =7.0 81.5=7.1 -15.1 >0.1
FLP';SOD*®X(T) 524 =80 49.9+32 -49 >0.1
Expt 2
FLP;SOD**Y(D) 1025 =9.2 99.8 = 10.4 =27 >0.1
FLP';SOD***(D) 693 =4.0 7.93 =135 +14.2 >0.1
FLP';SOD**!(T) 117.8 = 17.6 68.5 = 12.3 —41.8 >0.1
FLP;SOD*®%(T) 57.8 =27.0 46.3 *16.2 -19.9 >0.1
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FIG. 5. Correlation of SOD overexpression with life span. The amount of
Cu/ZnSOD overexpression (HP minus Co), in arbitrary Cu/ZnSOD enzyme
activity units, was plotted against the change in life span (HP minus Co), in days,
in scatter plots. (A) D genetic background, data from Fig. 3C and D and Table
3;r = 0.87, P = 0.0005. (B) T genetic background, data from Fig. 3F and G and
Table 3; r = 0.70, P = 0.047.

in genetic background, specifically the gene allele(s) on the
third chromosome, can affect in frans the ability of a given
Cu/ZnSOD construct insertion to extend the life span. In ad-
dition, the scatter plots of SOD induction versus life span
suggest that a threshold of Cu/ZnSOD overexpression is re-
quired for an increased life span and that this threshold is
different in different genetic backgrounds. These findings may
help reconcile previously conflicting reports on the effects of
Cu/ZnSOD overexpression on the Drosophila life span: whether
the life span was extended in flies overexpressing Cu/ZnSOD
would depend upon both the degree of Cu/ZnSOD overex-
pression and the particular genetic background of each inde-
pendent transgenic line. Thus, a similar degree of Cu/ZnSOD
overexpression could readily yield different results in studies in
which different genetic backgrounds were used.

In a previous study, constitutive overexpression of both cata-
lase and Cu/ZnSOD was reported to have greater effects on
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life span than Cu/ZnSOD overexpression alone (33). In the
experiments reported here, induction of catalase overexpres-
sion significantly increased the resistance to H,O, but had
neutral or small negative effects on life span in the presence or
absence of Cu/ZnSOD overexpression constructs. One possi-
ble explanation for this result is that catalase activity was al-
ready in excess: in previous studies of catalase mutants, it was
found that viability was unaffected until catalase activity was
reduced to less than 5% of normal levels. This suggests that
catalase was in excess, at least in the genetic backgrounds
examined (19).

While this paper was in review, it was reported that expres-
sion of a human Cu/ZnSOD transgene could extend the life
span of Drosophila (36). The binary GAL4/UAS system (8, 9)
was used to drive the expression of human Cu/ZnSOD broadly
during embryogenesis, in motor neurons and interneurons dur-
ing larval development, and in motor neurons in the adult. The
expressing and nonexpressing (control) strains were con-
structed to be nearly isogenic, and up to a 40% increase in life
span was reported. The results with human Cu/ZnSOD are
consistent with the results presented here demonstrating that
overexpression of a single gene, Cu/ZnSOD, can significantly
extend the life span of Drosophila.

Limitations and potential of FLP-OUT for studies of aging.
One limitation of the current FLP-OUT system is the require-
ment for a heat pulse to initiate overexpression. The experi-
mental (overexpressing) population by necessity differs from
control both by overexpression of the transgene and by having
been subjected to a heat pulse. Because the heat pulse is brief
(120 or 180 min total) at the beginning of adulthood, it repre-
sents at most 0.5% of the average adult life span of the fly.
Because transgene expression continues from that point in
time, the vast majority (>99%) of transgene overexpression
and its effects are occurring under non-heat-shock, i.e., control,
conditions. Thus, by carefully controlling for the effects of the
heat pulse itself, specific effects of transgene overexpression
can be identified.

One example of a complication of the heat pulse was that the
X chromosome bearing the FLP' insertion caused reduced
viability in males after a heat pulse. This effect was found to be
due to a temperature-sensitive lethal background mutation on
that X chromosome (data not shown), and it limited experi-
ments with FLP! to females. This problem has been overcome
in the most recent experiments by using different FLP stocks,
such as FLP?, which do not cause temperature sensitivity in
males. In the single experiment with males, a longer maximum
life span extension (48%) was obtained than was found in the
experiments with females (20%). This may be because FLP? is
more active than FLP":FLP? yielded two- to threefold-higher
induction of the lacZ construct than did FLP' (data not
shown). Previous studies of the life span of transgenic Dro-
sophila have generally used males or mixture of males and
females. We are not aware of any reason to expect a difference
in the effects of the transgene between males and females.

TABLE 8. Mean life span of male flies with FLP?

Life span (mean *+ SEM) (days) of:

Genotype C = (HZ& _Clg;l)g/éoa P (HP versus Co)
o
FLP?SOD*! 2492 £1.20 36.91 = 1.90 +48.11* <0.0001
FLP?SOD*4;SOD3A! 35.90 £ 1.49 41.00 = 2.05 +14.21* <0.0250
FLP? 38.54 = 1.57 33.24 £ 1.26 —13.74* <0.0001

¢ %, statistically significant change.



VoL. 19, 1999

Experiments to identify the FLP stock(s) best suited for future
life span studies are underway.

There is a specific situation in which a mild heat pulse itself
can increase the life span of Drosophila. The expression of the
Drosophila heat shock genes hsp70, hsp22, and hsp23 is in-
creased during aging, and this has lead to the suggestion that
heat shock genes may have positive effects on the life span (57,
60). Induction of heat shock genes by a mild heat pulse in
4-day-old female flies resulted in a period of decreased mor-
tality rate and an increase in the mean life span of up to 5%
(21). In an elegant experiment, flies transgenic for extra copies
of the hsp70 gene were found to exhibit up to 7% increase in
life span after the heat pulse, demonstrating a positive effect of
hsp70 on the life span (55). This experiment was made possible
in part by the fact that the Asp70 gene is inherently inducible
and by the use of FLP/FRT technology to generate different
transgenic constructs at an identical genomic location. How-
ever, this small but significant effect of a heat pulse on life span
is observed only during a narrow window of time at 4 days of
age and thus was not observed in the experiments presented
here (Table 1).

The FLP-OUT system should be most useful for assays of
parameters which are not significantly affected by the heat
pulse. For example, the conclusion that Cu/ZnSOD overex-
pression can extend the life span was dependent upon the
demonstration that the heat pulse itself could not increase life
span under the conditions used. Parameters that do appear to
be significantly affected by the heat pulse, such as activity, may
be more difficult to study with this system. Such problems
might be overcome in the future by using an inducible system
with a more innocuous “triggering” mechanism. For example,
the tetracycline-inducible gene expression system developed
for mammalian cells (“tet-on”) (18) has recently been adapted
to transgenic Drosophila (7). This allows inducible overexpres-
sion of transgenes during development and during aging, and
the inducing signal, tetracycline, may have less side effects than
a heat pulse.

Despite its current limitations, the FLP-OUT system should
be a flexible tool for future studies of the effects of specific
genes on life span in Drosophila and other organisms. The
promoters used in the transgenic constructs can be heterolo-
gous promoters, as were used here. Heterologous promoters
provide the option of numerous tissue-general or tissue-spe-
cific expression patterns, depending on the specific heterolo-
gous promoters used. This should potentially allow assays of
tissue-specific effects of transgenes on aging. In addition, the
normal promoter of the transgenes could be used, to more
precisely mimic the endogenous expression pattern of the
genes.

Finally, it may be possible to extend these inducible-overex-
pression experiments to studies of mammalian aging and the
effects of Cu/ZnSOD. In transgenic mice, constitutive overex-
pression of Cu/ZnSOD, using the homologous promoter, caused
specific developmental and functional defects (3, 5). Both tet-
racycline-inducible promoters and FLP/FRT recombination
work in transgenic mice (16, 22). Analogous to the experiments
presented here, these inducible systems should allow overex-
pression to be specifically targeted to postmitotic cells. It will
be of interest to determine if the developmental and toxic
effects of Cu/ZnSOD overexpression can be reduced under
such conditions, and possible beneficial effects such as in-
creased life span might then be detected.
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