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Age-induced memory impairment (AMI) is a common condition that 
is characterized by symptoms of cognitive decline that occur as part 
of the aging process. To date, molecular interventions to counteract 
AMI remain largely elusive, with the long lifespan of many animal 
models being a major limitation for studying age-related memory 
impairment. Drosophila, with its comparatively short lifespan and 
advanced genetics, is an ideal model system for unraveling the molec-
ular mechanisms associated with AMI and testing putative means for 
preventing AMI. The age-dependent decline of (aversive) olfactory 
memory in Drosophila serves as an established model for AMI1–4.  
In this learning procedure, groups of flies are trained by presenting 
them with an odor that temporally coincides with the application of 
electric shocks and presenting a second odor without this punish-
ment. Later on, flies can choose between the two arms of a T-maze 
containing either the odor that was paired with the electric shocks or 
the neutral odor. Learning is assessed by calculating the relative pro-
portion of flies avoiding the punished odor. This type of associative 
olfactory memory is usually maintained over several hours5.

Studies in various model organisms have implicated autophagy as a 
crucial regulator of the aging process6. Autophagy is a process of cel-
lular self-digestion in which portions of the cytoplasm are sequestered 

in double- or multi-membraned vesicles (autophagosomes) and then 
delivered to lysosomes for bulk degradation. In C. elegans, increased 
autophagy is necessary for lifespan extension by reduced insulin-like 
signaling7 and dietary restriction8. Similarly, increasing autophagy 
specifically in neurons can extend the lifespan of flies9, whereas 
reducing autophagy shortens lifespan and gives rise to neurodegen-
eration9,10. Although autophagy is a key regulator of the aging process, 
its role in cognitive aging has not yet been addressed.

We found that the levels of simple polyamines (spermidine  
and putrescine) decreased in the heads of aging Drosophila, con-
sistent with a decline in olfactory aversive memory in aging flies.  
Notably, restoration of polyamine levels by dietary spermidine sup-
plementation suppressed AMI. Spermidine administration pre-
vented the age-associated decrease of autophagy, and genetically 
induced deficits in the autophagic machinery occluded spermidine- 
mediated protection of AMI. In addition, we found that the effects 
of spermidine on memory were not a result of generically improved 
health, but instead reflected neuron-intrinsic regulations. These 
results suggest that autophagy is important for cognitive aging and 
that polyamines, endogenous metabolites, are candidate substances 
for treating AMI.
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Restoring polyamines protects from age-induced memory 
impairment in an autophagy-dependent manner
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Age-dependent memory impairment is known to occur in several organisms, including Drosophila, mouse and human. However, 
the fundamental cellular mechanisms that underlie these impairments are still poorly understood, effectively hampering the 
development of pharmacological strategies to treat the condition. Polyamines are among the substances found to decrease with 
age in the human brain. We found that levels of polyamines (spermidine, putrescine) decreased in aging fruit flies, concomitant 
with declining memory abilities. Simple spermidine feeding not only restored juvenile polyamine levels, but also suppressed 
age-induced memory impairment. Ornithine decarboxylase-1, the rate-limiting enzyme for de novo polyamine synthesis, also 
protected olfactory memories in aged flies when expressed specifically in Kenyon cells, which are crucial for olfactory memory 
formation. Spermidine-fed flies showed enhanced autophagy (a form of cellular self-digestion), and genetic deficits in the 
autophagic machinery prevented spermidine-mediated rescue of memory impairments. Our findings indicate that autophagy 
is critical for suppression of memory impairments by spermidine and that polyamines, which are endogenously present, are 
candidates for pharmacological intervention.
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RESULTS
Polyamine levels decline in aging Drosophila brains
A decrease in polyamine levels has been reported in aged brains 
of rodents and humans11,12. To investigate the role of polyamines 
in AMI, we began by measuring polyamine levels in heads of aged 
Drosophila, and analyzed the chemically related (and inter-convertible)  
species spermidine, putrescine and spermine (for a review, see ref. 13; 
Fig. 1a). In fact, both spermidine and putrescine levels were mark-
edly reduced in the heads of 15-d-old flies compared with young flies 
(Spd− 1–3 d old; Online Methods and Fig. 1b,c). 

To determine whether simply feeding spermidine to flies would 
be sufficient to restore its expression in aged heads, we administered 
either 1 or 5 mM spermidine to isogenized wild-type Drosophila 
(w1118) in standard fly food (Spd1mM+ or Spd5mM+, respectively). 
Spermidine levels (in fly heads) were largely protected by this treat-
ment from age-dependent decline (Fig. 1b). Simultaneously, putrescine 
levels were greater than those in normal juvenile flies (Fig. 1c),  
indicating that the cellular uptake of spermidine is accompanied  
by either an increased conversion into putrescine or inhibition  
of the endogenous conversion of putrescine to spermidine (Fig. 1a). 

Figure 1  Spermidine feeding prevents the  
age-related decline of endogenous spermidine 
and putrescine levels. (a) Scheme illustrating  
de novo synthesis of polyamines from ornithine.  
* indicates the rate-limiting enzyme for de novo  
synthesis of polyamines. PMO, polyamine 
oxidase; SMO, spermine oxidase; SSAT, 
spermidine/spermine N(1) acetyltransferase.  
(b) Levels of spermidine in the heads of wild-type 
flies fed with food supplemented by 1 or 5 mM 
spermidine (Spd1mM+ or Spd5mM+, respectively) 
or food with no spermidine (Spd−). Data are 
shown normalized to spermidine levels of 1-d-old 
(1 d) Spd− flies (n = 4 independent experiments; 
F = 14.08 for Spd− flies, F = 5.30 for Spd1mM+ 
flies, F = 2.62 for Spd5mM+ flies; one-way-ANOVA 
with Bonferroni correction). 15 d, 15 d old; 30 
d, 30 d old. (c) Levels of putrescine in the heads 
of aged Spd1mM+ or Spd5mM+ flies compared 
with Spd− flies. Data are shown normalized to 
putrescine levels of 1-d-old Spd− flies (n = 4 
independent experiments; F = 24.31 for Spd– flies, F = 0.22 for Spd1mM+ flies, F = 6.67 for Spd5mM+ flies; one-way-ANOVA with Bonferroni correction). 
*P < 0.05; **P < 0.01; ***P < 0.001; ns indicates not significant, P > 0.05. Data are presented as mean ± s.e.m.
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Figure 2  Spermidine-feeding rescues AMI. (a) Aversive  
associative memory performance at 3 min after training  
(STM) of 3-d-old (3 d) Spd1mM+ and Spd5mM+ flies in  
comparison to Spd− flies (n = 8–9 independent experiments,  
F = 2.28, one-way-ANOVA with Bonferroni correction).  
(b) Aversive associative memory performance at 3 h after  
training (ITM), ARM and ASM of 3-d-old Spd1mM+ and  
Spd5mM+ compared with Spd− flies (n = 8–9 independent  
experiments; F = 2.05 for ITM, F = 0.02 for ARM, F = 1.74  
for ASM; one-way ANOVA with Bonferroni correction). (c) STM  
of 30-d-old (30 d) Spd1mM+ and Spd5mM+ and Spd− flies  
(n = 8–9 independent experiments, F = 14.48, one-way  
ANOVA with Bonferroni correction). (d) ITM, ARM and ASM  
of 30-d-old Spd1mM+ and Spd5mM+ compared with Spd− flies (n = 7–9 independent experiments; F = 43.26 for ITM, F = 1.74 for ARM, F = 26.12 for 
ASM; one-way ANOVA with Bonferroni correction). (e) Spermidine feeding for 10 d before measuring memory was sufficient to suppress AMI in aged 
(30 d old) flies (n = 9–11 independent experiments, F = 12.32, one-way ANOVA with Bonferroni correction). (f,g) Spermidine feeding on days 21–30 
resulted in a significant increase in the levels of spermidine and putrescine in 30-d-old flies (n = 3 independent experiments, F = 32.96 (f) and  
64.77 (g), one-way ANOVA with Bonferroni correction). The feeding regime of the flies is presented beneath the graphs, with + and − indicating food 
with or without spermidine. *P < 0.05, **P < 0.01, ***P < 0.001; ns indicates not significant, P > 0.05. Data are presented as mean ± s.e.m.
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This observation is consistent with the previously reported homeo-
static control of polyamine levels14. On the other hand, levels of sper-
mine declined considerably with age in both Spd+ as well as Spd− flies 
(Supplementary Fig. 1).

Spermidine feeding suppresses AMI
We then asked whether this restoration of polyamine levels in aged 
flies could counter-act AMI. Young adult flies (3 d old) that were raised 
on food supplemented with spermidine (both Spd1mM+ or Spd5mM+) 
showed identical olfactory short-term memory (STM; memory tested 
immediately after odor conditioning) and intermediate-term memory 
performance (ITM; memory tested 3 h after odor conditioning) when 
compared to isogenic controls (Spd− flies; Fig. 2a,b). Consistent with 
a previous report1, we also found substantial impairment in STM that 
first appeared in 10 d-old flies and did not decrease any further during 
aging (Supplementary Fig. 2a). Likewise, ITM scores are also known to 
decline with age1,3. As anticipated, at 30 d of age, considerably reduced 
STM and ITM scores (Fig. 2c,d) were observed in control flies (Spd−). 
In contrast, spermidine-fed (Spd+) flies showed higher STM and ITM 
scores than Spd− flies at 30 d of age (Fig. 2c,d). In fact, the performance 
of 30d Spd+ flies (both Spd1mM+ and Spd5mM+) was comparable to that 
of young flies. In summary, simple spermidine feeding was sufficient to 
effectively protect both short- and intermediate-term olfactory memory 
from age-induced decline (Fig. 2c,d).

ITM can be dissected into anesthesia-sensitive memory (ASM) and 
anesthesia-resistant memory (ARM) components, which can be dif-
ferentiated by distinct genetic mutants, as well as by specific pharma-
cological sensitivities1,2,4,15,16. ASM can be calculated by subtracting 
ARM scores, measured after amnestic cooling, from ITM. A previous 
study found that AMI has a strong influence on ASM, but not on 
ARM1. Consistently, we found that ARM was only slightly affected 
by aging, with spermidine feeding producing only a negligible effect 
(Fig. 2b,d). In contrast, ASM was nearly absent in control flies at  

30 d of age, but was preserved in age-matched Spd+ flies (Fig. 2b,d). 
This specific effect of spermidine in protecting ASM without affecting 
ARM, together with the lack of any consequential effect of spermidine 
feeding on memory in young flies, argues against spermidine having 
a general, nonspecific role in memory consolidation.

The standard conditioning procedure that we used here included 
application of 12 electric shocks, a potentially saturating number 
for memory scores5, which might mask subtle spermidine-evoked 
changes in young flies. Thus, we also trained young flies under non-
saturating conditions, in which we only applied two electric shocks17. 
Again, we found no difference between the memory scores of young 
(3 d old) adult flies raised on either normal (Spd−) or spermidine 
supplemented food (Spd1mM+ or Spd5mM+) (Supplementary Fig. 2b). 
This indicates that spermidine does not generally boost memory, but 
specifically protects aged flies from memory impairments.

Spermidine-mediated effects are specific for memory
Potentially, polyamine effects could be mediated through develop-
mental changes, such as during critical periods in early adulthood. To 
address such putative developmental effects, we shifted flies between 
spermidine-containing and spermidine-free food. When tested on 
day 30, in flies fed with spermidine only between days 0 and 20 (with 
spermidine supplementation being withdrawn for the last 10 d before 
testing; Fig. 2f,g), we found that the levels of polyamines (both sper-
midine and putrescine) declined to levels comparable to those of 
controls (no spermidine supplementation for days 1–30; Fig. 2f,g), 
as was the memory when tested at day 30 (Fig. 2e). In contrast, in 
flies fed with spermidine for the last 10 d before testing, levels of both 
polyamines (spermidine and putrescine) rose (Fig. 2f,g), and memory 
was partially, but substantially, restored (Fig. 2e). The fact that restor-
ing polyamine levels during the 10 d before testing prevented AMI 
rules out the idea that the effects of spermidine-feeding on suppres-
sion of AMI are a result of affected developmental processes.

Given that spermidine feeding promotes longevity14, it might be 
argued that protection of memory is a byproduct of increased life expect-
ancy and generally improved health. Thus, we asked whether spermidine 
feeding preserves the function of the fly nervous system in all respects or 
whether it rather has a more specific effect on memory. In our learning 
assay, we found that 30-d-old naive flies to exhibit decrease odor avoid-
ance scores compared with 3-d-old flies, whereas the shock reactivity 
of these naive flies did not change (Table 1), consistent with previous 
AMI studies1,2. Notably, spermidine-feeding had no influence on this 
age-dependent decline in odor avoidance scores (Table 1).

Next, we wondered whether the lower memory scores in aged 
flies are a result of impaired processing of the olfactory information.  

Table 1  Aversive olfactory avoidance and shock reactivity in aging 
wild-type flies with and without spermidine feeding

Olfactory avoidance

Shock reactivityOCT MCH

w1118; Spd− 3 d old 65.5 ± 4.2 63.9 ± 1.7 70.5 ± 2.0
w1118; Spd1mM+ 3 d old 71.1 ± 3.2 63.2 ± 2.8 64.1 ± 2.9
w1118; Spd5mM+ 3 d old 62.1 ± 2.9 62.5 ± 2.5 63.1 ± 2.4
w1118; Spd− 30 d old 44.8 ± 2.7 45.2 ± 3.3 67.4 ± 1.9
w1118; Spd1mM+ 30 d old 43.2 ± 3.8 43.0 ± 3.5 63.4 ± 3.5
w1118; Spd5mM+ 30 d old 48.3 ± 5.5 41.8 ± 5.1 65.3 ± 1.5

All values are mean ± s.e.m.
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Figure 3  Ca2+ imaging in the Kenyon cells in response to odors in aging 
wild-type flies. (a) Expression of GCaMP3.0 in the mushroom body of an 
individual fly, focused on the horizontal lobes. The red line indicates a 
region of interest used to determine changes in fluorescence emission. 
Scale bar represents 50 µm. (b) False color–coded image of Ca2+ activity 
in the horizontal mushroom body lobes shown in a. Warm colors indicate 
high levels, cold colors indicate low levels or no Ca2+ activity. The 
numbers indicate changes in fluorescence ∆F (%). (c,d) Time course of 
Ca2+ increase in horizontal mushroom body lobes of 3-d-old and 30-d-old 
Spd− flies evoked by the odors 4-methyl-cyclohexanol (MCH) or 3-octanol 
(OCT) in comparison with the diluent, mineral oil (n = 5 flies, non-
parametric Mann-Whitney U test found no substantial difference  
between the Ca2+ increase of 3-d-old and 30-d-old Spd− flies evoked  
by the odors). The gray bars indicate the duration of the odor stimuli.  
Data are presented as mean ± s.e.m.
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We measured changes in intracellular Ca2+ in the horizontal lobes of 
mushroom body in response to the two odors used in the learning assay 
using a fusion of the mushroom-specific enhancer mb247 to the Ca2+ 
indicator GCaMP3.0. We found no differences in the amplitude or 
time course of signals recorded in young (3 d old) and aged (30 d old) 
flies (Fig. 3). Thus, it seems AMI is not caused by generic changes in 
odor information processing or in the intrinsic excitability of Kenyon 
cells. However, learning-associated Ca2+ transients in the dorsal paired 
medial neurons were recently found to decrease with aging3.

We also found an age-induced decrease in locomotor functions of 
flies, which was not rescued in 30-d-old flies by spermidine treat-
ment (Supplementary Fig. 3). These results argue against a genuinely 
generic effect on nervous system function, but rather indicate that 
higher polyamine levels specifically influence associative olfactory 
learning abilities in aging flies.

Spermidine-mediated protection requires efficient autophagy
What might be the mechanistic underpinnings of spermidine- 
mediated protection from AMI? Spermidine administration induces 
autophagy in several model organisms14 and autophagy is crucially 
important for spermidine-mediated promotion of lifespan in yeast, 
C. elegans and Drosophila14. Notably, reduced basal autophagy in the 
nervous system of mice and flies has been shown to cause neuro-
degeneration9,18–20. In addition, the expression of several key genes 
in the autophagic pathway has been reported to decline with aging  
in the brain of humans and flies, potentially increasing neuronal  
vulnerability to the toxic effects of protein aggregates6,9.

Thus, we investigated whether autophagy might be critical for  
spermidine-mediated protection from AMI. To address this, we first 
assayed the levels of Atg8a (a widely used marker for autophagy) in western 
blots from fly head extracts21. Consistent with a previous report9, Atg8a 
protein levels were considerably reduced in heads from 30-d-old Spd− flies 
compared with 3-d-old Spd− flies (Fig. 4a). Spermidine administration, 
however, blocked this age-related decline in Atg8a protein levels effec-
tively (as seen by protein levels in the heads from Spd5mM+ flies; Fig. 4a). 
Suppression of autophagy has been associated with the accumulation of 
ubiquitinated protein aggregates9,10,22. In fact, we observed that the age-
associated increase in the amount of poly-ubiquitinated proteins was largely 
blocked in heads of spermidine-treated Drosophila (Spd5mM+; Fig. 4b).

We next asked whether these ubiquitinated proteins were really 
being degraded by autophagy. The p62 family of proteins is closely 
associated with protein inclusions containing ubiquitin, as well as 
with key components of the autophagy pathway, thereby mediat-
ing autophagic clearance of ubiquitinated proteins19,23. In addi-
tion, ref(2)P, a Drosophila homolog of p62, was recently reported 
to accumulate with ubiquitinated neural protein aggregates in aged 
wild-type flies and autophagy mutants22. For a nervous system–
specific readout, we stained brains from flies of different ages with 
antibody to ref(2)P. As expected, ref(2)P levels increased with age, 
and spermidine administration suppressed this age-dependent  
increase (Fig. 4c–g). Thus, spermidine administration seems 
to prevent the accumulation of ubiquitinated proteins, most 
likely as a direct consequence of enhancing autophagy in aged  
Drosophila brains.

We then tested whether autophagy is functionally required for 
spermidine-mediated protection from AMI. Both Atg7 and Atg8 are  
essential for autophagy in Drosophila9,10,24–26. Given that Atg7−/− and 
Atg8a−/− flies have a mean lifespan of only 30 d (ref. 10), we decided to test  
memory in both mutants at 20 d of age (Fig. 5). We found that Atg7−/− 
flies (Fig. 5a,c) showed reduced memory scores at a young age (3 d of 
age; Fig. 5a), which further declined relative to controls at later time 
points (20 d of age; Fig. 5c). Notably, the memory-promoting effects 
of spermidine on STM were eliminated in Atg7−/− flies (Fig. 5a,c). We 
also tested the role of Atg8a using the hypomorphic allele Atg8aEP362 
of the X-chromosomal Atg8a. Female Atg8a−/− flies also showed a 
reduced memory performance at both young (3 d old) and old age  
(20 d old), even with spermidine administration (Fig. 5b,d), indicat-
ing that spermidine failed to mediate AMI protection in Atg8a−/− flies. 
Thus, the integrity of the autophagy system seems to be required for 
spermidine-mediated protection from AMI.

Spermidine causes genome-wide transcriptional changes
Taken together, our results indicate that spermidine administration 
results in nervous system–specific regulations that lead to the sup-
pression of AMI, with the upregulation of autophagy being an essen-
tial component. However, spermidine has also been shown to cause  
major changes in the transcriptional status of yeast and cultivated 
human cells14,27. In addition, spermidine feeding in flies was recently 

Figure 4  Spermidine feeding induces autophagy 
in the Drosophila brain. (a) Quantification 
of Atg8a proteins levels from head extracts 
normalized to α-tubulin (n = 17 or 8–9 
technical replicates from two independent 
biological aging replicates for all data,  
F = 7.52, one-way-ANOVA with Tukey post-test). 
The full-length blot is shown in Supplementary 
Figure 9a. (b) Western blot analysis of poly-
ubiquitinated proteins (SDS-soluble protein 
fraction) from head extracts from Spd− (3 and 
30 d old) flies compared with Spd5mM+ (3 and 
30 d old) flies. Right, quantification of poly-
ubiquitinated proteins levels normalized to 
α-tubulin (n = 10 or 5 technical replicates from 
two independent biological aging replicates for 
all data, F = 6.32, one-way ANOVA with Tukey 
post-test). The full-length blot is shown in 
Supplementary Figure 9b. (c–f) Adult brains  
of 3-d-old and 30-d-old Spd− flies, as well 
as 3-d-old and 30-d-old Spd5mM+ flies 
immunostained for ref(2)P. Scale bar represents 25 µm. (g) Quantification of ref(2)P intensity in the central brain region normalized to 3-d-old Spd−  
(n = 12–13 independent brains for all data, F = 26.58, one-way ANOVA with Bonferroni correction). *P < 0.05, **P < 0.01, ***P < 0.001; P > 0.05. 
Data are presented as mean ± s.e.m.
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shown to protect from stress in both autophagy-dependent and 
autophagy-independent pathways28.

To explore the possibility that transcriptional modulation might 
be involved in spermidine-mediated suppression of AMI, we per-
formed next generation mRNA sequencing (RNA-seq) in duplicate 
on head extracts prepared from 30-d-old Spd5mM+ flies and compared 
them with extracts from 30-d-old Spd− flies. RNA-seq, with its base 
pair–precise resolution allows quantitative global mapping of tran-
scribed regions at superior levels of sensitivity and accuracy. Under 
our stringent conditions of analysis, only a few genes were found to be 
consistently either upregulated or downregulated in 30-d-old heads 
from spermidine-treated flies when compared with age-matched  
controls (data not shown).

However, we reasoned that if transcriptional reprogramming is caus-
ally involved in the protective effects of polyamines, then it might pre-
cede, or at least be concomitant with, its effects on memory. In another 
experiment, we analyzed the kinetics of polyamine decline and memory. 
A substantial decline of both polyamines (spermidine and putrescine), 
together with memory, was observed by 10 d of age, which only slightly 
decreased further by 15 d (Supplementary Fig. 4).

We then carried out RNA-seq on head extracts prepared from 
3-d-old and 10-d-old Spd5mM+ flies and compared them with 
age-matched Spd− flies. Sequenced reads were then aligned to the 
Drosophila genome with high stringency, allowing only one mismatch 
per read, and an average of 96% of aligned reads mapped to exons 
(Supplementary Table 1). Thereafter, the number of reads mapping 
to each gene was quantified and normalized for library size using 
DESeq29. Hierarchical clustering of the normalized reads revealed a 
high degree of consistency between the biological replicates, clearly 
showing that spermidine-treated samples clustered away from 
untreated samples (Fig. 6a). Using an established statistical method 
based on the negative binomial distribution of sequenced reads29 
(Supplementary Fig. 5), we then identified large global changes in 
gene expression induced by spermidine feeding, with 2,051 genes 
and 4,076 genes being modulated by a factor of 1.5-fold (P < 0.05) 
in the heads of 3-d-old and 10-d-old flies. respectively (Fig. 6b and 
Supplementary Table 2). Notably, 84% of the genes that were differ-
entially regulated after 3 d were also altered at 10 d of age (Fig. 6c).
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Figure 5  Autophagy is required for spermidine’s effects on AMI.  
(a) Aversive associative memory performance 3 min after training (STM) 
was markedly reduced in 3-d-old Atg7−/− flies (Atg7d14/Atg7d77) compared 
with Atg7−/+ flies (Atg7d14/CG5335d30) and wild-type flies (Atg7+/+)  
(n = 8–11 independent experiments, F = 25.82, one-way ANOVA with 
Bonferroni correction). The CG5335d30 line harbors an Atg7+ chromosome 
related to Atg7d14 and Atg7d77 that serves as a genetic background 
control. (b) Olfactory learning was disrupted in 3-d-old female flies 
homozygous for Atg8a hypomorph (Atg8a−/− or Atg8aEP362/Atg8aEP362) 
(n = 8–9 independent experiments, F = 22.8, one-way ANOVA with 
Bonferroni correction). (c) STM is severely impaired in 20-d-old Atg7−/− 
(Atg7d14/Atg7d77) flies and 20-d-old Atg7−/+ heterozygous (Atg7d14/
CG5335d30) when compared to age-matched wild-type flies (n = 8–9 
independent experiments, F = 18.02, one-way ANOVA with Bonferroni 
correction). (d) Similarly, STM was markedly decreased in 20-d-old 
Atg8a−/− (Atg8aEP362/Atg8aEP362) mutant female flies compared with 
control flies (Atg8a+/+) without any effect by spermidine feeding (n = 8–9 
independent experiments, F = 68.43, one-way ANOVA with Bonferroni 
correction). *P < 0.05, **P < 0.01, ***P < 0.001; ns indicates not 
significant, P > 0.05. Data are presented as mean ± s.e.m. The aversive 
olfactory avoidance and shock reactivity of different mutant are shown in 
Supplementary Table 5.
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Figure 6  Spermidine feeding induces widespread transcriptional changes 
in fly heads during aging. (a) Dendrogram and heat map illustrating 
Euclidean distances between gene expression profiles from 3-d-old and 
10-d-old fly heads with or without spermidine feeding. (b) Differential 
expression analysis examining the effect of spermidine feeding on gene 
expression in heads of 3-d-old and 10-d-old flies using DESeq. Red and 
blue dots indicate a significant up- and down-regulation, respectively (fold 
change > 1.5; adjusted P < 0.05). The numbers of differentially regulated 
genes is indicated. Dark blue lines represent a 1.5-fold change. (c) Venn 
diagram indicating the overlap in differentially expressed genes at 3 and 
10 d of age under spermidine treatment. The raw sequence data for this 
figure are available in Supplementary Table 3.
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To provide insights into the function of the spermidine- 
regulated brain transcriptome, we subjected all of the genes found 
to be either up- or downregulated by spermidine feeding to gene 
ontology enrichment analysis30 (Supplementary Table 3). The genes 
that were modulated by spermidine feeding in both 3-d-old and  
10-d-old flies showed strong enrichment for GO terms, such as 
response to starvation, response to oxidative stress, phagocytosis and 
cellular homeostasis (Supplementary Table 3.3). This is consistent 
with the idea that general protective effects are mediated by spermi-
dine administration. In addition, we also found over 2,000 transcrip-
tional changes that were specific for 10-d-old flies (Supplementary 
Tables 2.1 and 2.2). On one hand, the GO term ‘aging’ was con-
siderably enriched in 10-d-old Spd5mM+ flies, indicating that age- 
protective gene functions are induced when polyamine levels are 
remain high during the onset of aging. On the other hand, transcrip-
tional changes that are specific for neuronal genes appear to have  
a role in Spd5mM+ flies, with ‘neuron differentiation’ and ‘neuron 
development’ being the top two enriched GO terms (Supplementary 
Table 3.2). In addition, several genes (14 in total) with the GO annota-
tion ‘learning’ were found to be specifically upregulated in 10-d-old 
Spd5mM+ flies when compared with untreated flies (Supplementary 
Tables 2.2 and 3.2). Notably, several of the learning-related genes 
(along with other genes) that were modulated by spermidine feeding 
were subsequently analyzed and validated by quantitative reverse-
transcription real-time PCR (Supplementary Fig. 6). Thus, learning- 
associated processes operating downstream of odor information 
processing could be a part of the polyamine-mediated protection of 
memory, indicating that brain-specific manipulation of polyamine 
synthesis might be sufficient for protecting against AMI.

Mushroom body–specific Odc-1 expression protects from AMI
To determine whether nervous system–specific manipulations  
of polyamine levels are sufficient to protect against AMI, we geneti-
cally manipulated polyamine synthesis in specific brain regions. 
Ornithine decarboxylase-1 (Odc-1), which is highly conserved 
across evolution, is the rate-limiting enzyme for the de novo synthesis  
of polyamines (Fig. 1a); its activity is tightly regulated at all steps, 
starting from its initial synthesis continuing to its degradation31.  
We used the neuron-specific appl-Gal4 driver to express Odc-1 in  
the nervous system (appl>Odc-1) and found that appl>Odc-1 flies  

were effectively protected from AMI in both the STM and ITM  
assays (Fig. 7a–d). In fact, appl>Odc-1 flies showed almost identi-
cal test scores to aged flies in which AMI was suppressed by sper-
midine feeding (Fig. 2c,d). This finding suggests that promoting 
polyamine synthesis specifically in the nervous system is sufficient to  
suppress AMI.

Kenyon cells, which are neurons comprising the mushroom body 
of Drosophila brains, are known to be important for forming associa-
tive olfactory memories15,32. The re-expression of the memory gene  
rutabaga in Kenyon cells alone is sufficient to rescue the severe learn-
ing deficits of rutabaga mutant flies33. We expressed Odc-1 in mush-
room body Kenyon cells (using ok107-Gal4) and found no effect on 
the memory scores (both STM and ITM) of young ok107>Odc-1 flies 
(3 d old) when compared with age-matched controls (Supplementary 
Fig. 7). Notably, aged ok107>Odc-1 flies (30 d old) exhibited con-
siderably higher STM and ITM scores when compared with genetic 
controls (Fig. 7e,f). Thus, promoting polyamine synthesis in a neu-
ron population representing only about 2% of the Drosophila brain 
(Kenyon cells) was sufficient to protect from AMI. This finding 
confirms once more that polyamine restoration does not execute its 
effects on AMI via systemic regulations or generally improved health 
of the organism.

DISCUSSION
Aging is a multi-facet process that entails a decline of cognitive func-
tions such as learning and memory. The proportion of older adults 
in our population is expected to grow rapidly over the next two  
decades. It is therefore increasingly important to advance research 
efforts for elucidating the mechanisms associated with cognitive 
aging to develop effective interventions and preventative therapies. 
We sought to understand the fundamental mechanisms of AMI.
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Figure 7  Brain-specific expression of Odc-1 is sufficient to suppress  
AMI. (a) Aversive associative memory performance in 3 min after training 
(STM) in 3-d-old female flies with pan-neuronal expression of UAS– 
Odc-1 (n = 7 independent experiments, F = 0.04, one-way ANOVA with 
Bonferroni correction). (b) Aversive associative memory performance in  
3 h after training (ITM), ARM and ASM of 3-d-old appl-driven UAS–Odc-1 
female flies compared with control flies (n = 7 independent experiments; 
F = 1.95 for ITM, F = 0.10 for ARM, F = 1.05 for ASM; one-way ANOVA 
with Bonferroni correction). (c) Pan-neuronal expression of the UAS– 
Odc-1 in a wild-type background suppressed AMI in 30-d-old female 
flies (n = 7 independent experiments, F = 21.35, one-way-ANOVA with 
Bonferroni correction). (d) ITM, ARM and ASM of 30-d-old female flies 
with pan-neuronal expression of UAS–Odc-1 compared with their genetic 
controls (n = 7–8 independent experiments; F = 17.49 for ITM, F = 1.58 
for ARM, F = 24.61 for ASM; one-way ANOVA with Bonferroni correction). 
(e) Expressing Odc-1 in just the mushroom body was sufficient to protect 
from STM decline in 30-d-old flies (n = 9–12 independent experiments, 
F = 9.25, one-way ANOVA with Bonferroni correction). (f) ITM, ARM 
and ASM of 30-d-old flies expressing mushroom body–specific Odc-1 
compared with their genetic controls (n = 8–9 independent experiments; 
F = 11.73 for ITM, F = 0.50 for ARM, F = 16.6 for ASM; one-way ANOVA 
with Bonferroni correction). **P < 0.01, ***P < 0.001; ns indicates not 
significant, P > 0.05. Data are presented as mean ± s.e.m.
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Polyamines (putrescine, spermidine and spermine; Fig. 1a) are 
among the substances that have been reported to decline with age. 
Putrescine shows an age-related decline in the CA1 region of hip-
pocampus and the dentate gyrus region in rodents34, and the lev-
els of spermidine and spermine have been shown to decrease with 
increasing age in rats11. Notably, levels of spermidine and spermine 
in basal ganglia also decrease with age in humans, suggesting that 
these polyamines are involved in white matter changes during aging12. 
We found that the levels of all three polyamines (putrescine, sper-
midine and spermine) declined in the heads of aged flies relative to 
young flies (Fig. 1b,c). Although the decline of polyamines might be 
regarded as an established biochemical correlate of aging, the causal 
relationship to age-related deficits in cognitive functions has not been 
established. Simple dietary supplementation of spermidine allowed us 
to restore polyamine levels in the heads of aged flies (both spermidine 
and putrescine) to those seen in juveniles. This simple procedure was 
sufficient to effectively protect both short- and intermediate-term 
olfactory memory from age-induced decline.

The effects of spermidine to the protection of memories were 
specific in several regards. First, spermidine feeding had no effect 
on memory in young flies, either in terms of short or intermediate- 
term components, arguing against the possibilty that spermidine 
might function as a general memory enhancer (Fig. 2a,b). Second, 
ITM has two components, with aging strongly affecting ASM, but not 
ARM1. We found that spermidine feeding had only a negligible effect 
on ARM; instead, spermidine administration specifically prevented 
the age-related decline of ASM (Fig. 2b,d). Third, polyamine restora-
tion appeared to specifically suppress AMIs, as olfactory avoidance 
scores of naive flies (Table 1) and locomotion activity (Supplementary 
Fig. 3) declined with age in both Spd+ flies and age-matched Spd− 
flies. Fourth, in flies fed with spermidine for the last 10 d before test-
ing (Spd−, 1–20 + Spd5mM+, 21–30), polyamine levels (spermidine 
and putrescine) increased (Fig. 2f,g), and memory was considerably 
restored (Fig. 2e), indicating that AMI suppression by spermidine 
administration is not a result of altered development. Furthermore, 
expressing Odc-1 in just Kenyon cells was sufficient to ameliorate 
AMI (Fig. 7e,f). These findings indicate that spermidine-mediated 
suppression of AMI is not executed via its effects on systemic regula-
tions or a generally improved health of the organism, but rather result 
from an intrinsic regulation of a small fraction of neurons.

The formation of memory requires dynamic changes in the neurons, 
including synapse formation and synaptic plasticity, steered by regu-
lated protein synthesis and equally important protein degradation. In 
fact, the execution of effective quality control over proteins appears 
to be important for neurons to maintain proper neuronal physiology 
and functioning35. The process of autophagy is an important route for 
removing misfolded proteins and damaged organelles from cells via 
lysosomal-mediated bulk degradation20. Spermidine has been shown 
to operate as a natural inducer of autophagy in various model systems, 
including yeast, C. elegans, Drosophila and mice14,36. In fact, we found 
that spermidine feeding alleviated the age-induced dysfunction of 
autophagic machinery in flies, thereby preventing the accumulation 
of poly-ubiquitinated proteins and ref(2)P (Fig. 4).

What might be the mechanism by which spermidine admin-
istration prevents the decline of autophagy in aged Drosophila?  
Spermidine treatment induces autophagy in enucleated cells within 
a few hours as effectively as the well-known autophagy inducer 
rapamycin27, arguing for fast, post-transcriptional regulation. On 
the other hand, using RNA-seq, we found that positive regulators  
of autophagy (such as Atg1a)37,38 were upregulated by spermidine 
feeding (Supplementary Fig. 6 and Supplementary Table 2). This is  

consistent with the transcriptional induction of autophagy genes that 
has been observed in spermidine-treated yeast14. Thus, it appears 
likely that polyamine restoration is associated with an integrated 
autophagy response on both short-term post-transcriptional and 
long-term transcriptional levels.

Several different studies in model organisms have suggested that 
autophagy is a crucial regulator of the age-associated pathologies6,20. 
Loss of autophagy has been shown to trigger neurodegeneration in 
mice39, and autophagy-mediated clearance of TDP-43–positive inclu-
sions has been reported to rescue learning impairment associated 
with a mouse model of neurodegenerative diseases involving TDP-
43 proteinopathies36. Similar to mice, reducing autophagy shortens 
lifespan and results in neurodegeneration in flies9,10. We found that 
the autophagic machinery was critical for amelioration of AMI,  
a per se nonpathological process, by spermidine feeding (Fig. 4).

The expression of Atg8a specifically in fly brains has been reported 
to prevent accumulation of ubiquitinated and oxidized proteins and to 
increase average adult lifespan9. Nevertheless, we found that overex-
pression of Atg8a with appl-Gal4 (atg8EP362 / appl-Gal4; Supplementary 
Fig. 8) had no effect on AMI, whereas spermidine feeding protected 
from AMI in this background. Thus, suppression of AMI seems to 
not be a byproduct of increased lifespan. Consistently, dietary restric-
tion has been reported to increase the lifespan of Drosophila, but fails 
to protect cognitive functions with age40. In conclusion, spermidine 
feeding might trigger an integrated protection response, of which 
autophagy induction is one, but not the only, crucial component. In 
other words, several parallel pathways might be influenced by spermi-
dine treatment that are, as a whole, responsible for suppression of AMI. 
Notably, both autophagy-dependent and autophagy-independent  
pathways were recently shown to be required for stress resistance by 
spermidine feeding in Drosophila28.

In addition, we found a broad transcriptional reprogramming in fly 
heads under spermidine treatment, with numerous GO terms related 
to neuron development and differentiation being highly enriched 
(Supplementary Table 3.2). Several genes that have been reported 
to function in memory were among those upregulated in response to 
spermidine treatment (Supplementary Tables 2 and 3). The adenylate 
cyclase rutabaga is essential for ASM formation41, and we found 
rut to be upregulated in Spd5mM+ flies (Supplementary Table 2).  
Furthermore, we found that a number of genes with conserved, cen-
tral roles in memory and learning processes (stau, mnb, Nmdar2, 
DopR2 and Oamb)42–46 were transcriptionally upregulated in Spd5mM+ 
flies (Supplementary Fig. 6 and Supplementary Table 2). In fact, it 
should be noted that the loss of spermine synthase is associated with 
changes in brain morphology and intellectual disability in humans 
(Synder-Robinson syndrome47). Similarly, among the most markedly 
downregulated genes following spermidine restoration was Glaz, the 
Drosophila homolog of Apolipoprotein D (ApoD; Supplementary 
Table 2). ApoD is one of the most upregulated proteins in the aged 
mammalian brain, and its increasing expression strongly correlates 
with aging-associated cognitive disorders48.

With regard to the specific transcriptional modulation resulting 
from enhanced spermidine levels, spermidine treatment in yeast 
modulates the activity of histone acetyl-transferases (HATs, such 
as Iki3p and Sas3p). This suggests that spermidine might actually 
affect epigenetic regulation, allowing (among other regulation) the 
induction of autophagy-relevant transcripts14. Notably, altered his-
tone acetylation has been associated with age-dependent memory 
impairment and neurodegeneration in mice49,50.

Thus far, only a few substances have been found that protect  
from age-dependent memory decline, all of which are biologically  
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exogenous compounds that can result in adverse side effects. 
Spermidine, however, is an endogenous metabolite and has the poten-
tial to become a high-value candidate for the treatment of age-induced 
dementia in humans.

Methods
Methods and any associated references are available in the online 
version of the paper.

Accession codes. The raw sequence data obtained by RNA-seq are 
available at the NCBI Gene Expression Omnibus (http://www.ncbi.
nlm.nih.gov/geo/) under series accession number GSE38998.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ONLINE METHODS
Fly stocks and rearing conditions. All fly strains were reared under standard 
laboratory conditions (25 °C with 12-h:12-h light:dark cycle). Flies from an iso-
genized w1118 strain were used as the wild-type control. Atg7d14, Atg7d77 and 
CG5335d30 flies were kindly provided by T. Neufeld10 (University of Minnesota). 
These chromosomes were obtained from imprecise P-element using Atg7EY10058 
and Atg7d06996 in the Atg7 locus; Atg7d14 and Atg7d77 delete different exonic region 
of Atg7, thus trans-allellic combination of both creates an Atg7 null mutant situa-
tion. CG5335d30 only deletes an intronic region in the Atg7 locus (not disturbing 
Atg7 function) without affecting any exon or Atg7 expression level, and serves as 
a background matched control here.

Atg8aEP362 allele containing a P-element insertion in the Atg8a locus in the 
w1118 background was obtained from the Bloomington Drosophila Stock Center, 
and appl-Gal4, appld(AG1a) was a kind gift from L. Luo (Stanford University).

UAS–Odc-1 was constructed based on an Odc-1 cDNA clone (GH13851) 
obtained from the Berkeley Drosophila Genome Project. One fragment was 
obtained via PCR using 5′-CACCATGGCGGCCGCTACCCCTGAAAT-3′ 
and 5′- CTATATAGCTTGGAAGTACAGGGTCTTGGGG-3′ primers and 
then ligated into pENTR-dTOPO (Invitrogen) according to the manufacturer’s 
instructions. Finally, pENTR-dTOPO-Odc-1 was recombined with pUAST- 
attB-rfa (kindly provided by C. Klämbt, University of Münster) using the Gateway 
System (Invitrogen) to yield pUAST-attB-Odc-1. After confirmation by double-
strand sequencing, transgenic flies were generated using the PhiC31 system 
with defined landing sites in the Drosophila genome was used51,52. For behavior 
experiments, transgenic UAS–Odc-1 flies were out-crossed to our wild-type w1118 
control for ten generations.

Spermidine (Sigma Aldrich) was prepared as a 2 M stock solution in sterile 
distilled water, aliquoted in single-use portions and stored at −20 °C. Fly food was 
prepared according to Bloomington media recipe (http://flystocks.bio.indiana.edu/ 
Fly_Work/media-recipes/media-recipes.htm) with minor modification, which we 
refer to as normal food. After food had cooled down to 40 °C, spermidine was added 
to normal food to a final concentration of 1 mM or 5 mM, and called Spd1mM+ or 
Spd5mM+, respectively. For all experiments, parental flies mated on either normal or 
Spd+ (Spd1mM+ or Spd5mM+) food, and their progeny was allowed to develop on the 
respective food. Flies used in all experiments were F1 progeny. For aging, the flies 
were collected once a day, as a results specific age indicated will be age in days ± 24 h.  
For time-shift experiments (Fig. 2e,f), the F1 progeny was allowed to age on one 
kind of food (normal or Spd5mM+) and then subsequently put on the other-kind of 
food (Spd5mM+ or normal) for specified time of time (for instance, days 1–20 on 
normal food and days 21–30 on Spd5mM+ food or vice-versa).

Extraction of polyamines for liquid chromatography–mass spectroscopy 
(LC-MS) measurements. Spd− and Spd+ (both Spd1mM+ or Spd5mM+) flies 
were quick frozen in liquid nitrogen and stored at −80 °C until further process-
ing. Subsequently, heads were collected after vortexing by mechanical separa-
tion. Extraction of polyamines from fly heads was performed according to the 
freeze-thaw method described previously14,53 with slight modifications. Briefly, 
about 20–30 mg of fly heads were semi-homogenized using Ultra-Turrax (IKA 
Laboratory Equipment) and polyamines extracted with 600 µl 5% trichloroacetic 
acid (vol/vol) by three repeated freeze-thaw cycles. After extraction, ammonium 
formate (0.4 M final concentration) was added to supernatants and stored at  
−80 °C until polyamine measurements were performed using LC-MS.

Polyamine measurements using LC-MS. Polyamines were determined 
according to the method described previously54. Fly head extracts were 
diluted 1:20 in water and isotopically labeled internal standards for spermidine  
(13C4-spermidine) and putrescine (2H8-putrescine) were added. 13C4-spermidine  
was also used for internal standardization of spermine. Calibration standards 
were prepared by spiking extraction buffer with specific concentrations of 
spermidine, putrescine, spermine and internal standards. Polyamines were 
derivatized to carbamyl-derivatives54 by adding 125 µl of 1 M carbonate buffer  
(pH 9), 800 µl of water and 20 µl of isobutyl chloroformate to 100 µl of sample  
or calibration standard containing internal standards. All analysis were carried  
out on an Ultimate 3000 System (Dionex, LCPackings) coupled to a Quantum 
TSQ Ultra AM (Thermo Scientific) using an electrospray ion source. The system 
was controlled by Xcalibur Software 2.0. The stationary phase was a Kinetex  
2.6-µm C18 100-A 50-mm × 2.1-mm column (Phenomenex). 250 µl of the  

derivatized samples were loaded on to an online-SPE column (Strata X, 
Phenomenex) using eluent A (flow rate = 1.5 ml min−1). After 2 min, online-
SPE was switched to the analytical column and the polyamines were eluted and 
separated on the analytical column within 4 min using isocratic conditions (80% 
eluent B, flow rate 250 µl min−1). Polyamines were detected in multiple reaction 
monitoring mode using following transitions: Spermidine (m/z 446 -> 298V), 
putrescine (m/z 289 -> 115), spermine (m/z 603 -> 155), 13C4-spermidine (m/z 
450 -> 302), 2H8-putrescine (m/z 297 -> 123).

Behavioral assays. Standard single-cycle olfactory associative memory was  
performed as previously described1,5 with minor modifications. Briefly, about 
60–80 flies received one training session, during which they were exposed 
sequentially to one odor (conditioned stimulus, CS+, 3-octanol or 4-methyl-
cyclohexanol) paired with electric shock (unconditioned stimulus) and then to 
a second odor (CS−, 4-methyl-cyclohexanol or 3-octanol) without the uncondi-
tioned stimulus for 60 s with a 30-s rest interval between each odor presentation. 
For STM (memory tested immediately after odor conditioning), the conditioned 
odor avoidance was tested immediately after training. During testing, flies were 
exposed simultaneously to the CS+ and CS− in a T maze for 30 s. The flies were 
then trapped in either T maze arm, anesthetized and counted. From this distri-
bution, a performance index was calculated as the number of flies avoiding the 
shocked odor minus the number avoiding the non-shocked odor divided by the 
total number of flies, multiplied by 100. A 50:50 distribution (no learning) yielded 
a performance index of zero and a 0:100 distribution away from the CS+ yielded 
a performance index of 100. A final performance index was calculated by the 
average of both reciprocal indices for the two odors.

For ITM, flies were trained as described above, but tested 3 h after training. 
As a component of ITM, ARM was separated from ASM by cold-amnestic treat-
ment, during which the trained flies were anesthetized 90 s on ice at 30 min before 
testing. In the end, ASM was calculated by subtracting the performance index of 
ARM from that of ITM for each training session on the same day, respectively.

Experiments were double blinded with respect to genotype and treatment 
and differently aged groups of various genotypes were measured side by side in 
randomized order.

Immunohistochemistry, confocal imaging and quantification. Adult brains 
were dissected in HL3 on ice and immediately fixed in cold 4% paraformal-
dehyde (vol/vol) for 20 min at 20–30 °C. After fixation, the samples were then 
incubated in 1% PBT (phosphate-buffered saline (PBS) containing 1% Triton 
X-100, vol/vol) for 20 min and pre-incubated in 0.3% PBT (PBS containing 0.3% 
Triton X-100) with 10% normal goat serum (vol/vol) for 2 h at 20–30 °C. For 
primary antibody treatment, samples were incubated in 0.3% PBT containing 
5% normal goat serum and the primary antibodies for 48 h at 20–30 °C. After 
primary antibody incubation, brains were washed in 0.3% PBT, four times for 
30 min at 20–30 °C, and then overnight at 4 °C. All samples were then incubated 
in 0.3% PBT with 5% normal goat serum containing the secondary antibodies 
for 24 h at 20–30 °C. Brains were washed four times for 30 min at 20–30 °C, then 
overnight at 4 °C. Brains were finally mounted in Vectashield overnight before 
confocal scanning (Vector Laboratories). Antibodies were used at the following 
dilutions: rabbit antibody to ref(2)P (1:100)55 and Cy3-conjugated antibody to 
rabbit (1:400, Jackson ImmunoResearch, 111-165-006).

Image stacks of specimens were imaged on a Leica TCS SP5 confocal micro-
scope (Leica Microsystems) using a 20×, 0.7 NA oil objective for whole-brain 
imaging with voxel size of 361 × 361 × 200 nm. Images were quantified using 
ImageJ software (http://rsbweb.nih.gov/ij/). Briefly, confocal stacks were merged 
into a single plane by using the maximum projection function. Subsequently, 
region of central brain was manually selected (using the free-hand function) and 
fluorescence intensity arbitrary units were measured and normalized to the area 
of the central brain for each brain.

Ca2+ imaging using GCaMP3.0. For Ca2+ imaging, GCaMP3.0 (ref. 56) was 
homozygously expressed under direct control of the mb247 enhancer. 3-d-old or 
30-d-old female flies were briefly anesthetized on ice and immobilized in a small 
chamber under thin sticky tape. A small window was cut through the sticky tape 
and the cuticle of the head capsule using a splint of a razor blade. Trachea were 
carefully removed and the brain was covered with Ringer’s solution57 (which 
contains 5 mM HEPES, 130 mM NaCl, 5 mM KCl, 2 mM MgCl2, 2 mM CaCl2, 

http://flystocks.bio.indiana.edu/Fly_Work/media-recipes/media-recipes.htm
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pH = 7.3). Optical imaging was performed using a fluorescence microscope 
(Zeiss Axioscope 2 FS) equipped with a xenon lamp (Lambda DG-4, Shutter 
Instrument), a 14 bit CCD camera (Coolsnap HQ, Photometrics), a 20× water-
immersion objective and a GFP filter set. Image acquisition was controlled using 
the software Metafluor (Visitron Systems, Puchheim). Images were acquired at 
a frame rate of 5 Hz, an illumination time of 80 ms and an excitation wavelength 
of 488 nm. Odors (4-methyl-cyclohexanol or 3-octanol, diluted 1:100 or 1:150, 
respectively, in mineral oil, or pure mineral oil) were applied to the flies’ antennae 
for 2 s each using a custom-built olfactometer at an air flow rate of 1 l min−1. Four 
to five odor stimulations were applied to each individual fly. Acquired images 
were aligned using the ImageJ plugin TurboReg and a customized Java script. 
Fluorescence emission was determined within a region of interest covering the 
horizontal mushroom body lobes, and background fluorescence determined in 
a region of interest outside the labeled structure was subtracted. Changes in fluo-
rescence emission were calculated as ∆F/F0 where F is the fluorescence measured 
at each time point and F0 the baseline fluorescence as the average of five frames 
before odor onset. The ∆F/F0 values of the four to five stimulations were averaged 
for each fly. For creating false color–coded images, five frames covering the peak 
of the increase in fluorescence were averaged and the average of five, preceding 
odor onset was subtracted.

Transcriptional profiling and Gene Ontology (GO) analysis. Spd− and Spd5mM+ 
flies of different ages (3 and 10 d) were flash frozen in liquid nitrogen and heads 
were collected after vortexing by mechanical separation. Total RNA was extracted 
from approximately 100 heads per sample using the RNeasy Lipid tissue Mini 
kit (Qiagen). Biological duplicates were performed for all conditions. mRNA 
was purified using the Oligotex kit (Quiagen) and was reverse transcribed into 
a cDNA using the Superscript III Reverse Transcriptase (Invitrogen). Second 
strand synthesis was performed using the E. coli and T4 DNA polymerases (New 
England Biolabs). DNA end repair was performed on 9–20 ng of double stranded 
cDNA followed by ligation of Illumina sequencing adaptors and size selection 
for 300 bp. Fragments were amplified linearly (14 PCR cycles), as validated 
by quantitative real-time PCR (qPCR), and sample quality was assessed using 
the 2100 Agilent Bioanalyzer. Cluster generation and sequencing-by-synthesis  
(36 bp) was performed using the Illumina Genome Analyzer IIx according to 
standard protocols of the manufacturer, with the exception of one sample (Spd−, 
3 day, rep 2), which was sequenced on an Illumina HiSeq 2000. The image files 
generated by the Genome Analyzer IIx/Illumina HiSeq 2000 were processed to 
extract DNA sequence data. The raw sequence data from this study are available at 
the NCBI Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/) under 
series accession number GSE38998. From the GAIIx, we obtained between 28 and 
37 million reads, while the HiSeq produced 66 million reads (Supplementary 
Table 2). Sequenced reads were aligned to the Drosophila genome (NCBI build 5)  
using the Illumina Analysis Pipeline and the ELAND alignment software allowing 
one mismatch. Only tags that uniquely aligned to the genome were considered 
for further analysis and total alignment efficiency was between 70% and 82% 
(Supplementary Table 1), with the majority of unaligned reads mapping to repet-
itive sequences. The number of aligned reads mapping to gene coding sequences 
was counted using the python script htseq-count (http://www-huber.embl.de/
users/anders/HTSeq/doc/overview.html) with gene annotations extracted from 
the file Drosophila_melanogaster.BDGP5.70.gtf, available at http://www.ensembl.
org. In all samples, over 95% of aligned reads mapped to exons and over 92% 
mapped unambiguously to one exon (Supplementary Table 1). The unambigu-
ously mapped reads (ranging from 19–22 million reads for samples sequenced 
with the Illimina GAIIx and 45 million reads for the sample sequenced with the 
Illumina HiSeq) were used for further analysis of differential gene expression 
with the DESeq software29. The number of reads per gene was normalized using 
DESeq and hierarchical clustering on Euclidean distances was performed using 
the normalized values, revealing a high degree of similarity between biological 
replicates (Fig. 5a). DESeq uses variability between biological replicates in all 
conditions to estimate a dispersion value for each gene, which is essential for 
determining the statistical significance of differential expression. Notably, we 
observed a high degree of correlation between gene expression level (normal-
ized number of reads) and dispersion, with genes having a low number of reads 
exhibiting higher dispersion (Fig. 5b). We then used DESeq to identify genes that 
were differentially expressed in response to spermidine based on the negative 
binomial distribution (adjusted P < 0.05, fold change > 1.5; Fig. 5b). Overlap of 

differentially expressed genes (Fig. 5b) was determined and visualized as a Venn 
diagram using BioVenn58, and GO analysis was performed using DAVID30. The 
full data set of differentially expressed transcripts and GO-terms are provided in 
Supplementary Tables 2 and 3, respectively.

qPCR. For validation of differential expression, qPCR was performed using 
the GO-TaqQPCR master mix (Promega) and the 7900HT Fast Real Time PCR 
system (Applied Biosystems) according to the manufacturer’s instructions.  
qPCR was performed using dilutions of sequenced cDNA libraries from heads 
of 10-d-old spermidine-treated and untreated flies. Gapdh1 and 14-3-3 epsilon 
were used as reference genes for normalization and calculation of fold change 
differences between spermidine-treated and untreated samples. Subsequently, 
the Ct values of spermidine-treated samples were subtracted from that of control 
samples, resulting in −∆C′T and the relative concentrations were calculated as 
2−∆C′T. All primers were tested for amplification efficiency according to standard 
methods (Supplementary Table 4).

Protein extraction, SDS-PAGE and western analysis. To detect poly- 
ubiquitinated proteins (PUPs), female fly heads (at least 60 of different  
age groups) were homogenized in 1% Triton X-100 (PBS containing protease 
inhibitors) on ice, the homogenates were centrifuged (12,000g) for 10 min  
(4 °C) and the supernatant (Triton X-100–soluble fraction) was collected.  
The remaining protein pellets were extracted with 2% SDS buffer (SDS frac-
tion). In the case of Atg8a, the fly heads of females were homogenized in a 2%  
SDS buffer containing protease inhibitors. Protein concentrations were deter-
mined using BCA Assay Kit (Thermo Fischer) and 10 µg of total protein per  
sample was loaded and resolved on 4–20% gradient gels (BioRad) or 12% gels  
for PUP and Atg8a, respectively, followed by electroblotting to nitrocellulose  
membranes (Millipore). Subsequently, blots were probed with monoclonal  
mouse antibody to tubulin (1:1,000, Sigma Aldrich), which served as loading  
control, together with polyclonal rabbit antibody to ubiquitin (1:1,000, Cell 
Signaling Technology) and polyclonal rabbit antibody to GABARAP (detects 
ATG8a, used 1:1,000, MBL) as previously described9. Immunoblots were  
scanned and intensity analysis was done using ImageJ software (using the  
gels and measurement function). The relative amounts of the PUP and  
Atg8a proteins from individual samples were quantified and corrected using  
antibody to tubulin as loading control. Statistical analysis was done in  
Microsoft Excel and GraphPad Prism software using one-way ANOVA and  
a Tukey post-test.

Climbing assay. Locomotor function of fruit flies was assessed using the climb-
ing assay as previously reported59 with some slight modifications. Briefly, flies 
were previously sex-separated under mild CO2 anesthesia at days 1 and 28. After 
recovery for 48 h (that is 3-d-old and 30-d-old flies), 10 flies were placed in a 
plastic vial, given 30 s to climb up. Each trial was video captured, and at the end 
of each trial the number of flies that climbed up to a vertical distance of 7 cm or 
above was recorded. Each trial was performed six times.

Statistics. Data were analyzed with Prism (GraphPad Software). No statis-
tical methods were used to pre-determine sample sizes, but our sample sizes  
are similar to those reported in previous publications1,3,9,14,60. For the  
behavioral studies and polyamine estimation, the data were collected with  
the investigator blind to the genotypes, treatment and age of genotypes.  
There was no blinding in the other experiments. The data were collected and 
processed side by side in randomized order for all experiments. Data distribu-
tion was assumed to be normal but this was not formally tested. For comparison  
of more than two groups one-way ANOVA was used with either Bonferroni  
correction (except for Fig. 4a,b for which one-way ANOVA with Tukey correc-
tion was used. To compare two groups, non-parametric Mann-Whitney U tests 
were used (in case of Fig. 3).
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