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Study Objectives: Aging has been linked with decreased neural plasticity and memory formation in humans and in laboratory model species
such as the fruit fly, Drosophila melanogaster. Here, we examine plastic responses following social experience in Drosophila as a high-throughput
method to identify interventions that prevent these impairments.

Patients or Participants: Wild-type and transgenic Drosophila melanogaster.

Design and Interventions: Young (5-day old) or aged (20-day old) adult female Drosophila were housed in socially enriched (n = 35-40) or isolated
environments, then assayed for changes in sleep and for structural markers of synaptic terminal growth in the ventral lateral neurons (LN,s) of the
circadian clock.

Measurements and Results: When young flies are housed in a socially enriched environment, they exhibit synaptic elaboration within a component
of the circadian circuitry, the LN,s, which is followed by increased sleep. Aged flies, however, no longer exhibit either of these plastic changes.
Because of the tight correlation between neural plasticity and ensuing increases in sleep, we use sleep after enrichment as a high-throughput marker
for neural plasticity to identify interventions that prolong youthful plasticity in aged flies. To validate this strategy, we find three independent genetic
manipulations that delay age-related losses in plasticity: (1) elevation of dopaminergic signaling, (2) over-expression of the transcription factor
blistered (bs) in the LN,s, and (3) reduction of the Imd immune signaling pathway. These findings provide proof-of-principle evidence that measuring
changes in sleep in flies after social enrichment may provide a highly scalable assay for the study of age-related deficits in synaptic plasticity.
Conclusions: These studies demonstrate that Drosophila provides a promising model for the study of age-related loss of neural plasticity and

begin to identify genes that might be manipulated to delay the onset of functional senescence.
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INTRODUCTION

Aging is associated with deficits in cognitive processes,
including memory formation in humans' and flies.>* Although
sleep facilitates memory formation in young people,*® sleep-
dependent memory-consolidation is impaired with aging.®
Thus, age-related deficits in sleep-dependent plasticity provide
an example of functional senescence: the age-related deteriora-
tion in physiological status that interferes with the ability to
maintain youthful functioning during aging.’

To evaluate functional senescence of neural plasticity in
Drosophila, we have measured the effects of social enrichment
on synapse number and on sleep over the following days.®®
Exposure to novel stimuli in an enriched environment acti-
vates Hebbian mechanisms and leads to synaptic elaboration in
a variety of different species, including the fruit fly.'>'> When
housed in a socially enriched group for several days, young
Drosophila exhibit an increase in synaptic terminals contained
within projections from the Pigment dispersing factor (Pdf)-
expressing ventral lateral neurons (LNys),” a cluster of wake-
promoting cells'!* that are involved in the consolidation of
long-term memories.” While the precise neural functions of
sleep remain unknown, the neural plasticity that occurs during
enrichment is tightly correlated with an increase in sleep over
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the following days.” The magnitude of synaptic elaboration and
consequent increases in sleep are proportional to the density of
the social group during enrichment, and recovery sleep permits
synaptic terminal number to decrease back to baseline levels
after enrichment,™'¢ supporting the hypothesis that sleep is
increased after social enrichment to homeostatically downscale
synaptic connections.'”

Although the fly is a genetically tractable model that can be
efficiently used for genetic and pharmacological screens, directly
measuring the effects of aging on neural plasticity is a difficult
task that limits the practicality of large scale studies. To better
study the effects of aging, we have begun to characterize behav-
ioral correlates that can be used to measure plastic responses
following novel experience. Because genetic mutations that
block synaptic elaboration during social enrichment also prevent
subsequent increases in sleep,”'® detecting increased sleep after
social enrichment may provide a reliable marker of neural plas-
ticity. In the current study, we find that both synaptic elaboration
and increases in sleep following social enrichment decline with
age in Drosophila. This age-related loss in plasticity seems to
be connected with a loss of dopaminergic signaling with age;
reducing dopamine signaling through dDA 1 receptors in young
flies prevents plastic responses and supplementing dopamine
signaling in aged flies restores youthful plasticity. Targeting
these interventions to a specific neural cluster, the LNys, is
sufficient to postpone functional senescence, suggesting that
targeted modifications of specific neuromodulators can be
sufficient to delay the loss of neural plasticity with age. To
validate that this strategy can identify novel interventions for
prolonging youthful plasticity, we use qPCR gene profiling to
identify independent genetic mechanisms that might provide
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other targets for intervention and confirm the roles of candidate
genes using behavioral genetic studies. Our results find that age-
related deficits in plasticity can be delayed via two additional
genetic manipulations: (1) elevated expression of the transcrip-
tion factor blistered (bs) in the LNys and (2) reduced activity of
the /md immune signaling pathway. Together, these data suggest
that using sleep measurements after social enrichment provide a
reliable marker for neural plasticity and that the fly can provide
a productive model for identifying mechanisms of plasticity that
degrade with age.

METHODS

Flies

Drosophila melanogaster were cultured at 25°C with 50%
to 60% relative humidity and kept on a diet of yeast, dark corn
syrup, molasses, sucrose, and agar under a 12-hour light:12-
hour dark cycle. Flies were transferred to fresh food vials
every 4-5 days during aging experiments. Canton-S flies were
obtained from T. Zars (University of Missouri, Columbia),
dumb? (102676) and dumb’ (PL00420) flies were generated
by the Harvard Exelexis Library, UAS-dDA1® (107058KK)
flies were generated by the Vienna Drosophila Resource Center
(Vienna, Austria), ird7 (PGRP-LC), and PGRP-LC,-LE flies'®
were obtained from Bloomington Stock Center, Pdf~-GAL4
flies"” were obtained from P. Taghert (Washington University,
St. Louis MO), UAS-dig""-GFP flies*® were obtained from
B. Lu (Stanford University), UAS-bs(II) flies®' were obtained
from Z. Han (University of Michigan), and S/06 > UAS-
PGRP-LE flies*** were obtained from S. Pletcher (University
of Michigan).

Behavioral Analysis

Drosophila sleep and activity patterns were assessed as
described previously.* In summary, flies were placed into indi-
vidual 65-mm tubes and all activity was continuously measured
through the Trikinetics Drosophila Activity Monitoring System
(www.trikinetics.com). Locomotor activity was measured in
I-min bins, and sleep was defined as periods of quiescence
lasting > 5 minutes.

Social Enrichment

To standardize the environmental conditions during critical
periods of brain development, all flies were collected upon
eclosion and maintained in same-sex vials containing 30
flies. Flies were divided into a socially isolated group, which
were individually housed in 65-mm glass tubes, and a socially
enriched group, consisting of 35-45 female flies housed in a
single vial as adapted from previous experiments.® Group loco-
motor activity during social enrichment was measured using
a Drosophila Population Monitor (Trikinetics, Waltham MA).
After 5 days of social enrichment/isolation, flies were placed
into clean 65 mm glass tubes and sleep was recorded for 3 days
as described above. To calculate the effect of social enrichment
on subsequent sleep, we first calculate the population mean
value for daytime sleep in the isolated group, averaged over
3 days, and then subtracted this isolated group mean from the
daytime sleep observed for each individual socially-enriched
sibling. The difference is referred to as ASleep.
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Pharmacology

3-iodo L-tyrosine (31Y, 10 mg/mL), SCH23390 (1 mg/mL),
and L-3,4-dihydroxyphenylalanine (L-DOPA, 2 mg/mL) were
dissolved in standard lab media and fed to flies for 5 days while
they were housed in social isolation or enrichment. Following
social enrichment or isolation, flies were returned to standard
media with no drug while ASleep following social enrichment
was measured. Behavioral changes during drug administra-
tion were examined using Trikinetics Population Monitors to
measure pooled locomotor activity in socially enriched groups
and, in parallel, using Trikinetics Activity Monitors to measure
sleep in socially isolated individuals.

Quantitative PCR

Total RNA was isolated from fly heads by using TRIzol
following the manufacturer’s protocol. Reverse-transcription
(RT) reactions were carried out in parallel on Dnase I-digested
total RNA as previously described.”® RT products were stored
at —80°C until use. PCRs to measure levels of artificial tran-
script were performed to confirm uniformity of RT within
sample groups and between samples. All RT reactions were
performed in triplicate. At least two quantitative PCR replica-
tions were performed for each condition. Sequences for each of
the primers used were as follows:

rp49 F—aagaagcgcaccaagcacttcatc, R—tctgttgtcgataccettgggctt,
dDAI F—agcgattgeggatctctt, R —caaaattgegetccaaag,

bs F—gacggagctcagctacaaca, R —gaggtaggegatcggtcat,

AttB F—ggcaatcccaaccataatgt, R—aggcaccatgaccagcat,

CecAl F—agctgggtggctgaagaaa, R —attgtggcatcccgagtg,

def F—ggatcatgtcctggtgcat, R—cttctggeggctatgetg,

Dro F—ccatcgaggatcacctgact, R—ctttaggcgggcagaatg,

Drs F—aagtacttgttcgccctcttcget, R —gtatcttccggacaggeagt,

IM10 F—acgatcaggcaggaatttgggaca, R —tatcgattgtgacagtgcgtecgt,
mtk F—tcatcgtcaccagggacccattt, R—acccggtcttgggttaggatt.

Values were expressed as a percentage of socially isolated
animals and were evaluated using either #-tests or ANOVAs
with post hoc pairwise comparisons. Data are presented as
mean + SEM.

Immunohistochemistry

Brains were removed from the head casing and fixed in 4%
paraformaldehyde in phosphate buffer solution (PBS) (1.86
mM NaHPO, 8.41 mM NaHPO, and 175 mM NaCl) for 1 h
and washed in PBS. Following a 2-h pre-incubation in 3%
normal goat serum in PBS-TX (PBS containing 0.3% Triton
X-100), brains were washed in PBS-TX. Brains were incubated
in 1:1000 Rabbit anti-GFP (Sigma), washed in PBS-TX and
incubated in the appropriate fluorescent secondary antibodies.
All samples that were directly compared were processed in
parallel after dissection.

Confocal Microscopy

Confocal stacks were acquired with a 1um slice thickness
using a laser scanning confocal microscope and processed using
Imagel. All samples that were directly compared were imaged
using identical microscope settings. Quantitative analysis of
pre- and post-synaptic terminals was conducted on socially
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isolated and socially enriched flies expressing UAS-dlg""-GFP
under control of the Pdf~GAL4 driver. Immunopositive termi-
nals were counted using the Image] binary thresholding algo-
rithm. The number of synaptic terminals for all of the socially
isolated flies was used to generate a grand mean. The grand
mean of the isolated flies was used to normalize each individual
enriched brain. The individual normalized values were then
used to calculate the mean and standard error for the group. The
mean and standard error for socially isolated flies were calcu-
lated by normalizing to their own group mean. The normalized
values for each group were then evaluated using a independent
sample z-test.

Statistics

Statistical analyses were performed with Prism 6 (GraphPad).
Pairwise comparisons used Student #-tests or, if appropriate,
ANOVA and subsequent modified Bonferroni comparisons
unless otherwise stated. All statistically different groups are
defined as P < 0.05.

RESULTS

Enrichment-induced sleep declines with age

Although Drosophila can survive more than 2 months in a
laboratory environment, the ability of flies to properly form
memories degrades within 20 days of eclosion.® Extensive
examination of age-related loss of plasticity is demanding,
however, so the field might benefit from high-throughput
assays for evaluating the effects of aging on plasticity. One
such assay may be measuring the effects of exposing flies to
either social enrichment, consisting of 35-45 flies maintained
in a 50 mL vial, or social isolation, consisting of flies housed
individually in small glass tubes (5 mm diameter X 65 mm
long). Following 5 days of isolation or enrichment, flies are
allowed a transition day and then evaluated for sleep or markers
of plasticity. When young female flies expressing a fluorescent
marker labeling synaptic terminals in the LNys (Pdf~-GAL4/+;
UAS-dIg"™-GFP/+) are placed into social isolation or enrich-
ment for 5 days beginning on day 5 after eclosion, a significant
increase in fluorescently-labeled LNy, punctae can be detected
in the socially enriched group (11-day-old flies; Figure 1A,
1B).’ This increase in synaptic punctae seems to increase the
need for sleep in young female flies; wild-type Canton-S flies
that experienced the same enrichment starting on day 5 after
eclosion exhibit a significant increase in sleep compared to
isolated siblings (Figure 1C).} If, however, older female flies
are exposed to social enrichment for 5 days beginning on
day 20 after eclosion, no change in synaptic punctae number
(Figure 1D, 1E) or in sleep time can be detected (26-day-old
flies; Figure 1F). Eleven-day-old and 26-day-old isolated female
flies do not differ in their baseline sleep (Figure 1C, 1F) or LN,
punctae number (Figure S1, supplemental material), indicating
that the observed deficits in plasticity seen during aging are not
a consequence of young and old flies starting the experiment
with different amounts of sleep or punctae. To more precisely
analyze the effects of aging on enrichment-induced changes
in sleep, we measured sleep after 5 days of social enrichment
in male and female flies at ages between 5 days and 45 days
after eclosion. As shown in Figure 1G, when social enrichment/
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isolation begins 5-10 days after eclosion, both male and female
flies respond to enrichment with increased sleep over the
following days. However, female flies show no change in sleep
after exposure to social enrichment beginning 15 or 20 days
after eclosion. Interestingly, male flies subsequently exhibit a
gradual loss of social enrichment-induced sleep at 45 days of
age. In young flies, social enrichment not only increases sleep
time, it also increases average length of each sleep episode.’
To determine whether this change in sleep consolidation might
also be disrupted with aging, we compared the lengths of sleep
bouts in young (11-day-old) and aged (26-day-old) Canton-S
females after 5 days of social isolation or enrichment. Young
Canton-S females exhibit increased daytime (Figure 1H, left)
and nighttime bout length (Figure 11, left) after social enrich-
ment. These increases in bout length are not observed in aged
females after social enrichment (Figure 1H, 11, right). Together,
these results indicate that the ability to respond to social enrich-
ment in a plastic way decreases with age, and that increases in
sleep time and intensity after social enrichment might be used
as a marker for neural plasticity.

dDA1 signaling in the LNys is required for enrichment-induced
sleep in young flies

Dopaminergic signaling is vital for memory formation
but declines with age in Drosophila,*® indicating that altered
dopaminergic signaling might underlie age-related impair-
ments in plasticity. Chronic disruption of dopamine synthesis
beginning during development prevents increased sleep after
social enrichment,® but it remains unclear whether more acute
decreases in dopamine, such as those that occur during aging,
might also reduce plastic responses to the social environment.
To more closely examine whether acute changes in dopamine
signaling that occur during social enrichment contribute to
neural plasticity, we treated flies with the tyrosine hydroxy-
lase inhibitor 3-iodo L-tyrosine (3IY) between day 5-10 after
eclosion. During this 3IY administration, flies were housed in
social isolation or enrichment and then returned to standard
food in the morning of day 10. On day 10, flies were either
dissected to quantify synaptic terminals or allowed to recover
for ~18 h before sleep was evaluated for the following 3 days
(Figure S2A, supplemental material). Delivery of 31Y prevented
young flies from exhibiting enrichment-induced elaboration
of LN, synapses (Figure 2A), indicating that dopamine is
required during social experience for plastic changes in neural
structure. Canton-S flies that were administered the same 3IY
treatment during social enrichment also showed no change in
sleep over the following days (Figure 2B), consistent with the
hypothesis that sleep is elevated in response to synaptic growth
during enrichment. To rule out the possibility that the effects
of 3IY on plasticity might be due to behavioral changes during
social enrichment or isolation, we examined behavior during
social enrichment using group activity monitors and found
that overall locomotor activity did not differ between 31Y-fed
and vehicle-fed controls (Figure S2B). Although 3IY treatment
modestly increases sleep in socially isolated flies during the
5-day exposure (Figure S2C), sleep parameters were not statis-
tically different from vehicle-fed controls during the first day of
sleep recording after ~18 h on standard food (Figure S2D-S2G).
It is, therefore, unlikely that the impaired response to social
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Figure 1—Aging prevents increased sleep following social enrichment. (A,B) LN, synaptic punctae number is increased by social enrichment in young
11-day-old Pdf-GAL4/+;UAS-dIg""™-GFP flies. Representative images from young flies are shown in (A), relative quantification of terminal number in (B).
(Two-tailed Student t-test, P = 0.003, n = 11-12 each group). (C) Social enrichment increases sleep in young 11-day-old Canton-S flies. Two-way ANOVA finds
a significant time x condition interaction (Fy; 565 = 3.224, P < 0.0001, n = 13-15 each group). (D-E) Social enrichment does not change LN, punctae number
in aged 26 day old Pdf-GAL4/+;UAS-dIg""™-GFP flies. Representative images from aged flies shown in (D), relative quantification of terminal number in (E)
shows no significant effect of social enrichment (Two-tailed Student t-test, P = 0.31, n = 13-14 each group). (F) Social enrichment has no effect on sleep of
aged 26 day old Canton-S flies. 2-Way ANOVA finds no significant main effect for condition (F, ,, = 0.705, P = 0.41, n = 15-16 each group) and no significant
time x condition interaction (Fy 5, = 1.045, P = 0.4052, n = 15-16 each group). (G) Although Canton-S males show a gradual decrease in A Sleep between
5 and 45 days after eclosion (One-way ANOVA finds a significant effect for age, F; 4, = 2.54, P = 0.025, n = 16-48 each group), Canton-S females show no
change in sleep after social enrichment by 20-25 days of age (One-way ANOVA finds a significant effect for age, F, 15, = 11.69, P = 2.57 x 10%, n = 32 each
group). * denotes P < 0.05 vs. 6-day old, * denotes P < 0.05 vs. 11-day old, ~ denotes P < 0.05 vs. 16-day old. All post hoc pairwise comparisons use Holm-
Sidak tests corrected for multiple comparisons. (H) 11-day-old Canton-S females exhibit longer daytime sleep bouts after social enrichment (left), while social
enrichment does not increase daytime sleep consolidation in 26-day-old Canton-S females (right). ANOVA reveals a significant age x condition interaction
(F14,=9.10, P =0.004, *P < 0.05 modified Bonferroni post hoc test, n = 16 each group). (I) 11-day-old Canton-S females exhibit longer nighttime sleep bouts
after social enrichment (left), while social enrichment does not increase sleep consolidation at night in 26-day-old Canton-S females (right). Two-way ANOVA
reveals a significant main effect for age (F; ¢, = 5.87, P = 0.018, *P < 0.05 modified Bonferroni post hoc test, n = 16 each group).

enrichment can be attributed to effects of the drug directly on
sleep or locomotion.

To more specifically examine the role of dopamine in medi-
ating plasticity in response to social enrichment, we evalu-
ated transcript levels for the Drosophila DI-type dopamine
receptor (dDAI) using qPCR. As seen in Figure 2C, dDAI
transcripts are upregulated by ~50% in mRNA extracted from
heads of socially enriched females compared to their isolated
siblings. To test the extent to which the dDA receptor might
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be involved in mediating the response to social enrichment,
we evaluated sleep after social enrichment in flies fed the
D1-antagonist SCH23390 (Figure S3A, supplemental material).
As seen in Figure 2D, no increase in sleep was observed in
socially enriched flies that had been maintained on SCH23390
for 5 days and allowed to recover for ~18 h before sleep was
evaluated. As above, no changes in locomotor activity during
enrichment were observed in SCH23390 fed flies compared
to controls (Figure S3B). Importantly, SCH23390 did not alter
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Figure 2—Dopaminergic signaling is required for increased sleep following social enrichment. (A) Vehicle-treated 10-day-old Pdf-GAL4/+; UAS-dig®™/+ flies
showed an increase in the number of dlg®-positive varicosities (left), but siblings fed 10 mg/mL 3IY show no change in dlg®*-positive varicosities (right)
following social enrichment. ANOVA reveals a significant treatment x condition interaction (F, ,, = 17.644, P = 0.0001, * P < 0.05 modified Bonferroni post hoc
test, n = 11 each group). (B) While vehicle-fed 11-day-old Canton-S females exhibit increased daytime sleep following social enrichment (gray), 11 day old
Canton-S females fed 10 mg/mL 3IY during enrichment/isolation show no subsequent change in daytime sleep (black) (P = 8.135 x 105, Student t-test, n = 16
each group). (C) Abundance of dDAT mRNA is significantly elevated in the heads of 10-day-old Canton-S females following social enrichment (P = 0.003,
Two-tailed Student t-test, n = 2 each group). (D) Vehicle-fed 11-day-old Canton-S females exhibit increased daytime sleep following social enrichment (gray),
but 11-day-old Canton-S females fed a D1-antagonist (1 mg/mL SCH23390) during enrichment/isolation show no subsequent change in daytime sleep (black)
(P =0.0004, Two-tailed Student t-test, n = 16 each group). (E) Although dumb? and dumb?® mutants (gray) do not increase their sleep after social enrichment
(gray), rescue of dDA1 expression broadly in dumb?dumb? flies or exclusively in the LNys (Pdf-GAL4;;dumb?) restores increased sleep after enriched social
experience (black, right). One-way ANOVA reveals a significant main effect for genotype (F, 5 = 12.85, P < 0.001, *P < 0.05 modified Bonferroni post hoc test,
n = 16-45 each group). (F) Flies expressing an RNAi construct for dDA1 in the LN,s (Pdf-GAL4/+; UAS-dDA 1”"i/+) show no increase in sleep following social
enrichment (right). Parental controls (Pdf-GAL4/+, left, and UAS-dDA 1"+, center) exhibit increased daytime sleep following social enrichment. One-way

ANOVA for genotype (F, 4 = 6.60, P = 0.003, *P < 0.05 modified Bonferroni post hoc test, n = 16 each group).

sleep parameters in socially isolated flies either during the
5-day exposure (Figure S3C) or during the first day of sleep
recording after ~18 h on standard food (Figure S3D-S3G).
These data reinforce the interpretation described above that
the effects of DA signaling on behavioral plasticity cannot be
explained by unrelated effects of drugs on sleep or locomotion.
Thus, dopaminergic signaling plays an important role in plas-
ticity following social experience in young Drosophila.

Since SCH23390 has been shown to inhibit/target both
the dDAI and the dopamine receptor enhanced in Mushroom
Bodies (DAMB), we tested whether dDA 1 signaling is required
for social enrichment-induced sleep in young flies by analyzing
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sleep after social enrichment in flies carrying the dumb’ muta-
tion, a hypomorphic allele formed by a piggyBac insertion® or
the dumb’ allele, a p-element insertion that drives the expres-
sion of GAL4.* While flies that are heterozygous for dumb? do
show an increase in sleep after social enrichment (Figure 2E,
left), mutant dumb’ and dumb’ homozogotes show no change
(Figure 2E, gray). Rescue of dDAI expression by using the
GALA4 driver inserted into the first intron of dDA/ in the
dumb’ allele to drive expression of the UAS-element inserted
into the first intron of dDAI in the dumb’ allele in dumb?/
dumb’® flies restores increased sleep following social enrich-
ment. Given the involvement of the LNys in the regulation of
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enrichment-induced changes in sleep,’ and recent findings that
dopamine strongly modulates the activity of LNys,*! we tested
the role of dDA1 expression in the LNys by using Pdf-GAL4
to rescue dDAI expression in a dumb’ mutant background
(Pdf-GALA4;;dumb?). Rescue of dDAI in the LNys of Pdf-
GAL4;;dumb’ flies partially restores enrichment-induced sleep
compared to dumb’ mutant flies (Figure 2E, right). Because
dDA1 receptors are expressed in several areas of the brain in
addition to the LNys,*? we next expressed an RNAi construct
targeted against dDAI* in the LNys using Pdf-GAL4 (Pdf-
GAL4/+; UAS-dDAI™/+). We found that young socially
enriched parental controls (Pdf-GAL4/+ and UAS-dDA I*¥i/+)
exhibited an increase in sleep compared to isolated siblings
while Pdf-GAL4/+; UAS-dDA1*/+ flies did not respond to
social enrichment with increased sleep (Figure 2F). Together,
the data presented above indicate that disrupting dDA [ signaling
pharmacologically, with classic mutants and with RNAi blocks
the response to social enrichment in young flies and that these
effects are mediated, in part, through the LNys.

Elevation of dDA1 signaling in aged flies restores enrichment-
induced sleep

Since dopaminergic signaling is required for plasticity in
young flies and dopamine levels decline with age, we asked
whether we could restore youthful responses to social enrich-
ment by increasing dopamine levels in aged flies. To test this
hypothesis, 20-day old female flies were fed 2 mg/mL of
L-3,4-dihydroxyphenylalanine (L-DOPA) in standard fly media
for 5 days during social isolation or enrichment prior to the
quantification of LNy, synaptic terminals and sleep. As seen in
Figure S4A-S4F (supplemental material), neither group activity
nor sleep parameters were altered during L-DOPA administra-
tion. To test whether L-DOPA administration during social
enrichment might restore plasticity in aged flies, we quantified
LN, terminals in Pdf~GAL4/+; UAS-dig""-GFP flies. Indeed,
treatment with L-DOPA during enrichment restored youthful
plasticity to aged flies; a significant increase in LN, terminal
number was observed in enriched flies fed L-DOPA, but no
change could be detected in vehicle-treated controls (Figure 3A,
3B). Restoration of neural plasticity with L-DOPA treatment
was also associated with increased daytime sleep in aged flies
(Figure 3C) and sleep bout length (Figure 3D) over the following
days. Administration of L-DOPA to young flies during enrich-
ment/isolation does not enhance the effect of social enrichment
on daytime sleep (Figure 3C, left) indicating that acute L-DOPA
administration does not generally increase the response to social
enrichment in all flies, but instead prolongs youthful responses
to social experience.

As described above, dopamine seems to act through dDA1
receptors to modulate sleep after social enrichment. To explore
whether specifically increasing levels of dDA1 signaling in the
LNys restores enrichment-induced sleep to the same degree as
elevating dopamine levels, we over-expressed dDAI recep-
tors in the LNys (Pdf~GAL4/+;; dumb?’/+) and measured sleep
in 26-day-old females after social enrichment. While aged
Pdf-GAL4/+ and dumb’/+ parental controls showed no increase
in sleep following social enrichment, over-expression of dDA1
in the LNys of aged Pdf~GALA4/+;; dumb?’/+ flies demonstrate
a significant increase in daytime sleep (Figure 3E) and sleep
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consolidation (Figure 3F) in response to social enrichment at
the same age. Given these data, we conclude that enhancement
of dDA1 signaling in the LNys delays the age-dependent loss of
behavioral plasticity.

Increased expression of blistered delays loss of plasticity in
aging flies

Plastic responses to social enrichment depend upon the
expression of a variety of genes involved in synaptic plas-
ticity, including the transcription factor blistered (bs).” To
examine whether altered bs transcription is correlated with
loss of plasticity during aging, we used qPCR to examine the
effect of social enrichment on bs transcript levels. A significant
increase in bs transcripts could be detected in socially enriched
young flies compared to their age-matched isolated siblings
(Figure 4A, left). However, bs transcripts were not increased in
aged females following social enrichment compared to isolated
siblings (Figure 4A, center), indicating that elevated bs expres-
sion after social enrichment is correlated with synaptic changes
and followed by an increase in sleep. To verify this relationship,
we tested the effects of L-DOPA administration during social
enrichment in aged flies and found that the youthful response
of bs transcript levels was partially restored (Figure 4A, right).
Thus, deficits in plasticity may be associated with misregula-
tion of bs transcription in old flies during social enrichment.
We tested whether elevated expression of bs in the LNys
of aged flies might delay the loss of synaptic plasticity, and
found that flies over-expressing bs in the LNys (Pdf~-GAL4/+;
UAS-bs/UAS-dIg"™-GFP) retain the ability to add LNv termi-
nals during social enrichment even at 26 days old (Figure 4B,
right). Age-matched controls (Pdf~-GAL4/+; UAS-dlg""-GFP)
show no growth in synaptic terminal number after enrichment
(Figure 4B, left). As described above, the elaboration of LN,
synapses during social experience is followed by an increase in
sleep in young flies. This response is also restored with elevated
expression of bs in older flies; 26-day-old Pdf-GAL4/+;UAS-
bs/+ flies increased daytime sleep (Figure 4C) and daytime bout
length (Figure 4D) after social enrichment, while age-matched
parental controls (Pdf-GAL4/+ and UAS-bs/+) showed no
change in either sleep parameter. Overexpression of bs in
young flies, however, did not cause additional increases in sleep
following social enrichment (Figure 4C, left). These results
suggest that elevated expression of bs specifically in the LNys
can delay age-dependent declines in behavioral and structural
plasticity following social experience.

Expression of immune-related genes suppresses behavioral
plasticity

To identify novel pathways that contribute to functional
senescence, we have begun to use transcriptional profiling to
identify candidate genes that, like bs, are differentially regu-
lated by social experience in aged flies (which show no plas-
ticity following social enrichment), compared both to young
flies and to aged flies fed L-DOPA. Using this strategy, we
have found that functional senescence alters the transcrip-
tional response of a variety of antimicrobial peptides (AMPs)
to social enrichment. More specifically, transcript levels of
AMPs, including AttacinB (Attb) and Drosomycin (Drs) are
strongly down regulated following social enrichment in young
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flies (Figure 5A, black). The transcriptional down-regulation of
these peptides in response to social enrichment, however, was
weakened or reversed in older animals that exhibit no plastic
response (Figure 5A, light gray), but was restored in aged flies
fed L-DOPA (Figure 5A, dark gray). These data suggest that
increased transcript levels of AMPs during social enrichment
may interfere with behavioral plasticity.

The transcription of many antimicrobial peptides is under
the control of the Immune deficiency (Imd) signaling pathway,
which itself has been implicated in sleep regulation.
Previous characterization of the /md signaling pathway during
immune responses has identified Peptidoglycan recognition
protein receptors (PGRP-LC and —LE) as key regulators of
the downstream regulation of antimicrobial peptide transcrip-
tions and ectoptic expression of these receptors is sufficient to
drive IMD signaling.’” To test whether increased /md activa-
tion through PGRP can prevent behavioral plasticity in young
animals, we expressed UAS-PGRP-LE under the control of the
drug-inducible S706-GAL4, which drives GAL4 expression in
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the fat bodies upon treatment with RU486 (S106-GAL4/+,UAS-
PGRP-LE/+), then examined changes in sleep following social
enrichment. As expected, when young EtOH-fed S706/+,UAS-
PGRP-LE/+ control flies were exposed to social enrichment
starting 5 days after eclosion, they exhibited a significant
increase in sleep compared to their isolated siblings (Figure 5B,
black). However, age- and genetically-matched S706/+,UAS-
PGRP-LE/+ flies that were treated with RU486 did not increase
sleep following social enrichment (Figure 5B, gray), indicating
that overexpression of PGRP-LE mimics the effects of aging
and prevents behavioral plasticity. Next, we tested whether
decreased PGRP activity might delay the onset of functional
senescence by exposing PGRP-LC or PGRP-LC, —LE mutants
to a socially enriched environment at 20 days of age and
measuring subsequent changes in sleep. As shown in Figure 5C,
aged flies that were mutant for only PGRP-LC (Figure 5C,
middle) or for both PGRP-LC and PGRP-LE (Figure 5C, right)
exhibited a significant increase in sleep following social enrich-
ment compared to isolated siblings, while wild-type Canton-S
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Figure 4—Overexpression of blistered in the LN,s restores plasticity
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days of age (center). Administration of 2 mg/mL L-DOPA during social
enrichment restores elevated bs transcript abundance in 26-day-old
Canton-S females (right). One-way ANOVA (F,; = 131.76, P = 0.0012,
*P < 0.05 modified Bonferroni post hoc test, n = 2 each group). (B) While
26-day-old control flies (Pdf-GAL4/+; UAS-dlg®*/+) show no change in
the number of LN,, terminals following social enrichment (left), 26-day-old
flies over-expressing bs in the LNys (Pdf-GAL4/+; UAS-bs/UAS-dlIg®)
exhibit a significant increase in the number of LN, terminals (right). 2-way
ANOVA reveals significant genotype x condition (Isolated vs Enriched)
interaction (F,, = 7.73, P = 0.008, *P < 0.05 modified Bonferroni post
hoc test, n = 11 each group). (C) Overexpression of bs in the LN,s does
not alter enrichment-induced sleep in young flies, but restores increased
daytime sleep after social enrichment in 26-day-old females (Pdf-GAL4/+;
UAS-bs/+, right), while 26-day-old control flies show no change after
social enrichment (Pdf-GAL4/+, left; UAS-bs/+, center). Two-way ANOVA
finds a significant Genotype x Age interaction (F,,, = 13.8, P < 0.0001,
*P < 0.05 modified Bonferroni post hoc test, n = 14-32 each group). (D)
bs overexpression in the LNys results in increased daytime bout length
after social enrichment of 26-day-old females (Pdf-GAL4/+; UAS-bs/+,
right) while social enrichment has no effect on bout length in 25-day-old
controls (Pdf-GAL4/+, left; UAS-bs/+, center). Two-way ANOVA reveals
significant genotype x condition interaction (F, g = 13.99, P = 5.1 x 10%,
*P < 0.05 modified Bonferroni post hoc test, n = 14-16 each group).
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flies ded not (Figure 5C, left). These data indicate that reduced
signaling through the /md pathway can delay the onset of func-
tional senescence and suggest a potential link between altered
immune activity and the onset of functional senescence in the

aging fly.

DISCUSSION

Loss of neural plasticity is a consequence of aging that is
shared between humans and fruit flies.*® Here, we demonstrate
that measuring the responses of Drosophila following exposure
to a socially enriched environment provides a high-throughput
assay for measuring deficits in plasticity that accrue across
age. Social enrichment induces synaptic growth in the LNys
of young flies, which is followed by several days of increased
sleep time and consolidation. Over the course of physiological
aging, however, flies lose the ability to respond to their envi-
ronment in a plastic way such that older flies no longer exhibit
either synaptic plasticity or ensuing increases in sleep. While
previous studies indicate that the mechanisms regulating
LNy structural plasticity and ensuing increases in sleep may
overlap,”'¢ the current studies show that changes in sleep after
social enrichment can be used as a reliable marker for neural
plasticity. Furthermore, we provide evidence that this assay
may be useful for the identification of pharmacological and
genetic interventions that might preserve youthful plasticity.
These interventions suggest that the architecture of circuits
required for plasticity after social enrichment remains largely
intact during aging, and that a state of youthful plasticity may be
prolonged by adjusting the levels of specific neuromodulators.

Although dopamine production decreases with age in flies,?”**
the architecture of dopaminergic neurons is not altered,”
suggesting that supplementing dopamine levels within structur-
ally latent circuits could restore youthful functioning. Our data
support this hypothesis: acute dopamine depletion eliminates
plasticity in young flies and, conversely, feeding L-DOPA to
aged flies restores plasticity to youthful levels (Figures 2, 3).
Moreover, the genetic disruption of dopaminergic signaling
through the dDAI receptor in a cluster of wake-promoting
neurons, the LNys, also eliminates plasticity in young flies.
Together with studies indicating that expression of dDA/ in the
LNys can modulate locomotor activity,’* these data suggest
that dopaminergic signaling into the LNys modulates arousal
states and alters sleep regulation, particularly after social expe-
rience. Elevating dopaminergic signaling either by administra-
tion of L-DOPA or by overexpression of dDAI in the LNys
restores plasticity following social enrichment to aged flies,
indicating that interventions targeting dopaminergic signaling
may delay the onset of functional senescence. We have also
begun to combine these manipulations with gene profiling to
identify independent mechanisms that can restore plasticity in
aged flies. For example, we found that aging results in altered
transcriptional regulation of bs in response to social enrichment.
This altered transcription is partially reversed in aged animals by
L-DOPA treatment, indicating that the transcriptional response
of bs to social experience may not be simply due to biological
age alone, but rather the ability of the animal to form a plastic
response. Indeed, overexpression of bs permits aged flies to
respond to social enrichment with plastic changes in LNy, struc-
ture and sleep. Although the effects of elevated bs expression
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are similar to those of elevated dDAI
signaling within a common cluster of
neurons (the LNys), it is not known
how or whether the activity of the two
genes may interact. The mammalian
homolog of bs, Serum Response Factor
(SRF), is known to induce transcription
in response to neural activity and can
be a downstream target of G-protein
signaling.*** Thus, it is possible that
transcriptional activity regulated by
bs may be a downstream product of
dDA1 signaling in the LNys. Our data,
however, indicate that the induction
of bs may not be so simple; socially
isolated 25-day old flies fed L-DOPA
do not exhibit increased bs transcription
relative to age-matched controls. These
data indicate that bs may be activated
under a more complex coincidence of
inputs that induces synaptic reorganiza-
tion. Although dDA1 signaling is likely
a component of these pathways, further
studies will be required to characterize
the additional inputs.

Our gene profiling experiments have
also revealed transcriptional dysregu-
lation of antimicrobial peptides that is
correlated with the loss of plasticity
during aging. More specifically, young
flies respond to social enrichment with
a strong transcriptional repression of
these peptides while older flies do not,
indicating that the ability to respond
to social experience in a plastic way is
associated with decreased transcription
of antimicrobial peptides. Our genetic
experiments verify these results; over-
expressing PGRP receptors, a signaling
molecule upstream of antimicrobial
peptide transcription, in young flies
mimics the aged behavioral phenotype,
while mutants for PGRP receptors retain
behavioral plasticity for longer than
controls. Although the neural mecha-
nisms by which altered levels of antimi-
crobial peptides may influence synaptic
functioning, microarray studies have

found increased levels of immune-related transcripts following
sleep loss**** and a role for upstream immune signaling by
relish has been found in sleep regulation.
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Figure 5—Expression of PGRP modulates behavioral plasticity. (A) Transcript levels of the antimicrobial
peptides AttB, CecA1, def, Dro, Drs, IM10, and Mtk are significantly down-regulated in extracts from
the heads of young (10-day-old) Canton-S females following social enrichment compared to extracts
from isolated siblings (white bars). However, extracts from the heads of aged (25-day-old) Canton-S
females either show a smaller decrease or an increase in the transcript levels of each of the observed
antimicrobial peptides (black bars). Administration of L-DOPA to aged Canton-S females during social
enrichment restores decreases in transcript levels for each peptide compared to previously isolated
siblings (gray bars). ANOVA reveals a significant Gene x Condition interaction (F,, = 13,961.42,
P =3.89 x 10-%, *P < 0.05 modified Bonferroni post hoc test, n = 2 each group). (B) Young (11-day-old)
EtOH-treated S106/+ > UAS-PGRP-LE/+ flies show a significant increase in sleep following 5 days of
exposure to a socially enriched environment, but age-matched S106/+, UAS-PGRP-LE/+ flies fed RU
beginning at eclosion do not exhibit a change in sleep time following social enrichment. t-test P = 4.94
x 10, n = 15 each group. (C) Although aged (26-day-old) Canton-S females show no change in sleep
following 5 days of exposure to a socially enriched environment, flies mutant for the PGRP-LC receptor
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in sleep following 5 days in social enrichment. ANOVA reveals a significant main effect for genotype
(Fp5,=5.35, P =5.77 x 10%, *P < 0.05 modified Bonferroni post hoc test, n = 14-25 each group).

A variety of immune-

the lack of a small animal model for these effects has compli-
cated the identification of underlying mechanisms. Given the
success of using genetic model systems to identify the mecha-

related genes are also transcriptionally elevated in aged flies.* nisms of other age-related disorders,” we utilize the fly as a

These findings are consistent with the hypothesis that plasticity
might be impaired, in part, by increased inflammation in the
brain either after sleep loss or aging. Future studies, however,
will be required to clarify the interactions between elevated
immune signaling and synaptic plasticity.

Despite previous studies in humans that have identified
a loss of sleep-dependent memory consolidation with age,*’
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model to study the mechanisms that contribute to deficits in
enrichment-induced sleep that accumulate with age. Using this
model, we demonstrate that heightened dopaminergic signal
or elevated expression of bs can delay plasticity-related senes-
cence. Furthermore, these studies suggest a novel role for the
transcription of immune response genes in plastic responses
to the social environment. In combination with studies using

Delaying Loss of Plasticity with Age in the Fruit Fly—Donlea et al.



associative conditioning assays, examining the responses to
social enrichment may contribute to future investigation of the
effects of aging on sleep regulation and on plasticity.
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SUPPLEMENTAL MATERIAL

pdf-GAL4/+;UAS-dIgGFP/+ Varicosities

150%

100%

varicosities

50%

Relative number of digGFP-positive

0% 1
10 Day Old 25 Day Old

Figure S1—No effect of age on number of LN, synaptic terminals. The number of digé™-positive
varicosities in LNys (pdf-GAL4/+; UAS-dlg®/+) does not differ between 10-day-old and 25-day-
old flies (P = 0.67, Two-tailed Student t-test, n = 9-10 each group).
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A Experimental Design for 3IY Administration
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Figure S2—Sleep during and after 3IY administration. (A) Experimental design for dopamine pharmacology during social enrichment. Data presented in
panels B-C represent sleep and activity data collected from isolated or enriched flies during pharmacological treatments. (B) Group activity during social
enrichment is not significantly altered in flies fed 10 mg/mL 3IY. T-test for total locomotor activity P = 0.92, n = 3 each group. (C) Sleep is increased during
social isolation in flies that are administered 10 mg/mL 3IY. Student t-test for total sleep time P = 4.5 x 10, n = 30-32 each group. (D) Experimental design
for the measurement of ASleep following administration of 3IY to socially isolated or enriched flies. Data presented in panels E-G was collected after all flies
were allowed to adapt to fresh Trikinetics tubes containing standard food for ~18 h. (E) The intensity of waking activity as measured by counts/waking minute
is not altered in isolated flies previously fed 3IY compared to vehicle-treated controls. Student t-test P = 0.44, n = 13-14. (F) Following ~18 h on standard food,
no difference in sleep time is detected between socially isolated flies previously fed 31Y and their vehicle- treated siblings. Student t-test for total sleep, P =
0.53, n = 13-14. (G) After ~18 h of adaptation to standard food, no change in daytime sleep bout length is observed in isolated flies previously administered
3lY relative to their vehicle-fed controls. Student t-test n = 0.94, n = 13-14.
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A Experimental Design for SCH23390 Administration
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Figure S3—Sleep during and after administration of SCH23390. (A) Experimental design for dopamine pharmacology during social enrichment. Data
presented in panels B-C were collected while flies were administered 1 mg/mL SCH23390 during social isolation or enrichment. (B) Administration of 1 mg/mL
SCH23390 to 5-day-old Cs females during social enrichment does not alter locomotor activity. t-test for total locomotor activity P = 0.46, n = 3 each group. (C)
Sleep time is not altered in flies during administration of SCH23390. Student t-test for total sleep time P = 0.80, n = 30-32 each group. (D) Experimental design
for measuring sleep following administration of SCH23390 during social isolation or enrichment. Panels E-G represent data collected after flies adapted to
fresh Trikinetics tubes containing standard food for ~18 h. (E) Intensity of waking activity is not altered in socially isolated flies allowed to adapt to standard
food for 18 h after administration of SCH23390 compared to vehicle-treated controls. Student t-test P = 0.86, n = 16 each group. (F) No change in total sleep
time can be detected in socially isolated flies fed standard food for ~18 h after administration of SCH23390 compared to vehicle-treated controls. Student
t-test P = 0.18, n = 16 each group. (G) Daytime sleep bout length is not altered in socially isolated flies that are fed standard food for ~18 h after treatment
with SCH23390 relative to vehicle-fed controls. Student t-test P = 0.25, n = 16 each group.
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Figure S4—No effect of L-DOPA administration on sleep in aged Cs females. (A) Experimental design for L-DOPA administration during social isolation or
enrichmentin aged Cs females. Data presented in panels B-F were collected from socially isolated or enriched flies during administration of 2 mg/mL L-DOPA.
(B,C) No change in total sleep time of 20-day-old, socially isolated Cs females during administration of 2 mg/mL L-DOPA compared to vehicle-fed siblings
(P =10.29, Two-tailed Student t-test, n = 23-25). (D) Administration of 2 mg/mL L-DOPA to 20-day-old Cs females during isolation has no significant effect
on daytime bout length (P = 0.27, Two-tailed Student t-test, n=23-35). (E) Intensity of waking activity is not altered by administration of 2 mg/mL L- DOPA to
20-day-old Cs females during social isolation (P = 0.15, Two-tailed Student -test, n = 23-35). (F) Amount of locomotor activity is not altered in socially enriched
groups of 20-day-old Cs females during administration of 2 mg/mL L-DOPA. ANOVA reveals no significant main effect for treatment (Fq ; = 0.46, P = 0.50).
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