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Increased Sleep Promotes Survival during a Bacterial Infection in Drosophila
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Study Objectives: The relationship between sleep and immune function is not well understood at a functional or molecular level. We therefore
used a genetic approach in Drosophila to manipulate sleep and evaluated effects on the ability of flies to fight bacterial infection.

Setting: Laboratory.
Participants: Drosophila melanogaster.

Methods and Results: We used a genetic approach to transiently alter neuronal excitability in the mushroom body, a region in the central brain that
is known to regulate sleep. Flies with increased sleep for up to two days prior to a bacterial infection showed increased resistance to the infection and
improved survival. These flies also had increased expression levels of a subset of anti-microbial peptide mRNA prior to infection, as well as increased
NFkB activity during infection as indicated by in vivo luciferase reporter activity. In contrast, flies that experienced reduced sleep for up to two days prior
to infection had no effect on survival or on NFkB activity during infection. However, flies with reduced sleep showed an altered defense mechanism,
such that resistance to infection was increased, but at the expense of reduced tolerance. This effect was dependent on environmental condition.
Conclusions: Increasing sleep enhanced activity of an NFkB transcription factor, increased resistance to infection, and strongly promoted survival.
Together, these findings support the hypothesis that sleep is beneficial to the host by maintaining a robust immune system.
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INTRODUCTION

Sleep is an evolutionarily conserved process that is neces-
sary for survival.' This notion is supported by observations that
continuous sleep deprivation leads to death in both rodents and
fruit flies.>* Although the mechanism by which sleep promotes
survival is unknown, one proposal is that mortality as a result
of total sleep deprivation is attributed to adverse effects on
immune function.* Excess sleep and fatigue are commonly
experienced during infectious illness in humans. Increased sleep
associated with infection has also been documented in a wide
range of species, including Drosophila.® It has therefore been
proposed that sleep is an adaptive response to infection and has
a role in fighting infection.® Chronic sleep loss is also associ-
ated with increased risks to health, such as obesity, diabetes,
and cardiovascular disease,” all of which involve an inflam-
matory process.'”!? A correlation between poor sleep quality
and a weakened immune response is further supported by the
observation that infectious illness was more common in shift
workers who experienced greater levels of fatigue and lower
quality sleep than daytime workers."* Together, these findings
suggest that getting a sufficient amount of daily sleep is impor-
tant for the maintenance of a robust immune system.

It is well established that sleep in Drosophila has features
that are similar to that in mammals.'*!S Several genome-wide
studies have shown that many immune related genes increase
expression with sleep deprivation,'s!® indicating a link between
the immune and sleep homeostatic systems. More recently, we
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demonstrated that infection and injury transiently increased
sleep in flies.* Similar to mammals, the amount of sleep that
increased with infection or injury was time-of-day dependent
and required expression of an NFkB transcription factor, Relish,
which is central to the innate immune response in Drosophila.
Flies are therefore a suitable and powerful model to test the
hypothesis that sleep supports immune function.

To evaluate a role of sleep in immune function, we used a
drug-inducible Gal4-UAS expression system to alter neuronal
excitability in mushroom bodies (MB), which is a region of the
brain that has a well-established role in controlling sleep.'”*
MB-switch is a mifepristone (RU486) dependent Gal4 driver
that enables the expression of upstream activating sequence
(UAS)-linked target genes in MB.? By using this modified
Gal4-UAS system, MB-switch>UAS-Kir,, flies over-express
potassium ion channels in mushroom body when fed with
RU486, which consequently hyperpolarizes neurons, decreases
synaptic transmission,” and increases sleep.'” Conversely,
RU486-treated MB-switch>UAS-NaChBac flies over-express
sodium ion channels in the mushroom body, which increases
neuronal excitability”® and decreases sleep.’” Using this
approach, we assessed sleep and immune response parameters
in MB-switch-UAS flies that were treated with either RU486 or
an equivalent amount of vehicle for 3-4 days prior to infection
and for the duration of each experiment. Flies with increased
sleep showed an improved ability to fight infection with S.
marcescens and with S. pneumoniae relative to controls. Flies
with reduced sleep showed minor changes in host defense that
were influenced by environmental condition. These findings
indicate a beneficial role of sleep in immune function.

MATERIALS AND METHODS

Fly Stocks

Flies were grown on standard dextrose-cornmeal media.
MB-switch, UAS-Kir, ,, UAS-NaChBac/cyo, and UAS-mc* flies
are in a WRR" background'® and were provided by Drs. William
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Joiner and Amita Sehgal, University of Pennsylvania. kB-luc
transgenic flies were described previously.’

Behavioral Assays

All experiments were performed in females kept in constant
light (LL) at 25°C unless otherwise indicated. Sleep was
measured by monitoring locomotor activity in flies using the
Trikinetics Drosophila Activity Monitoring System (DAM2;
Waltham, MA). Flies 1-4 days of age were loaded individu-
ally into glass tubes containing sucrose and agar medium.
For induction of the mifepristone (RU486; Sigma) dependent
MB-switch-Gal4 driver,? adult flies were loaded into tubes with
500 uM RU486, or equivalent control vehicle (80% ethanol)
dilution in 2% sucrose and 2% agar medium as described previ-
ously.® Sleep in this assay is defined as an activity count of zero
for > 5 consecutive minutes.?® Sleep parameters were analyzed
using custom Matlab-based software (Insomniac2, written by
Dr. Lesley Ashmore, or an updated version, Insomniac3, written
in MSVC6, by Thomas Coradetti). Post-infection sleep was
measured and reported only in flies that survived beyond the
analysis period of 24 h. The number of replicate experiments
reported for sleep parameters correspond to those reported
in Table S1 (supplemental material), except where otherwise
indicated.

One-way ANOVA followed by Tukey post hoc comparison
was used to evaluate changes in sleep after infection within
each group (either vehicle- or RU486-treated flies). Student
t-test was used to compare overall sleep and other behavioral
parameters between vehicle- and RU486-treated groups in
either 24 h or 12 h increments as indicated.

Measurement of the Inmune Response

All methods used for behavioral assays and for measuring
immune function are described in detail elsewhere.”” Briefly,
S. marcescens (ATCC, #8100) were grown overnight in LB
medium and diluted to an ODg,, of 0.1 in phosphate buffered
saline (PBS) and 1% food coloring (Brilliant Blue FCF). S.
pneumoniae (strain D39; P210, gift of Dr. Michael Sebert)
were grown in anaerobic conditions in BHI medium, and
diluted in PBS/food coloring to an ODy,, of 0.05-0.1. Three
to 4 days after flies were loaded into activity monitors, they
were removed, CO, anesthetized, and infected by injection
with diluted bacteria using glass capillary needles. Flies were
subjected to aseptic injury by injection with equivalent dilu-
tions of LB medium and food coloring in PBS. Survival rate
was determined by using activity data derived from the Triki-
netics system. Custom software (Drosonex, gift of Thomas
Coradetti) was used to measure survival in hours following
infection or injury. Flies were considered dead when all activity
counts reached zero for the remainder of the experiment. For
flies maintained in LD conditions, survival was monitored in
groups of flies. One- to 4-day-old female flies were placed into
vials containing 500 pM RU486 or equivalent vehicle control
and entrained at 12: 12 h light: dark (LD) cycles. Three days
later, flies were infected with S. marcescens at 6 h into the dark
phase (Zeitgeber Time 18). Survival was determined daily by
manually counting living flies remaining in the vials. Twenty
flies were loaded in vials at Day 0. Two vials per experiment
were used for each group.
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Two to 5 replicate experiments were conducted for each
genotype in either LL or LD as indicated. The survival data
across all replicates were pooled and subjected to statistical
analysis using the Kaplan-Meier estimator and the log rank test.
To justify pooling of data, we analyzed the effect of independent
experiments on overall results as follows. Individual experi-
ments were treated as covariates and were subjected to a Cox
proportional hazard regression analysis. Results are reported in
Table S1, and were compared to an equivalent analysis without
the covariate adjustment (pooled data). The results showed that
there was no effect of the covariates on the overall P-value.
We therefore pooled data and performed a more conservative
analysis using the Kaplan-Meier estimator and log rank test.

To determine bacterial load, groups of up to 10 infected
flies were homogenized in 400 uL. LB medium immediately
or 24 h post-inoculation, serially diluted and spread onto
LB plates. Plates were incubated at 37°C, and the number of
colony forming units (cfu) per fly was determined the next day.
Statistical comparisons between experimental conditions were
performed across cfu/fly values for each group, which ranged
from 4-10 groups total across 3-5 experimental replicates. All
statistical analyses were performed using public-accessed soft-
ware (PAST; http://folk.uio.no/ohammer/past/).?

Luciferase Reporter Assay

One- to 4-day-old female flies carrying the xB-luc reporter
maintained in LL for 3-4 days were loaded into vials containing
500 uM RU486, or an equivalent dilution of vehicle (to 4%
ethanol) in 2% sucrose and 2% agar medium and maintained
for an additional 2 days. Flies were then transferred indi-
vidually to a 96-well plate containing 2 mM luciferin (Gold
Biotechnology Inc.), the substrate of luciferase and 500 uM
RU486, or equivalent dilution of vehicle, in 2% sucrose and 1%
agar medium. The next day, flies were subjected to infection.
Luciferase activity in living flies was measured with a Topcount
luminescence counter (Perkin Elmer). For each experiment, 28
flies per condition were loaded into the plates. Average values
are reported from living flies, as determined by visual inspec-
tion, at each time point across 3-5 replicate experiments for
each genotype.

Luminescence data (in arbitrary units) were converted into
natural log values. One-way ANOVA followed by Tukey post
hoc comparison was performed within each of the vehicle- and
RU486-treated groups to evaluate the pattern of induction of
reporter activity following infection. Post hoc comparisons
were made to a baseline value measured immediately prior to
infection. Student z-test was used to compare values between
the vehicle and RU486 groups at each time point. A Bonferroni
correction for the number of comparisons was applied to the
P-value to avoid false positives.

Quantitative PCR

MB-switch>UAS-Kir,, or MB-switch>UAS-NaChBac flies
that were fed either RU486 or vehicle were collected and
immediately frozen at —80°C before or 18 h post-infection
with S. marcescens. A time of 18 h was chosen because it
corresponded to peak NFxB activity during infection with S.
marcescens. Total RNA was extracted from groups of 20 whole
flies using RNA isolation reagent (Biotecx Laboratories, TX)
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according to the manufacturer’s instructions. The following
steps were then performed: 10 pg total RNA were treated with
DNase (TURBO DNA-free Kit; Applied Biosystems); 6 pL of
DNase treated samples were used to synthesize cDNA with
oligo-dT (AffinityScript QPCR cDNA synthesis kit; Agilent);
cDNA samples were diluted 1:5 to perform SYBR green based
QPCR (Brilliant II SYBR Green QPCR Master Mix; Agilent)
using 7500 Real Time PCR System (Applied Biosystems).
Standard cDNA generated from non-treated MB-switch>UAS-
NaChBac flies were used to quantify the relative expres-
sion of each gene. rp49 is used as an internal control of total
c¢DNA used. Primers used for QPCR are described in Table S2
(supplemental material).

RESULTS

Enhanced Sleep Improves Immune Function

Both sleep'* and the immune response®-° are tightly linked
to the circadian clock. To ensure that effects of sleep on immune
response parameters were independent of a circadian influence,
all experiments (unless otherwise indicated) were conducted
in constant light (LL). LL in Drosophila degrades core clock
proteins and renders flies arrhythmic.*!

Consistent with previous findings,” RU486-treated
MB-switch>UAS-Kir, , flies maintained in LL had more sleep
than vehicle-treated control for up to 2 baseline days (48 h)
prior to inoculation (VEH: 14.4 + 0.4 hand RU486: 16.8 £ 0.4 h
per 24 h; P < 0.00002, Student #-test). Figure 1A shows sleep
per 4 h on the days before and after infection with S. marc-
escens. RU486-treated flies continued to sleep more than the
vehicle-treated group following infection. The increase in sleep
in RU486-treated flies was attributed to a significant increase in
sleep bout length (Figure 1B left panel). The number of sleep
bouts was reduced prior to infection (Figure 1B right panel),
which suggests that despite the absence of the circadian clock,
RU486-treated flies were experiencing more consolidated
periods of sleep relative to vehicle-treated flies. After infection
with S. marcescens, both vehicle and RU486-treated groups
transiently increased sleep as compared to their own baseline
(P <0.0001, one-way ANOVA), which is measured from a 4 h
period immediately before the inoculation. The increase in sleep
lasted for 4 h post infection in both RU486- and vehicle-treated
groups (P < 0.0005, Tukey post hoc; Figure 1A). However, the
RU486-treated flies continued to have more sleep and longer
sleep bouts than the vehicle control group after the infection
(Figure 1A and 1B).

To ensure that the increased sleep in the MB-switch>UAS-
Kir,, flies was independent of a nonspecific effect of RU486,
we measured sleep in parental lines, MB-switch and UAS-Kir,,
flies. RU486 had no effect on sleep in MB-switch flies
(Figure S1A, supplemental material). Surprisingly, RU486-
treated UAS-Kir, , flies in LL showed a significant reduction in
baseline sleep as compared to the vehicle-treated groups (VEH:
17.0 £ 0.3 h and RU486: 15.5 = 0.4 h per 24 h; P < 0.005,
t-test; Figure S1D). However, the reduced sleep in the RU486-
treated flies did not persist after the infection, as the amount of
sleep was no different from the vehicle treated group (VEH:
15.6 + 0.5 h and RU486: 14.3 + 0.5 h per 24 h; P> 0.07, ¢-test;
Figure S1D). Together, these data indicate that the increase in
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sleep observed in the MB-switch>UAS-Kir, , flies is indeed due
to an RU486-dependent expression of potassium ion channels
in the mushroom body.

MB-switch>UAS-Kir,, flies were infected with S. marces-
cens and then monitored for survival. RU486-treated flies had a
significantly enhanced survival rate as compared to the vehicle
control group (Figure 1C). Both RU486- and vehicle-treated
MB-switch>UAS-Kir,, flies had nearly 100% survival for up
to 9 days following aseptic injury (Figure 1D), indicating that
injury did not contribute to the survival rates in the infected
groups. RU486- and vehicle-treated parental lines, MB-switch
and UAS-Kir, ;, also succumbed to infection with S. marcescens
at equal rates (Figures S1B and S1E). Together, these findings
indicate that flies that experienced enhanced sleep had a better
survival outcome than the control group.

We next measured whether increased sleep influenced the
ability of flies to clear the infection. The outcome of host
defense comes from the balance of two immune response
parameters, resistance and tolerance.* Resistance is the
ability of the host to limit the load of infectious pathogens,
while tolerance is the ability of host to limit the damage in
response to pathogens.’> We evaluated resistance by deter-
mining the number of colony forming units (cfu) remaining
in flies after inoculation. Flies were infected with S. marces-
cens and harvested either immediately or 24 h after infection.
Both RU486- and vehicle-treated MB-switch>UAS-Kir,,
flies had the same number of cfu per fly immediately after
infection, indicating the same bacterial load in both groups;
24 h post-inoculation, RU486-treated MB-switch>UAS-
Kir,, flies had significantly reduced cfu/fly as compared to
the vehicle-treated group (Figure 1E). No difference was
observed between RU486- and vehicle- treated MB-switch
and UAS-Kir,, parental lines (Figures S1C and S1F, respec-
tively). These findings suggest that flies that experienced
more sleep had greater resistance to the infection.

To ensure that the change in immune response during infec-
tion is not attributed to locomotor behavior, waking activity
rates were evaluated in RU486- and vehicle-treated flies.
RU486- treated MB-switch>UAS-Kir, , flies showed a reduced
activity rate compared to the vehicle-treated group (Figure
S2A, supplemental material). However, a previous study
reported that the influence of the MB on sleep did not always
correlate with waking activity, and that this latter parameter
was sensitive to environmental lighting conditions.® We there-
fore conducted a set of experiments in a 12h: 12h light: dark
cycle (LD). RU486- treated MB-switch>UAS-Kir,, flies slept
more (P < 0.001, #-test, n = 46 flies each vehicle and RU486
group; not shown) and showed no change in waking activity
rate in LD compared to the vehicle-treated group (Figure S2A).
MB-switch>UAS-Kir,, flies that were maintained in groups
were infected at 6 h into the dark phase in LD. The effect of
RU486 on survival and bacterial resistance in these flies during
infection were consistent with those observed in flies main-
tained individually in LL (Figures 1F and 1H). Nearly all flies
in both groups survived with aseptic injury (Figure 1G). Thus
the positive effect of increased sleep on immune parameters is
unlikely to be attributed to a change in waking activity rate.

We next examined whether increased sleep affected survival
during infection with another strain of bacteria, Streptococcus

Increased Sleep Enhances Immune Function—Kuo and Williams



>
w

240
180 -

120

Sleep (min/4h)
(<2}
o

<+ VEH * RU486

0 24
Hours post-infection

Sleep bout length

1 O
N
N

60 1

40 -

20 1

*%

BL

(@)

0.5

—VEH
—RU486

Survival probability

0 T T
80 160

Hours post-infection

-

Survival probability
o
()

——VEH ——RU486

o

240

D
1

0.5

0

G
1

0.5

0

—VEH
——RU486

@ VEH ®

# sleep bouts

Pl

m
o

a
1

log,, cfulfly

RU486
301

N
o
1

-—
o
1

BL

O VEH
B RU486

0B

*%

*%

Pl

=

~
|
T

o M

80

Hours post-injury

T T —————

——VEH ——RU486

0 24
Hours post-inoculation

160 240

I
o

0O VEH
/@ RUA486

E

a
1

= &

log,, cfulfly

o A

-

1234567 8
Days post-infection

0

each condition across 3-4 independent experiments.

9

0

Figure 1—MB-switch>UAS-Kir, , flies treated with RU486 have increased sleep and improved immune function during infection. (A) Increased sleep is
induced by RU486 in MB-switch>UAS-Kir, , flies in constant light (LL); mean + SEM total time sleeping in minutes per 4 h is plotted relative to time of infection
with S. marcescens. VEH = vehicle control; (B) Mean + SEM sleep bout duration in minutes (left panel) and number of sleep bouts (right panel) is plotted for
the 12 h period prior to infection (BL: baseline) and 12 h post infection (PI); *P < 0.05 and ** P < 0.01, t-test; n = 74 VEH; n = 82 RU486 treated flies. (C,D)
Kaplan-Meier plots of flies surviving (C) infection in LL; P < 0.0003, log rank test; n = 94 VEH, n = 90 RU486 treated flies, and (D) aseptic injury; P > 0.2, log
rank test; n = 96 VEH, n = 91 RU486 treated flies. (E) Box-and-whisker plots of cfu/fly are plotted relative to the time of infection in LL; **P < 0.01 unpaired
t-test; n = 5-6 groups for each condition across 3 independent experiments. The bottom, middle and top of the box represent the 25", 50" (median), and 75"
percentile, respectively. Error bars represent standard deviation. (F,G) Kaplan-Meier plots of survival of flies maintained in light: dark conditions (LD) during
(F) infection, P < 0.00001, log rank test; n = 155 VEH, n = 157 RU486 treated flies, and (G) aseptic injury, P > 0.3, log rank test; n = 100 for both RU486 and
VEH groups. (H) Box-and-whisker plots are as described in (E), except flies were maintained in LD and infected at 6 h into the dark phase n = 6-8 groups for

12345678
Days post-injury

0 24
Hours post-inoculation

9

pneumoniae. S. pneumoniae is a Gram-positive strain of
bacteria that requires the Toll signalling pathway for fighting
infection.’*** Most flies with this type of infection succumbed
within 2-3 days after inoculation. However, similar to S.
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marcescens, RU486 treatment of MB-switch>UAS-Kir,, flies
significantly improved survival during infection as compared
to the vehicle treated group (P < 0.00001, log rank test, Figure
3A and Table S1).
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Reduced Sleep Does Not Affect Survival during Infection
Similar  to  previous  findings,”  RU486-treated
MB-switch>UAS-NaChBac flies maintained in LL had
decreased sleep as compared to vehicle-treated controls for up
to 2 baseline days (48 h) before inoculation with S. marcescens
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(VEH: 12.8 +0.4 hand RU486: 8.1 0.4 hper 24 h; P<0.00001,
t-test). The reduced sleep in the RU486-treated flies was at
the expense of both sleep bout length and number of bouts
as measured 12 h prior to infection (Figure 2B; “BL”). Both
RU486- and vehicle-treated flies increased sleep for up to 24 h
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J J flies received aseptic injury
80 160 240 (Figure 2G). These findings
suggest that prolonged reduced
sleep in flies alters host defense,
but in a manner that is depen-
dent on environmental condi-
tion. In this case, these flies
had increased resistance to
infection, but at the expense of

after infection as compared to their own baseline (P < 0.0001,
ANOVA; P < 0.05, Tukey post hoc; Figure 2A). This increase
in sleep is likely attributed to an increase in sleep bout length
relative to baseline, which was seen in both groups (Figure 2B).
Nonetheless, the RU486-treated flies continued to sleep less
than vehicle-treated control (Figure 2A). RU486 had no effect
on sleep in UAS-NaChBac parent control flies as compared to
vehicle treated siblings either before (VEH: 12.8 + 1.2 h and
RU486: 14.3 + 0.8 h per 24 h, P> 0.2) or after infection (VEH:
13.3 £ 1.2 h and RU486: 15.5 + 0.8 h per 24 h, P> 0.1, #-test;
Figure S1G).

RU486-treated MB-switch>UAS-NaChBac flies showed no
change in immune function as compared to the vehicle-treated
controls as both groups succumbed to infection at equal rates
(Figure 2C) and showed no difference in resistance to infec-
tion (Figure 2E). Both groups of flies also survived with aseptic
injury at rates that were statistically equivalent (Figure 2D).
RU486- treated UAS-NaChBac parental control flies also
showed no effects on immune function as compared to vehicle
treated siblings (Figures S1H and S11).

Waking activity rate was also evaluated in MB-switch>UAS-
NaChBac flies. RU486-treated MB-switch>UAS-NaChBac
flies showed no change in activity rate as compared to the
vehicle-treated group (Figure S2B). However, in LD, while
RU486-treated MB-switch>UAS-NaChBac flies had less sleep
(P < 0.0001, t-test, n = 48, 49 for vehicle and RU486 treated
groups, respectively; not shown), they also had a reduced
waking activity rate as compared to the vehicle-treated group
(Figure S2B). Thus similar to the MB-switch>UAS-Kir,, flies,
waking activity rates in the MB-switch>UAS-NaChBac flies
are also sensitive to environmental condition, but do not corre-
late with effects on sleep. These flies were then subjected to
infection with S. marcescens at 6 h into the dark phase in LD.
Interestingly, the RU486-treated flies had no change in survival
as compared to the corresponding vehicle-treated group, but
showed an improvement in bacterial clearance (Figures 2F and
2H). Because these flies became as sick as controls (as indicated
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Reduction of sleep using a genetic approach may not neces-
sarily affect resilience to sleep loss. That is, some mutants that
have less sleep do not show recovery sleep (or sleep rebound) in
response to sleep deprivation,***” or are not sensitive to adverse
consequences of sleep loss, such as those seen with learning.*®
To ensure that flies with reduced sleep were not insensitive to
the effects of sleep loss, we used the MB-switch Gal4 driver
to over-express a catalytic subunit of cAMP-dependent protein
kinase (PKA; UAS-mc*). RU486-treated MB-switch>UAS-mc*
flies were previously reported to not only have reduced sleep,
but to also exhibit a period of recovery sleep upon withdrawal
from RU486." This finding suggests that RU486-treated flies
were indeed accumulating a sleep deficit rather than a reduced
need for sleep. In LL, RU486-treated MB-switch>UAS-mc*
flies had decreased sleep compared to the vehicle-treated group
prior to infection (VEH: 14.1 + 0.6 h and RU486: 7.9+ 0.7 h per
24 h; P <0.00001, #-test; Figure S3A, supplemental material).
Similar to post-infection sleep in MB-switch>UAS-NaChBac
flies, both RU486- and vehicle-treated flies increased sleep
for up to 24 h after infection compared to their own baseline
(P <0.0001, ANOVA; P < 0.05, Tukey post hoc). However, the
RU486-treated group continued to sleep less than the vehicle-
treated control from 8 to 24 h post-infection (Figure S3A).
Survival during infection was not significantly affected in the
RU486-treated flies compared to the vehicle-treated control
(Figure S3B). Most flies in both groups survived > 7 days
after aseptic injury (Figure S3C). RU486 also had no effect
on sleep before (VEH: 13.7 = 0.6 h and RU486: 12.1 £ 0.7 h
per 24 h, P > 0.09, #-test) or after infection (VEH: 17.1 £ 0.5
h and RU486: 18.2 = 0.5 h per 24 h, P > 0.12, ¢-test) in the
UAS-mc* parent control flies (Figure S3D). Finally, there was
no difference in survival in response to infection between
the VEH- and RU486-treated UAS-mc* parent control flies
(Figure S3E). Together, these findings indicate that reduced
sleep either by increased neuronal excitability or by enhanced
PKA activity does not affect survival during infection with
S. marcescens.
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To rule out the possibility that the lack of effect of reduced
sleep was specific to the type of infection, RU486 and vehicle
treated MB-switch>UAS-NaChBac flies were infected with
S. pneumoniae. Similar to the findings with S. marcescens,
RU486-treated flies (with reduced sleep) succumbed to infec-
tion with S. pneumoniae at a rate that was equal to that in
vehicle-treated controls (Figure 3B and Table S1).

Increased Sleep Enhances NFkB-Dependent Activity

We next determined a molecular mechanism by which
sleep influences survival. First, we examined activation of
NFkB-dependent transcription in transgenic flies carrying
a kB-luciferase reporter (kB-luc).” This reporter contains a
consensus NFkB binding sequence derived from the cecropin
promoter and is sensitive to Relish activity in vivo. xB-luc
reporter activity dramatically increased after infection with
S. marcescens within both the RU486- and vehicle-treated
kB-luc;; MB-switch>UAS-Kir,, groups. Specifically, xB-luc
reporter activity was greater from 12-24 h post-inoculation
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compared to a baseline time point (P < 0.00001, one-way
ANOVA with Tukey post hoc for both vehicle and RU486
treated groups). However, the pattern of induction of kB-luc
reporter activity was different between the RU486 and vehicle-
treated groups. At 4 h post-infection, reporter activity was
significantly lower in the RU486-treated flies, but increased to
significantly higher levels at 16 h post infection as compared to
the vehicle-treated group (Figure 4A). A higher level of kB-luc
reporter activity was also detected in the RU486 group at 20 h
post-infection (P < 0.009, #-test), but this fell short of signifi-
cance with a Bonferroni correction. A similar pattern of xB-luc
reporter induction was seen after infection in both RU486- and
vehicle-treated kB-luc,; MB-switch>UAS-NaChBac flies, such
that reporter activity significantly increased in both groups
from 12 to 24 h after infection relative to baseline (P < 0.00002,
one-way ANOVA, Tukey post hoc). However, no signifi-
cant differences were observed between RU486 and vehicle-
treated groups (Figure 4B). To rule out nonspecific effects of
RU486, xB-luc reporter activity was measured in the parental
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line, kB-luc;; MB-switch, during infection with S. marcescens.
NF«B activity increased in both RU486- and vehicle- treated
kB-luc,; MB-switch flies compared to their corresponding base-
line (P < 0.00002, one-way ANOVA, Tukey post hoc), and no
difference in kB-luc reporter activity was observed between
RU486- and vehicle-treated flies up to 24 h post infection
(Figure S4, supplemental material). These findings suggest that
increasing sleep enhances NFxB transcriptional activity during
a later stage of infection, at 16 h post-inoculation.

We next determined changes in mRNA expression of
anti-microbial peptides (AMPs) associated with infection in
MB-switch>UAS-Kir,, and MB-switch>UAS-NaChBac flies
using quantitative polymerase chain reaction (Q-PCR). AMPs
are crucial to host defense in both insects and mammals,
including humans.* In flies, AMPs are targeted by NF«kB tran-
scription factors and are primarily secreted from fat bodies
during an immune response.* They are also necessary for
fighting infection,*' although the mechanism by which they
target bacteria is unknown. Flies were harvested immediately
prior to or 18 h post-infection. In all groups of flies, all AMPs
examined showed significant induction of mRNA expres-
sion 18 h after infection with S. marcescens (Figure 4C and
Table S3, supplemental material). However, in uninfected
flies, expression of drosocin and defensin mRNA was signifi-
cantly increased in RU486-treated MB-switch>UAS-Kir, , flies
compared to the vehicle control group (Figure 4C). Although
no differences in induction of expression of AMP mRNA were
seen during infection between RU486- and vehicle-treated flies,
these findings indicate that flies experiencing more sleep had
increased levels of a subset of AMP mRNA at baseline.

DISCUSSION

The mushroom body is a structure in the brain that is
important for integrating sensory information** as well as in
controlling sleep'? in flies. Remarkably, manipulation of
neuronal excitability in this region was not only effective in
altering sleep, but also immune function during a bacterial
infection. Previous work has also demonstrated that sensory
neurons are involved in mounting an immune response in
C. elegans,®* which indicates that neuronal influence of
the immune response is conserved across species. We show
here that decreasing neuronal excitability in MB conse-
quently increased sleep, NFkB-dependent activity, increased
resistance to infection and strongly promoted survival. Extra
sleep (sleep “banking”) prior to a restricted sleep regimen in
human subjects was reported to improve recovery time on a
psychomotor vigilance task.*” The results in this current study
strongly indicate that extra sleep may also lead to a better
survival outcome with infection.

A limitation of the current study is that expression of each
of the UAS- transgenes was driven by the RU486-dependent
MB-switch-Gal4. Our rationale for using this reagent was
that in addition to being a previously established method for
manipulating sleep," it also allowed us to restrict expression of
UAS transgenes to adult flies. The advantage to this approach is
that effects on neuronal physiology and sleep are independent
of potential abnormalities that may emerge from expression
during early stages development that may occur with the use
of alternate Gal4 drivers. Nonetheless, using alternate genetic
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or pharmacological approaches to enhance or reduce sleep in
future studies will be important for further elucidating a mecha-
nism by which sleep benefits host defense.

Increased sleep induced by over-expression of potas-
sium ion channels in MB resulted in an increase in a subset
of AMP gene expression prior to infection. Sleep has been
reported to facilitate or enhance protein synthesis,***” which
may account for the enhanced levels of AMP mRNA at base-
line. A previous study showed that early enhancement of a
subset of AMPs during infection in flies was associated with
an enhanced survival outcome.? In this case, an elevated level
of AMP expression prior to infection may have contributed to
increased resistance seen in flies with more sleep. However,
we also observed a small but significant reduction in kB-luc
reporter activity during early stages of infection (Figure 4A).
One consequence of elevated protein synthesis is activation
of the unfolded protein response (UPR). Given the massive
increase in NFkB transcriptional activity and increased protein
synthesis (such as AMPs) that is necessary for fighting infec-
tion, induction of the UPR would be expected during an early
stage of infection, as reported in other species.”® The UPR
leads to a cascade of signaling events that inhibits protein
translation.* It is therefore possible that a strongly adaptive
UPR was effective at transiently reducing NFkB-dependent
reporter expression in these flies during the first 4 h of infec-
tion. Whether this or the enhanced kB-luc reporter activity that
occurs later during the infection contributes to the beneficial
effect of enhanced sleep is unknown. It is possible that both
events are important factors that underlie improved survival.
Surprisingly, despite the increase in kB-luc reporter activity
associated with enhanced sleep, we did not detect significant
differences in the induction of AMP mRNA expression between
RU486- and vehicle-treated groups (Table S3 and Figure 4C).
However, NFkB transcription factors have numerous gene
targets in flies,”*! and not all targets are expected to be equally
affected during infection.”” The NF«kB target genes that may
regulate the effect of sleep on immune function may therefore
include an alternate subset of AMPs or other components that
are involved in fighting infection.

It is interesting to note that earlier work demonstrated that
sleep deprivation prior to infection also increased mRNA
expression of the NFkB Relish and increased resistance to
infection'*—findings that are consistent with those in our
companion paper.”* However, NF«B is necessary for post-
infection sleep,’ and benefits of acute sleep deprivation to
survival during infection are lost in the absence of two NF«xB
genes, Relish and Dif>* These previous findings suggest that
NF«B activity during infection increased as a result of acute
sleep deprivation, but the ensuing recovery sleep (as well
as survival) was prolonged due to this rise in transcriptional
activity. The current findings, in contrast, show that increased
sleep both prior to and during infection are also associated with
elevated NFxB activity. Furthermore, the elevation in NFxB
activity was restricted to a specific time frame along the course
of infection (at 16 h post-inoculation). Together with the
results discussed above, these findings suggest that increased
sleep and acute sleep deprivation are likely to enhance NF«xB
activity during infection through separate mechanisms. More-
over, despite the increased resistance to infection associated
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with acute sleep deprivation, we found that prolonged sleep
reduction may also reduce tolerance to infection, depending on
the environmental condition.

Prolonged reduction of sleep in flies produced by over-
expression of sodium ion channels or of a catalytic subunit of
PKA had little or no effect on immune function in LL. This
result was somewhat surprising, given the increased risks to
health that have been reported with sleep loss.”” However, in
both cases, we noted that these flies had elevated sleep relative
to the corresponding baseline for at least 24 h after infection
(Figure 2A and Figure S3A), which may have compensated
for any detrimental effects of sleep loss. As mentioned above,
flies with prolonged reduced sleep showed reduced tolerance
to infection when they were maintained as groups in LD. The
reduced tolerance is indicated by the lack of change in survival
outcome despite the increased resistance to infection.’>* It is
possible that prolonged reduced sleep in LD increases resis-
tance to infection through a mechanism that is similar to what
was observed with acute sleep deprivation in LD, but with no
benefit in terms of duration of survival. It is also important to
note that these flies were also in a grouped situation. Flies main-
tained in grouped conditions experience more sleep after they
are isolated,**> which suggests that flies may accrue a sleep
deficit when they are kept in groups. It is therefore possible
that the RU486 treated MB-switch>UAS-NaChBac flies in the
grouped condition did not have as much post-infection sleep
as those in isolation, and were therefore more susceptible to
effects of a sleep deficit. Mechanisms that influence tolerance
to infection in flies are not well understood, and vary depending
on the infecting microorganism.*> Thus the mechanism by
which long-term sleep loss reduces tolerance to infection will
be an important topic for future study.

In conclusion, increasing sleep by over-expression of ion
channels in a restricted region of the brain improved survival
during an infection with S. marcescens and with S. pneu-
moniae. Flies with enhanced sleep had elevated levels of
NF«B-dependent reporter activity during infection and showed
increased resistance to the infection. Using a similar approach
to reduce sleep had surprisingly little effect on immune func-
tion. However, flies with reduced sleep also had an altered
balance between resistance and tolerance to infection, but in a
manner that was influenced by environmental condition. These
findings indicate that sleep is indeed beneficial to the host for
fighting infection. Chronic inflammation, sleep disturbances,
and fatigue are associated with a number of diseases in humans.
Given the high degree to which molecular components of innate
immune responses are shared between flies and humans, these
results also suggest that finding ways of enhancing restorative
sleep will have a positive impact on clinical outcome in human
disease.
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SUPPLEMENTAL MATERIAL

Table S1—Cox proportional hazard survival regression analyses.
Pooled data Covariate adjusted
Genotype N Coefficient  Hazard Ratio P Coefficient  Hazard Ratio P
Infection: S. marcescens - LL
MB>UAS-Kir2.1 3 0.5996 1.8215 0.0004 0.5997 1.8215 0.0004
MB>UAS-NachBac 5 -0.0971 0.9075 0.4167 0.0106 1.0106 0.9311
MB>UAS-mc+ 4 -0.1404 0.8690 0.3028 -0.2041 0.8154 0.1488
Infection: S. marcescens - parent control lines - LL
MB 4 0.2229 1.2497 0.1019 0.1652 1.1796 0.2379
UAS-Kir2.1 3 0.0168 1.0170 0.9299 -0.0089 0.9912 0.9634
UAS-NachBac 3 0.2797 1.3227 0.0758 0.2968 1.3455 0.0604
UAS-mc+ 4 -0.2419 0.7852 0.0936 -0.2765 0.7584 0.0568
Infection: S. pneumoniae - LL
MB>UAS-Kir2.1 3 0.8650 2.3750 <0.0001 1.2045 3.3349 <0.0001
MB>UAS-NachBac 2 0.2115 1.2355 0.2344 0.2428 1.2748 0.1735
Aseptic Injury - LL
MB>UAS-Kir2.1 3 -0.3263 0.7216 0.2184 -0.3294 0.7194 0.2152
MB>UAS-NachBac 4 -0.3455 0.7079 0.0656 -0.3407 0.7113 0.0703
MB>UAS-mc+ 3 -0.4310 0.6498 0.0964 -0.4373 0.6458 0.0921
Infection: S. marcescens - LD
MB>UAS-Kir2.1 4 1.1855 3.2724 <0.0001 1.2605 3.5271 <0.0001
MB>UAS-NachBac 3 0.0882 1.0923 0.6402 0.1272 1.1357 0.5019
Aseptic Injury - LD
MB>UAS-Kir2.1 3 0.5757 1.7783 0.3584 0.5814 1.7886 0.3537
MB>UAS-NachBac 3 -1.2T91 0.2783 0.1107 -1.2714 0.2805 0.1128
Replicate experiments were treated as covariates (right columns) to evaluate effects on the hazard ratio of vehicle versus RU486-treated groups calculated
from the pooled data (left columns). N = number of replicate experiments. LD = 12h: 12h light: dark cycle; LL = constant light; MB = MB-switch-Gal4.

Table S2—Primers used for QPCR

Gene

rp49

attacin A2
diptericin®
drosocin?®
PGRP-SB1®
drosomycin?
defensin?

Forward Primer (5’-3’)
GCTAAGCTGTCGCACAAATGG
TCCTTGACGCACAGCAACTTC
GACGCCACGAGATTGGACTG
TGTCCACCACTCCAAGCACAA

CATTGGCATCGTCTTCATTG
TCCTGATGCTGGTGGTCCTG
TCTCGTGGCTATCGCTTTTGC

Reverse Primer (5'-3’)
GGTGGGCAGCATGTGG
GGCGATGACCAGAGATTAGCAC
CCCACTTTCCAGCTCGGTTC
CATGGCAAAAACGCAAGCAA
TTAGATCCTTGGCGTTCTGG
TCCCTCCTCCTTGCACACAC
CCACATCGGAAACTGGCTGA

aSequences used from Lee and Edery (citation below). ® Personal communication from Dr. Jung-Eun Lee.
Lee JE, Edery I. Circadian regulation in the ability of Drosophila to combat pathogenic infections. Curr Biol 2008;18:195-9.
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Figure S1—RU486 has no effect on immune response measurements in MB-switch, UAS-Kir2.1, and UAS-NaChBac parent control flies. Effects of RU486
on sleep, survival, and resistance to infection are shown for (A-C) MB-switch, (D-F) UAS-Kir,,, and (G-l) UAS-NaChBac parent control flies. (A,D,G)
Mean + SEM total time sleeping in minutes per 4 h is plotted relative to time of infection with S. marcescens in (A) MB-switch; n = 68 VEH and 76 RU486
treated flies, (D) UAS-Kir, ;; n = 77 VEH and 80 RU486 treated flies, and (G) UAS-NaChBac; n = 20 VEH and 30 RU486 treated flies. (B,E,H) Kaplan-Meier
plots of flies surviving an infection with S. marcescens in (B) MB-switch flies, P > 0.09 log rank test, n = 127 VEH and 126 RU486 treated flies, (E) UAS-Kir,,
flies, P> 0.92 log rank test, n = 92 VEH and 93 RU486 treated flies, and (H) UAS-NaChBac flies, P > 0.06 log rank test, n = 92 VEH and 90 RU486 treated
flies. (C,F,1) Box-and-whisker plots of cfu/fly are plotted relative to the time of infection with S. marcescens. Error bars represent standard deviation. No
significant differences were found between VEH and RU486 treated groups for (C) MB-switch, (F) UAS-Kir,,, and (1) UAS-NaChBac flies (n = 6 groups for
each condition across 3 independent experiments).
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Figure S2—Waking activity rates in MB-switch>UAS-Kir,, and MB-switch>UAS-NaChBac flies. (A) Mean + SEM activity per waking minute for a 24 h
period is plotted for MB-switch>UAS-Kir,, flies maintained in constant light (LL; n = 64 VEH and 62 RU486 treated flies) or in a 12h: 12h light: dark cycle
(LD; n = 46 for both VEH and RU486 treated groups); **P < 0.01; student t-test. (B) Mean + SEM activity per waking minute for a 24 h period is plotted for
MB-switch>UAS-NaChBac flies maintained in LL (n = 32 each of VEH and RU486 treated flies) or in LD (n = 48 VEH and 49 RU486 treated flies), *P < 0.02,
student t-test.
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Figure 83—RU486-dependent reduction in sleep in MB-switch>UAS-mc* flies has no effect on immune function during bacterial infection. (A) Mean + SEM
total time sleeping in minutes per 4 h is plotted relative to time of infection with S. marcescens in MB-switch>UAS-mc* flies, n = 50 VEH and 55 RU486
treated flies. (B,C) Kaplan-Meier plots of MB-switch>UAS-mc* flies surviving (B) infection, P > 0.14, log rank test, n = 85 VEH and 92 RU486 treated flies,
and (C) aseptic injury, P > 0.09, n = 94 each of VEH and RU486 treated flies. (D) Mean + SEM total time sleeping in minutes per 4 h is plotted relative to time
of infection with S. marcescens in UAS-mc* parent control flies, n = 71 VEH and 68 RU486-treated flies. (E) Kaplan-Meier plot of UAS-mc* flies surviving
infection with S. marcescens, P > 0.09 log rank test, n = 109 VEH and 111 RU486-treated flies.
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Table S3—Expression of antimicrobial peptide genes in MB-switch>UAS-Kir, ; and MB-switch>UAS-NaChBac flies
with and without infection.
Baseline Infection
VEH RU486 VEH RU486
MB-switch>UAS-Kir,

Attacin A 0.50+0.13 1.05+0.34 8.35+0.19* 8.21+0.23*

Diptericin 0.80 £0.10 1.24 £ 0.44 11.71+043* 11.60 £ 0.29**

Drosocin 0.74+0.10 1.03 £ 0.09* 8.62+0.10* 8.64 £0.15™

PGRP-SB1 0.91+£0.13 0.99+0.12 521+0.30* 5.09+0.16*

Defensin 0.79£0.08 0.94 £0.05* 426 £0.75* 433 +0.64*

Drosomycin 0.76 £ 0.02 0.72 £0.06 2.87 £0.49* 290 £0.44*

MB-switch>UAS-NaChBac

Attacin A 0.37£0.10 0.46 £0.07 8.38 £0.24* 8.28£0.21*

Diptericin 0.43+0.11 0.61+0.20 11.38 £ 0.48* 11.32 £ 0.43*

Drosocin 0.43+0.16 0.56 £0.18 8.61+£0.09™ 8.52 £0.06™

PGRP-SB1 0.58+0.18 0.78 £0.12 498 £0.23* 499 £0.25™

Defensin 0.72+0.10 0.88 £0.09 412+0.73* 3.52+0.67*

Drosomycin 0.81+0.15 0.73+0.06 2.86+0.50" 262+046*
Expression of AMP mRNA relative to a control, rp49, is reported (mean + SEM log(n) values) in flies expressing
the potassium or sodium ion channels in mushroom bodies immediately before infection (Baseline) or 18 h after
infection with S. marcescens. Data represent averages from 3-4 experimental replicates; RU486 versus vehicle
(VEH) treated condition in uninfected flies. ** P < 0.005 and *P < 0.05, paired t-test; infected versus corresponding
Baseline groups.
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Figure S4—RU486 does not affect kB-luc reporter activity during
infection in the MB-switch parent control flies. Mean + SEM Luciferase
activity (natural log, arbitrary units) is plotted against time of infection with
S. marcescens in MB-switch Gal4 parent control flies carrying the kB-
luc reporter. The reading at hour 0 was performed immediately before
infection. RU486 had no effect on kB-luc activity relative to vehicle treated
controls. Dead flies were discarded from the analysis at each time point;
n = 84 flies total at time ‘0’ for both VEH and RU486 groups; n = 39
for VEH and n = 37 for RU486 group at time 24’. N = 3 independent
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