A Critical Period of Sleep for
Development of Courtship Circuitry
and Behavior in Drosophila
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Most animals sleep more early in life than in adulthood, but the function of early sleep is not
known. Using Drosophila, we found that increased sleep in young flies was associated with
an elevated arousal threshold and resistance to sleep deprivation. Excess sleep results from

decreased inhibition of a sleep-promoting region by a specific dopaminergic circuit. Experimental
hyperactivation of this circuit in young flies results in sleep loss and lasting deficits in adult
courtship behaviors. These deficits are accompanied by impaired development of a single olfactory
glomerulus, VAlv, which normally displays extensive sleep-dependent growth after eclosion. Our
results demonstrate that sleep promotes normal brain development that gives rise to an adult
behavior critical for species propagation and suggest that rapidly growing regions of the brain are
most susceptible to sleep perturbations early in life.

posed nearly 50 years ago, postulates that

early developmental sleep is important for
brain patterning (/). Average daily sleep amounts
are highest early in development across multiple
species (/—4), and human studies have indeed
demonstrated that impaired sleep during critical
periods of development can have severe and long-
lasting consequences (5—7). Yet it remains unknown
whether sleep is required for normal structural
maturation of the brain, as animal studies have
focused on a role for sleep in the cortical plas-
ticity induced by sensory deprivation in early
life, or relied on drugs and lesion studies with non-
specific effects (8).

Sleep in Drosophila shares many character-
istics with sleep in humans (4, 9), including onto-
genetic changes (4, 10). We used this model
organism to explore the neural circuitry govern-
ing sleep ontogeny and examined how sleep loss
during development affects adult behavior. We
found that sleep need is especially high in young
flies. Activity of a subset of wake-promoting dopa-
minergic neurons increases as normal development
progresses, resulting in changes in sleep patterns
across stages of development. To examine whether
sleep during a critical period promotes proper brain
development, we focused on courtship because it is
a robust, innate behavior with well-mapped circuit-
ry. Dopaminergic hyperexcitation and consequent
sleep deprivation in young but not mature flies

The ontogenetic hypothesis of sleep, pro-
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cause behavioral courtship abnormalities and im-
pair development of a rapidly growing brain re-
gion involved in courtship. Thus, sleep early in
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life is required for the proper development of a
behaviorally relevant adult brain circuit.

Young Flies Have Increased Sleep Need

We first examined multiple aspects of sleep in
young flies. Female iso31 flies were collected 2
to 3 hours after eclosion and compared to aged
(day 9 to 10) flies. Consistent with previous work
(4, 10), we observed increased total sleep amounts
on the first day of adult life as compared to mature
flies, with the majority of change resulting from
increased daytime sleep in newly eclosed adult
flies (Fig. 1A). Young flies initiated their first sleep
bout after onset of the light period earlier than
mature flies and also initiated sleep more quick-
ly after dark onset (Fig. 1B). Sleep bout dura-
tion was lengthened during the day in young as
compared to mature flies, indicating more consol-
idated daytime sleep, whereas bouts at night were
not significantly different (fig. S1A). Develop-
mental differences in sleep did not stem from
more generalized locomotor changes, because
activity during periods of wakefulness was not dif-
ferent between young and mature flies (fig. S1B).
In addition, mutants without a functional circadian
clock demonstrated ontogenetic sleep changes
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Fig. 1. Reduced arousal and increased resistance to sleep deprivation in young flies. Sleep
measured in female iso31 flies at day 1 and day 9 to 10: (A) Sleep amounts (n = 150 flies for day 1, 97 for
day 9 to 10); (B) sleep latency (n = 31 for day 1, n = 32 for day 10); and (C) arousal threshold at day 0 or
day 8 to 10 (n = 5 replicates, n = 16 flies per age in each). (D) Sleep deprivation: mechanical (n = 11 flies
for each condition, with multiple independent replicates); and temperature (n = 7 for day 0, n = 11 for day
10, with multiple independent replicates). (E) Rebound sleep over 6 hours after sleep deprivation (n = 15,
38, 16, and 28 flies from left to right). Bar graphs in this figure and all others are presented as means +
SEM. **P < 0.0001, *P < 0.005; unpaired two-tailed Student’s t test [(A); total sleep, (B) and (D)]; plus
Welch's correction [(A), night and day sleep]; and two-way analysis of variance (ANOVA) with post-hoc
Bonferroni multiple comparisons [(C) and (E)].
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(fig. S1C), indicating that the sleep differences
we observed were not clock-dependent.

We next investigated changes in arousal thresh-
old using dim light (~100 lux) as a stimulus (/7).
On the first night after eclosion, only ~20% of
flies were aroused by the same stimulus that aroused
>80% of mature flies (Fig. 1C). This finding was
not specific to the iso37 background or the time
of the light pulse in the night (fig. S1, D and E).
The reduced arousal did not reflect an inability of
young flies to respond to light, because young and
mature flies were similarly aroused by a stronger
(~1000 lux) light stimulus (fig. S1F). In addition,
young flies also showed an increased arousal thresh-
old in response to mechanical stimulation (fig.
S1G). We next examined the effect of sleep-
depriving stimuli by determining the percent of
sleep lost during the night in young and mature
flies, using two forms of deprivation (mechanical
and temperature). Mature flies exhibited large
amounts of sleep loss, particularly with mechani-
cal deprivation, but young flies were resistant
(Fig. 1D). Increasing the intensity of mechanical
stimulus resulted in near-total sleep deprivation
for 12 hours even in day-0 flies (fig. STH), sup-
porting the idea that young flies have an increased
arousal threshold. To examine homeostatic regu-
lation of sleep in young flies, we quantified re-
bound sleep during the first 6 hours of day after 12
hours of sleep deprivation using the weaker mechan-
ical stimulus. Young and mature flies both showed
significant sleep rebound, even under conditions in
which young flies lost less sleep during depriva-
tion (Fig. 1E). These results demonstrate a high
sleep need during early post-eclosion development.

Reduced Dopamine Mediates Sleep Ontogeny

To explore the mechanism underlying ontogenetic
changes in sleep, we performed a candidate-based
thermogenetic screen of known wake-promoting
GAL4 drivers, looking for candidates that could
overcome the high sleep drive of young flies.
GAL4 lines driving expression of TrpAl [a heat-
sensitive cation channel that can be used to in-
duce neurotransmitter release (/2)] were exposed
to 28°C for 24 hours on the first full day after
eclosion or after 8 to 10 days of aging and were
compared to UAS (Fig. 2A) and GAL4 (fig. S2A)
controls. In mature female adult flies, virtually all
drivers increased wake as expected (fig. S2B). In
young flies, most drivers also increased wake (fig.
S2B). However, TH-GAL4 (tyrosine hydroxylase)
was significantly more effective at driving wake in
young flies than were other drivers at this age (Fig.
2A). It was also more effective in young versus ma-
ture flies, whereaas TrpAl-mediated activation by
other drivers was blunted in young flies as compared
to activation of the same neurons in the mature
adult (Fig. 2A). The effects of TH-GAL4> UAS-
dTipAl were similar in males and independent of
day or night (fig. S2, C and D). TH-GAL4 drives
expression in most dopamine neurons in the Dro-
sophila brain (/3), and dopamine is known to
promote wake and arousal in the fly (/4-16). We
did not detect any gross changes in dopamine

neuroanatomy between young and mature flies
as visualized by green fluorescent protein (GFP)
labeling of TH" cell bodies and projections (fig.
S3A). Thus, one interpretation of our results is
that dopaminergic neurons are hypoactive in young
flies, resulting in a larger relative effect of hyper-
excitation as compared to other GAL4s. If this were
the case, we would predict that inhibition of TH"
neurons would have a blunted effect in young as
compared to mature flies, because these neurons
are already less active. Using TH-GAL4 to drive
the temperature-sensitive inactivator of neuronal
function UAS-shibire® (17, 18), we found that si-
lencing TH' neurons at 29°C in mature flies caused
a significantly larger increase in sleep than in young
flies, as compared to UAS (Fig. 2B) and GAL4
(fig. S3B) controls. This does not simply reflect a
ceiling effect of sleep in young flies, because the
activation of mushroom body (MB) sleep-promoting
neurons (19), using 201y-GAL4> UAS-dTipAl, re-
sulted in similar amounts of sleep gained in both
young and mature flies (Fig. 2B and fig. S3B). More-
over, total sleep amounts were equal in young and
mature TH-GAL4> UAS-shibire flies exposed to ele-
vated temperatures, whereas 201)-GAL4>UAS-dTipAl
flies slept significantly more when young (fig. S3C).
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We next examined sleep ontogeny in fumin
flies (/4), which lack dopamine transporter (DAT)
function. Although both young and mature fumin
flies showed reduced sleep due to increased syn-
aptic dopamine, ontogenetic changes were main-
tained (Fig. 2C). This supports the idea that
young flies have dopaminergic hypofunction, which
would limit the amount of dopamine available
even in flies that lack DAT. Our hypothesis sug-
gests that a developmental delay in dopaminergic
activity underlies sleep changes during adulthood,
and the inhibition of dopaminergic neurons elimi-
nates differences in total sleep time between young
and mature flies (fig. S3B). The loss of ontogenetic
sleep changes is not a generalized result of abnormal
arousal signaling, however, because mutations in other
known wake/arousal-promoting systems [though
resulting in sleep and arousal changes (20, 21)] did
not disrupt sleep ontogeny (Fig. 2D). Finally, we used
high-performance liquid chromatography (HPLC)
to measure dopamine levels in the brains of young
flies and found >30% less dopamine as compared
to the brains of mature adults (Fig. 2E). Together,
these results suggest that dopamine signaling is
hypoactive in the brains of young flies, resulting
in increased sleep and reduced arousal.
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Fig. 2. Reduced dopamine signaling underlies ontogenetic sleep changes. (A) Wake-promoting
GAL4>UAS-dTrpA1 screen examining sleep loss compared to UAS controls in day-1 and day-8 to -10 flies
at 28°C (**denotes comparison to all other day-1 GAL4>UAS-dTrpA1 measures; from left to right, n = 21,
12, 23, 12, 26, 12, 24, 23, 23, 24, 22, 24, 24, and 24 flies). (B) Sleep gained as compared to UAS
controls in day-1 and day-8 to -10 flies at 29°C (TH-GAL4>shi: n = 23 day-1 flies, n = 22 day-8 to -10;
201y-GAL4>TrpA1: n = 18 day-1, n = 11 day-8 to -10). (C) Total sleep time in 24 hours in fumin flies at
day 1, 5, and 10 (from left to right, n = 34, 20, and 28 flies). (D) Total sleep time in 24 hours at day 1 and
day 9 in cry® and OAMB 286 flies (from left to right, n = 12, 12, 10, and 10 flies). (E) HPLC detection of
dopamine concentration in fly brains (n = 4 separate replicates of 20 brains each). (F) Sleep loss in TH-
restricted lines as compared to UAS controls in day-1 and day-8 to -10 flies at 29°C (from left to right, n =
12, 12, 11, 12, 40, and 11 flies). **P < 0.0001, # and *P < 0.05; two-way ANOVA with post-hoc
Bonferroni multiple comparisons [(A) and (D)]; one-way ANOVA with Tukey's post-hoc test [(C) and (F)];
and unpaired two-tailed Student’s t test (E); plus Welch’s correction (B).
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Identification of a Hypoactive

Dopamine Circuit

We next sought to determine how dopaminergic
hypoactivity leads to increased sleep, first by ex-
amining the temporal course of TH-GAL4 neu-
ronal activity in young flies. We used a targetable
luciferase-based reporter under the control of
dCREB2 binding sites (UAS-FLP/+,; Cre-F-luc/+)
to achieve spatial control while monitoring CREB
as a proxy for cellular activity in vivo for extended
periods of time (22, 23). Expression of Cre-luciferase
in dopaminergic neurons using 7H-GAL4 revealed
a reduction in normalized luminescence over
12 hours in day-0 as compared to day-7 to -9 flies
(fig. S4A). By hour 48 of monitoring the same
flies, we no longer detected a difference in signal
intensity between groups. In contrast, another wake-
promoting GAL4 line, c929-GAL4, showed high-
er reporter levels in young than in mature flies
during the same period, indicating that not all wake-
promoting neurons are less active by this assay in
young flies (fig. S4A). Reduced TH-GAL4—driven
luminescence appears to be head-specific, dem-
onstrated by monitoring of heads and bodies in-
dependently (fig. S4B). These data confirm that a
measure of cell signaling, CREB activity, is reduced
in TH-GAL4 neurons of young flies.

To narrow down the role of distinct dopamin-
ergic inputs in sleep ontogeny, we took advantage
of TH-GAL4 drivers with expression restricted to
different subsets of dopaminergic neurons (/7).
The dorsal fan-shaped body (dFSB) is a sleep-
promoting region in the fly brain (24, 25), and
dopamine neurons project to the dFSB in their
role as a wake-promoting signal, presumably
to inhibit dFSB function (/1, 26). TH-D1 and
TH-D4 both include projections to the dFSB,

Fig. 3. Hypoactivity of dFSB-
projecting dopaminergic neurons
in young flies. (A) Normalized GFP
intensity of the indicated brain re-
gion in GAL4>UAS-CalLexA flies of
different ages (TH-GAL4: n = 13 at
both ages; ¢929-GAL4: n = 14 day-1,
n = 15 day-7 to -9). Representative
images of (B) the dFSB and (C) large
LNvs in brains immunostained for
GFP. GFP is pseudocolored “fire.” o
Warmer colors reflect increased o
signal intensity. Scale bars, 37.5 um.
(D) Normalized GFP intensity in
DopR-Tango flies in the dFSB and
AL (dFSB: n = 22 day-1 flies, n = 25
day-7 to -8; AL: n = 34 day-1,n =
49 day-7 to -8). (E) Representative
images of the dFSB and AL in
DopR-Tango flies. Endogenous GFP
and dsRed are pseudocolored fire.
Scale bar, 20 um. Box plots in this
figure and all others represent the
median value (horizontal line inside
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with TH-D4 being the most restricted; 7TH-FI is
also expressed in a small number of dopaminergic
neurons but excludes those projecting to dFSB.
At 29°C, we found that each of these lines pro-
motes wakefulness in mature flies when driving
expression of UAS-dTrpA1 (Fig. 2F, black bars),
indicating the presence of dFSB-independent
dopaminergic arousal circuitry (Fig. 2F is com-
pared to UAS controls, fig. S4C is compared
to GAL4 controls). However, in young flies,
TH-D1 and TH-D4 result in robust sleep loss
when driving TrpAl expression, whereas TH-F1
has minimal effect (Fig. 2F, gray bars). This re-
sult is consistent with the idea that dopaminergic
hypofunction in young flies is specific for the
dFSB. The TH-FI data indicate that excitation
of dFSB-independent dopamine neurons cannot
overcome hypoactivity of dFSB-dependent do-
pamine neurons to promote wakefulness in young
flies. To examine the activity of these TH" neu-
ronal subsets during development, we again used
the Cre-based reporter system. We found reduced
luminescence in young as compared to mature
TH-D4-GAL4> UAS-FLP/+ ;Cre-F-luc/+ flies
(fig. S4D); in contrast, luminescence was higher
in young TH-FI1-GAL4> UAS-FLP/+ ;Cre-F-luc/+
flies (fig. S4D). These findings indicate lower
CREB-dependent transcription in 7H-GAL4 neu-
rons with projections to the dFSB. Additionally,
we noted no differences in 7TH-D4 or TH-F1 ex-
pression at different ages (fig. SSA), and found
that contacts between TH' neurons and the dFSB
were indistinguishable in the different age groups
(fig. S5B). Thus, a subset of dopaminergic neu-
rons (those with projections to the dFSB) is hypo-
active in young flies, whereas other dopaminergic
neurons are active at or above mature adult levels.
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To more directly investigate developmentally
regulated activity changes in specific neural cir-
cuits that might underlie sleep changes, we took
advantage of the CaLexA (calcium-dependent nu-
clear import of LexA) system (27). This system is
based on the activity-dependent nuclear import of
a chimeric transcription factor, the nuclear factor
of activated T cells (NFAT), which then drives
GFP reporter expression (27, 28). With TH-GAL4
driving expression of CalLexA, we focused on
fluorescence in dopaminergic projection to the
dFSB itself, because reporter expression has been
demonstrated to label all compartments of a
neuron (27). We found reduced fluorescence in
the dFSB on day 1 as compared to day 8, when
CalexA was expressed via the TH-GAL4 driver
(Fig. 3, A and B), which is consistent with re-
duced dopaminergic neuronal activity in this brain
region. In contrast, we noted increased fluores-
cence of the wake-promoting large ventral later-
al neurons (I-LNvs) (29) in young flies when
CaLexA was expressed via the ¢929-GAL4 driver
(Fig. 3, A and C), which is consistent with our
Cre-luciferase data. Finally, we assessed changes
in postsynaptic dopaminergic input throughout
development with the DopR-Tango system (30),
with which transient dopamine-induced cellular
activation is converted into a stable fluorescent
readout. The system can be temporally restricted,
because it is coupled to a pan-neuronally expressed
hormone (RU486)-inducible GAL4 (31). We first
demonstrated that feeding DopR-Tango flies 1-dopa
for 2 days after 24 hours of RU486 induced an
increase in reporter expression in the dFSB (fig.
S5C), similar to that found in other brain regions
(30). Next, we assayed endogenous dopamine sig-
naling in young and mature flies. We fed flies

c929-GAL4>CalexA

mum value (whiskers). **P < 0.0001, *P < 0.05; unpaired two-tailed Student’s t test plus Welch's correction [(A) and (D)].
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RU486 for 24 hours, followed by regular food for
~20 hours to allow time for expression of the Tango
reporter (30). Young flies were dissected on day 2
after eclosion, ~3 hours after light onset, so the
reporter signal should mostly reflect dopaminergic
activity from day 1. With this approach, we found
significantly lower reporter expression in young
flies than in mature flies in the dFSB (Fig. 3, D and
E), directly demonstrating reduced dopaminergic
input to the dFSB. We did not detect a similar
difference in dopaminergic inputs to the antennal
lobe (AL; Fig. 3, D and E). Together, these results
provide evidence for circuit-level specificity of
dopaminergic activity changes during development.

The dFSB Promotes Increased Sleep
in Young Flies

Our data suggest that a known sleep-promoting
region, the dFSB, is more active in young flies
because of reduced dopaminergic input. To test
this idea, we used the dFSB driver 104y-GAL4,
which promotes sleep at elevated temperatures
when driving expression of TrpAl (24). Inhibi-
tion of dFSB activity using /04y-GAL4 has also
been shown to reduce sleep, via expression of a
K" channel that electrically silences neurons (/7).
We examined the consequences of dFSB activa-
tion by measuring sleep with 104y-GAL4>UAS-
dTipAl at elevated temperatures during the first
12 hours of the day, which is a time when young

and mature flies exhibit the largest difference
in sleep patterns. We found that in young flies,
dFSB activation had a blunted effect on sleep as
compared to the large increase induced in mature
flies (Fig. 4, A and C, compared to UAS controls;
fig. S6A, compared to GAL4 controls); another
dFSB driver, c205-GAL4, yielded similar results
(Fig. 4C and fig. S6A). We did not detect any dif-
ferences in /04y-GAL4—dependent expression of
UAS-mCDS::GFP at day 1 as compared to day 8
(fig. S6B). The reduced effect on sleep during
day 1 was specific to the dFSB, because MB ac-
tivation with either okl07-GAL4>UAS-dTipAl
or 201y-GAL4>UAS-dTrpAl resulted in similar
sleep increases in young and mature flies (Fig. 4,
B and C, compared to UAS controls; fig. S6A,
compared to GAL4 controls). Together these re-
sults support the idea that the dFSB in young flies
is hyperactive because of reduced dopaminergic
input, explaining why less sleep is induced with
TrpAl activation, whereas other sleep-promoting
regions (such as the MB) function comparably
in young and mature flies.

To test whether the dFSB is hyperactive in
young flies, we used the Cal.exA and Cre-based
reporter systems described earlier. Flies with 704y~
GALA driving expression of CalLexA showed sig-
nificantly increased fluorescence in the dFSB on
day 1 as compared to day 8 (Fig. 4, D and E), indi-
cating increased activity of this sleep-promoting re-

gion in young flies. In contrast, expression of CalLexA
in the MB using 0kl07-GAL4 or 201y-GAL4 re-
vealed no significant differences in neural activity
at different ages (Fig. 4, D and E). Likewise with
Cre-luciferase, we found a higher luminescence sig-
nal during the first 12 hours of the day in day-1 com-
pared to day-8 flies with 104)-GAL4>UAS-FLP/;
Cre-F-luc/+ (fig. S6C). Normalized luminescence
over this time in 20/y-GAL4> UAS-FLP/+,Cre-F-
luc/+ and okl07-GAL4>UAS-FLPA-;Cre-F-luc/+
flies was the same in flies at day 1 or day 8 (fig.
S6C). These results demonstrate that in young
flies, a specific sleep-promoting brain area, the
dFSB, is more active, leading to increased sleep
and reduced arousal.

Courtship Behaviors and Circuitry
Require Early Sleep

Why do young flies have mechanisms in place to
maintain high levels of deep (arousal-resistant)
sleep? Disruption of sleep in young flies by me-
chanical stimulation impairs a variety of adult be-
haviors, including courtship (/0). We examined
whether reversible hyperexcitation of TH-GAL4
neurons during a period when these cells are
normally hypoactive would result in long-lasting
courtship deficits. TH-GAL4> UAS-dTipAI males
were collected within hours of eclosion and ex-
posed to 36 hours of elevated temperature be-
ginning either on day 0 or day 7 (Fig. SA). Flies
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GAL4>UAS-CalexA flies of different ages (104y-GAL4: n = 9 day-1, n =
10 day-7 to -9; 0k107-GAL4: n = 15 day-1, n = 14 day-7 to -9; 201y-GAL4:
n =22 day-1, n = 16 day-7 to -9). (E) Representative images of the dFSB

correction (D).

(left) and MB (right) in brains immunostained for GFP. GFP is pseudocolored
fire. Scale bars , 37.5 um. **P < 0.0001, *P < 0.05; one-way ANOVA with
Tukey's post-hoc test (C); and unpaired two-tailed Student's ¢ test plus Welch's
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were then allowed to recover for 3 days before
testing. On day 5 or day 12, we examined court-
ship behaviors (Fig. 5A). TH-GAL4>UAS-dTipAl
males exposed to elevated temperatures begin-
ning on day 0 but not day 7 exhibited a reduced
courtship index and a severe reduction in copu-
lation frequency (Fig. 5B). We observed no effect
on courtship in GAL4 and UAS controls exposed
to elevated temperatures on day 0 (fig. S7A).
Thus, hyperexcitation of dopaminergic neurons
during a sensitive window of development leads
to long-lasting deficits in courtship.

Because courtship is an innate behavior, the
underlying neural circuits are thought to be de-
velopmentally programmed (32). Courtship behav-
iors in Drosophila are sexually dimorphic and
require the male-specific isoform of the fiuitless
gene, Fru(M) (33). fruitless expression patterns
are similar in males and females, but differences
have been identified in subpopulations of the
~2000 Fru" neurons, including clusters dorsal to
the antennal lobe (AL), the suboesophageal gan-
glion (SOG), and neurons projecting to three AL
olfactory glomeruli (34-37). Olfactory glomeruli
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are known to be highly plastic structures (38, 39),
though Fru" glomeruli have not previously been
examined. We therefore focused on this region to
determine whether courtship deficits in young
sleep-deprived flies might be attributed to changes
in Fru" circuitry. Total volumes were calculated
for DA1 and VA1v, which are the Fru" glomeruli
known to exhibit the largest differences between
males and females (34, 37). TH-GAL4> UAS-dTipal
males that were sleep-deprived when young, but
not those sleep-deprived when mature, showed a
reduction in size of a specific Fru" glomerulus,
VAlv (Fig. 5, C and D). The volume of the other
analyzed Fru" glomerulus, DA1, was not affected,
nor were two other non-Fru" glomeruli, DL3 and
VA1d, which are adjacent to DA1 and VA1v (Fig.
5, C and D and fig. S7B). These differences are
apparent both in raw volumetric data (fig. S7B)
and in values normalized to DL3 to control for
brain-to-brain size variability (Fig. 5C) (37). Sim-
ilar effects on courtship behavior and AL glomeru-
li were also obtained when a higher-intensity
mechanical stimulus able to sleep-deprive young
flies was used (fig. S7, C and D).
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To address the possibility that TH-GAL4> UAS-
dTipal in our paradigm affects courtship behaviors
and circuitry independent of sleep, we sought a
driver that excludes dopaminergic dFSB projec-
tions but still has widespread expression in TH"
projections near olfactory glomeruli in the AL.
TH-C1 fits these criteria (//), and we found that
TH-C1-GAL4> UAS-CD8::GFP is expressed in
ventral projections to the AL (fig. S8A). More-
over, TH-C1 is not known to be wake-promoting
when activated (/7). Using TH-C1-GAL4> UAS-
dTipal, we found that hyperexcitation of this
subset of TH" neurons in young flies failed to
cause courtship deficits or glomerular volumetric
changes in mature adulthood in the absence of
earlier sleep loss (fig. S8, B to D). Thus, dopa-
mine neurons excluded by 7H-C! are necessary
for the observed behavioral and volumetric ef-
fects, which are not likely to be secondary to
direct hyperactivation of dopaminergic inputs to
the AL. Finally, we assessed 7H-D4, mentioned
above, which is expressed in neurons projecting
only to the ellipsoid body, MB, and FSB (fig. S8A)
(11). Activation of these neurons in young flies
VA1v VA1d

6
W 3 Control
@3 Deprivation

DA1 -

24

Fig. 5. Sleep in young flies is required for courtship behaviors

and circuitry development. (A) Schematic of experimental approach. |
(B) Quantification of courtship index and copulation frequency (n = 14,
12, 15, and 12 flies for day-5 control, day-5 deprivation, day-12 con-
trol, and day-12 deprivation, respectively) in a 10-min assay using CS
female virgin targets. (C) Quantification of olfactory glomerular vol-
ume normalized to DL3 (n = 11, 10, 10, and 9 flies for day-5 control,
day-5 deprivation, day-12 control, and day-12 deprivation, respective-
ly). (D) Representative images of the AL labeled with anti-nc82, pseu-
docolored “fire.” White hashed outlines demarcate VA1v; black hashed lines
demarcate DL3, DA1, and VA1d (from top to bottom). Right: Solid traces of
each glomerulus in black (controls) and gray (deprived). Scale bar, 20 pm.
(E) Quantification of the percentage growth of glomeruli (normalized to

hour-2 to -3 values) at multiple developmental time points in TH-GAL4>UAS-

dTipAl1 males at 21°C (n = 11, 9, 12, 8, 11, and 10 flies for hour-2 to -3, hour-8,
day-1, day-5, day-9, and day-12 respectively). (F) Representative images of the AL
labeled with anti-nc82, pseudocolored “fire.” White hashed outlines demarcate
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VA1v. Scale bar, 20 um. **P < 0.001, *P < 0.05; one-way ANOVA with Tukey’s post-
hoc test [(B); courtship index, (C)]; Fischer's exact test [(B), copulation frequency]; and
two-way ANOVA with post-hoc Bonferroni multiple comparisons (E).
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using TH-D4-GAL4> UAS-dTipAl resulted in sleep
deprivation (fig. S8D), and after recovery days, we
found a deficit in courtship measures and a spe-
cific reduction in VA1v volume (fig. S8, B and C);
DA1 and VA1d volumes were unaffected. Together,
these findings demonstrate that early developmental
sleep deprivation affects a specific part of courtship-
relevant circuitry and pinpoint a small group of
TH' neurons that are sufficient for the effect.
We wondered why VAlv in particular would
be affected by sleep deprivation. The volume re-
duction as compared to controls could result ei-
ther from volume loss or failure of normal growth.
To distinguish between these two possibilities, we
charted the developmental time course of growth in
the same four glomeruli in TH-GAL4>UAS-dTipal
males. We used these flies to control for background
effects on volumetric measures when comparing to
preceding experiments. Flies were reared at 21°C,
and dissections were performed at multiple time
points after eclosion (Fig. S5E). All four glomeruli
showed some degree of post-eclosion growth, al-
though this was minimal in DL3 and VA1d (Fig. 5,
E and F, and fig. S9, A and B). Both Fru" glomeruli
underwent more extensive growth after eclosion,
but VAlv grew significantly more than all other
glomeruli (Fig. 5, E and F, and fig. S9, A and B).
Thus, sleep deprivation impairs the developmental
growth of VAlv, as opposed to inducing volume
loss. VA1v normally undergoes the most rapid growth
beginning ~8 hours after eclosion, which is the time
when sleep deprivation began in experiments show-
ing the long-lasting effect of deprivation on volume
and courtship behaviors. Our data therefore suggest
that sleep deprivation might be particularly delete-
rious to rapidly growing regions of the brain.

Discussion

The ubiquity among animals of increased sleep
early in life suggests an important role for sleep
during this period. Here we have defined a spe-
cific function for sleep in structural development
of the brain. In addition, we identified a neural
circuit controlling sleep in young flies. Sleep ontog-
eny in Drosophila is controlled by a developmen-
tal program: Dopaminergic neurons projecting
to the dFSB are less active in young flies, lead-
ing to increased activity of this sleep-promoting
region (fig. S10). It is possible that regulation of
dopamine—a conserved arousal signal—also ac-
counts for developmental changes in sleep in other
species, perhaps even through specific circuits. Sud-
den infant death syndrome usually occurs early in
infant life, and (in addition to environmental risk
factors) abnormalities in sleep structure and arousal
are thought to play a significant role (40, 41). We
suggest that the dysfunction of specific molecular
signals or circuits could underlie pathological sleep/
wake imbalances during mammalian development.

Courtship behaviors in Drosophila are innate
and required for species propagation. Many studies
have focused on the role of pheromone detection
in this process (42). VAlv (also known as VA1lm)
is the target of olfactory receptor neurons express-

ing Or47b (43, 44) and confers responsiveness to
odors from both male and female flies (45). A
specific role for VA1v in male-female courtship has
remained unclear (46), although genetic disruption
of Or47b suggests a role in male localization of
females (47), generally consistent with our finding
that reduced size of VA 1v correlates with courtship
deficits. We cannot rule out the possibility that other
regions of the nervous system involved in court-
ship are affected by early sleep deprivation as well.
However, antennal lobe glomeruli are known to
be highly plastic structures that exhibit volume and
growth changes in response to external stimuli
during specific periods of development (38, 39).
Post-eclosion experience-dependent glomerular
plasticity could therefore be involved in encoding
courtship encounters throughout life.

Sleep is involved in alterations of synaptic
strength (48—50). Work in adolescent mice also
suggests changes in dendritic spine number de-
pending on the wake or sleep state, but only within
a developmental period of heightened spine turn-
over (51). Whether ontogenetic sleep changes are
required for synapse formation is not known. The
antibody we used for volumetric glomerular mea-
surements, anti-nc82, specifically recognizes the
presynaptic active zone protein Bruchpilot, which
exhibits homology to human presynaptic protein
ELKS/CAST/ERC (52), and previous work has
shown that glomerular volume correlates with syn-
apse number (53). We propose a model whereby
VA1v undergoes a period of rapid synapse addition
in young flies, and we suggest that sleep is required
for this process. Sleep disruption during this time
affects VAlv and probably other regions with
heightened rates of synaptogenesis. Many neu-
ropsychiatric diseases are increasingly viewed as
synaptic and developmental in origin (54), and
sleep abnormalities are pervasive in psychiatric
illness (55). Sleep during critical periods of de-
velopment may therefore play an important role
in diseases that manifest later in life.
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