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Summary

Background: The neuronal circuitry underlying sleep is poorly
understood. Although dopamine (DA) is thought to play a key
role in sleep/wake regulation, the identities of the individual
DA neurons and their downstream targets required for this
process are unknown.

Results: Here, we identify a DA neuron in each PPL1 cluster
that promotes wakefulness in Drosophila. Imaging data
suggest that the activity of these neurons is increased during
wakefulness, consistent with a role in promoting arousal. Strik-
ingly, these neurons project to the dorsal fan-shaped body,
which has previously been shown to promote sleep. The
reduced sleep caused by activation of DA neurons can be
blocked by loss of DopR, and restoration of DopR expression
in the fan-shaped body can rescue the wake-promoting
effects of DA in a DopR mutant background.

Conclusions: These experiments define a novel arousal circuit
at the single-cell level. Because the dorsal fan-shaped body
promotes sleep, these data provide a key link between wake
and sleep circuits. Furthermore, these findings suggest that
inhibition of sleep centers via monoaminergic signaling is an
evolutionarily conserved mechanism to promote arousal.

Introduction

The transition from sleep to wakefulness is a key behavior, with
significant implications for an animal’s survival. In mammals,
studies over the past several decades have indicated the
importance of specific wake-promoting nuclei [1]. However,
these nuclei consist of heterogeneous groups of neurons
and contain many individual cells [1, 2], making it difficult to
determine the precise cellular circuits regulating sleep in
mammals. In contrast, fruit flies have a simpler nervous
system, and Drosophila has emerged as a powerful model
system in which to study the molecular and cellular basis of
sleep [3, 4]. Studies of sleep in Drosophila have highlighted
the importance of neuronal excitability and various signaling
pathways for sleep regulation [5-10]. In addition, multiple lines
of evidence suggest that dopamine (DA) promotes wakeful-
ness in Drosophila. Pharmacological manipulation of DA levels
can affect sleep [11], and activation of DA neurons decreases
sleep time [12]. In addition, mutations in the DA transporter
DAT/fumin, which increase synaptic DA levels, cause signifi-
cant reductions in sleep time and an increase in arousal [13,
14]. However, it is not known whether DA signaling is generally
needed to induce wakefulness or whether specific DA neurons
perform this function.
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In this study, we provide evidence that, among monoamin-
ergic transmitters, DA is the primary mediator of arousal in
Drosophila. Analyses of novel Gal4 lines with expression in
subsets of PPL1 and PPM3 cells suggest that a single DA
neuron from each PPL1 cluster projects to the dorsal fan-
shaped body to promote wakefulness. Imaging data using
a surrogate marker for chronic neuronal activity suggest that
these DA neurons are more active during the day and during
wakefulness, consistent with a role for these neurons in
promoting arousal. Because the dorsal fan-shaped body has
recently been shown to promote sleep [15], our data suggest
that arousal centers in Drosophila may directly regulate
sleep-promoting centers. Finally, our data indicate that DopR
is the DA receptor responsible for arousal in Drosophila and
that it is specifically required in the fan-shaped body for this
process. These studies thus define a novel arousal circuit
and provide a key link between wake and sleep centers in
Drosophila.

Results

Dopamine Signaling Is the Major Monoaminergic Pathway
Promoting Wakefulness in Drosophila

In Drosophila, there are five biogenic amine pathways, dopa-
mine (DA), octopamine (OA), tyramine (TA), serotonin (5HT),
and histamine (HA); DA and OA signaling have been shown
to promote wakefulness, whereas 5HT signaling has been sug-
gested to promote sleep [11, 13, 14, 16, 17]. To examine the
effects of activating these monoaminergic neurons on sleep
and wakefulness, we used different Gal4 lines to drive expres-
sion of dTrpA1, a heat-inducible nonselective cation channel
that can be used to depolarize neurons to trigger neurotrans-
mitter release [18]. We used the previously characterized
TH-Gal4 [19], Tdc2-Gal4 [20], and TRH-Gal4 [21] lines to drive
expression in DA, OA/TA, and 5HT neurons, respectively (to
our knowledge, there is no available HA-specific Gal4 driver).
Using gentle activation conditions (27°C) with these different
Gal4 drivers, we found that TH-Gal4/UAS-dTrpA1 flies ex-
hibited the strongest reduction in sleep (Figures 1A and 1B).
As described previously, the percent decrease in sleep with
activation of DA neurons was greater during the night than
during the day (see Figure S1A available online) [12]. In
contrast, activation of OA/TA neurons (using Tdc2-Gal4)
resulted in a moderate reduction in nighttime sleep, whereas
activation of 5HT neurons (using TRH-Gal4) had no significant
effect on nighttime sleep (Figure 1B). No significant decreases
in nighttime sleep were observed for any of the lines in the
absence of heat induction of dTrpA1 (Figure 1C). We next
examined the effects of increasing monoaminergic signaling
on sleep architecture. Activation of DA neurons caused a
decrease in nighttime sleep bout duration and sleep bout
number (Figures S1B and S1C). In contrast, activation of
OA/TA neurons decreased sleep bout duration but did not
affect sleep bout number (Figures S1B and S1C). The effects
of activating DA neurons on sleep amount and sleep architec-
ture could be suppressed with TH-Gal80 [22], which inhibits
Gal4 function in DA neurons (Figures 1B and S1A-S1C). To
further assess the relative importance of DA signaling for
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wakefulness in Drosophila, we compared the effects of gentle
activation of most neurons (nsyb-Gal4) versus most neurons
except DA neurons (nsyb-Gal4, TH-Gal80) using dTrpAil.
Remarkably, the dramatic reduction in nighttime sleep seen
with activation of all neurons was largely reversed when Gal4
function was suppressed in DA cells (Figure 1B). Taken
together, these data suggest that, among monoamines, DA
signaling is the primary mediator of arousal.

The Key Arousal-Promoting DA Cells Reside in PPL1
and/or PPM3

In order to study the specific DA cells that function in arousal,
we set out to generate restricted DA Gal4 drivers. There are six
major clusters of TH (tyrosine hydroxylase)-positive neurons in
each hemisphere. Two are located anteriorly (PAM and PAL)
and four posteriorly (PPL1, PPL2, PPM1/2, and PPM3) (Fig-
ure S2B) [19, 23]. An ~11 kb genomic TH fragment was previ-
ously used by Friggi-Grelin et al. [19] to generate TH-Gal4,
which drives expression in nearly all DA neurons except the
PAM subgroup. This study also suggested that the introns of
the TH gene contain the key enhancers for promoting TH
expression [19]. Thus, we generated seven transgenic Gal4
driver lines containing different regions of the TH genomic
locus, most of which include different combinations of introns
of TH (Figure S2A).

To determine which DA neurons are captured by these
different restricted drivers, we used these drivers to express
GFP-nIs and immunostained for GFP and TH. The results of
these experiments are summarized in Figure S2A and Table
S1. Three Gal4 lines (TH-A, TH-B, and TH-E) did not drive
expression in any DA cells (data not shown). In contrast, two

sistently observed in multiple insertions

(data not shown). The TH-F and TH-G

lines demonstrate expression in the
PPM1/2, PPM3, PPL1, and PPL2 subgroups but are more vari-
able in the number of DA cells expressed within each subgroup
(Table S1). Some nonspecific expression (i.e., in non-TH* cells)
was observed in the TH-C, D, F, and G lines, as is often the
case with promoter-Gal4 constructs (data not shown). Thus,
because the TH-C and TH-D constructs seemed to be most
useful in dividing the TH* expression pattern, we made another
version of those constructs by generating deletions in the orig-
inal ~11 kb TH-Gal4 construct (Figure S2A). TH-C' and TH-D'
showed expression in TH* subsets similar to that of TH-C and
TH-D, respectively, but exhibited little non-TH* expression
(Figures 2A-2L; Figures S2C-S2J). As expected, expression
in TH* cells in the TH-C' and TH-D' lines was suppressed by
the addition of TH-Gal80 (Figures 2D and 2H; Figures S2F
and S2J). Finally, all of the restricted TH drivers, like the orig-
inal TH-Gal4 line [19], expressed poorly in the PAM cluster.
In summary, these data confirm that the key enhancers driving
expression in DA neurons (except the PAM cluster) are in the
introns and also establish novel Gal4 lines driving expression
in specific subsets of DA neurons.

To identify the groups of DA neurons regulating sleep/wake,
we activated the neurons in the TH-C1, TH-C’, TH-D1, and
TH-D' drivers using dTrpA1. Activation of the neurons in the
TH-D1 and TH-D' driver lines resulted in a profound decrease
in nighttime sleep as compared to activation of neurons in the
TH-C1 and TH-C' driver lines and controls (Figures 2M and 2N).
As before, these effects were more pronounced during the
night compared to the day, and there was no significant
decrease in nighttime sleep seen in these lines when tested
at 22°C (Figures S2M and S2N). As expected, TH-Gal80
reversed the decrease in sleep amount in the TH-D71 and
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Figure 2. Analysis of Novel DA Gal4 Drivers Suggests that the PPL1 and/or PPM3 Clusters Mediate the Arousing Effects of DA

(A-H) Maximum-projection confocal images of the posterior half of whole-mount adult brains of flies expressing GFP-nls driven by TH-C’-Gal4 (A-D) or
TH-D'-Gal4 (E-H) in the absence (A-C and E-G) or presence (D and H) of TH-Gal80. Scale bars represent 100 um.

(I-L) Single higher-magnification confocal sections showing PPL2 () and PPM1/2 (J) in TH-C'-Gal4 flies expressing GFP-nls, and PPL1 (K) and PPM3 (L) in
TH-D'-Gal4 flies expressing GFP-nls. Brains were immunostained with nc82, anti-GFP, and anti-TH antibodies. Scale bars represent 20 um.

(M) Sleep profile of UAS-dTrpA1/+ (gray diamonds), TH-C'-Gal4/+; UAS-dTrpA1/+ (black squares), and TH-D'-Gal4/+; UAS-dTrpA1/+ (black triangles) flies
at 27°C in 12:12 LD, plotted in 30 min bins. White and black horizontal bars denote light and dark periods, respectively.

(N) Nighttime sleep plotted for UAS-dTrpA1/+ (n = 63), TH-C'-Gal4/+; UAS-dTrpA1/+ (n = 27), TH-C1-Gal4/+; UAS-dTrpA1/+ (n = 38), TH-D'-Gal4/+;
UAS-dTrpA1/+ (n = 40), TH-D1-Gal4/+; UAS-dTrpA1/+ (n = 46), TH-Gal80/+; UAS-dTrpA1/+ (n = 44), TH-C'-Gal4/TH-Gal80; UAS-dTrpA1/+ (n = 32),
TH-C1-Gal4/TH-Gal80; UAS-dTrpA1/+ (n = 49), TH-D'-Gal4/TH-Gal80; UAS-dTrpA1/+ (n = 41), and TH-D1-Gal4/TH-Gal80; UAS-dTrpA1/+ (n = 51) flies.
wt denotes background control. Error bars represent SEM; *p < 0.05, **p < 0.01, ***p < 0.001.

TH-D' lines, suggesting that the DA neurons in these drivers
are responsible for this effect (Figure 2N). As with the original
TH-Gal4, activation of DA cells using TH-D1 and TH-D' caused
a decrease in sleep bout duration and number at night as
compared to controls (Figures S2K and S2L).

To address whether the reduction in sleep in the TH-
D1>dTrpA1 flies results from changes in arousal threshold,

we exposed these flies, as well as TH-C1>dTrpAT1 flies, to
graded light pulses at zeitgeber time (ZT) 16. Activation of
the neurons in the TH-D1 driver resulted in a significant reduc-
tion in arousal threshold as compared to activation of neurons
in the TH-C1 driver or controls (Figure S20). Together, these
data suggest that the cell groups unique to the TH-D1
and TH-D' drivers (PPL1 and PPM3) are more important than
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Figure 3. Activation of Gal4 Drivers with Restricted Expression in PPL1 and/or PPM3 Suggests that DA Cells Projecting to the Dorsal Fan-shaped Body or
Ellipsoid Body Promote Wakefulness

(A) Nighttime sleep for UAS-dTrpA1/+ (n = 56), TH-D4-Gal4/UAS-dTrpA1 (n = 71), TH-G1-Gal4/UAS-dTrpA1 (n = 40), TH-F1-Gal4/UAS-dTrpA1 (n = 62), TH-
F2-Gal4/UAS-dTrpAT1 (n = 51), and TH-F3-Gal4/UAS-dTrpAT (n = 42) flies at 27°C. wt denotes background control. Error bars represent SEM; ***p < 0.001.
(B) Identities of the projections from the PPL1 and PPM3 clusters for the TH-D4, TH-G1, TH-F1, TH-F2, and TH-F3 lines, with naming as described in
Table S1. “+” denotes presence of projection, and “(+)” denotes faint staining for projection.

(C-L) Confocal images of brains immunostained with anti-GFP of TH-D4 (C and D), TH-G1 (E and F), TH-F1 (G and H), TH-F2 (I and J), or TH-F3 (K and L)
driving expression of UAS-mCD8-GFP; UAS-mCD8-GFP. Images for (C), (E), (G), (I), and (K) and (D), (F), (H), (J), and (L) consist of maximum projections
of an ~4 pum section through the middle or anterior third of the adult brain to highlight the central complex and mushroom bodies, respectively. dFB,
EB, mFB, vFB, V1, MP1, and MV1 indicate projections for the dorsal fan-shaped body, ellipsoid body, middle fan-shaped body, ventral fan-shaped
body, and the V1, MP1, or MV1 regions of the mushroom bodies, respectively. Dotted lines outline the location of the dFB in (G), (I), and (K). Scale bars repre-

sent 50 um.

other DA subgroups for promoting wakefulness and that this
effect is mediated by an increase in arousal.

A Single DA Neuron in Each PPL1 Cluster Projects to the
Dorsal Fan-Shaped Body to Promote Wakefulness

To investigate whether individual DA neurons in the PPL1 and/
or PPMBS clusters promote arousal, we searched for additional
restricted Gal4 drivers. We identified three TH-F lines, one TH-
G line, and one TH-D line (TH-D4) exhibiting expression in
a subset of PPL1 cells and PPM3 cells (Table S1). We next
used dTrpA1 to activate the neurons in these driver lines.
Two of the lines, TH-D4 and TH-G1, exhibited a significant
reduction in nighttime sleep and sleep bout duration com-
pared to controls (Figures 3A and S3A), which could be
reversed with TH-Gal80 (Figures S3B and S3C). No significant
differences were observed for sleep bout number or daytime

sleep amount for these lines as compared to controls
(Figures S3D and S3E). Therefore, these data suggest that
specific neurons within PPL1 and/or PPMS3, but not the entire
subgroups, promote wakefulness.

In order to identify the specific DA neurons in PPL1 and
PPMB3 that regulate arousal in these restricted drivers, we first
classified different DA cells of the PPL1 and PPM3 clusters.
To do this, we studied the projection patterns of individual
neurons of the TH-Gal4 driver using images from the FlyCircuit
database [24]. Using these images, we could distinguish nine
types of PPL1 cells and three types of PPMS3 cells with distinct
projection patterns (Table S2). We confirmed these classifica-
tions by immunostaining our Gal4 lines driving UAS-mCD8-
GFP with anti-GFP and anti-TH antibodies (data not shown),
and also by comparing them with analyses from previous
studies [23, 25-29]. We next characterized the projection
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Figure 4. A Single Neuron from the PPL1 Subgroup, which Projects to the Dorsal Fan-Shaped Body, Promotes Wakefulness

(A) Identities of the TH* cells in the PPL1 and PPM3 clusters in the indicated Gal4 driver lines. Mean cell counts for PPL1 and PPM3 are shown for TH-D4-Gal4
(n = 13 hemispheres), TH-F1-Gal4 (n = 14), c061-Gal4 (n = 5), c346-Gal4 (n = 3), TH-D4-Gal4/TH-F1-Gal4 (n = 11), c061-Gal4; TH-D4-Gal4 (n = 8), and

c346-Gal4; TH-D4-Gal4 (n = 9) flies expressing GFP-nls.

(B-I) Single confocal sections showing the TH* cells in the PPL1 or PPM3 clusters for the indicated driver lines expressing GFP-nls. Arrowheads indicate

GFP+ TH* cells. Scale bars represent 10 pm.

patterns of the TH* cells in the five Gal4 lines with restricted
expression in PPL1 and PPM3 (Figures 3C-3L; summarized
in Figure 3B). In comparing the projection patterns of the two
lines that significantly promote arousal (TH-D4 and TH-G1) to
those of the three lines that do not, there were two classes
of neurons that clearly differed: PPL1 neurons that project to
the dorsal fan-shaped body (dFB), and PPM3 neurons that
project to the ellipsoid body (EB) (Figure 3B). These data
suggest the possibility that these two classes of neurons
may be wake-promoting DA cells.

Because TH-D4 contains fewer TH* cells than TH-G1 does,
we focused on TH-D4 for further analysis. To further identify
the individual wake-promoting DA neuron (or neurons) in
PPL1 or PPMS3, we carried out cell-counting experiments
(Figures 4B-4l; summarized in Figure 4A). In TH-D4, there are
five distinct projection patterns (Figure 3B), which are all
suppressed by TH-Gal80 (Figures S4A and S4B). However,
counting of TH* cells in the PPL1 cluster in TH-D4>GFP-nls

flies revealed six total cells (Figure 4B), suggesting that one
of the classes contains two cells. Because there are known
to be two MB-MP1 neurons [27, 29], we suspected that TH-
D4 may contain two neurons of this class. We thus generated
flies carrying both TH-D4 and c061-Gal4, which has previously
been shown to express in three TH* cells in the PPL1 cluster
(two MB-MP1 neurons and one MB-AMP neuron) (Figure S4C)
[27, 29]. In c061-Gal4; TH-D4>GFP-nls flies, we counted a total
of seven cells in PPL1 (Figure 4H). Because TH-D4 contains six
cells in PPL1 and c067-Gal4 contains two MB-MP1 cells in
PPL1, these data suggest that only the MB-AMP cell is added
to the TH-D4 pattern and that there are two MB-MP1 neurons
in TH-D4. We next examined the effects of activating the two
MB-MP1 neurons and one MB-AMP neuron in c061-Gal4;
MB-Gal80; we used MB-Gal80 to remove mushroom body
(MB) expression in this driver, as done previously [27]. We
found that activation of these neurons does not significantly
promote wakefulness, suggesting that the MB-MP1 neurons
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in TH-D4 are unlikely to be wake-promoting DA cells (Figures
S4E and S4F).

To determine which of the other DA cells in PPL1 might
promote wakefulness, we next compared the cellular projec-
tions of TH-D4 with TH-F1 (which does not promote arousal).
There are five projection patterns (Figure 3B) and five TH* cells
in PPL1 (Figure 4D) in TH-F1 flies, indicating that each TH* cell
can be identified (Figure 4A). We generated flies carrying both
TH-D4 and TH-F1 in combination with UAS-GFP-nls. Counting
the GFP+ cells in the PPL1 cluster in these flies revealed a total
of seven cells (Figure 4F). Because there are a total of six TH*
PPL1 cells in TH-D4, the only cell added by the presence of
TH-F1 is MB-MV1. Thus, the neurons shared between these
two lines (DP, MB-V1, and MB-u) are unlikely to promote
arousal. Given that the only cell in PPL1 that is unique to the
TH-D4 driver as compared to the TH-F1 and c067-Gal4 drivers
is the dFB neuron, these data suggest that the PPL1-dFB
neuron promotes wakefulness.

Next, because we previously found that the restricted
drivers promoting arousal also contained projections to the
EB, we compared the PPM3 neurons in TH-D4 with c346-
Gal4, which drives expression in a limited subset of neurons,
including two PPM3 neurons that project to the EB [28] (Fig-
ure S4D). Activation of the two PPM3 neurons in the c346-
Gal4 driver did not significantly promote wakefulness (Figures
S4E and S4F). To examine whether the PPM3 EB neurons in
TH-D4 are included in the ¢346-Gal4 driver, we combined
these two lines to drive expression of GFP-nls. TH-D4 alone
contains four TH* cells in PPM3 (Figure 4C) and combined
with ¢346-Gal4 also contains a total of four TH* cells in
PPM3 (Figure 4l). Thus, these data suggest that there are
two PPM3 EB neurons in TH-D4, which are also present in
c346-Gal4, and that these neurons are not critical for
promoting arousal.

Finally, we investigated whether the other PPM3 neurons
projecting to the middle fan-shaped body (mFB) or ventral
fan-shaped body (vFB) in TH-D4 may promote wakefulness.
TH-F1 contains a total of five PPM3 neurons projecting to
either the mFB or the vFB (Figure 4E). Combining TH-D4 with
TH-F1 revealed a total of seven PPM3 TH* neurons (Figure 4G).
These data indicate that the two TH* PPM3 cells in TH-D4 are
contained within the TH-F1 expression pattern and suggest
that these neurons do not promote wakefulness. We next
asked whether loss of function of the neurons in TH-D4 causes
increased sleep. We electrically silenced neurons in the TH-
Gal4, TH-D4, and TH-F1 drivers in an inducible fashion using
UAS-Kir2.1; tub-Gal80ts. Kir2.1 is an inwardly rectifying K+
channel that hyperpolarizes the cells in which it is expressed
[30]. Inhibition of the neurons in TH-Gal4 and TH-D4 resulted
inincreased sleep as compared to controls and TH-F1, consis-
tent with our neuronal activation data (Figures S4G and S4H).
Taken together, these data suggest that the pair of PPL1 DA
neurons projecting to the dFB promote wakefulness in
Drosophila.

Imaging Experiments Using ANF-GFP Suggest

that the Activity of PPL1-dFB Neurons Is Increased

during Wakefulness

If the PPL1-dFB neurons promote wakefulness, then one
would predict that these neurons would be more active during
the day than during the night. To investigate this, it would be
ideal to use a transgenic reporter of chronic neuronal activity,
and so we looked for tools that we could potentially adapt for
this purpose. A UAS-ANF-GFP transgenic line has previously

been generated and used in Drosophila to monitor neuropep-
tidergic vesicle trafficking [31, 32]. These flies express rat atrial
natriuretic factor (ANF) fused to GFP, under UAS control.
Excitation of neurons expressing ANF-GFP induces release
of vesicles containing this reporter and a decrease of GFP
fluorescence from the terminal; this reduction of GFP signal
could potentially be used as a readout for chronic neuronal
activity [31, 32]. Neuropeptides are often coexpressed with
classical neurotransmitters [33], and we thus asked whether
we could express ANF-GFP in DA neurons and whether this
would label synaptic terminals. We used TH-D4-Gal4 to drive
UAS-ANF-GFP and UAS-myr-RFP (to normalize the GFP
signal) and found that GFP signal could be readily detected
in the terminals of DA cells of this driver, including the PPL1-
dFB, PPL1-MP1, and PPL1-V1 neurons (Figure 5A). Next, we
examined whether this signal was releasable with activation
of these DA neurons, by using dTrpA1 expressed in the
same neurons. As shown in Figures 5A and 5B, the GFP/RFP
signal decreased with activation of these neurons. Of note,
the decrease in GFP/RFP signal was particularly dramatic for
the V1 projections, which may reflect an increased capacity
of these particular neurons for neuropeptide release.

Using ANF-GFP as a readout, we investigated the activity of
PPL1-dFB neurons under physiological conditions. We exam-
ined GFP/RFP signal in dFB, MP1, and V1 projections near the
beginning of the day (ZT2) and the night (ZT14). There was
an ~43%, ~20%, and ~39% reduction in GFP/RFP signal
from ZT2 to ZT14 in the dFB, MP1, and V1 projections, respec-
tively (Figures 5C and 5D). These data suggest that, during the
day, the activity of multiple DA neurons is increased. We next
asked whether these changes are dependent on the presence
of light, by performing the experiment in constant darkness
(DD). In the absence of light, there was an ~24% and ~27%
reduction in GFP/RFP signal from circadian time (CT) 2 to
CT14 in the dFB and V1 projections, respectively, whereas
there was no significant change in the MP1 projections (Fig-
ure 5E). Together, these data suggest that the PPL1-dFB and
PPL1-V1 neurons are more active during the day, when flies
are awake, compared to during the night.

To address whether these changes are circadian- or sleep
state-dependent, we deprived flies of sleep during the night
(ZT12-ZT24) and measured GFP/RFP signal at ZT0. As com-
pared to control nondeprived flies, sleep-deprived flies ex-
hibited an ~21% and ~24% reduction in GFP/RFP signal in
the dFB and MP1 projections, respectively, whereas there
was no significant change in the V1 projections (Figure 5F).
These data suggest that PPL1-dFB and PPL1-MP1 neurons,
but not PPL1-V1 neurons, are active when flies are forced to
stay awake during the night. Together, these data suggest
that among these three groups of PPL1 neurons, only the
PPL1-dFB neurons are more active both during the day and
during wakefulness, consistent with arole in promoting arousal.

DopR in the Fan-Shaped Body Is Required for DA-Mediated
Arousal

We next set out to determine the downstream target of the
PPL1-dFB neurons that promote wakefulness. There are four
DA receptors in Drosophila: DopR, DopR2, D2R, and DopEcR
[34-37]. To examine which DA receptor is required for
DA-mediated arousal, we activated DA neurons using TH-
Gal4 and UAS-dTrpA1 in DopR™%%7¢, DopR2ME?5108
D2R™%2'  and DopEcR°°?'#? mutant backgrounds, respec-
tively. DopR™?576 and DopEcR°%?'#? have previously been
shown to severely reduce DopR and DopEcR levels,
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Figure 5. Imaging Experiments Using ANF-GFP
Suggest that the PPL1-dFB Neurons Are More
Active during the Day and during Wakefulness

(A) Whole-mount brains from flies expressing
ANF-GFP, myr-RFP, and dTrpA1 under control

*kk

projections of a 12 um section through the middle
of the brain to highlight the mushroom body and
central complex projections, with either no heat
E pulse (“no heat”) or 5 hr 32°C heat pulse
(“heat”) from ZT2-ZT7. dFB, MP1, and V1 indi-

H of TH-D4-Gal4. Images consist of maximum

cate projections to the dorsal fan-shaped body

V1 or MP1 and V1 regions of the mushroom bodies,
respectively. Dotted lines highlight these projec-
tions. Scale bars in (A) and (C) represent 50 um.
(B) GFP/RFP signal for these flies is represented
as simplified box plots, where the line inside the
box indicates the median and the top and bottom
lines represent the 75™ and 25" percentiles,
respectively. n = 7 for no heat pulse and n = 12
for heat pulse conditions.

(C) Whole-mount brains from flies expressing
ANF-GFP and myr-RFP under control of TH-D4-
Gal4 at ZT2 or ZT14.

(D-F) GFP/RFP signal is shown as simplified box

14 2 14

plots (as in B) at ZT2 (n = 20) and ZT14 (n = 21) (D),

MP1 V1

CT2 (n = 15) and CT14 (n = 20) (E), or no sleep
deprivation (no dep, n = 22) and sleep deprivation
from ZT12 to ZT24 (dep, n = 31) (F) conditions.
*p < 0.05, *p < 0.01, **p < 0.001; ns, not
ns significant.
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respectively [38, 39]. For the DopR2VB05108 and D2R1M6527
mutant lines, we performed quantitative PCR analysis and
found that these mutants exhibited an ~14% and ~74%
reduction in transcript levels, respectively (Figure S5). As
shown in Figures 6A and 6B, only loss of DopR fully sup-
pressed the marked reduction in sleep observed when DA
neurons are activated. Similarly, DopR™%57® markedly sup-
pressed the increased wakefulness seen when flies are fed
L-3,4-dihydroxyphenylalanine (L-dopa) to enhance DA
signaling (Figure 6C). These data suggest that DopR is the
main DA receptor required for promoting wakefulness.

The 104y-Gal4 driver was recently used to show that the dFB
neurons in this driver regulate sleep [15]. Thus, we next exam-
ined whether DopR expression in the FB using 104y-Gal4 is
sufficient to rescue the wake-promoting effects of DA in
DopR™2°76 flies. Because this transposon itself contains UAS
sequences and is inserted in the 5 nonessential portion of
the gene, it can directly be used, in combination with a Gal4
driver, for tissue-specific rescue of DopR [28, 38]. When
DopR expression was driven in the FB by 104y-Gal4 in the
DopR™2676 mutant background, the reduced sleep caused by
DA signaling was significantly restored, suggesting that DA
signaling to the FB is necessary for promoting wakefulness
(Figure 6C). Because there are non-FB neurons in the 104y-
Gal4 expression pattern, we repeated these experiments with
an additional driver (c205-Gal4) that also expresses in the
dFB and obtained similar results. This rescue was specific,

c547-Gal4 (which expresses in R2/R4m
ring neurons, where PPM3 neurons
project) [28] (Figure 6C).

It was previously shown that activation of the FB neurons in
the 104y-Gal4 driver results in an increase in sleep time [15].
Because our data suggest that the PPL1-dFB neurons
promote arousal by signaling to the dFB, DA signaling to the
dFB would be predicted to inhibit the activity of the neurons
in 104y-Gal4. In order to address whether inhibition of the FB
neurons of the 704y-Gal4 driver would decrease sleep time,
we used 104y-Gal4 to drive expression of UAS-dORK1AC
[40]. dORK1AC is a “leak” K* channel, which electrically
silences neurons [40]. 104y-Gal4>UAS-dORK1AC flies ex-
hibited reduced sleep as compared to controls (Figure 6D).
DopR is a D1-type DA receptor [41], which, when activated,
stimulates adenyl cyclase activity and increases cAMP levels.
Thus, to mimic the effects of activating DopR in the dFB, we
expressed mC*, a constitutively active catalytic subunit of
cAMP-dependent kinase (PKA), in the dFB using 104y-Gal4.
Increasing PKA activity in the neurons in the 104y-Gal4 driver
resulted in a significant decrease in sleep time (Figure 6D),
consistent with a model whereby increasing DopR activity
and increasing cAMP signaling in the dFB inhibit the function
of these neurons, resulting in reduced sleep time.

Discussion
In Drosophila, DA has been suggested to play an important

role not only in sleep and arousal but also in courtship behav-
iors, addiction, learning and memory, and appetite/taste
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[11, 13, 14, 26, 27, 38, 39, 42, 43]. Recent work has identified
specific DA neurons in the PPL1 cluster (which are distinct
from the dFB-projecting neurons identified in this study) and
in the PAM cluster that play an important role in appetitive
and olfactory memory [26, 27, 29, 44, 45]. These studies, along
with our data, support the notion that individual DA cells, with
their distinct targets, play important and qualitatively different
roles in animal behavior. Our data suggest that a single DA
neuron in each PPL1 subgroup, projecting to the dFB, signifi-
cantly promotes wakefulness. However, because we did not
directly activate single DA neurons, it is possible that these
PPL1-dFB cells act in concert with other DA neurons to
promote arousal. Indeed, there may be additional wake-
promoting DA neurons, because activation of the neurons in
TH-Gal4 causes a stronger phenotype than that seen with acti-
vation of the TH-D4 driver.

Next, to address the physiological regulation of these PPL1-
dFB neurons, we used ANF-GFP as a reporter to monitor
chronic neuronal activity. The sensitivity of using ANF-GFP
to monitor chronic neuronal activity may be somewhat limited,
because the ANF-GFP signal cannot be fully depleted even
with supraphysiologic neuronal excitation. In addition,
because neuropeptides and classical neurotransmitters are
processed differently and have different kinetics of release
during synaptic transmission, the ANF-GFP decrease may
not completely correlate with DA release. Nonetheless, our
data suggest that only the PPL1-dFB neurons are consistently
active during the day under LD and DD conditions and during
forced wakefulness at night, suggesting a specific role for
these neurons in arousal. Although UAS-ANF-GFP has
previously been used to study neuropeptide trafficking and
release [31, 32], this work represents, to our knowledge, the
first use of this tool to monitor chronic neuronal activity. Given

wt + +

+

Figure 6. DopR Mediates the Arousing Effects of
DA and Is Required in the Fan-Shaped Body to
Promote Wakefulness

(A) Sleep profile of UAS-dTrpA1/+ (gray dia-
monds), TH-Gal4/UAS-dTrpA1 (black squares),
and TH-Gal4, DopR/UAS-dTrpA1, DopR flies
(black triangles) at 27°C in 12:12 LD, plotted in
30 min bins. White and black horizontal bars
denote light and dark periods, respectively.
(B) Nighttime sleep for UAS-dTrpA1/+ (n
62), TH-Gal4/UAS-dTrpA1 (n 81), TH-Gal4,
DopR/UAS-dTrpA1, DopR (n = 31), TH-Gal4,
DopR2/UAS-dTrpA1, DopR2 (n = 31), D2R;;TH-
Gal4/UAS-dTrpA1 (n 41), and TH-Gal4,
DopEcR/UAS-dTrpA1, DopEcR (n 32) flies
at 27°C.

(C) Nighttime sleep for control flies not fed
L-dopa (n = 64) and control (n = 145), DopR/
DopR (n 69), 104y-Gal4/+; DopR/DopR
(n = 82), c205-Gal4, DopR/DopR or c205-Gal4,
DopR (n = 67), DopR/DopR; OK107/+ (n = 26),
and c547-Gal4, DopR/DopR (n = 32) flies fed
4 mg/ml L-dopa at 25°C.

(D) Nighttime sleep for UAS-dORK1AC/+ (n = 59),
104y-Gal4/+; UAS-dORK1AC/+ (n = 35), UAS-
mC*+ (n 62), 104y-Gal4/+ (n 31), and
104y-Gal4/UAS-mC* (n = 37) flies at 25°C.

Error bars represent SEM; *p < 0.05, **p < 0.01,
**p < 0.001.

DopR + +
DopR2 + +
D2R + +
DopEcR + +

the lack of a transgenic chronic neuronal

activity reporter in Drosophila, this

approach could potentially be useful
for measuring neuronal activity on longer timescales (e.g.,
hours) in other types of neuronal circuits.

We also show that DopR is likely the sole DA receptor
responsible for promoting wakefulness and that it is specif-
ically required in the FB for this function. Because the dFB
has recently been shown to promote sleep [15], our study
provides an important link between wake and sleep circuits
in Drosophila. The notion that a wake-promoting neuron
might act on and inhibit a sleep-promoting center is reminis-
cent of the “flip-flop switch” model described in mammals,
whereby wake-promoting nuclei (e.g., acetylcholinergic and
monoaminergic nuclei) and sleep-promoting nuclei (e.g.,
ventrolateral/median preoptic nuclei, VLPO/MnPO) inhibit
each other. In this mutually inhibitory relationship, when
one side of the switch becomes more active, it suppresses
the other side of the switch, facilitating a rapid and complete
transition between wake and sleep [1]. In this model, the
dFB in flies may be the analog of VLPO/MnPO in mammals.
Because our data suggest that DopR is specifically required
in the FB to promote arousal, our model predicts that
the PPL1-dFB DA neurons signal to DopR in the FB and
inhibit the function of downstream neurons. DopR is a D1-
type DA receptor, which has adenyl cyclase activity [46].
In flies, it is unclear whether DopR signaling depolarizes
or hyperpolarizes target neurons, but evidence from primary
cultured Drosophila neurons suggests that activation of
DopR can inhibit neurotransmission [47]. Finally, we find
that expressing UAS-mC* to simulate potential downstream
effects of elevated cAMP in the FB mimics the effects
of electrically inhibiting the FB and is consistent with a
model whereby increased DopR activation and subsequent
cAMP signaling inhibit the dFB in order to promote
wakefulness.
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As the circuit map for sleep/wake regulation becomes
more delineated, important questions regarding the regulation
of the DA circuitry can be addressed. As in mammals, arousal
circuits in flies are likely to be regulated by influences such as
light, circadian, and homeostatic inputs [48]. For example,
a recent study implicated light as modulating the arousing
effects of DA specifically in PDF (pigment-dispersing factor)
neurons [12]. In addition, DA is required for circadian entrain-
ment to dim light, and cycling of DA expression may play
a role in circadian rhythm strength [49]. Ultimately, unraveling
the sleep/wake circuitry in flies should lead to a better
understanding of how external stimuli and circadian and
homeostatic influences regulate arousal at the cellular and
molecular level.

Experimental Procedures

Behavioral assays and immunostaining were generally performed as
described previously [7]. Details of behavioral assays, imaging experiments,
fly strains used, and molecular biology constructs and assays are available
in the Supplemental Experimental Procedures.

Supplemental Information

Supplemental Information includes five figures, two tables, and Supple-
mental Experimental Procedures and can be found with this article online
at http://dx.doi.org/10.1016/j.cub.2012.09.008.
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