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            Abstract
Sleep disconnects animals from the external world, at considerable risks and costs that must be offset by a vital benefit. Insight into this mysterious benefit will come from understanding sleep homeostasis: to monitor sleep need, an internal bookkeeper must track physiological changes that are linked to the core function of sleep1. In Drosophila, a crucial component of the machinery for sleep homeostasis is a cluster of neurons innervating the dorsal fan-shaped body (dFB) of the central complex2,3. Artificial activation of these cells induces sleep2, whereas reductions in excitability cause insomnia3,4. dFB neurons in sleep-deprived flies tend to be electrically active, with high input resistances and long membrane time constants, while neurons in rested flies tend to be electrically silent3. Correlative evidence thus supports the simple view that homeostatic sleep control works by switching sleep-promoting neurons between active and quiescent states3. Here we demonstrate state switching by dFB neurons, identify dopamine as a neuromodulator that operates the switch, and delineate the switching mechanism. Arousing dopamine4,5,6,7,8 caused transient hyperpolarization of dFB neurons within tens of milliseconds and lasting excitability suppression within minutes. Both effects were transduced by Dop1R2 receptors and mediated by potassium conductances. The switch to electrical silence involved the downregulation of voltage-gated A-type currents carried by Shaker and Shab, and the upregulation of voltage-independent leak currents through a two-pore-domain potassium channel that we term Sandman. Sandman is encoded by the CG8713 gene and translocates to the plasma membrane in response to dopamine. dFB-restricted interference with the expression of Shaker or Sandman decreased or increased sleep, respectively, by slowing the repetitive discharge of dFB neurons in the ON state or blocking their entry into the OFF state. Biophysical changes in a small population of neurons are thus linked to the control of sleep–wake state.
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                    Figure 1: Optogenetic stimulation of dopaminergic neurons silences dFB neurons and promotes awakening.[image: ]


Figure 2: Dopamine inhibits dFB neurons via Dop1R2 and the transient opening of a potassium conductance.[image: ]


Figure 3: Dopamine switches dFB neurons to quiescence via reciprocal modulation of two potassium conductances.[image: ]


Figure 4: The targets of antagonistic modulation by dopamine—Shaker and Sandman—have opposing effects on sleep.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Optogenetic stimulation of dopaminergic neurons.
Dopaminergic neurons expressing CsChrimson under TH-GAL4 control were driven with 3 ms pulses of 630 nm light at the indicated frequencies. Optical power at the sample was ~28 mW cm−2. a, Examples of voltage responses to optical pulse trains. b, The ratio of light-evoked action potentials to optical pulses was close to 1 at driving frequencies between 5 and 20 Hz (n = 36 trials on 6 cells). Data are means ± s.e.m.


Extended Data Figure 2 Changes in sleep after interference with Dop1R2 signalling are consistent with diminished sensitivity to arousing dopamine.
a, Sleep during a 24 h day in homozygous carriers of the Dop1R2MI08664 allele (red, n = 32 flies) and heterozygous controls (black, n = 31 flies). Data are means ± s.e.m. Two-way repeated-measures ANOVA detected a significant interaction between time of day and genotype (P < 0.0001). b, Sleep during a 24 h day in homozygous carriers of the Dop1R2MB05108 allele (red, n = 28 flies) and heterozygous controls (black, n = 32 flies). Data are means ± s.e.m. Two-way repeated-measures ANOVA failed to detect a significant interaction between time of day and genotype (P = 0.4736). c, Sleep in homozygous and heterozygous carriers of the Dop1R2MI08664 or Dop1R2MB05108 alleles (circles, individual flies; horizontal lines, group means). Mann–Whitney tests detected a significant effect of the Dop1R2MI08664 allele (P = 0.0219, red), but not of the Dop1R2MB05108 allele (P = 0.6750). The Dop1R2MB05108 allele contains a transposon insertion in a non-coding region of the Dop1R2 gene, which reduces mRNA levels in homozygous carriers by only 14% (ref. 4), thus explaining the lack of a phenotype. The inability of Dop1R2MB05108 to suppress the short-sleeping phenotype of flies with enhanced dopaminergic transmission4 therefore does not argue against a role of Dop1R2 in the dFB. d, Sleep during a 24 h day in flies expressing R23E10-GAL4-driven RNAi targeting Dop1R2 (red, n = 48 flies) and parental controls (open symbols: R23E10-GAL4, n = 48 flies; filled symbols: undriven UAS-Dop1R2RNAi, n = 32 flies). Data are means ± s.e.m. Two-way repeated-measures ANOVA detected a significant interaction between time of day and genotype (P < 0.0001). e, Average length of daytime sleep bouts in flies expressing R23E10-GAL4-driven RNAi targeting Dop1R2 and parental controls. Data are means ± s.e.m. One-way ANOVA detected a significant genotype effect (P = 0.0015); red indicates a significant difference from both parental controls in pairwise post-hoc comparisons. f, Sleep in flies with temperature-inducible R23E10-GAL4-driven expression of PTX and parental controls (circles, individual flies; horizontal lines, group means). Two-way ANOVA detected a significant interaction between genotype and temperature (P = 0.0143); blue indicates a significant difference between inducing and non-inducing temperatures in pairwise post-hoc comparisons. g, Average length of daytime sleep bouts in flies with temperature-inducible R23E10-GAL4-driven expression of PTX and parental controls. Data are means ± s.e.m. Two-way ANOVA detected a significant interaction between genotype and temperature (P = 0.0002); blue indicates a significant increase upon switching from non-inducing to inducing temperatures in pairwise post-hoc comparisons.


Extended Data Figure 3 Dopamine hyperpolarizes dFB neurons and inhibits their spiking.
a, Membrane potential of a dFB neuron during a 250 ms pulse of dopamine. b, Average amplitude of hyperpolarization evoked by dopamine in the indicated numbers of cells. Data are means ± s.e.m. Kruskal–Wallis test detected a significant difference between groups (P < 0.0001); asterisks indicate significant differences from controls in pairwise post-hoc comparisons.


Extended Data Figure 4 Optogenetic stimulation of dopaminergic neurons switches dFB neurons to quiescence.
Flies expressing CsChrimson under TH-GAL4 control in dopaminergic neurons were photostimulated with 3 ms pulses of 630 nm light at 20 Hz. a, Voltage responses to current steps were recorded in the same cell, before and after optogenetic stimulation of dopaminergic neurons (black and red traces). Red and grey traces in the OFF state (right) indicate current injections matching or exceeding those in the ON state, respectively (left). b, c, Time courses of changes in input resistance (Rm) and membrane time constant (τm) of dFB neurons during optogenetic stimulation of dopaminergic neurons (n = 7 cells). Data are means ± s.e.m. One-way repeated-measures ANOVA detected significant effects of time (P = 0.0135 for Rm; P = 0.0222 for τm).


Extended Data Figure 5 Membrane properties of dFB neurons in the ON state.
a, Input resistances (Rm) of the indicated numbers of cells. Data are means ± s.e.m. Kruskal–Wallis test failed to detect a significant difference between groups (P = 0.8997). b, Membrane time constants (τm) of the indicated numbers of cells. Data are means ± s.e.m. Kruskal–Wallis test failed to detect a significant difference between groups (P = 0.1682).


Extended Data Figure 6 Measurements of potassium currents in voltage clamp.
a, Voltage steps from a holding potential of −110 mV (top) elicited the full complement of potassium currents expressed by a dFB neuron (Itotal, bottom). b, Stepping the same neuron from a holding potential of −30 mV (top) elicited potassium currents lacking the A-type component (Inon-A, bottom). c, Digital subtraction of Inon-A (b, bottom) from Itotal (a, bottom) yielded an estimate of IA. Note the expanded timescale. d, Individual (grey) and average (black) A-type currents of seven dFB neurons, evoked by step depolarization to 40 mV. The magenta line represents a single-exponential fit to the average.


Extended Data Figure 7 Loss of Shaker and its interacting partners, Hyperkinetic and Sleepless, from dFB neurons has similar effects on sleep.
Sleep in flies expressing R23E10-GAL4-driven RNAi targeting Shaker, Hyperkinetic or sleepless and parental controls (circles, individual flies; horizontal lines, group means). One-way ANOVA detected a significant genotype effect (P < 0.0001); green indicates significant differences from both parental controls in pairwise post-hoc comparisons.
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        Editorial Summary
A dopamine switch for sleep regulation
The risks and costs associated with animal sleep are obvious but the beneficial trade-offs remain largely unknown, in part because of a lack of mechanistic understanding of sleep homeostasis. Now, Gero Miesenböck and colleagues report that sleep-promoting neurons that innervate the Drosophila fan-shaped body switch between electrical activity and silence as a function of sleep requirement. The switch is operated by dopamine and involves antagonistic modulation of voltage-dependent and voltage-independent potassium channels, thus linking sleep homeostasis to the molecular biophysics of identified neurons. Elsewhere in this issue of Nature, Michael Rosbash and colleagues identify a subset of dorsal clock neurons in Drosophila as sleep-promoting cells, that participate in a feedback loop with pacemaker neurons to drive both midday siesta and night-time sleep.
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