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Abstract 31 

Sleep is highly conserved across animal species. Both wake- and sleep-promoting neurons are 32 

implicated in the regulation of wake-sleep transition at dusk in Drosophila. However, little is 33 

known about how they cooperate and whether they act via different mechanisms. Here, we 34 

demonstrated that in female Drosophila, sleep onset was specifically delayed by blocking the 35 

Shaker cognate L channels (Shal, also known as voltage-gated K+ channel 4, Kv4) in 36 

wake-promoting cells, including large ventral lateral neurons (l-LNvs) and pars intercerebralis (PI), 37 

but not in sleep-promoting dorsal neurons (DN1s). Delayed sleep onset was also observed in 38 

males by blocking Kv4 activity in wake-promoting neurons. Electrophysiological recordings show 39 

that Kv4 channels contribute A-type currents (IA) in LNvs and PI cells, but are much less 40 

conspicuous in DN1s. Interestingly, blocking Kv4 in wake-promoting neurons preferentially 41 

increased firing rates at dusk around ZT13, when the resting membrane potentials (RMPs) and 42 

firing rates were at lower levels. Furthermore, pigment-dispersing factor (PDF) is essential for the 43 

regulation of sleep onset by Kv4 in l-LNvs, and downregulation of PDF receptor (PDFR) in PI 44 

neurons advanced sleep onset, indicating Kv4 controls sleep onset via regulating PDF/PDFR 45 

signaling in wake-promoting neurons. We propose that Kv4 acts as a sleep onset controller by 46 

suppressing membrane excitability in a clock-dependent manner to balance the wake-sleep 47 

transition at dusk. Our results have important implications for the understanding and treatment of 48 

sleep disorders such as insomnia. 49 

 50 

 51 

 52 

 53 
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 54 

Significance 55 

The mechanisms by which our brains reversibly switch from waking to sleep state remain an 56 

unanswered and intriguing question in biological research. In this study, we identified that 57 

Shal/Kv4, a well-known voltage-gated K+ channel, acts as a controller of wake-sleep transition at 58 

dusk in Drosophila circadian neurons. We find that interference of Kv4 function with a dominant 59 

negative form (DNKv4) in subsets of circadian neurons specifically disrupts sleep onset at dusk, 60 

although Kv4 itself does not exhibit circadian oscillation. Kv4 preferentially down-regulates 61 

neuronal firings at ZT9-ZT17, supporting that it plays an essential role in wake-sleep transition at 62 

dusk. Our findings may help understand and eventually treat sleep disorders such as insomnia. 63 
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Introduction 64 

Sleep is an essential process that is believed to be regulated by circadian clock and other factors. 65 

Drosophila melanogaster has become an ideal and well-accepted model for sleep and circadian 66 

rhythms research (Kayser and Biron, 2016; Dubowy and Sehgal, 2017). In Drosophila, groups of 67 

neurons that regulate sleep were found in mushroom body neurons (MBNs), fan-shaped body (FB), 68 

the ellipsoid body (EB), PI, l-LNvs, DN1s, pars lateralis (PL) and dorsolateral neurons (LNds) 69 

(Strauss and Heisenberg, 1993; Joiner et al., 2006; Pitman et al., 2006; Foltenyi et al., 2007; Shang 70 

et al., 2008; Sheeba et al., 2008a; Keene et al., 2010; Afonso et al., 2015; Artiushin and Sehgal, 71 

2017). Among them, l-LNvs are a group of wake-promoting neurons, which express neuropeptide 72 

pigment-dispersing factor (PDF), and regulate night-time sleep (Parisky et al., 2008). PDF, 73 

released by LNvs (also named PDF neurons), regulates circadian and sleep by acting on PDF 74 

receptor (PDFR)-expressing neurons, including LNds, DN1s and PI neurons (Im and Taghert, 75 

2010; Dubowy and Sehgal, 2017). DN1s, a group of potent sleep-promoting neurons at dusk, 76 

show effect on transition from wake to sleep via feedback mechanisms and may also relay signals 77 

from PDF neurons to PI (Cavanaugh et al., 2014; Kunst et al., 2014; Guo et al., 2016). PI, 78 

analogous to the mammalian hypothalamus, is an important output brain region for rest:activity 79 

rhythms (Foltenyi et al., 2007; Cavanaugh et al., 2014; Park et al., 2014; Cavey et al., 2016), and 80 

activation of PI neurons reduced sleep amount (Crocker et al., 2010). Although previous studies 81 

have implicated various types of circadian neurons in regulating sleep behavior, it remains to be 82 

determined whether these sleep- and wake-promoting neurons control wake/sleep amount and 83 

transition via different mechanisms, and the precise mechanisms by which they cooperate in the 84 

brain. 85 
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  Insomnia is a condition characterized by difficulty initiating or maintaining sleep and 86 

dissatisfaction with sleep quantity or quality (Rosenberg, 2006). Although the biological basis of 87 

classification of initiating and maintaining sleep is unknown, sleep initiation is suggested to be 88 

uncoupled from sleep maintenance in Drosophila. In particular, hyperactivity of l-LNvs resulted in 89 

increased sleep latency and GABAA receptor played a critical role in the regulation (Agosto et al., 90 

2008; Chung et al., 2009; Liu et al., 2014; Li et al., 2017). Another study shows that sleep 91 

initiation is dependent on the amnesiac gene expression (Liu et al., 2008). However, our 92 

understanding of the key molecules and neurons that control wake-sleep transition remains 93 

rudimentary. 94 

As compared with wake state, there are large-scale changes in neuronal activity during sleep. 95 

Reports have shown that different types of ion channels, including Shaker and sandman, are 96 

required for normal wake-sleep cycles (Cirelli et al., 2005; Pimentel et al., 2016). Only two genes, 97 

Shaker/Kv1 and Shal/Kv4, encode voltage-gated A-type K+ channels in Drosophila neurons, 98 

whereas mammals contain multiple genes (Salkoff and Wyman, 1981; Wei et al., 1990; 99 

Covarrubias et al., 1991). In most Drosophila neurons, Shaker expression is extensively restricted 100 

to axons and terminals (Rogero et al., 1997; Ueda and Wu, 2006). In contrast, Kv4 channels are 101 

localized exclusively to soma and dendrites (Gasque et al., 2005; Bergquist et al., 2010; Diao et al., 102 

2010; Srinivasan et al., 2012). In mammals, neurons in suprachiasmatic nucleus (SCN) function as 103 

central pacemaker and their firing activity exhibits circadian oscillation (Colwell, 2011). Loss of 104 

Shaker results in dysregulated sleep patterns in both Drosophila and mammals, and most Kv 105 

channels contributing to IA regulate activity of neurons in SCN (Cirelli et al., 2005; Douglas et al., 106 

2007; Granados-Fuentes et al., 2012). However, little is known about the role of Kv4 playing in 107 
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sleep. 108 

In this study, we found that Shal495 mutants exhibited delayed sleep onset at dusk, which could 109 

be rescued by restoring Shal/Kv4 expression. Our results further demonstrated that Kv4 controls 110 

sleep onset in wake-promoting neurons, but not in subsets of sleep-promoting neurons. These 111 

results support that Kv4 has an important role in controlling wake-sleep transition. 112 

 113 

Materials and Methods 114 

Animals 115 

Flies were kept at 23 ℃ on cornmeal, yeast, sucrose and agar food. w1118 (#5905, 116 

RRID:BDSC_5905), elav-GAL4 (#458, RRID:BDSC_8760), pdf-GAL4 (#6900, 6899, 117 

RRID:BDSC_6900), 50y-GAL4 (#30820, RRID:BDSC_30820), tub-GAL80ts (#7019), 118 

UAS-dTrpA1 (#26263), pdf01 (#26654, RRID:BDSC_26654), Shmns (#22837), UAS-EKO (#40973, 119 

RRID:BDSC_40974), UAS-Shal-RNAi (#31879) and clk4.1M-GAL4 (#36316, 120 

RRID:BDSC_36316) were obtained from Bloomington Stock Center. UAS-CD8GFP 121 

(RRID:BDSC_5137), Shal495 (Bergquist et al., 2010), R18H11-GAL4 (RRID:BDSC_48832), 122 

UAS-white-RNAi and pdf-GAL80 (Stoleru et al., 2004) were obtained from Drs. Susan Tsunoda, 123 

Bingwei Lu and Yufeng Pan. UAS-DNKv4 and UAS-Kv4 transgenic lines were generated 124 

previously (Ping and Tsunoda, 2011; Ping et al., 2011). Flies were outcrossed for more than five 125 

generations with the w1118 strain to standardize the background. 126 

Sleep and activity assays 127 

All behavior was done on female flies unless otherwise specified. 3- to 5-day-old virgin flies were 128 

monitored at 25 ℃ in glass tube containing 5% sucrose and 2% agar using the Drosophila Activity 129 
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Monitoring System (Trikinetics). Flies were raised in behavior tubes for over 72 hrs at 25 ℃ in 12 130 

hr light/ 12 hr dark (LD) conditions for acclimation before data collection. Flies were entrained at 131 

least 3 days in LD before switching to constant darkness (DD). Activity counts were collect in 1 132 

min bins in LD for 3 days. Sleep was defined as 5 consecutive min of inactivity. Sleep latency was 133 

measured from the time lights-off to the onset of first sleep episode. Sleep parameters were 134 

analyzed using R software. For analysis of sleep in DD, sleep latency was calculated from CT12. 135 

For UAS-dTrpA1 experiments, data was recorded at 29 ℃ in order to activate the relevant neurons. 136 

For conditional expression experiments using Tub-GAL80ts, animals containing UAS-DNKv4, 137 

driven by Tub-GAL80ts and PDF-GAL4, were reared at 18 ℃ to prevent DNKv4 expression at 138 

developmental stages. The temperature was then raised to 29 ℃ to induce expression for 14 days 139 

post eclosion, followed by conventional sleep assays. Free-running activity was measured over 3 140 

days entrainment for LD and over 7 days for DD, as reported previously (Song et al., 2017). 141 

Rhythmic flies were defined by χ2 periodogram analysis (Clocklab software), and power is a 142 

measure of rhythm amplitude and corresponds to the height of the periodogram peak above the 143 

significance line. More than 20 flies were examined for each genotype and condition, and dead 144 

flies were excluded from the data analysis. 145 

Electrophysiology 146 

Flies were kept at 25 ℃ in LD cycles. Whole-cell recordings were performed in perforated 147 

patch-clamp configuration by adding 400–800 μg/ml Amphotericin-B (Sigma-Aldrich) in the 148 

pipette, as reported previously (Feng et al., 2018). For voltage-dependent K+ current recordings 149 

from GFP-labeled PDF (l-LNvs), DN1s and PI neurons in the isolated brain, we first dissected 150 

brain in the Drosophila culture medium (Gibco) and then we exchanged culture medium to the 151 
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recording external solution (in mM): NaCl, 110; KCl, 2; MgCl2, 6; CaCl2, 1; glucose, 5; NaHCO3, 152 

20; NaH2PO4, 2. Solution was continuously bubbled with carbogen (5% oxygen and 95% carbon 153 

dioxide) throughout recording; pH was set at 7.2. TTX (1 μM) and nifedipine (10 μM) were added 154 

to the external solution to block Na+ and Ca2+ currents (for IA recordings). Electrodes were filled 155 

with internal solution (in mM): K-gluconate, 120; KCl, 20; Mg-ATP, 4; Na-GTP, 0.5; HEPEs, 10; 156 

EGTA, 1.1; MgCl2, 2; CaCl2, 0.1, with pH 7.2. The l-LNvs were distinguished from the sLNvs by 157 

their size and anatomical location. We performed all recordings at room temperature. Electrode 158 

resistances for all recordings were 5–10 MΩ. Gigaohm seals were obtained for whole-cell 159 

recordings. Cells were clamped at -80 mV. The Kv2-Kv3-mediated delayed rectifier (DR) 160 

component was recorded using a pre-pulse of -45mV to completely inactivate Kv4 channels, 161 

before stepping to a test potential of +50mV; the Kv4 current or IA was then isolated by 162 

subtracting this DR component from the total whole-cell current elicited from a pre-pulse of -125 163 

mV, stepping to a test potential of +50 mV. In current-clamp experiments, we clamped the 164 

membrane current at 0 pA unless otherwise specified (Fig. 5-1B). Resting potential was 165 

determined until stabilization of the membrane potential after the transition from voltage-clamp to 166 

current-clamp mode. 4-AP (Sigma) was diluted at the appropriate concentration in the external 167 

saline solution, and superfused to the recording chamber. Phrixotoxin-2 (PaTx2; Alomone Labs) 168 

was kept frozen for <2 months as 10X stock (10 μM) aliquots and thawed immediately before 169 

experiments. 170 

For cell-attached recordings, recording pipettes were filled with internal solution, with additional 171 

200 mM BaCl2 to prevent perforated patch effect mediated by high density of Kir channels in the 172 

pipettes. Cell attached configuration was achieved by gentle suction through a syringe. Recordings 173 
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were performed in voltage-clamp mode without holding. Action potential number was quantified 174 

using MiniAnalysis software for at least 1 min. 175 

Experimental design and statistical analysis 176 

The main objective of the present study was to investigate the sleep deficits in DNKv4 mutants of 177 

both sexes and the effects of Shal/Kv4 on neuronal excitability. Therefore, sleep measurements and 178 

electrophysiological recordings of GFP-labelled circadian neurons were performed on at least 6 179 

flies for each genotype. The n number and gender of flies used in this study were described in the 180 

corresponding figure legends or results. For sleep measurements, as shown in Figs. 1, 1-1, 2, 2-1, 181 

3, 5-1A, 6A,B,C, 7 and 7-1, each n corresponds to one animal. For electrophysiological recordings, 182 

as shown in Figs. 4, 4-1, 5, 5-1B and 6D,E, each n corresponds to one cell, with one cell recorded 183 

per animal. We required an experimental result to be significantly different from both genetic 184 

controls (if applicable). 185 

We used Student’s t-test for comparisons of two groups of normally distributed data using 186 

SigmaPlot 10.0 software (RRID:SCR_003210), as shown in Figs. 1-1D,G,J, 2J, 2-1A,B,E,F, 4E,J, 187 

5A,C,F, 5-1A and 7I,K,L. For multiple comparisons, one-way ANOVA followed by post hoc Tukey 188 

were performed using SPSS software (RRID:SCR_002865), as shown in Figs. 1B,C,E,G,H,J, 189 

1-1A, 2B,C,D,G,H,L, 2-1D,H, 3C, 4E, 4-1C,D, 5-1B, 6B,C,E,F, 7B,C,E,F, 7-1B. For comparisons 190 

of non-normally distributed data (sleep bout duration), Mann-Whitney U test were performed 191 

using the SPSS software, as shown in Figs. 1D,I, 2E, and 7D. See the results section and figure 192 

legends for specifics on statistical tests for each experiment. Statistical significance was set at *p < 193 

0.05, and data are reported as the mean ± SEM. 194 

 195 
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Results 196 

Kv4 is important for sleep in Drosophila 197 

To determine whether Kv4 is important for regulating sleep in Drosophila, we first selected 198 

dominant-negative mutation, UAS-DNKv4, and expressed it with the pan-neuronal driver 199 

(elav/+;+;UAS-DNKv4/+, DNKv4), which could completely eliminate Kv4 function (Ping and 200 

Tsunoda, 2011; Ping et al., 2015). Total and night-time sleep amounts were reduced in DNKv4 201 

female flies (Fig. 1A,B, day-time: F(2, 120) = 7.4, **p = 0.0046, p = 0.1056; night-time: F(2, 120) = 202 

38.89, elav-GAL4 vs. elav>DNKv4, ***p < 0.0001, UAS-DNKv4 vs. elav>DNKv4, ***p = 0.0009; 203 

total: F(2, 120) = 43.27, ***p < 0.0001. One-way ANOVA). Day-time sleep was not significantly 204 

reduced (Fig. 1A,B), and it might be due to a floor effect, because the control lines exhibited very 205 

little day-time sleep. The night-time sleep phenotypes were largely due to a decrease in sleep-bout 206 

duration (Fig. 1D, elav-GAL4 vs. elav>DNKv4, U = 164, p < 0.0001; UAS-DNKv4 vs. 207 

elav>DNKv4, U = 556.5, p = 0.001. Mann-Whitney U test), because no significant change was 208 

found in sleep number and latency (Fig. 1C,E, sleep number: F(2, 120) = 14.12, p = 0.1167; latency: 209 

F(2, 120) = 11.54, p = 0.6774. One-way ANOVA). These results indicate Kv4 can improve sleep 210 

maintenance and has sleep-promoting effects. 211 

Next, we tested whether another null mutation of Shal495 could lead to sleep phenotypes 212 

observed in DNKv4 flies. Surprisingly, as compared with background control (w1118), night-time 213 

sleep was markedly increased in Shal495, without significant changes in day-time sleep (Fig. 1F,G, 214 

day-time: F(2, 160) = 0.5637, w1118 vs. Shal495, p = 0.1732, Shal495 vs. elav>Kv4;Shal495, p = 0.3318; 215 

night-time: F(2, 160) = 26.47, w1118 vs. Shal495, ***p < 0.0001, Shal495 vs. elav>Kv4;Shal495, p = 216 

0.2351; total: F(2, 160) = 26.89, w1118 vs. Shal495, ***p < 0.0001, Shal495 vs. elav>Kv4;Shal495, p = 217 
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0.1879. One-way ANOVA). Further analysis showed the increased sleep was due to lengthened 218 

sleep bout duration (Fig. 1H, sleep number: F(2, 160) = 8.69, w1118 vs. Shal495, ***p < 0.0001; 219 

Shal495 vs. elav>Kv4;Shal495, p = 0.2004, one-way ANOVA, I, sleep bout duration: w1118 vs. 220 

Shal495, U = 432.8, ***p = 0.0003, Shal495 vs. elav>Kv4;Shal495, U = 641.3, p = 0.1374, 221 

Mann-Whitney U test), suggesting that Shal495 mutation enhances sleep maintenance. Additionally, 222 

sleep latency in Shal495 mutant was increased significantly compared to control (Fig. 1J, F(2, 160) = 223 

11.45, w1118 vs. Shal495, ***p = 0.0005, Shal495 vs. elav>Kv4;Shal495, **p = 0.0034; w1118 vs. 224 

elav>Kv4;Shal495, p = 0.0894, one-way ANOVA). Studies have shown that loss of Shal/Kv4 could 225 

induce compensatory upregulation of Shaker/Kv1 (Bergquist et al., 2010; Parrish et al., 2014). 226 

Moreover, Shaker mutants (Shmns) exhibited reduced sleep in Drosophila, even in heterozygous 227 

flies (Fig. 1-1B,C,D, sleep: F(5, 171) = 32.56, *** p < 0.0001, ** p = 0.0035 for night-time, ** p = 228 

0.0054 for total, one-way ANOVA; latency: T(60) = 3.25, *p = 0.0142, t-test). Thus, we assume that 229 

the increased sleep in Shal495 mutants could be caused by the upregulation of Shaker. Indeed, 230 

Shal495 mutant exhibited significant increase in Shaker expression as detected using qPCR (Fig. 231 

1-1A, F(2,14) = 74.53, ***p < 0.0001, one-way ANOVA), while Shaker expression was not 232 

increased in DNKv4 mutants (Fig. 1-1A). Moreover, when Shaker function was inhibited in shal495 233 

mutants, the animals exhibited reduced night-time sleep, similar as observed in DNKv4 expression 234 

animals (Fig. 1-1E,F,G, F(5, 147) = 15.76, ***p < 0.0001, one-way ANOVA; T(49) = 3.87, p = 235 

0.3155, t-test). 236 

Subsequently, we tested whether the sleep phenotypes in Shal495 mutant could be rescued by 237 

overexpression of Shal/Kv4 via the GAL4/UAS system. However, Shal495 mutant flies with Shal 238 

overexpression (elav/+; UAS-Kv4/+;Shal495) showed similar sleep time, as well as sleep number, 239 
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sleep duration (Fig. 1F-I, statistics were shown above) and Shaker expression (Fig. 1-1A) as 240 

compared with Shal495 mutants. Interestingly, there was a significant reduction in sleep latency 241 

after overexpressing Kv4 (Fig. 1J), indicating that the delayed sleep onset in Shal495 could be 242 

attributed to loss of Kv4, and not compensated by Shaker overexpression. While 243 

DNKv4-expressing flies didn’t show significant change in timing of sleep onset (Fig. 1E). We 244 

presume that the sleep phenotypes induced by pan-neuronal expression of UAS-DNKv4 may 245 

reflect an integrated effect of multiple regulatory mechanisms operating in different neuronal 246 

populations, as we will show later that DNKv4 expression in wake-promoting neurons delays sleep 247 

onset, but without effects on sleep onset when expressed in subsets of sleep-promoting neurons. 248 

 249 

Loss of Kv4 function in l-LNvs delays sleep onset 250 

We next tested sleep-regulating effects of Kv4 in subsets of circadian neurons. Studies have shown 251 

that l-LNvs, a group of wake-promoting cells, regulate night-time sleep via GABA receptors 252 

(Agosto et al., 2008; Parisky et al., 2008; Liu et al., 2014). Thus, we first selected pdf-GAL4 to 253 

drive expression of UAS-DNKv4 to eliminate Kv4 function (pdf-GAL4/+;+;UAS-DNKv4/+) in 254 

small- (s-) and l-LNvs. Strikingly, sleep latency was markedly increased in pdf>DNKv4 female 255 

flies compared to controls, accompanied by decreased night-time sleep (Fig. 2A,B,C, latency: F(2, 256 

108) = 26.34, **p = 0.0076, *p = 0.0328; sleep: F(2, 108) = 8.31, p = 0.0631, **p = 0.0039 for 257 

day-time, F(2, 108) = 25.78, ***p < 0.0001 for nght-time, F(2, 108) = 9.62, p = 0.0733, ***p = 0.0003 258 

for total. One-way ANOVA). Nevertheless, total and day-time sleep amounts did not exhibit a 259 

significant change (Fig. 2C). There was an increase in night sleep bout number, but night sleep 260 

bout duration was decreased (Fig. 2D, F(2, 108) = 18.22, pdf-GAL4 vs. pdf>DNKv4, *p = 0.0276, 261 
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UAS-DNKv4 vs. pdf>DNKv4, *p = 0.0289, one-way ANOVA, E, pdf-GAL4 vs. pdf>DNKv4, U = 262 

223.5, UAS-DNKv4 vs. pdf>DNKv4, U = 336, ***p < 0.0001, Mann-Whitney U test). Delayed 263 

sleep onset latency was further confirmed using another pdf-GAL4 on chromosome 2 (Fig. 2-1A, 264 

T(72) = 6.15, ***p < 0.0001, t-test), and was also observed in male flies (Fig. 2-1B, T(56) = 5.46, *p 265 

= 0.0219, t-test). Moreover, increase or decrease in wakefulness was found in the early night by 266 

activating or inhibiting PDF cells, respectively (Fig. 1-1H,I,J, F(5, 174) = 12.44, ***p = 0.0003 for 267 

day-time, ***p < 0.0001 for night-time and total, one-way ANOVA; T(57) = 2.92, **p = 0.0051, 268 

t-test) (Parisky et al., 2008). Restored Kv4 expression only in PDF cells partially rescued delayed 269 

sleep onset in Shal495 flies (Fig. 2-1E,F, T(53) = 2.16, *p = 0.033, t-test). We didn’t observe 270 

significant change in circadian period in pdf>DNKv4 flies (Fig. 2-1C, pdf-GAL4: period = 23.7  271 

0.10 hrs; UAS-DNKv4: period = 23.8  0.12 hrs; pdf>DNKv4: 24.1  0.11 hrs; F(2, 93) = 11.03, 272 

pdf-GAL4 vs. pdf>DNKv4, p = 0.0842, UAS-DNKv4 vs. pdf>DNKv4, p = 0.1037, one-way 273 

ANOVA). Down-regulation of Kv4 expression in PDF cells (pdf>Shal-RNAi) also delayed sleep 274 

onset (Fig. 2-1G,H, .F(2, 76) = 51.76, UAS-Shal-RNAi vs. pdf>Shal-RNAi, **p = 0.0039, pdf-GAL4 275 

vs. pdf>Shal-RNAi, **p = 0.0054, one-way ANOVA), consistent with the results of DNKv4. 276 

  To examine the specific roles of s- and l-LNvs, we overexpressed DNKv4 with the c929-GAL4 277 

driver, which drives expression in l-LNvs, but not s-LNvs. We found that sleep latency was 278 

increased in c929>DNKv4 flies, accompanied by decreased day- and night-time sleep amounts. 279 

Since pdf-GAL80 would suppress the transcription activity of GAL4 in s/l-LNvs, we assayed the 280 

sleep phenotype of c929>DNKv4 flies expressing pdf-GAL80 281 

(c929-GAL4/+;UAS-DNKv4/+;pdf-GAL80/+). These flies exhibited decreased sleep latency and 282 

increased night-time sleep, as compared with c929>DNKv4 flies (Figure 2F,G, F(2, 89) = 91.29, **p 283 
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= 0.0063, H, day-time, F(2, 89) = 2.31, p = 0.2318, night-time, F(2, 89) = 65.49, ***p < 0.0001, total, 284 

F(2, 89) = 78.39, ***p < 0.0001. One-way ANOVA). These results further support that Kv4 285 

functions to control sleep onset in l-LNvs, but not s-LNvs. 286 

  To rule out the possibility that the increased sleep latency was caused by an enhanced startle 287 

response to lights-off, we examined sleep in pdf>DNKv4 flies under constant darkness (day 1 of 288 

DD), and assayed the time it took flies to fall asleep from CT12. The increase of sleep latency 289 

persisted in DD (Fig. 2I, latency at CT12, 51  10.4 min for UAS-DNKv4, 163  19.7 min for 290 

pdf>DNKv4, T(59) = 5.23, ***p < 0.0001, t-test). Next, to bypass possible complications from the 291 

persistent Kv4 expression during development, we induced pdf-GAL4 along with tub-GAL80ts, 292 

which inhibits GAL4 function in a temperature-dependent manner, to silence Kv4 expression 293 

during development and switch the expression on in the adulthood. As compared with control 294 

lines, sleep latency of pdf>DNKv4;tub-GAL80ts was significantly increased (Fig. 2J,K, F(2, 73) = 295 

107.5, pdf-GAL4 vs. pdf>DNKv4;tub-GAL80ts, **p = 0.0021, tub-GAL80ts; UAS-DNKv4 vs. 296 

pdf>DNKv4;tub-GAL80ts, **p = 0.0028, one-way ANOVA). 297 

 298 

No significant change in sleep onset was observed by blocking Kv4 activity in DN1s 299 

Wake-sleep transition is expected to be determined by integration of signals from both wake- and 300 

sleep-promoting neurons. Next we examined whether Kv4 in sleep-promoting neurons also 301 

regulates sleep onset. Since reports show activation of DN1s promotes sleep at dusk (Kunst et al., 302 

2014; Guo et al., 2016), we first selected clk4.1M-GAL4 to drive expression of UAS-DNKv4 to 303 

eliminate Kv4 function in DN1s. Sleep latency at lights-off was not changed by inhibiting Kv4 304 

function in DN1s (Fig. 3A,C, F(2, 84) = 47.78, p = 0.1068, one-way ANOVA). We then used another 305 
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DN1s driver, R18H11-GAL4, and further confirmed no significant change in sleep latency by 306 

inhibiting Kv4 function, as compared with controls (Fig. 3B,C, F(2, 84) = 24.37, p = 0.0927, 307 

one-way ANOVA). Moreover, we didn’t observe any significant change in circadian period in 308 

R18H11>DNKv4 flies as compared with controls (Fig. 2-1D). 309 

 310 

Kv4 channels regulate excitability of circadian neurons 311 

Next, we investigated how DNKv4 regulates sleep onset. We first tested whether DNKv4 312 

expression eliminates IA in the circadian neurons. We chose pdf-GAL4, clk4.1M-GAL4 and 313 

50y-GAL4 to drive DNKv4 and GFP expression in l-LNvs (UAS-CD8GFP; 314 

pdf-GAL4/+;UAS-DNKv4/+), DN1s (UAS-CD8GFP; clk4.1M-GAL4/+;UAS-DNKv4/+) and PI 315 

(UAS-CD8GFP; 50y-GAL4/+;UAS-DNKv4/+) neurons, respectively. IA was almost completely 316 

inhibited by expressing DNKv4 in l-LNvs and PI cells (Fig. 4A,B,E, l-LNvs: T(12) = 54.33; PI cells: 317 

T(12) = 54.33, ***p < 0.0001, t-test, F). However, we still detected remaining IA component in 318 

DN1s, and all the IA components were completely blocked by a specific IA inhibitor, 4-AP (Fig. 319 

4C,E, F(2, 19) = 33.42, *p = 0.0239, ***p < 0.0001, one-way ANOVA), indicating that Shaker/Kv1 320 

mediates the majority of IA in DN1s, as compared with Kv4. Subsequently, specific interference of 321 

Kv4 function did not significantly change the excitability of DN1s (Fig. 4-1). Remaining IA 322 

component was also detected in l-LNvs in Shal495 mutants (UAS-CD8GFP; pdf-GAL4/+;Shal495) 323 

(Fig. 4D,E, F(2, 20) = 55.72, ***p < 0.0001, one-way ANOVA). As previously stated in motor 324 

neurons, remaining IA currents could be contributed by overexpression of Shaker (Bergquist et al., 325 

2010). 326 

To confirm IA regulates membrane excitability of circadian neurons, we monitored spontaneous 327 
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neuronal activity in the presence of 4-AP. We used cell-attached voltage-clamp of neuronal 328 

activity without changing the cytoplasmic milieu to record action potential (AP) currents. As 329 

reported previously (Cao and Nitabach, 2008; Sheeba et al., 2008b; Depetris-Chauvin et al., 2011), 330 

l-LNvs exhibited tonic and burst AP currents at ZT9 (Fig. 4G). 4-AP significantly increased 331 

frequency of AP currents, which were completely blocked by TTX in l-LNvs (Fig. 4G,J, T(13) = 332 

4.96, *p = 0.0143, t-test). Similarly, 4-AP also increased neuronal AP currents in GPF-labelled PI 333 

and DN1s (Fig. 4H,I,J, T(13) = 3.66, **p = 0.0029, T(21) = 2.80, *p = 0.0107, t-test). 334 

 335 

DNKv4 induces neuronal hyperactivity in a time-of-day dependent manner 336 

Since Kv4 in l-LNvs specifically controls sleep onset at dusk, we next asked whether IA varies 337 

throughout the day in l-LNvs. However, our results showed that there was no difference in IA 338 

amplitudes between ZT1 (dawn) and ZT13 (dusk) (Fig. 5A, 318 ± 17.3 pA at ZT1, 309 ± 15.1 pA 339 

at ZT13, T(22) = 0.75, p = 0.5549, t-test). We also compared steady-state inactivation properties of 340 

Kv4 currents in neurons. No difference was observed between ZT1 and ZT13 in half-maximal 341 

inactivation potential values (Fig. 5B, T(20) = 1.36, p = 0.1873, t-test). 342 

The membrane excitability and Ca2+ waves of l-LNvs and PI neurons was reported to be 343 

strongly rhythmic (Cao and Nitabach, 2008; Sheeba et al., 2008b; Barber et al., 2016; Liang et al., 344 

2016). Our cell-attached recordings of GFP-labeled l-LNvs (pdf >CD8GFP) revealed a pattern of 345 

circadian regulation of spontaneous AP currents, with higher firing rate during day-time than 346 

night-time (Fig. 5D,F, F(5, 41) = 141.40, ***p < 0.0001, one-way ANOVA). We detected different 347 

kinds of firing properties of l-LNvs, including no firing cells, tonic firing cells, bursting cells, and 348 

cells mixed with tonic firing and bursting (Fig. 5E). Blocking Kv4 function in l-LNvs by DNKv4 349 
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expression (pdf >CD8GFP;DNKv4) increased the frequency of AP currents during dusk (around 350 

ZT13) (Fig. 5D,F, ZT9, T(14) = 2.55, *p = 0.0230; ZT13, T(13) = 4.07, **p = 0.0053; ZT17, T(14) = 351 

2.50, *p = 0.0306, t-test), but without effects on firing frequency during dawn (around ZT1). It 352 

appears that loss of Kv4 function didn’t upregulate the firing rate when activity was relatively high 353 

(ZT1, 5, 17 and 21). Moreover, we found that the resting membrane potential (RMP) of l-LNvs 354 

exhibited circadian oscillations, with more depolarized RMPs at dawn, declining to lower levels at 355 

dusk (from -45 mV at ZT1 to -54 mV at ZT13) (Fig. 5C, -45.6  2.0 mV at ZT1, -54.2  1.8 356 

mV at ZT13, T(11) = 2.83, *p = 0.0162, t-test). Kv4 mediated IA was sensitive to the pre-pulse 357 

window between -60 mV and -40 mV (Fig. 5B), indicating that more Kv4 channels were 358 

inactivated at ZT1 when RMPs were relatively depolarized. To confirm membrane potential 359 

oscillation contributes to time-of-day dependent regulation of excitability by Kv4, l-LNvs were 360 

artificially hyperpolarized from ~-45 mV to ~-55 mV at ZT1 by current injection during 361 

recordings in Figure 5C. Firing frequency was not significantly increased at RMPs by PaTx2 (Kv4 362 

specific blocker) perfusion at ZT1, but it was significantly increased when the membrane potential 363 

was hyperpolarized to -55 mV by current injection (Fig. 5-1B, F(3, 27) = 199.5, p = 0.1657, **p = 364 

0.0026, one-way ANOVA). Since IA was mainly contributed by Shaker/Kv1 in DN1s, DNKv4 365 

expression in DN1s did not change the frequency and oscillation of AP currents 366 

(Clk4.1M>CD8GFP;DNKv4) (Fig. 4-1). Thus, although Kv4 maintains its expression during the 367 

day and night, it may still preferentially control excitability of neurons at dusk due to oscillation of 368 

RMPs in wake-promoting neurons. 369 

To demonstrate that the activity of PDF neurons at dusk is crucial for sleep onset, we selectively 370 

activated PDF neurons at dusk (ZT9-12 and ZT12-15) by dTrpA1 expression. Our results show 371 
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that activating PDF neurons during ZT12-15 significantly delayed sleep onset, as compared with 372 

activation during ZT9-12 (Fig. 5-1A, T(38) = 8.84, ***p < 0.0001, T(38) = 1.95, p = 0.1076, t-test). 373 

These results indicate that control of the firing of l-LNvs at dusk by Kv4 is essential for normal 374 

sleep onset. 375 

 376 

PDF is necessary for delayed sleep onset in DNKv4 mutants 377 

To determine whether neuropeptide PDF is required for the delayed sleep onset in pdf>DNKv4 378 

flies, we examined sleep behavior in pdf01 flies that lack PDF. Compared to PDF-null background 379 

controls, pdf>DNKv4;pdf01 flies showed decreased total sleep time, but no difference was found in 380 

sleep latency (Fig. 6A,B,C, day-time: F(2, 84) = 0.34, p > 0.05; night-time: F(2, 84) = 23.65, **p = 381 

0.0034, ***p = 0.0008; total: F(2, 84) = 23.96, ***p < 0.0001. One-way ANOVA). Furthermore, we 382 

determined whether DNKv4 would still induce circadian-dependent hyperactivity in l-LNvs in 383 

PDF-null background. Excitability and RMPs of l-LNvs still exhibited circadian oscillation in the 384 

absence of PDF (Fig. 6D,E,F, F(3, 27) = 203.5, *p = 0.0260, one-way ANOVA). More importantly, 385 

compared to PDF-null background control, loss of Kv4 function still preferentially increased 386 

frequency of AP currents at dusk (ZT13), suggesting that lack of PDF has little effect on the 387 

regulation of neuronal excitability by Kv4. In summary, l-LNvs hyperactivity induced by DNKv4 388 

expression delayed sleep onset in a PDF-dependent mechanism. 389 

 390 

Kv4 also regulates timing of sleep onset in circadian output area 391 

We set out to identify possible downstream neurons involved in Kv4-mediated sleep onset delay. 392 

PI is developmentally and functionally analogous to the hypothalamus in vertebrates (de Velasco 393 
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et al., 2007; Foltenyi et al., 2007), and has been established as an important component of the 394 

circadian output pathway for rest: activity rhythms under circadian control (Cavanaugh et al., 395 

2014; Cavey et al., 2016). We next chose 50y-GAL to drive the expression of DNKv4 in subsets of 396 

PI neurons (w;50y-GAL4/+;UAS-DNKv4/+), which has been shown to regulate sleep (Foltenyi et 397 

al., 2007). Interestingly, compared to controls (w;+;UAS-DNKv4/+, and w;50y-GAL4/+;+), 398 

50y-GAL4>UAS-DNKv4 showed difficulty in falling asleep after lights-off as well, accompanied 399 

with significantly reduced night-time sleep amount and bout number (Fig. 7A,B, day-time: F(2, 105) 400 

= 2.357, UAS-DNKv4 vs. 50y-GAL4>DNKv4, p = 0.0807, 50y-GAL4 vs. 50y-GAL4>DNKv4, p = 401 

0.1094, night-time: F(2, 105) = 123.0, ***p < 0.0001; total: F(2, 105) = 89.77, UAS-DNKv4 vs. 402 

50y-GAL4>DNKv4, ***p < 0.0001, 50y-GAL4 vs. 50y-GAL4>DNKv4, **p = 0.0034, one-way 403 

ANOVA, C, F(2, 105) = 44.97, UAS-DNKv4 vs. 50y-GAL4>DNKv4, ***p < 0.0001, 50y-GAL4 vs. 404 

50y-GAL4>DNKv4, ***p = 0.0008, one-way ANOVA, D, UAS-DNKv4 vs. 50y-GAL4>DNKv4, U 405 

= 619, p = 0.2139, 50y-GAL4 vs. 50y-GAL4>DNKv4, U = 716.5, p = 0.1082, Mann-Whitney U 406 

test, F, F(2, 105) = 10.54, ***p = 0.0002, **p = 0.0038, one-way ANOVA). These flies exhibited 407 

very little day-time sleep in LD (Fig. 7A,B), and lengthened sleep latency in DD (Fig. 7H,I, T(54) = 408 

11.88, ***p < 0.0001, t-test). Most (over 80%) of the mutants became arrhythmic under DD and 409 

the rhythmic ones had a ~25.4-hr period phenotype (Fig. 2-1D, F(2, 59) = 5.92, *p = 0.0106, ***p = 410 

0.0004, one-way ANOVA). To exclude the possibility that the reduction of sleep amount is due to 411 

animals’ hyperactivity, we calculated waking activity (activity counts per minute awake) and no 412 

hyperactivity was found, but with a mild hypoactivity (Fig. 7E, F(2, 105) = 7.29, *p = 0.0268, ***p 413 

= 0.0007, one-way ANOVA). We also observed delayed sleep onset in male flies (Fig. 7-1, F(2, 79) 414 

= 49.9, **p = 0.0026, ***p < 0.0001, one-way ANOVA). All these results suggest that Kv4 in PI 415 
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neurons is also required to control sleep onset, but without effects on the sleep maintenance. 416 

We next asked whether the defective sleep initiation was due to the hyperactivity of PI neurons. 417 

Expression of the temperature-gated nonspecific cation channel dTrpA1 driven by 50y-GAL4 can 418 

impose a fast firing pattern on the cell at 29 ℃. Similar to 50y>DNKv4 mutants, 50y>dTrpA1 flies 419 

also exhibited markedly longer sleep latency (Fig. 7F,G, T(67) = 4.27, ***p < 0.0001, t-test). This 420 

result verified the notion that function loss of Kv4 could lead to hyperactivity of neurons and 421 

subsequent delayed sleep onset. 422 

We examined whether PDF receptors in PI neurons regulate sleep onset. Interestingly, 423 

down-regulation of PDFR by expressing pdfr-RNAi in PI cells (50y>pdfr-RNAi) significantly 424 

advanced sleep onset, accompanied with increased night-time sleep amount (Figure 7J,K, 425 

day-time, T(52) = 0.18, p = 0.2541, night-time, T(52) = 5.85, ***p < 0.0001, T(52) = 5.89, ***p < 426 

0.0001, t-test, L, T(52) = 3.19, *p = 0.0114, t-test). These results suggest that PDF neurons may act 427 

on downstream PI neurons to regulate night-time sleep, and Kv4 in these neurons regulates sleep 428 

onset likely through regulating PDF/PDFR signaling. 429 

 430 

Discussion 431 

To the best of our knowledge, this is the first demonstration of the function of Kv4 in sleep 432 

regulation. In this study, we showed that Kv4 is important for night-time sleep in Drosophila, and 433 

is especially crucial to normal sleep onset. Pan-neuronal expression of DNKv4 leads to decreased 434 

night-time sleep, indicating a general sleep-promoting function of Kv4. The increased night-time 435 

sleep in Shal495 null mutant reveals a compensatory overexpression of Shaker. A transcription 436 

factor named Kruppel (Kr) was identified to be a central regulator of this process (Parrish et al., 437 
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2014), consistent with our conclusion that the compensatory modulation occurs at the 438 

transcriptional level. However, the Kr expression is suggested to be a result from detecting Kv4 or 439 

Shaker/Kv1 conductance, since 4-AP also increased Shaker RNA expression (Parrish et al., 2014). 440 

In our study, we didn’t observe significant increase in Shaker RNA expression in DNKv4 mutants 441 

suggesting that other transcription factor(s), rather than Kr, may be involved in regulating 442 

Shal/Kv4 and Shaker balance. 443 

Previous studies have shown that cyclin A and GABAA receptors (or RDL) in circadian neurons 444 

also regulate sleep latency (Agosto et al., 2008; Rogulja and Young, 2012; Afonso et al., 2015). A 445 

molecule named WAKE interacts with RDL, and the cycling manner of WAKE promotes 446 

excitability oscillation of l-LNvs (Liu et al., 2014). Moreover, DN1s may regulate wake-sleep 447 

transition at dusk in a clock-dependent manner (Kunst et al., 2014; Guo et al., 2016). Our results 448 

verified that Kv4 mediated IA in l-LNvs, and function-loss of Kv4 preferentially up-regulated 449 

membrane excitability at dusk, although Kv4 expression was not rhythmic. Moreover, RMP values 450 

exhibit circadian oscillation in l-LNvs, with depolarized RMPs at dawn. Thus, less Kv4 channels 451 

would be available for opening when RMPs are depolarized. This supports our data showing that 452 

blocking Kv4 did not significantly increased firing rate when circadian neurons were 453 

hyperexcitable at dawn. Although RMPs and firing rate also exhibit circadian oscillation in DN1s 454 

(Fig. 4-1), blocking Kv4 activity has no effects on sleep latency. We further demonstrated that this 455 

may be caused by the near absence of Kv4-mediated IA in DN1s. Thus, Kv4 controls wake-sleep 456 

transition at dusk in subsets wake-promoting cells, but not in DN1s. The phases of Ca2+ waves 457 

recorded with a fine temporal resolution were roughly coincident with membrane excitability and 458 

RMPs oscillations in l-LNvs, but with slight (~1-2 hrs) delay in peaks (Cao and Nitabach, 2008; 459 
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Liang et al., 2016). In this study, DNKv4 preferentially reduced excitability at dusk without 460 

causing daily excitability oscillation shifts (Fig. 5F), and presumably would reduce Ca2+ peaks as 461 

well. But how Kv4 exactly regulates intracellular Ca2+ waves and co-ordination of electrical 462 

excitability and Ca2+ waves need further study. 463 

PI exerts its effects as downstream of clock neurons and is one of the key targets (direct or 464 

indirect) of PDF neurons, although PI cells do not express molecular clock machinery (Jaramillo 465 

et al., 2004; Chung et al., 2009; Cavanaugh et al., 2014). Previous studies have suggested that 466 

EGFR/ERK signal in insulin-producing PI neurons plays important roles in regulating the 467 

consolidation and maintenance of sleep in Drosophila, indicating that PI cells act as 468 

wake-promoting neurons (Foltenyi et al., 2007; Cong et al., 2015; Barber et al., 2016). Our results 469 

are the first to demonstrate that the neuronal activities and PDF/PDFR signaling in subsets of PI 470 

cells (50y-GAL4 driver) participate in the regulation of sleep onset. 471 

 In this study, defects in sleep initiation were presumed to be due to the hyperactivity of 472 

specific circadian neurons caused by blocking Kv4 activity. dTrpA1 experiments further supported 473 

this notion. However, a recent study concluded that reducing the Shaker/Kv1 current would 474 

decrease, rather than increase, the action potential discharge in dFB (dorsal FB) (Pimentel et al., 475 

2016). Depleting Shaker from dFB neurons could shift the interspike interval distribution towards 476 

longer values, making it more difficult to generate next spike. We suppose that the opposite effect 477 

may be due to diverse types of Kv channels and different discharge and biophysical properties of 478 

neurons. For example, Kv4 is required for maintaining excitability in cultured neurons (Ping et al., 479 

2011), but not in groups of neurons from dissected brain in this study (Figs. 4 and 5). Whether 480 

driving DNKv4 expression in other sleep-promoting or wake-promoting neurons would cause 481 
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parallel or opposite effects on sleep needs to be investigated. Neurons in EB (Liu et al., 2016) , FB 482 

(Donlea et al., 2014; Pimentel et al., 2016) or a subset MBNs driven by 201y-GAL4 (Cavanaugh et 483 

al., 2016) could be tested in further studies. 484 

Previous work has provided a strong link between circadian periods with habitual sleep timing 485 

in human, and CRY1 is suggested to be associated with a familial form of delayed sleep phase 486 

disorder (Wright et al., 2005; Patke et al., 2017). However, we did not detect significant change in 487 

circadian periods by blocking Kv4 in LNvs and DN1s, indicating that delayed sleep onset in the 488 

mutants was not due to changes in circadian periods. Blocking Kv4 in PI cells disrupted rhythmic 489 

activities in most flies and we did detect a lengthened circadian period in the rhythmic ones. Since 490 

PI is a circadian output region and does not express clock machinery, it is not likely that intrinsic 491 

circadian rhythm disorder contributes to the sleep onset phenotype caused by blocking Kv4. 492 

Studies have provided evidence that links types of potassium channels to sleep phenotypes in 493 

Drosophila and human (Cornelius et al., 2011; Allebrandt et al., 2013; Barone and Krieger, 2016). 494 

For example, insomnia has been delineated in patients with neurologic disorders of Voltage-gated 495 

K+ channels (Kv) autoimmunity (or named Kv antibody syndrome). Sleep onset insomnia, defined 496 

as inability to fall asleep at the desired time, is observed in patients with neurodegenerative 497 

diseases and psychiatric disorders (Wulff et al., 2010). Abnormal sleep timing and pattern have 498 

also been observed in Drosophila disease models (Wulff et al., 2010; Tabuchi et al., 2015; 499 

Gonzales et al., 2016; Song et al., 2017). Our study may provide a potential alternative therapy of 500 

sleep onset insomnia by targeting Kv4 channels. 501 
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 667 

 668 

Figure Legends 669 

Figure 1. Sleep phenotypes in two different types of Kv4 mutants. 670 

A, Conventional sleep plots of controls (elav-GAL4 and UAS-DNKv4, n = 27) and experimental 671 
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flies (elav>DNKv4, n = 69) in 12h:12h light:dark (LD). White and black bars indicate 12 hr light 672 

and dark periods, respectively. 673 

B, Total sleep amount (in 24h) and sleep during day-time and night-time in controls and 674 

experimental lines as described in A. 675 

C, Histograms of the number of night-time sleep bouts during night-time for controls and 676 

experimental flies. 677 

D, Box plots for night-time sleep bout duration. As the data are not normally distributed, box plots 678 

were used. The line inside the box indicates the median; the upper and lower box limits the 75% 679 

and 25% quantiles; vertical lines above and below the box represent the 90% and 10% quantiles; 680 

points show the 95% and 5% outliers. 681 

E, Sleep latency after lights-off at ZT12. Sleep latency was measured from the time lights-off to 682 

the onset of first sleep episode. 683 

F, Conventional sleep plots of w1118 (n = 35), Shal495 (n = 95) and Shal495 with Kv4 overexpression 684 

lines (elav> Kv4;Shal495) (n=33). 685 

G-J, Histograms of total sleep amount and sleep during day-time and night-time (G), night-time 686 

sleep bout number (H), night-time sleep bout duration (I) and sleep latency at lights-off (J). 687 

Mean ± SEM is shown. “*”, “**”, “***” and “n.s.” denote P < 0.05, P < 0.01, P < 0.001 and not 688 

significant, respectively. Data are compared by Student’s t-test, except Mann-Whitney U test for 689 

comparison of nonparametrically distributed data. For multiple comparisons, one-way ANOVAs 690 

followed by post hoc Tukey were performed. For the quantification of Shaker mRNA expression 691 

levels in Shal/Kv4 mutants and sleep deficits in Shaker mutants, see Figure 1-1. 692 

 693 
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Figure 2. Kv4 in PDF cells regulates sleep onset 694 

A, Conventional sleep plots of controls (pdf-GAL4 and UAS-DNKv4, n = 32) and experimental 695 

flies (pdf>DNKv4, n = 47) in LD.  696 

B-E, Quantification of sleep latency after lights-off (B), and other sleep parameters showing total 697 

sleep amount and sleep during day-time and night-time (C), night-time sleep bout number (D) and 698 

night-time sleep duration (E). 699 

F, Conventional sleep plots of the transgenic lines, including c929-GAL4 (n = 31), c929>DNKv4 700 

(n = 33) and c929>DNKv4;pdf-GAL80 (n = 28). 701 

G, H, Quantification of sleep latency and sleep amount of flies shown in F. 702 

I, Conventional sleep plots in constant darkness (DD) of control (UAS-DNKv4, n = 30) and 703 

experimental (pdf>DNKv4, n = 31) flies. Gray and black bars indicate 12 hr subjective day and 704 

night, respectively. Note that sleep latency at subjective night was increased by expressing DNKv4 705 

in constant dark (DD). 706 

J, K, Conventional sleep plots of controls (pdf-GAL4 and Tub-GAL80ts;UAS-DNKv4, n = 22, and 707 

27, respectively) and experimental flies (pdf>DNKv4;Tub-GAL80ts, n = 27) at 29 ℃ in LD (J) and 708 

quantification of sleep latency (K) (inset procedure). 709 

Statistical analysis was performed as described above. For the quantification of sleep onset in 710 

males, Shal-RNAi mutants and circadian period, see Figure 2-1. 711 

 712 

Figure 3. Interference of Kv4 in DN1s does not significantly regulate sleep onset 713 

A, B, Conventional sleep plots of controls (Clk4.1M-GAL4, UAS-DNKv4 and R18H11-GAL4, n = 714 

27-32) and experimental flies (Clk4.1M>DNKv4 and R18H11>DNKv4, n = 30) in LD cycles. 715 
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C, Quantification of sleep latency after lights-off.  716 

Statistical analysis was performed as described above. Data are compared by one-way ANOVAs 717 

followed by post hoc Tukey. 718 

 719 

Figure 4. Kv4 contributes to IA and regulates activities in subsets of circadian neurons 720 

A, Shown are representative voltage-clamp recordings of IA from l-LNvs in two genotypes: 721 

pdf>CD8GFP (Control) and pdf>CD8GFP;DNKv4 (DNKv4). We first recorded total whole-cell 722 

K+ current, which was elicited by a 500 ms prepulse of -125 mV with a voltage jump to +50 mV. 723 

Then Kv4 (or IA) is completely inactivated and the total delayed rectifier current remains with a 724 

prepulse of +45 mV. IA trace obtained by subtracting the delayed rectifier (DR) current trace from 725 

the total K+ current trace. 726 

B, Shown are representative recordings of IA from PI neurons in two genotypes: 50y>CD8GFP 727 

and 50y>CD8GFP;DNKv4. 728 

C, Shown are representative recordings of IA from DN1s in two genotypes: clk4.1M>CD8GFP 729 

and clk4.1M>CD8GFP;DNKv4, in the presence or absence of 2 mM 4-AP.  730 

D, Shown are representative recordings of IA from l-LNvs in two genotypes: pdf>CD8GFP and 731 

pdf>CD8GFP;Shal495, in the presence or absence of 4-AP.  732 

E, Quantification of IA amplitudes recorded from the genotypes shown in A-D. Note that there is 733 

still remaining IA (~100 pA) in clk4.1M>CD8GFP;DNKv4 (DN1s) and Shal495 (l-LNvs) mutants, 734 

n = 6-9 for each case. 735 

F, GFP labelled PDF cells and a typical Lucifer yellow-filled l-LNv during recording (Left two 736 

panels). GFP labelled PI cells and a typical Lucifer yellow-filled PI neuron during recording 737 
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(Right two panels). 738 

G, Two typical firing patterns (tonic and burst firing) as shown in the up and down panels in 739 

GFP-labeled l-LNvs. 4-AP, a specific IA blocker, increased firing rate in both firing patterns at 740 

ZT9. And all the AP currents could be completely inhibited by TTX.  741 

H, I, 4-AP also increased firing rate in PI neurons and DN1s, and all the AP currents were blocked 742 

by TTX.  743 

J, Quantification of firing frequency in the cells as shown in G-I. n = 6-12 for each case. 744 

Statistical analysis was performed as described above. For the comparison of RMPs and firing rate 745 

in DN1s between control and DNKv4 mutants, see Figure 4-1. 746 

 747 

Figure 5. Kv4 controls membrane excitability at dusk. 748 

A, Shown are representative recordings of IA from GFP-labeled l-LNvs at ZT1 and ZT13. Note 749 

that there is no significant change in IA amplitudes. n = 12 for ZT1 and n = 13 for ZT13. 750 

B, Steady-state inactivation properties of Kv4 at ZT1 and ZT13. We used a pre-pulse from -120 to 751 

0 mV, in 10 mV intervals, then stepped to a test potential of +50mV (inset, procedure). 752 

Steady-state inactivation curves were fitted with Boltzmann function, I/Imax = 1/(1 + exp[(V – 753 

V1/2)/k]). There was no significant difference in half-maximal inactivation potential values (V1/2). 754 

(ZT1, V1/2 = -59.3 ± 1.9 mV, n = 11; ZT13, V1/2 = -61.5 ± 3.1 mV, n = 11). 755 

C, Representative spontaneous firing traces (at ZT1 and ZT13) showing RMP values of 756 

GFP-labelled l-LNvs by current-clamp recordings. Note that RMP is significantly depolarized at 757 

ZT1, as compared with ZT13. n = 6 for ZT1 and n = 7 for ZT13. 758 

D, Representative spontaneous firing patterns (cell-attached) are shown at the indicated time of 759 
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recordings in control (pdf>CD8GFP) or DNKv4-expressing l-LNvs (pdf>DNKv4;CD8GFP). Note 760 

that l-LNvs exhibit circadian oscillation of firing, with higher firing frequency at dawn and lower 761 

firing frequency at dusk. 762 

E, Relative proportions of firing phenotypes from l-LNvs at the indicated time of the circadian 763 

day. 764 

F, Quantification of firing rates at the indicated time of the circadian day as shown in E. Loss of 765 

Kv4 resulted in increased firing rate preferentially at dusk, when the firing frequency and RMP are 766 

relatively lower in l-LNvs. n = 8-10 for each case. 767 

Statistical analysis was performed as described above. Data are compared by Student’s t-test. For 768 

multiple comparisons, one-way ANOVAs followed by post hoc Tukey were performed. For the 769 

comparison of sleep onset by activating PDF cells between ZT9-12 and ZT12-15, see Figure 5-1A. 770 

For the comparison of firing rate between control and PaTx2 treated l-LNvs at different membrane 771 

potentials, see Figure 5-1B. 772 

 773 

Figure 6. PDF is required for DNKv4-mediated delayed sleep onset in PDF neurons 774 

A, Conventional sleep plots of indicated transgenic lines, including pdf-GAL4;pdf01 (n = 33), 775 

UAS-DNKv4;pdf01 (n = 27) and pdf>DNKv4;pdf01 (n = 27). 776 

B, C, Quantification of sleep amount (B) and sleep latency (C) of flies shown in A. 777 

D, Representative spontaneous firing traces showing RMP values of GFP-labelled l-LNvs in pdf01 778 

background flies by current-clamp recordings. Recordings were carried out at ZT1 and ZT13 and 779 

two transgenic lines were used (pdf>CD8GFP;pdf01 and pdf>CD8GFP;DNKv4;pdf01). 780 

E, F, Quantification of RMPs and firing frequency of l-LNvs recorded in D.  781 
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Statistical analysis was performed as described above. One-way ANOVAs followed by post hoc 782 

Tukey were performed. 783 

 784 

Figure 7. Function-loss of Kv4 in PI also leads to delayed sleep onset 785 

A, Conventional sleep plots of controls (UAS-DNKv4, n = 27, and 50y-GAL4, n = 32) and 786 

experimental (50y>DNKv4, n = 49) flies in LD. White and black bars indicate 12 hr light and dark 787 

periods, respectively and the arrow indicates delayed sleep onset in experimental flies. 788 

B-E, Quantification of sleep parameters showing total sleep amount (24h), sleep during day-time 789 

and night-time (B), night-time sleep bout number (C), night-time sleep duration (D) and waking 790 

activity (E). 791 

F, Sleep latency after lights-off at ZT12 for controls vs. experimental flies at 25 ℃ (left panel), 792 

and UAS-dTrpA1 vs. 50y>dTrpA1 at 29 ℃ (right panel). 793 

G, Conventional sleep plots of control (UAS-dTrpA1, n = 30) and experimental (50y>dTrpA1, n = 794 

39) flies in LD. Flies were raised at 29  to activate dTrpA1 during test period. The arrows 795 

indicates delayed sleep onset in experimental flies. Quantifications are shown in F. 796 

H, Conventional sleep plots in constant darkness (DD) of control (UAS-DNKv4, n = 30) and 797 

experimental (50y>DNKv4, n = 25) flies. Gray and black bars indicate 12 hr subjective day and 798 

night, respectively. 799 

I, Quantification of sleep latency at subjective night in DD for the genotypes as indicated in H. 800 

J, Conventional sleep plots of control (50y>white-RNAi, n = 26) and experimental 801 

(50y>pdfr-RNAi, n = 28) flies.  802 

K, L, Quantification of sleep amount (K) and sleep latency (L) for the genotypes as indicated in J. 803 
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Statistical analysis was performed as described above. For the quantification of sleep onset in 804 

males, see Figure 7-1.  805 
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Extended Data (Figure Legends) 807 
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  822 
Figure 1-1 823 
Shaker (Sh) mRNA expression levels in Shal/Kv4 mutants and sleep phenotypes in Sh 824 
mutants.  825 

A, Sh mRNA expression was measured in DNKv4 (elav/+;+;UAS-DNKv4/+), Shal495 and Kv4 + 826 

Shal495 (elav/+;UAS-Kv4/+;Shal495) animals. For quantitative RT-PCR, brains were isolated and 827 

total RNA was isolated from each sample using the standard Trizol Protocol. A DNase digestion 828 

was then done to remove potential DNA contamination and RT was performed. Each experimental 829 

animal sample was compared to each wild-type (wt) sample. All bars are represented as percent of 830 

wt animals. We noted that increased Shaker RNA expression in Shal495 mutants was not rescued 831 

by restoration of Shal/Kv4 in Shal495 mutants using the GAL4/UAS system. B, Conventional sleep 832 

plots of w1118 (n = 24) and experimental flies (Shmns/+, n = 35) in 12h:12h light:dark (LD). C, Total 833 

sleep amount (24h) and sleep during day-time and night-time in wt and experimental lines were 834 

analyzed as described in B. These data show reduced sleep amount in heterozygous female Shmns 835 

flies. D, Sleep latency after lights-off at ZT12. E, Conventional sleep plots of control (Shmns;+;+, 836 

n = 26) and experimental flies (Shmns;+;Shal495, n = 25) in 12h:12h light:dark (LD). F, Total sleep 837 

amount (24h) and sleep during day-time and night-time in wt and experimental lines. These data 838 

show reduced night-time sleep amount in Shal495 flies, in the presence of Shmns. Note that these 839 

flies exhibited very little day-time sleep. G, Sleep latency after lights-off at ZT12. H, 840 

Conventional sleep plots of control (w;UAS-Eko/+;+, n = 33) and experimental flies 841 

(pdf-GAL4/+;UAS-Eko/+;+, n = 27) in 12h:12h light:dark (LD). I, Total sleep amount (24h) and 842 

sleep during day-time and night-time in wt and experimental lines. J, Sleep latency after lights off 843 

at ZT12. 844 

  845 
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   846 

Figure 2-1 847 

DNKv4 and Shal-RNAi expression in PDF neurons delay sleep onset, but without effects on 848 

circadian period by interference of Kv4 in PDF and DN1s. 849 

A, Conventional sleep plots of control (w;UAS-DNKv4/+;+, n = 27) and experimental flies 850 

(w;UAS-DNKv4/pdf-GAL4;+, n = 49) in 12h:12h light:dark (LD) (left), and Quantification of 851 

sleep latency after lights-off at ZT12 (right). Our data show that blocking Kv4 function in PDF 852 

cells delayed sleep onset. B, Quantification of sleep latency at lights-off at ZT12 in male flies (n = 853 

24 for UAS-DNKv4, n = 34 for pdf>DNKv4). C, Activity records of representative controls 854 

(pdf-GAL4, and UAS-DNKv4) and experimental flies (pdf>DNKv4) for 3 d in LD and following 7 855 

d in DD. Quantification of circadian periods and rhythmicity is presented in the top panel. Our 856 

data show that there is no significant difference in circadian periods. D, Quantification of 857 

circadian periods for indicated genotypes, including UAS-DNKv4, R18H11-GAL4, 858 

R18H11>DNKv4, 50y-GAL4, and 50y>DNKv4. Rhythmicity is also shown in the bar graph. Our 859 

data show that DNKv4 expression in subsets of DN1s does not change the circadian periods (p > 860 

0.05) and rhythmicity, while most (over 80%) flies became arrhythmic when expressing DNKv4 in 861 

PI cells and the remaining rhythmic ones had ~25.3-hour period phenotype. E, F, Conventional 862 

sleep plots of two genotypes (Shal495 , n = 26, and pdf>Kv4;Shal495, n = 29) in LD (E), and sleep 863 

latency after lights-off at ZT12 (F). Our data indicate that restoring Kv4 expression selectively in 864 

PDF cells partially rescues delayed sleep onset in Shal495 mutants. G, H, Conventional sleep plots 865 

of controls (UAS-Shal-RNAi and pdf-GAL4, n = 24-28) and experimental (pdf>Shal-RNAi, n = 27) 866 

flies (G), and sleep latency after lights-off at ZT12 (H). Our data show that down-regulation of 867 

Kv4 expression by RNA interference (RNAi) also delays sleep onset, similar to those of DNKv4. 868 
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  869 
Figure 4-1  870 

Blocking Kv4 activity in GFP-labelled DN1s does not change RMPs and firing rate.  871 

A, Representative spontaneous firing traces showing RMP values and firing in DN1s 872 

(clk4.1M>CD8GFP) by current-clamp recordings at ZT1 and ZT13. B, Spontaneous firing traces 873 

showing RMP values and firing with interference of Kv4 function in DN1s 874 

(clk4.1M>CD8GFP;DNKv4) at ZT1 and ZT13. C, D, Quantification of RMPs and firing 875 

frequency of DN1s recorded in A and B. Our data show that RMP values declined from -49.2 mV 876 

at ZT1 to -63.6 mV at ZT13, and spontaneous firing rate was higher at ZT1 compared to firing at 877 

at ZT13 in control DN1s. Specific interference of Kv4 has little effects on RMPs and firing rate at 878 

ZT1 or ZT13.  879 

  880 

Figure 5-1  881 

Selectively activating PDF cell at ZT12-15 delayed sleep onset 882 

A, Continuous sleep data from control (UAS-dTrpA1, n = 20) and a fly expressing the 883 

temperature-gated cation channel dTrpA1 in PDF cells (pdf-GAL4>dTrpA1, n = 20) (top panel). 884 

The temperature changes are shown in the middle panel. Quantification of sleep latency after 885 

lights off at ZT12 is shown at bottom panel. Our data show that activating PDF cells at ZT12-15 886 

significantly increased sleep latency as compared to activating at ZT9-12. B, Quantification of 887 

firing frequency of l-LNvs at ZT1. Our data show that perfusion of 1 μM Phrixotoxin-2 (PaTx2) 888 

does not change the firing frequency at RMP (without current injection), but significantly 889 

increased firing frequency after hyperpolarization of ~10 mV by current injection (~-4 pA). Our 890 

data confirm that Kv4 may not regulate neuronal activity at depolarizing membrane potentials (for 891 

example at ZT1).   892 
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  893 

Figure 7-1  894 

DNKv4 expression in subsets of PI cells delayed sleep onset in males. 895 

A, Conventional sleep plots of controls (50y-GAL4, n = 26, and UAS-DNKv4, n = 26) and 896 

experimental flies (50y>DNKv4, n = 30). B, Sleep latency after lights off at ZT12. Our data show 897 

that blocking Kv4 function by DNKv4 expression in PI cells delayed sleep onset in males.  898 
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