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Summary

Endogenous rhythmic behaviors are evolutionarily conserved and essential for life. In mammalian 

and invertebrate models, well characterized neuronal circuits and evolutionarily conserved 

mechanisms regulate circadian behavior and sleep [1–4]. In Drosophila, neuronal populations 

located in multiple brain regions mediate arousal, sleep drive and homeostasis (reviewed in [3,5–

7]). Similar to mammals [8], there is also evidence that fly glial cells modulate the neuronal 

circuits controlling rhythmic behaviors including sleep [1]. Here, we describe a novel gene 

(CG14141; aka Nkt) that is required for normal sleep. NKT is a 162-amino acid protein with a 

single IgC2 immunoglobulin (Ig) domain and a high quality signal peptide [9], and we show 

evidence that it is secreted, similar to its C. elegans ortholog (OIG-4; [10]). We demonstrate that 

Nkt null flies or those with selective knockdown in either neurons or glia have decreased and 

fragmented night sleep, indicative of a non-redundant requirement in both cell types. We show that 

Nkt is required in fly astrocytes and in a specific set of wake-promoting neurons – the mushroom 

body (MB) α’β’ cells that link sleep to memory consolidation [11]. Importantly, Nkt gene 

expression is required in the adult nervous system for normal sleep, consistent with a physiological 

rather than developmental function for the Ig-domain protein.
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Results

Knockdown of CG14141 leads to high nocturnal activity and altered sleep amount.

We identified CG14141 in an RNAi-based screen for genes that show enriched expression in 

astrocytes and regulate locomotor activity, circadian behavior or seizure-like behavior [12]. 

Flies with a pan-glial (repo-GAL4-dependent) knockdown of CG14141 have high levels of 

locomotor activity selectively in the night (Figure S1A). Similarly, Nkt knockdown in fly 

astrocytes, but not cortex or ensheathing glia, led to high levels of locomotor activity (Table 

S1). Notwithstanding the behavioral phenotype, there are no obvious effects of the 

knockdown on development, viability or gross nervous system morphology (data not 

shown). In addition, CG14141 has not been associated with phenotypes in other RNAi-based 

screens according to the Genome RNAi database [13]. The CG14141 gene was named 

Noktochor (Nkt), meaning “nocturnal” in Bengali, based on the high night-activity 

phenotype. Although there are no predicted off-target effects of the Nkt RNAi (Nkt.IR; listed 

in Key Resources), we nonetheless verified that Nkt.IR expression targets the Nkt gene. We 

measured RNA levels in head tissues of tub-GAL4>Nkt.IR flies that are expected to have a 

ubiquitous knockdown of the gene; those flies exhibited high nocturnal activity similar to 

flies with pan-glial knockdown (Figure S1B). In addition to Nkt, we assayed the Plod gene, 

because Nkt is nested within an intron of that gene (Flybase [14]). Suggesting RNAi 

specificity, quantitative real-time PCR revealed a significant reduction in Nkt mRNA 

abundance (>90%), relative to controls, with no effect on Plod expression (Figure S1C).

The high nocturnal activity phenotype of Nkt knockdown flies suggests a sleep deficit. To 

explore this possibility, we assayed sleep in flies with glial Nkt knockdown and controls 

using standard procedures (see Methods). Day sleep was normal in knockdown animals and 

controls (Figure 1A, C), similar to the activity phenotype, but night sleep was reduced on 

average by ~3 h (Figure 1A, D). As a consequence, total daily sleep was also decreased 

(Figure S2A). Indicative of sleep fragmentation, night sleep bout duration was decreased 

several fold (Figure S2C) and night sleep bout number was increased with glial Nkt 
knockdown (Figure S2D). Typical of many sleep mutants, latency – the time until the first 

sleep bout after lights off – was increased with Nkt knockdown (Figure S2B). However, the 

waking activity index – expressed as activity events per min – was in the normal range in 

knockdown flies, indicating wild-type locomotor health (U-Nkt.IR control, 4.0; repo-

GAL4>U-Nkt.IR, 3.5; w1118, 3.5).

We identified Nkt as a gene showing enriched expression in fly astrocytes [12]. Therefore, 

we examined sleep in flies with a knockdown of the gene in astrocytes, using two different 

GAL4 drivers: eaat1-GAL4 [15] and GMR86E01-GAL4 which was recently described as a 

reference line for fly astrocytes [16]. Both drivers have a broad astrocyte pattern of 

expression. We observed reduced sleep with Nkt knockdown using either GAL4 strain, 

although GMR86E01-GAL4 was associated with a strong sleep phenotype similar to that 

observed with repo-GAL4. As with pan-glial knockdown, there was no effect on day sleep 

(Figure S2G and Mendeley Data, http://dx.doi.org/10.17632/d6jx953yjy.1).

Nkt is expressed in neurons [17] but has highly enriched astrocyte expression, and we 

imagined the gene might have an astrocyte-specific requirement in behavior. Surprisingly, 
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elav-GAL4-driven pan-neuronal expression of Nkt.IR was also associated with high 

nocturnal activity, relative to genetic background controls, as was knockdown using nSyb-

GAL4, another pan-neuronal driver (Figure S1A). A high activity phenotype was observed 

in constant darkness (DD) with pan-neuronal or pan-glial Nkt knockdown, but activity 

nonetheless exhibited circadian changes (data not shown). Given the activity phenotype with 

neuronal knockdown, we examined sleep in flies of similar genotype. Pan-neuronal 

knockdown with either elav-GAL4 or nSyb-GAL4 resulted in reduced night sleep relative to 

controls (Figure 1B, D) with no effect on day sleep (Figure 1A, C). Sleep was also 

fragmented similar to that seen with glial knockdown of the gene (Figure S2C, D) and 

latency was increased (Figure S2B). However, the waking activity index was in the normal 

range (3.5 for both nSyb>U-Nkt.IR and w1118 flies). Thus, NKT is required in both 

astrocytes and neurons.

Elav-GAL4-dependent knockdown of Nkt results in strong night sleep loss. To ask whether 

Nkt is required for sleep homeostasis, we sleep deprived neuronal knockdown and control 

flies. Although baseline night sleep was decreased in elavGAL4>Nkt.IR flies, sleep loss and 

gain after 12 hours of deprivation were similar in experimental and control populations 

(Figure S3). Similar results were obtained in a replicate experiment and with the use of a 

different pan-neuronal GAL4 for knockdown (nSybGAL4). We conclude that Nkt regulates 

night sleep amount and consolidation but not homeostasis.

Sleep deficits are caused by decreased Nkt gene function.

Since only a single RNAi transgene exists for Nkt, we wished to be certain that sleep deficits 

observed in knockdown animals were not a consequence of ‘off-target’ effects of the Nkt 
RNAi. We explored this issue in 2 ways. First, we showed that Nkt knockdown phenotypes 

can be partially rescued by co-expression of Nkt+ with Nkt RNAi in the same cell type 

(either glia or neurons; Figure S4; see figure legend for details). Overexpression of Nkt+ in a 

wild-type background had no effect on day or night sleep (data not shown), with the 

exception of Dv_Nkt which slightly increased sleep relative to the GAL4 control; the 

biological significance of this small effect is unclear. Lack of effect for overexpression is 

consistent with tight physiological regulation of NKT amount, similar to what has been 

observed for overexpression of Pigment Dispersing Factor (PDF), a clock neuropeptide [18]. 

Second, we generated null alleles of the gene using CRISPR/Cas9 methods (see Methods). 

Null mutants of Nkt had a sleep phenotype similar to that observed with knockdown of the 

gene in either glia or neurons, confirming a role in sleep regulation (Figures 1E and S2E, F). 

Of interest, the null animals had a slightly extended daytime ‘siesta’, perhaps indicative of 

compensatory sleep due to the night sleep deficit. In the null background, expression of Nkt
+ in glia or neurons alone did not rescue the sleep phenotype, demonstrating an independent 

function in the two cell types. Conversely, an Nkt+ genomic transgene expressing a tagged 

version of NKT, under control of the endogenous promoter (see Methods) did rescue (all 

results in Mendeley Data, http://dx.doi.org/10.17632/7nsphs4fjm.2). Altogether, these 

results demonstrate that Nkt deficits cause the sleep phenotypes.

We wondered whether the night-sleep phenotype was a consequence of an altered light 

response, and therefore examined the phenotype in constant light and constant darkness. As 
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expected, sleep became arrhythmic in LL due to loss of circadian control; however, it was 

still reduced in the Nkt null compared to control w1118 flies (data not shown). Because the 

curves were flat in LL, it was not possible to specify selective effects on day or night sleep. 

In DD, sleep was reduced in the mutant but became unimodal in both genotypes (data not 

shown); thus, night and day sleep bouts were not easily identified. We conclude that the 

effect on sleep is not simply due to an altered response to light.

Conditional, adult knockdown of Nkt also results in sleep and activity phenotypes.

Nkt shows enriched expression in adult astrocytes [12] and is reported to have nervous 

system-specific expression in adult animals (FlyAtlas [19]). To ask if NKT was required in 

the adult brain, we performed temperature-dependent, adult-specific knockdowns using the 

TARGET (UAS/GAL4/tub-GAL80ts) system [20] along with the nSyb-GAL4 or repo-GAL4 

drivers. Within one day of the 30°C treatment, night sleep of knockdown flies was decreased 

to ~2/3 that of controls (Figure 2A, B), with no effect on day sleep parameters (Figure 2). 

There was a small but significant decrease in night sleep at 23°C (Figure 2A), but this is 

probably due to incomplete inhibition with Gal80ts at that temperature [20]. Conditional 

glial knockdown of Nkt using repo-GAL4 also resulted in a selective decrease of night sleep 

(Figure 2E, F), but only at 30°C with no effect on day sleep. Of note, night sleep was 

decreased in these experiments, but unlike constitutive knockdown it was not severely 

fragmented in either case (compare Figure 2C–D and G–H to Figure S2). This may result 

from less efficacious knockdown of Nkt in conditional experiments. Not surprisingly, 

conditional adult knockdown in either glia or neurons caused increased night activity, and 

this effect was completely reversible (all results in Mendeley Data, http://dx.doi.org/

10.17632/tpt29br8cj.2). Together with the effects on sleep, these results indicate a 

physiological function for NKT protein in the adult brain.

Nkt mRNA does not show a circadian rhythm in abundance.

As sleep is regulated, in part, by circadian processes, we considered whether Nkt RNA is 

under circadian control. In unpublished studies, we have examined genome-wide mRNA 

abundance profiles using total RNA from fly head tissues. This analysis demonstrated that 

Nkt mRNA does not exhibit circadian rhythms in abundance when assayed over a period of 

2 days in constant darkness (Figure S1D). Thus, if NKT is under clock regulation, this likely 

occurs via post-transcriptional mechanisms (translation, degradation or secretion of NKT). 

Alternatively, Nkt expression may respond to sleep pressure to control night sleep although 

the gene does not appear to regulate homeostasis (Figure S3).

NKT protein localizes to neural processes and behaves as a secreted protein.

NKT protein has a high quality signal peptide, predictive of secretion, based on analysis by 

SignalP [21]. According to TMHMM [22] and PredGPI [23], it has neither a transmembrane 

domain nor a predicted GPI anchor, consistent with secretion into the extracellular space. 

Indeed, the C. elegans ortholog (OIG-4) is known to be a secreted protein [10], and this 

suggests that NKT may be secreted as well. The protein is highly conserved among 

invertebrate species, and in insects it is remarkably similar (70-90% identical) in species 

ranging from Dipterans to honeybees, ants and butterflies. Although there is not an obvious 
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mammalian NKT ortholog, the Ig domain of NKT is similar to that of many Ig-containing 

mammalian proteins with neural functions including several short forms of Neuregulin 2.

To determine the endogenous expression pattern of NKT, transgenic flies were generated 

carrying insertions of an ~30-kb fosmid clone in which the C-terminal NKT coding region is 

tagged, in frame, with sequences encoding multiple epitopes including superfolder GFP 

(sGFP; Figure 3A; [24]). As already mentioned, this genomic construct can rescue the sleep 

behavior of an Nkt null mutant. Flies carrying one or two copies of the transgene expressed 

NKT:sGFP in glial cells and neurons in many regions of the fly brain. Punctate signal for 

NKT:sGFP was detected in processes of Repo-positive glial cells within the optic lobe 

(Figure 3B) and other brain regions. It was also broadly localized within Elav-positive 

neurons and within neuropil (Figure 3C), similar to that observed for overexpression of an 

NKT:GFP fusion.

To test whether endogenous NKT was secreted, we asked whether brief KCl treatment of 

brains – expected to cause release of neuropeptides – could decrease the NKT:sGFP signal 

within processes of glial astrocytes. We chose to examine easily identified astrocytes of the 

fly optic medulla (Figure 3B) in these experiments. As shown in Figure 3D–E, a 90-sec KCl 

treatment of brains resulted in substantially reduced signal within these cells. In contrast, 

repo antibody signal was not noticeably altered by the KCl treatment (Figure 3D), indicating 

that the reduced sGFP signal does not result from effects of KCl treatment but is likely due 

to release of NKT. These results suggest that NKT is a secreted protein, similar to its C. 
elegans ortholog.

Nkt expression is required in α’ β’ mushroom body neurons for normal night sleep.

Astrocytes are found in all regions of the fly brain and there are few characterized GAL4 

drivers that distinguish spatially distinct subtypes. Thus, we focused on the neuronal 

requirement for Nkt as there are GAL4 drivers that distinguish the different sleep-regulating 

neuronal populations. Multiple regions of the fly brain, including the mushroom body (MB), 

participate in the regulation of sleep. In a set of experiments designed to localize circuits 

requiring Nkt for nocturnal sleep regulation, we included mb247-GAL80 [25]) in the 

background of flies with a pan-neuronal knockdown of the gene; this GAL80 is predicted to 

inhibit GAL4 activity in the MB. If Nkt is required in the MB, then expression of mb247-

GAL80 should ameliorate the Nkt knockdown phenotype by blocking GAL4 activity and U-

Nkt.IR expression. As shown in Figure 4A, mb247-GAL80 blocked MB expression of GFP 

in nSyb-GAL4>Nkt::GFP flies, whereas GFP expression was not affected in the FB and 

Ellipsoid body. More important, expression of mb247-GAL80 in flies with a pan-neuronal 

Nkt knockdown was sufficient to significantly rescue the night sleep defect (Figure 4B). To 

follow up on this finding, we utilized a panel of MB GAL4 drivers to verify the requirement 

for Nkt in this brain region. In confirmation, expression of U-Nkt.IR under control of 2 

different pan-MB drivers (238-GAL4 and OK107-GAL4) resulted in nocturnal sleep loss 

(Figure 4C and data not shown).

We asked whether specific cells of the MB require Nkt. It has been reported, for example, 

that the α’β’ MB neurons [26] promote wakefulness and the integration of sleep with 

memory consolidation [11], the latter another function of the MB [27]. Thus, we asked if 
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Nkt if required within this subset of MB neurons, using two different GAL4 drivers that 

express in the α’β’ cells (c305a-GAL4 and R35B12-GAL4 [25,28]). Indeed, we found that 

knockdown of Nkt with either driver was associated with decreased night sleep but normal 

day sleep (Figure 4D, E), similar to the phenotype observed in flies with a pan-MB or pan-

neuronal Nkt deficit. These results indicate a specific requirement for Nkt in important 

sleep-regulating MB neurons.

Discussion

Our study has identified a novel astrocyte-enriched Ig-domain protein that regulates night 

sleep. Conditional knockdown experiments indicate that Nkt functions in the adult brain for 

the physiological regulation of sleep. The results demonstrate localization of NKT in 

processes of neurons and astrocytes and suggest that the protein is secreted from these cells, 

similar to the C. elegans ortholog OIG-4 [10]. Although secreted neuronal peptides, 

including PDF, are known to be important regulators of circadian behavior and sleep [29–

37], very few secreted glial peptides regulating sleep have been reported. However, it has 

been reported that glia-neuron signaling via Notch-Delta interactions regulate sleep 

homeostasis [38], and a recent paper describes a function for fly astrocyte TNFα (Eiger) 

and its receptor (Wengen) in this process [39]. More generally, glia-neuron interactions are 

known to be important for sleep regulation in mammals and Drosophila [38,40]. Mammalian 

astrocytes modulate sleep homeostasis by an action of adenosine on A1 neuronal receptors 

(reviewed in [8]). In Drosophila, several glial classes have been implicated in sleep 

regulation. Perturbations of endocytosis in fly surface glia, for example, enhance sleep and 

lead to resistance to sleep deprivation [41]. It has also recently been reported that 

ensheathing glia and a taurine transporter (Eaat2) localized in these cells promote sleep 

during the daytime [42], the opposite of NKT.

NKT is required in both astrocytes and specific cells of the mushroom body (MB), of 

interest as the MB has been implicated in sleep regulation [43,44]. The MB is innervated by 

multiple populations of neurons – including the inhibitory Dorsal Paired Medial (DPM) and 

the Anterior Paired Lateral (APL) cells [11,45,46] – and the DPMs can promote sleep by 

inhibiting the wake-promoting MB α’β’ neurons [11]. As NKT is required in the α’β’ 

neurons, we suggest it is secreted from those cells to enhance inhibitory inputs, thus 

promoting sleep. There are two possible mechanisms by which NKT secretion might 

regulate synaptic inhibition: (1) by activation of sleep-promoting DPM or APL neurons 

through a retrograde action of the secreted protein, or (2) through an autocrine action of 

NKT on the α’β’ neurons, themselves, to regulate the cellular response to neurotransmitters. 

An intriguing possibility is that NKT acts to regulate neurotransmitter receptor amounts or 

clustering on the α’β’ neurons, similar to the autocrine action of C. elegans OIG-4 on 

muscle acetylcholine receptors [10].
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STAR*METHODS

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, F. Rob Jackson (rob.jackson@tufts.edu). Transgenic 

Drosophila strains generated in this study will be made available for use upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Drosophila melanogaster males were employed in all studies.

METHODS DETAILS

Fly Stocks and maintenance: A standard cornmeal-agar medium, with added 

wheatgerm, was used for crosses and maintenance of Drosophila cultures. All crosses or 

stocks were reared at 25°C in a light/dark cycle consisting of 12 hours of light and 12 hours 

of dark (LD 12:12) unless otherwise stated. The sources of Drosophila strains are indicated 

in the Key Resource Table.

DNA Cloning and production of transgenic flies: The UAS-Nkt::GFP plasmid 

construct was generated using a full-length cDNA clone for Nkt (RH33338). A 530-bp 

cDNA encoding the entire Nkt gene was PCR amplified using a forward primer containing 

an EcoRI site and a reverse primer containing an XhoI site (Table S2). The amplified 

fragment was cloned into the pUAST transformation vector. Sequence encoding Emerald-

GFP(EMD) was obtained by KpnI digestion from a pUAST vector containing an ANF-EMD 

fusion [47] and ligated into the pUAST-Nkt vector to generate pUAS-Nkt-GFP (EMD is 

hereafter referred to as GFP). D. virilis Nkt cDNA and all other synthetic DNAs were 

obtained from GenScript, Inc. The D. virilis ortholog encodes a protein that is >90% similar 

to D. melanogaster NKT, but the coding sequence is not predicted to be targeted by D. 
melanogaster U-Nkt.IR (RNAi) expression. NotI and BamHI sites were included at the 5’ 

and 3’ ends, respectively, to facilitate cloning into pUAST. Fosmid clone clone 

fTRG3207692103829951_C07 of the TransgeneOme collection was employed to generate 

transgenic flies expressing NKT::sGFP under control of the endogenous promoter. This 

clone contains >10-kb of upstream and downstream sequences surrounding the Nkt gene. 

Generation of these fosmid genomic clones has previously been described in detail [24].

Production of CRISPR Nkt alleles: Nkt knockout lines were engineered using a 

CRISPR strategy with eye color selection markers [48]. A pCFD5 construct [49] containing 

two sgRNAs against Nkt and one sgRNA against w (U6:3-t:: gRNA-nkt x 2:w) was inserted 

into attP40 embryos. The sequences of sgRNAs are shown in Table S2. Males from two 

resulting lines (L1 and L2) were mated with y1, M{vas-cas9}ZH-2A (Bloomington 66554) 

virgin females. Possible transgenic CRISPR Nkt knockout lines were created by 

backcrossing individual male progeny with red and white mottled eyes suggestive of leaky 

Cas9-mediated w interference. These lines were denoted with the original pCFD5-

containing line and individual clone number. For example, L2-11, the strain shown in Figure 

1, represents clonal line 11 from the L2 cross). Each line was backcrossed to remove 

balancer markers and create homozygous Nkt knockout lines. Homozygous lines were 
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screened for Nkt using PCR genotyping and were confirmed via sequencing (primer 

sequences shown in Table S2). All mutants lack the NKT Ig domain and are predicted to 

produce amino-terminal truncated NKT proteins of 19-44 amino acids.

Quantitative PCR: RNA was isolated from whole head tissues using the TRIzol method, 

and cDNA was generated using a kit from Invitrogen. Primers shown in Table S2.

Immunohistochemistry and imaging: For most immunochemical experiments, adult 

fly brains were dissected in ice cold 1X phosphate buffered saline (PBS) and incubated in 

4% Paraformaldehyde (PFA; EMS Cat. # 15712-S) for 30 minutes on ice. Brains were then 

washed in 1X PBST (0.3% TritonX-100), blocked with 4% normal goat serum (NGS in 1x 

PBST) and incubated overnight with primary antibody at 4 °C. Primary antibodies used were 

anti-REPO (mouse, 1:500 dilution) and anti-ELAV (mouse, 1:100 dilution). Fluorophore-

conjugated secondary antibodies (Alexa fluor 555) were used at 1:1000 dilution. For 

visualizing sGFP, flies were fixed for 30 minutes in 4% PFA prior to dissection in PBST. 

After dissection, brains were fixed in 4% PFA for 20 minutes and blocked with 5% NGS for 

3 hours at room temperature before primary antibody incubation. Anti-GFP (Life 

Technologies) was applied at 1:1000 for 2 days at 4°C. After washing, brains were incubated 

with anti-rabbit Alexa Fluor 488 at 1:500 for 1 day at 4°C. Brains were washed in PBST 

following antibody application and mounted in Vectashield. Two υm optical sections were 

acquired using Leica TCS SP2 or Nikon A1R confocal microscopes.

To visualize NKT-sGFP signal in KCl-treated brains, flies were anesthetized on ice before 

dissection in PBS. Immediately after dissection, treated brains were transferred, one at a 

time, to a 50 mM KCl solution diluted in PBS for 90 seconds. Thereafter, they were fixed as 

described above. For controls, brains were fixed immediately after dissection. All brains 

were then blocked as described above and then incubated in primary antibodies (Anti-GFP, 

1:500 and Anti-REPO, 1:500) for 1 day at 4°C. After washing in PBST, brains were 

incubated with anti-rabbit Alexa Fluor 488 and anti-mouse Alex Fluor 647, both at 1:500, 

for 1 day at 4°C. Brains were then washed and mounted and images acquired as described 

above. A region of interest (ROI) was drawn around astrocytes to quantify sGFP signal. 

Pixel intensity was quantified using Fiji/ImageJ.

QUANTIFICATION AND STATISTICAL ANALYSIS

Behavior Assays: Locomotor activity was assayed using monitors and software from 

Trikinetics, Inc. Activity was collected in 1-min bins from 3-5 day-old males. For sleep data 

analysis, activity data was collected 24 h after CO2 administration. For conditional 

knockdown assays, flies expressing tub-GAL80ts were reared at 23°C. Two to three-day old 

flies were loaded in activity tubes and entrained to LD 12:12 at the same temperature and 

then exposed to higher temperature (30°C) to inactivate temperature sensitive GAL80ts and 

induce dsRNA (RNAi) expression. Sleep deprivation experiments were performed using an 

automated SNAP device [50]. Analyses of sleep and activity were performed using an 

Excel-based package obtained from Paul Shaw [51] and a MatLab-based package (Fly 

Toolbox) from Joel Levine [52].
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Statistics: The D’Agostino & Pearson normality test was used to assess normality in data 

sets. A one-way Tukey-Kramer Multiple Comparisons test was used to assess statistical 

significance if data were normally distributed. If the absence of normality, we used the 

Kruskal-Wallis nonparametric ANOVA with Dunn’s Multiple Comparison test. For 

experiments with two genotypes, a two-tailed Student’s t-test was used. Significance was 

determined as p<0.05.

DATA AND CODE AVAILABILITY

The datasets supporting the current study have not been deposited in a public repository due 

to the number of raw data files resulting from the analysis of behavior, but are available from 

the corresponding author on request. The studies did not generate new code.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• A novel, secreted immunoglobulin-domain protein (NKT) regulates fly sleep.

• Decreased NKT function selectively decreases fly night sleep.

• NKT is required in both astrocytes and wake-promoting neurons for normal 

sleep.

• It is likely that NKT mediates intercellular signaling in the adult brain.
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Figure 1. Nkt deficits lead to reduced night sleep with no effect on day sleep.
A-B) Population sleep profiles (Day 2 -Day 4) for flies in LD 12:12 with either pan-glial (A) 

or pan-neuronal (B) Nkt knockdown. RG4, repo-GAL4; eG4, elav-GAL4; SG4, NSyb-

GAL4. C) Average day sleep in the different genotypes. D) average night sleep. Histograms 

represent averages for 3 days of LD data. E, F) Sleep phenotype of the Nkt L2-11 null 

mutant. The mutation was backcrossed into a w1118 background, the control shown in this 

panel. In this figure and all others, error bars are SEM. **, p<0.01 or ***, p<0.001 relative 

to U-Nkt.IR or GAL4 controls. See also Figures S1, S2, S3 and S4 and Table S1.
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Figure 2. Conditional pan-neuronal or pan-glial knockdown of Nkt in adult flies results in 
decreased sleep.
Experimental (nSybG4>Nkt.IR; tubGAL80ts or repoG4>Nkt.IR; tubGAL80ts) and control 

flies were reared at 23°C and LD 12:12 and then maintained in the same conditions as adults 

for 4 days. A 30°C step-up in temperature was used to inactivate GAL80ts and turn on 

GAL4 activity. Although only 2 days are shown in panels A and E, sleep was significantly 

decreased on each of the 4 days at 30°C in experimental flies compared to controls. A) Four-

day sleep curves for nSybG4>Nkt.IR; tubGAL80ts and controls. B) Average day and night 
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sleep amounts for experimental and control populations. C) Day and night sleep average and 

maximum bout lengths. D) Average bout numbers for day and night sleep. n = 12-15 flies 

for all genotypes. E) Four-day sleep curves for repoG4>Nkt.IR; tubGAL80ts and controls. 

F) Average day and night sleep amounts for experimental and control populations. G) Day 

and night sleep average and maximum bout lengths. H) Average bout numbers for day and 

night sleep. For both neuronal and glial knockdown, similar results were obtained in two 

independent biological replicates. n = 11-16 flies for all genotypes. ***, p < 0.001, **, p < 

0.01 and *, p < 0.05 compared to controls. See also Figures S1, S2 and S4.
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Figure 3. NKT:sGFP is trafficked to glial and neuronal processes and it behaves as a secreted 
protein.
A) Schematic representation of endogenously tagged Nkt. B) NKT::sGFP expression in 

optic lobe glial cells of transgenic flies expressing the tagged protein from the endogenous 

promoter. Repo signal shows the positions of glial cell nuclei. C) Endogenous NKT in adult 

brain cells as assessed by NKT::sGFP localization. Elav signal shows the positions of 

neuronal nuclei. D) NKT:sGFP signal within astrocytes of the medulla optic lobe 

(arrowheads) is decreased in 90 sec by 50 mM KCl treatment. Repo antibody signal is not 
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altered by KCl treatment. E) Mean and modal sGFP pixel intensities (arbitrary units) with 

and without KCl treatment. n=8 brains for both control and KCl-treated samples. Scale bars 

are 20 μm for B and 50 μm for C. *, p<0.05; **, p<0.01.
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Figure 4. Nkt is required in mushroom body (MB) α’β’ neurons for normal sleep.
A) mb247-Gal80 blocks Gal4 activity in the MB but not the ellipsoid body (E) or fan-shaped 

(FB) body neurons. Signals were enhanced in Photoshop for the right-hand image to 

document lack of GFP expression in the MB. B) Night sleep phenotype of syb-Gal4 

(SG4)>Nkt.IR; mb247-Gal80 (mb-G80) flies and controls. Night sleep for the nSybG4>U-

Nkt.IR; mb247G80 population (a 3-day average) is significantly different from that of the 

nSybG4>U-Nkt.IR knockdown control; p<0.01. C) Flies with 238Y-GAL4-driven 

knockdown have reduced night sleep and sleep bout fragmentation. This panel shows one of 
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3 biological replicates with similar results. Knockdown of Nkt with a different pan-MB 

driver (OK107-GAL4) also reduced night sleep. D, E) Nkt knockdown in the α’β’ lobes of 

the MB using either R35B12-GAL4 (C, C1) or c305a-GAL4 (D, D1) causes a reduction in 

night sleep with no effect on day sleep. For C, D and E, histograms represent averages for 3 

days of LD data. **, p<0.01; ***, p<0.001 relative to controls.
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KEY RESOURCE TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Software

DAM acquisition software Trikinetics, Inc. http://www.trikinetics.com

Flytoolbox software Joel Levine, U. Toronto, Canada [52]

Sleep analysis software Paul Shaw, Wash. U., St. Louis, MO) [51]

MatLab v. 2011b The MathWorks, Natick, MA, USA https://www.mathworks.com/products/
matlab.html

Other

DAM activity monitors Trikinetics, Inc. http://www.trikinetics.com

Nkt cDNA clone RH33338 Drosophila Genome Resource Center 
(DGRC)

https://dgrc.bio.indiana.edu/Home

fosmid clone fTRG3207692103829951_C07 Source Bioscience, Nottingham, UK https://www.sourcebioscience.com/

Anti-REPO and anti-ELAV antibodies Developmental Studies Hybridoma Bank http://dshb.biology.uiowa.edu

Anti-GFP antibody ThermoFisher, Inc. https://www.thermofisher.com/us/en/
home.html
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