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Sleep is thought to be important for health, cognition, and memnrj,I '3 Recent work
has shown that fruit flics share many features of mammalian slccp . mcludm;,
homeostatic regulation and performance deficits after prolonged wakefulness®.
Recently, through a systematic mutagenesis screen, we identificd short-sleeping
Drosophila melanogaster lines that carry loss-of-function mutations in Shaker (sh’.
Sh codes for the alpha pore-formmg subunit of a fast-inactivating voltage-
dependent potassium channel®, Since the Shaker current is potentiated by a beta
modulatory subunit coded by Hyperkinetic (Hk) *, we asked whether Hk mutations
also produce a sicep phenotype. Here we demonstrate that severe loss-of-function
Hi' and HE' mutants are short sleepers, and that they are restored to normal sleep
by a functional Hk” transgene. Moreover, by using a heat-box spatial learning
paradigm, we found that Hk’ and Hk" lines also have a memory deficit. To clarify
whether the short sicep phenotype and the memory impairnent are assaclated we
then tested a weaker hypomorphic allele, HF. Unlike, Hk' and Hk" flies, HK* flies
are normal sleepers and perform normally in the heat-box. We also compared
shurt-sleepmg Sh Yines (Sh™, K7, su™, Df(Sh)) with normal sleeping ones s’
$h%) and found that only the former had impaired memory. Thus, both pore-
forming and modulatory subunits of the Shaker complex strongly affect sleep
duration. Moreover, short sleep is associated with poor memory.

Many features of sleep are shared between mammals and fruit flies. As in mammals,
sleep in Drosoph:fa consists of long periods of behavioral immobility w1th increased
arousal thre‘shold4 , s assocrated with changes in brain electnical acuvuy and gene
expression” !, is reduced by caffeine and p.w:ostrmulants5 2.8 and becomes fragmented
with aging'*. ln both mammals and fhes sleep is also homeostatrca]]y regulated, i.e. its
duration and intensity increase with the duration of prior wakmg and sleep deprivation
results in deficit in performance’.

In a recent study we found that S&™™ flies, which carty a point mutation in a
conserved Sh domain, sleep only 3-4 hours/day, while their wild-type controls sleep 8-14
hours/iday’. After crossing out genetic modifiers accumulated over many generations, we
found that other hypomorph or amorph S# alleles become short sleepers, and fail to
complement the short sleeping SA™" phenotype. The Sh locus encodes the alpha subunit
ofa tetramcnc potassium channel that passes a voltage-activated fast- mactwanng (L)
current®. Homologous channels in vertebrates have similar properties’ 5 and, in both
mammals and flies, play a major role in the control of membrane repolarization and
transmitter releaseg.

The beta subunit encoded by Hk binds to each alpha subunit in the tetramer
(Fig.la) and its presence mcreases both the kinetic speed and amplitude of the potassium
current lhrou gh the pore” ', whereas Hk loss-of-function mutations enhance neuronal
excitability'’. To test whcthcr flies carrying severe Hk loss-of-function mutations would
be short sleeping we backcrossed the Hk' and Hk” mutations into different genetic
backgrounds (WwCS10, CS, wi]18), identified the mutant male or female progeny (Suppl.
Fig.1a-c), and then compared their sleep to that of their wild-type siblings. H&" male flies
of all strains spent 30 to 54% less time asleep than their wild-type siblings (Fig. 1b,

Suppl. Fig.1d). Homozygous mutant females also slept less than their heterozygous
siblings, while daily sleep amount did not differ between heterozygous and wild type




females (Fig. lc; Suppl. Fig.le), indicating that mutations in Hk act recessively to reduce
sleep. As expected, the severity of the short slceping phenotype depended on both gender
and genetic background, being greater in the w///8 strain for males and in the CS strain
for females (Fig. 1).

The decrease in daily sleep amount was mainly due to a decrease in the duration
of sleep episodes (Suppl. Fig. 2), and was positively correlated with the decrease in daily
sleep amount in both males and females (Supp!. Fig. 3). During waking, both male and
female mutant flies were more active than their wild-type siblings (Suppl. Fig.1f-g).
However, the decrease in daily sleep amount was negatively correlated with the increase
in waking locomotor activity in females, but not in males (Suppl. Fig. 3), suggesting that
the effects of Hk mutations on sleep and locomotor activity can be dissociated.

To determine whether mutations in Hk are responsible for the short sleeping
phenotype 3 sets of experiments were performed. Genetic mapping indicated that both
the shaking phenotype and the short sleeping phenotype mapped to a locus between cv
and v, which includes the Hk locus (Suppl. Fig. 4a-b). Moreover, complementation
analysis showed that, like homozygous Hk'/Hk' and HE'/HK" fies, HK'/HK' flies also
slept significantly less than their heterozygous siblings, i.e. the 2 mutant alleles failed to
complement each other (Fig. 1¢). Finally, since Hk acts recessively to affect sleep, it was
possible to cytologically map the short sleeping phenotype in females using 3
deficiencies that include the Hk locus. These deficiencies failed to complement H&’ and
Hk' for the short sleeping phenotype (Suppl. Fig. 5). Hk' and H&" are two independently
1solated mutations, and it is unlikely that both of them carry a second mutation in the
same gene, different from Hk, but close to the Hk locus. Thus, these data strongly suggest
that mutations in A% produce a short sleeping phenotype.

The wild-type Hk' i transgene can rescue the shaking phenotype produced by
either the H&' or the Hk! mutation®. We compared sleep in flies carrying a copy of HE'TA
¥ in the presence of either a mutant or a wild-type copy of Hk (Fig. 2a). Male H&’
rutants that inherited the transgene slept significantly more than their Ak siblings
(Figure 2b-c), and their daily sleep amount did not consistently differ from that of wild-
type siblings that inherited the balancer chromosome FM7a (Fig. 2¢) or the chromosome
with a wild-type H&" allele (compare Fig. 1b with Fig. 2c). Importantly, the transgene did
not consistently increase daily sleep amount in flies that inherited a wild-type Hk" allele
(Fig. 2c). Thus, a wild-type H¥ transgene specifically rescues the short slee ipg :
phenotype caused by a mutation in Hk. Male H% mutants that inherited Hk &% may, ot
may not, show a decrease in locomotor activity (data not shown), suggesting that the
effects of the transgene on sleep and motor activity can be dissociated.

When subjected to 24 hours of sleep deprivation all & and Hk™ flies lost > 90%
of their baseline sleep, and showed an increase in sleep duration during the 24 hours
foliowing sleep deprivation (Suppl. Fig. 6). The amount of sleep recovered varied
depending on genetic background, ranging from 10 to 80% of the amount of sleep lost
during sleep deprivation, but in all cases the increase in sleep duration did not differ
between each Hk mutant line and its wild-type siblings (Suppl. Fig. 6a). After sieep
deprivation sleep in Hk* flies became also more intense, as indicated by an increase in
their arousal threshold, but again Hk™ flies and their wild-type siblings showed similar
changes (Suppl. Fig. 6b). Finally, sleep deprived Hk flies were impaired in their ability to
move away from a complex stimulus, and a similar deficit in the escape response was




also observed in their wild-type siblings (Suppl. Fig. 6¢). Thus, the homeostatic
regulation of sleep is preserved in Hk™ flies. The short slecper phenotype persisted under
constant darkness, when sleep amounts were even lower than under light-dark conditions
{(Suppl. Fig. 7). Moreover, under constant darkness £k flies maintained a rhythmic
modulation of locomotor activity with a period of ~24 hours (Suppl. Fig. 7). Thus, Hk
mutations affect the daily sleep amount but not the homeostatic or the circadian
regulation of steep.

Behavioral studies in humans have shown a link between sleep and memary'a.
We used the heat-box spatial learning paradigm'® ! to assess leaming and memory in
Hi mutants. In this paradigm, single flies are housed inside a dark chamber that, during
several training sessions, can be quickly heated to an elevated temperature every time the
fiy runs to one-half of the chamber, and cools down as soon as the fly runs back. Training
sesstons alternate with testing periods when the whole box remains cool. During testing
normal flies show a progressively greater preference for the previously non-heated side of
the box, an indication of learning and, for some time afterwards, continue to avoid the
previously punished side even after training stops, an indication of memaory. During
training £k and Hk" mutants and their wild-type siblings were equally sensitive to the
high temperature (39°C) and, as expected, spent most of the time in the non-heated side
of the box (Fig. 3a-b, while bars). All flies also learned to prefer the non-heated stde of
the chamber (Fig. 3a-b, grey bars), with no differences between mutant flies and siblings
(stat). After training, however, HE' and HEY mutants lost their preference for the
unpunished side more quickly than controls (Fig. 3a-b, black bars). We then tested flies
carrying Hi’, a weaker hypomorphic Hk allele?”, and found that they were normal
sleepers relative to their wild-type siblings (values here; Suppl. Fig. 8). HFK flies showed
both normal learning and memory in the heat-box (Fig. 3c). Since these results suggested
a link between short sleeping phenotype and miemory decay, we took advantage of the
existence of both short-sleeping (SK™, S4'*, Sh™, Df{Sh)) and normal sleeping mutant
Sh lines (Sh'?", Sk"), and tested them in the heat-box. We found that, consistent with the
results for Hk lines, all short sleeping Sk lines showed a quicker memory decay than their
wild-type siblings, while all normal sleeping S lines also performed normally in the
heat-box (Fig. 4a-b). Spontaneous locomotor activity in the heat-box, instead, was similar
in all lines (Fig. 4c) —

These and previous data’ indicate that voltage-dependent potassium channels play
a key role in regulating sleep duration in flies. In mammals, there are at least 16 genes
coding for Shaker or Shaker-like channels, and 4 genes coding for Kv beta regulatory
subunits™ *, and their functions differ depending on subunit composition, anatomical
distribution, and electrophysiological properties . Sleep duration is normal in Kv3.2
knock-out mice™ , but reduced in Kv.3.1/Kv3. 3 knockout mice, whose inability to
maintain consolidated sleep is most likely due to motor dysfunctions™. A promising
candidate that needs to be tested 1s Xv/.2, which shows the strongest sequence homology
with $h, 1s highly expressed in the mammalian thalamocortical syslem”, and has been
implicated in the severe insomnia of a patient affected by Morvan’s syndrome™,

Of all Hi” and Sk flies that we tested, only the short sleeping lines could not
perform well in the heat-box, suggesting that their daily sleep amount is not enough to
maintain a normal waking performance in this operant task. Ion channels mutations,
however, are pleiotropic, and Hk mutations are no exception. Hi' and HE' flies, for




€xample, are ot only short sleeping, byt shake under ether anesthesiazz, and show an
abnorma} visually~inducedjumping response®. Jt i likely that in addition to shaking and

In conclusion, these molecular and genetic data add tg the behavioral evidence in
humans thay sleep is important for performance, learning, and memory, and that the Jatter
2

suffer when tota] acute sleep deprivation or chronic sleep restriction oceyr??.
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Figure legends

Figure 1. Mutations in Hk reduce sleep in male and female flies. a. Schematic showing
the Hyperkinetic (HK) beta modulatory unit attached on the cytoplasmic side to the
Shaker pore (SH). A fast-inactivating voltage dependent potassium (K*) current passes
through the pore. b-c. Minutes of sleep over a 24-h period (mean + SEM) for male (b)
and female (c) flies. The number of tested flies is indicated below each column. *,
p<0.001 ; **, p<0.0001 (unpaired Student’s T-test).

Figure 2: A wild-type Hk transgene rescues the short sleeping phenotype. a. Crossing
scheme. The Hk/7K-X94 transgenic construct includes the w+ transgene, and therefore
flies that inherited the transgene were identified based on eye color ina w-{w/118 or
w(§10) background. b. Daily time course (in 30-min intervals) of the amount of sleep in

Hi males (black line), and in Hk males carrying the transgene (grey line). The color
code is according to the scheme in panel a. ¢. Daily slecp amounts (mean = SEM, min of
sleep/24 hours) and activity index (number of beamn crossings/min, during waking). The
numbers of tested flies is indicated below each column. The color code is according to
the scheme in panel a. *, p<0.05; **, p<0.001 (unpaired Student’s T-test). The analysis
included a FM7a balancer chromosome dominantty marked with Bar? (81)in addition to
recessive markers (y3/d sc8 wa vOy). This FM7a balancer has a Hk" allele, since in
female flies it does not produce a shaking phenotype in combination with either Hi or
Hi'.FM7a was selected among all the X-chromosome balancers tested because it does
not significant!y affect daily sleep amount in a w/ /18 background.

Figure 3. Hk Mutations that reduce sleep also impairs performance in the heat-box
learning paradigm. a. Performance in the heat-box for Hk', Hk" and HIZ as compared to
their wild-type siblings. Performance index (P1) is the amount of time flies spend on one
side divided by the total time. PI can range from -1 (all time is spent on the heated,
punished side), to +1 (all time is spent on the non-heated side), while 0 indicates no
preference for either side. Before the experiments temperature (T) sensitivity was tested
in all lines and did not differ between mutant and wild-type siblings (see Methods). From
left to right: the white bar represents the 10-min pre-training period when both sides of
the chamber are kept at 22°C; the thick grey bars represent five I-min periods of training
(punished side 1s heated at 39°C, the other side remains at 22°C); the thin black bars
represent 1-min periods of testing (both sides at 22°C). During training PI is 2 measure of
T sensitivity, and did not differ between mutant and wild-type siblings (T sensttivity was
also tested between 22 and 40°C before the experiments, and did not differ between
lines). During testing PI measures learning {when testing periods alternate with training
periods), or memory (after the training periods have ended). All flies leamned to prefer the
non-heated side of the chamber (* p<0.03, signrank test), with no differences between
mutant flies and siblings. After training, however, short sleeping (HK', HE"), but not
normal sleeping (H4’) flies lost their preference for the unpunished side more quickly. b.
The extinction coefficient measures the speed at which flies lose their preference for the
unpunished side, and was calculated by dividing PI for each fly by the total time the flies
have a significant preference for that side: the bigger the extinction, the sooner the




preference is lost. The N of crossings is a measure of spontaneous locomotor activity in
the 10-min pre-training period.

Figure 4. Only Sh mutations that reduce sleep also increase extinction in the heat-box
learning paradigm. Extinction coefficient and N of crossings in short sleeping and
normal sleeping S lines.

Supplementary Figure 1. a. Crossing scheme used to generate Hk" and HK male flies,
which were separated based on the non-shaking and shaking phenotypes, respectively. b,
Crossing scheme used to generate females in the CS background. Heterozygous females
were crossed to /& males to generate heterozygous or homozygous mutant female
progeny, which were separated based on the non-shaking and shaking Phenotypes,
respectively. e. Crossing scheme used to generate the females in the w'' ¥ background.
The segregation away from 2 piggyBac insertions located in the intron downstream of the
first Hk promoter, PBac{XP}d 01140 (this figure) and PBac{RB} 00640 (not shown) was
used to determine the genotype. Flies that inherit these insertions (Hk'/PBac) have
colored eyes (due to the presence of aw’ transgene), do not shake, and show daily sleep
amount and activity levels similar to those of siblings that inherit a wild-type
chromosome (data not shown). Heterozygous females were crossed to A& mutant males,
and the white eyed homozygous mutant female progeny was compared to colored eyed

heterozygous female siblings. Also, to determine whether H£™ acts dominantly to reduce
steep, heterozygous females were crossed to Hk™ males to produce heterozygous (w118

HE /vt 118 HE') female (grey bar), which were compared to homozygous Hk* (w718
PBac{XP}d01140/ w1118 Hk") females (grey slashed bar) siblings. d-e. Daily time
course {in 30-min intervals) of the amount of sleep in #k" and H& male (d) and female
(e) flies in different genetic backgrounds. Strains wCS/10, CS, and w! 18 were chosen
because they differ significantly in daily sleep amount, but none of them carries a single
mutation that can account for this difference (presence or absence of a functional w+
transgene does not affect daily sleep amount, data not shown). White and black bars
under the x axis indicate the light and dark period, respectively. The number of tested
flies is the same as in Fig. 1. f-g The activity index for males (f) and female (g) flies over
a 24 h pertod {(number of beam crossings/min, during waking). The numbers of tested
flies is indicated below each column. *, p<0.05; **, p<0.001 (unpaired Student’s T-test).

Supplementary Figure 2. The effects of Hk mutations on sleep and waking parameters
depend on strain and gender, Duration (in min) and number of sleep and waking
episodes over a 24 h period (mean + SEM), in male {(a) and female (b) flies (same flies
shownin Fig. 1). *, p<0.05; **, p< 0.001; (Student’s T-test).

Supplementary Figure 3. The decrease in sleep amount is positively correlated with
the decrease in the duration of sleep episodes. On the Y axis A indicates the difference,
in the indicated variable, between wild-type and mutant sibling. The X axis shows the
difference in sleep (min/24 h) between wild-type and mutant sibling.

Supplementary Figure 4a. Genetically mapping of the short sleeping phenotype
associated with Hk1 and HkY to the Hk locus on the X-chromosame. a, Crossing




scheme: heterozygous females (y cho cv v fly+ chot cv+ HkI v+ f+) were crossed to
wi {18 males to generate recombinant male flies. ¢v and v that are the flanking markers
most proximal to //k on the X-chromosome b. Normal distribution plot for the
recombinant classes shown in a. Consistent with the fact that the shoit sleeping
phenotype maps to the Hk locus, the recombinants that inherited the Ht' mutation on
average slept less compared to sibling populations that inherited a wild-type allele (FHk").
¢. Comparison between the recombination frequency found in this study (Rf) and
published data (http://flybase bio.indiana.edu).

Supplementary Figure 4b. Same as Suppl. Figure 4a, except that the short sleeping
phenotype was mapped to the Hk" allele.

Supplementary Figure 5. Deficiencies including the Hk locus fail to complement the
short sleeping phenotype. a. Schematic representation of the region of the X

chromosome containing the Hk locus (9BS). As expected, defictency lines Dff1)IV35,
Dff)ras59, and Dff1)ED 7005, which include the Hk locus, produced a shaking
phenotype when crossed to either Hi' or Hk", while deficiencies that did not include 9BS
(Df(1 )ED699 D1 )HC 13} did not. b. Crossing scheme used to perform complementation
fests with H&' and HE". ¢, Daily sleep amounts (mean = SEM, min of sleep/24 hours) and
activity index (number of beam crossings/min, during waking). As in b, black bars
tepresent the DffHk)/HL combination while grey bars represent the 1‘%’:’:’1’”!!\'+ combination.
The deficiency and HK™ allele tested is indicated below the siblings pairs. The numbers of

tested flies is indicated below each column. *, p<0.05; **, p<0.001 (unpaired Student’s
T-test).

Supplementary Figure 6. There {mnse to sleep deprivation iy smm'ar in HE mutants
and their wild-type siblings. a. {{k’ and Hi" males and their Hk" siblings were tested in
the w78 and CS background. The 2 left bars in each group represent the percentage of
sleep lost during 24 hours of sleep deprivation (compared to baseline sleep = 100%),
while the 2 right bars indicate the percentage of sleep recovered during the 24 hours after
sleep deprivation (recovered = number of minutes flies overslept relative to baseline
during the first 24 h after sleep deprivation, expressed as % of sleep lost during sleep
deprivation). Only sleep deprived flies that lost >90% of baseline sleep were included in
this analysis. The number of tested flies is indicated below each column (same number
for lost and gained). With the exception of H&' flies in the w] /18 background, all flies
slept longer the day after slecp deprivation than during baseline (p<0.05; paired Student’s
T-test). b. Arousal threshold was measured as the percentage of sleeping flies (immobile
for at lcast 5 min) that d:d not show an escape response after the delwery of a complex
stimulus of low intensity®. A similar percentage (60-70%) of male Hk' flies and wild-type
siblings are non-responsive during baseline, and thetr number increases significantly and
to a similar extent after sleep deprivation. Values for baseline (bl.) and recovery after
sleep deprivation (recov.) refer to the first 6 hours of the dark period. ¢. To assess
performance after sleep deprivation awake flies were tested for their ability to respond to
a complex stimulus. As before®, performance was measured as the percentage increase in
the number of beam crossings during the minute after the delivery of the stimulus relative
to the minute prior to the stimulation. All flies were active {awake) the minute prior to the



delivery of the stimulus. Values (meantSEM) refer to the first 6 hours of the light period

before (bl.) and after (recov.) steep deprivation. *, p<0.05 ; **, p<0.001 (unpaired
Student’s T-test).

Supplementary Figure 7. The circadian regulation of sleep is similar in Hk mutants
and their wild-type siblings, Males were raised and kept in 12:12 light-dark (LD) cycle
for one week, and then moved to constant darkness (DD) for two weeks. Hkl and HkY
mutants were tested in the CS background and compared to Hk+ siblings. Crossing
scheme used to generate flies is the same as in figure la, Panels a through d depict flies in
LD conditions while panels e through h depict flies that have been in DD for over 5 days.
a. Left, daily time course {(in 30-min intervals) of the amount of sleep taken as the

average of the last two days in LD. Right, daily sleep amounts (mean £ SEM, min of
sleep/24 hours) and activity index {number of beam crossings/min, during waking) taken
from the last two days in LD. The number of tested flies is indicated below each column.
b. Autocorrelation analysis of locomotor behavior as calculated in wild-type and HE flies
taken over the last 4 days in LD cycle. The order of flies tested is the same as in c. €.
Actograms depicting activity over days 6-10 in DD. The grey bar under the plots
represents the subjective day period, the black bar represents subjective night. The
estimated pertod is 24.0 hours in wild-type flies and 24.1 hours in H& flies.
Autocorrelation analysis for individual Hk™ flies indicates that >90% are rhythmic, similar
to wild-type flies (data not shown).

Supplementary Figure 8. The Hk2 mutation is associated with normal daily sleep
amount. a. Datly time course (in 30-min intervals) of the amount of sleep in HK and

HE" males in two different genetic backgrounds. The number of tested flies is the same as
in b. b. Daily sleep amounts (mean + SEM, min of sleep/24 hours) and activity index
{number of beam crossings/min, during waking). The number of tested flies is indicated
below each column. *, p<0.001 ; *¥, p<0.0001 (unpaired Student’s T-test).

Methods

Animals

Flies (1-2 week old) were cultured and tested at 21°C, 68% humidity, on yeast, dark corn
syrup and agar food. Hk' is a point mutation induced by ethyl methanesul fonate™ . Flies
carrying Hk mutant alleles, Hk+ transgene and balancers had been crossed at least four
generations into the respective background. Heterozygous Hk- mutant females (FM7/Hk)
were crossed to males (w; Hk+/+) with the transgene . Male progeny that inherited the
wild-type Hk'T®-X% transgene could be descriminated by the w+ marker gene within this
P element construct.

Locometor activity, sleep, and measures of sleep intensity

Experiments included 1 day of adaptation, 2 baseline days, 1 sleep deprivation (SD) day
and 2 recovery days after SD. At the beginning of the experiment, individual flies were
placed in the Drosophila Activity Monitor System (DAMS, Trikinetics) inside glass tubes
with enough food for 1 weck of recording. Monitors were housed inside environmental
chambers (ThermoForma) where temperature and humidity were kept constant. Data
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analysis was performed by a custom-designed software developed in our laboratory® and
based on Statistica (StatSoft). The data were further analyzed using Matlab (Mathworks).
Sleep and wakefulness were determined for consecutive 1-min epochs. Wakefulness was
defined as any penod of at least 1 min characterized by activity (2 1 count/min). Based
on previous work®, sleep was defined as any period of uninterrupted behavioral
immobility (0 counts!min) lasting > 5 min. The duration of sleep episodes was calculated
by counting the number of consecutive 1-min epochs of sleep. Brief awakenings were

defined as t-min epochs with at least one count preceded and followed by 1-min epochs
with no counts.

Escape response to a complex stimulus

Flies were exposed to a complex stimulus consisting of a combination of noise and
vibration. Flies remained instde a DAMS monitor, which was inserted into a custom-
made frame specifically designed for the test®. The stimulus was produced by a flap
vigorously pushed for a few seconds against the glass tubes housing the flies. Such
stimulus was delivered once every hour at either side of the tubes via a computer-
controlled motor, and flies were tested for a total of 48 hours, including one baseline day
and the first recovery day after SD. Previous studies have shown that most flies move
away from the stimulus (and by doing so cross the infrared beam) if prior to its delivery
they had been actively moving around. By contrast, most flies do not show an escape
response if they had been immobile for 5 minutes before the stimulus was delivered®.
Thus, the percentage of non-responsive flies is used as a measure of the arousal threshold
to dislinguish awake flies from sleeping flics.

Escape response to heat ,

Single flies were placed inside a heat box where position and movements of the fly were
recorded and displayed on line®. Flies were first adapted to the chamber for 30 min.
Temperature on either side of the chamber was then altemately increased by 4°C every
min from baseline value to 44°C (Imin each at 24, 28, 32, 36, 40 and 44°C). The latency
to crossing the infrared beam, i.e. the time a fly needed to move to the cooler side of the
chamber, was measured for each temperature step. Latencies for all temperature steps
were averaged for each fly. Most flies took < 8 sec to move to the cold side of the
chamber. Thus, on average, the total heat exposure for each fly lasted for 30-40 sec. Flies
were tested during the first 2 hours after the end of SD and at the same time of day during
basetine. Pilot studies showed that the response to heat does not habituate in flies tested
during 2 consecutive baseline days.

Sleep deprivation

During SD, flies remained in the DAMS meonitor, which was placed vemcally inside a
framed box able to rotate along its major axis under the control of a motor®, The box
could rotate 180°C clock-wise or counter-clock-wise (2-3 revolutions/min}. At the nadir
of each rotation, the monitor was dropped 1 cm. This caused the flies to fall from their
curent position to the bottom of the tube. Previous studies® had shown that this method is
effective in reducing total sleep time by > 90%. Since locomotor activity durtng SD was
continuously recorded, the extent of sleep loss could be calculated for each individual fly.

10




Heat hox Experimental Setup

The conditioning apparatus was buil iy, the workshops of the Biocenter and js a modified
version of the one used in'?, | Consists of an array of 15 chambers (26 x 4x 2 mm)
Operated in parallel each with Peltier elements on top and bottor allowing for fast
heating angd cooling. The Peltier elementg Cover the whole length of the chamber. A
control circuit ang a thermo sensor keep the chamber at 5 defined temperature. Glass side
$ €nable transmission ang detection of infrared light from g LED source (invisible to

wall
the flies), The fly casts a shadow op 3 bar code reader onthe opposite side of the

Statistical analysis

Two-way ANOVAs with factors “day” (e.g. baseline VS recovery) and “ipen were used
(o analyze the data. Contrasts were tested by post-hoc t-test if the main facior or
interaction reached signj ficance,

1




References

1.

2.

10.

1.

12.

13.

14,

15.

16.

Horne, J. Why we sleep : the functions of sleep in humans and other
mammals (Oxford University Press, Oxford ; New York, 1988).

Bonnet, M. H. in Principles and Practice of Steep Medicine (ed. M.H.
Kryger, T. R, W.C. Dement, eds) 51-66 {Eisevier Saunders, Philadelphia,
2005). :
Dinges, D. F., Rogers, N. L. & Baynard, M. D. in Principles and Practice of
Sleep Medicine (ed. M.H. Kryger, T. R., W.C. Dement, eds) 67-76
(Elsevier Saunders, Philadelphia, 2005).

Hendricks, J. C. et al. Rest in Drosophila is a sleep-like state. Neuron 25,
128-38 (2000).

Shaw, P. J., Cirelli, C., Greenspan, R. J. & Tononi, G. Correlates of sleep
and waking in Drosophila melanogaster. Science 287, 1834-7 (2000).
Huber, R. et al. Sleep homeostasis in Drosophila melanogaster. Sleep 27,
628-39 (2004).

Cirelli, C. et al. Reduced sieep in Drosophila Shaker mutants. Nature 434,
1087-92 (2005).

Schwarz, T. L., Tempel, B. L., Papazian, D. M., Jan, Y. N. & Jan, L. Y.
Multiple potassium-channe! components are produced by alternative
splicing at the Shaker locus in Drosophila. Nature 331, 137-42 (1988).
Chouinard, S. W., Wilson, G. F., Schlimgen, A. K. & Ganetzky, B. A
potassium channel beta subunit related to the aldo-keto reductase
superfamily is encoded by the Drosophila hyperkinetic locus. Proc Natl
Acad SciU S A 92, 6763-7 (1995).

Nitz, D. A., van Swinderen, B., Tononi, G. & Greenspan, R. J.
Electrophysiological correlates of rest and activity in Drosophila
melanogaster. Curr Biol 12, 1934-40 {2002).

Cirelii, C., LaVaute, T. M. & Tononi, G. Sieep and wakefulness modulate
gene expression in Drosophila. J Neurochem 94, 1411-9 (2005).
Hendricks, J. C., Kirk, D., Panckeri, K., Miller, M. S. & Pack, A. . Modafinil
maintains waking in the fruit fly drosophila melanogaster. Sleep 26, 139-
46 (2003).

Andretic, R., van Swinderen, B. & Greenspan, R. J. Dopaminergic
moduilation of arousal in Drosophila. Curr Biot 15, 1165-75 (2005).

Koh, K., Evans, J. M., Hendricks, J. C. & Sehgal, A. A Drosophila model
for age-associated changes in sleep:wake cycles. Proc Natt Acad SciU S
A XXX, XXX (2006).

Littleton, J. T. & Ganetzky, B. lon channels and synaptic organization:
analysis of the Drosophita genome. Neuron 26, 35-43 (2000).

Wilson, G. F., Wang, Z., Chouinarg, §. W., Griffith, L. C. & Ganetzky, B.
interaction of the K channel beta subunit, Hyperkinetic, with eag family
members. J Biot Chem 273, 6389-94 (1998).

12




17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20,

30.

31,

32.

33.

Yao, W. D. & Wu, C. F. Auxiliary Hyperkinetic beta subunit of K+
channels: regulation of firing properties and K+ currents in Drosophila
neurons. J Neurophysiol 81, 2472-84 {1999).

Stickgold, R. Sleep-dependent memory consolidation. Nature. 437, 1272-
8. (2005).

Wustmann, G., Rein, K., Wolf, R. & Heisenberg, M. A new paradigm for
operant conditioning of Drosophila melanogaster. J Comp Physiol [A] 179,
429-36 (1996).

Wustmann, G. & Heisenberg, M. Behavioral manipulation of retrieval in a
spatial memory task for Drosophita melanogaster. Learn Mem 4, 328-36
(1997).

Putz, G. & Heisenberg, M. Memories in drosophila heat-box learning.
Learn Mem 9, 349-59 (2002).

Kaplan, W. D. & Trout, W. E., 3rd. The behavior of four neurological
mutants of Drosophila. Genetics 61, 399-409 (1969).

Misonou, H. & Trimmer, J. S. Determinants of voitage-gated potassium
channel surface expression and localization in Mammalian neurons. Crit
Rev Biochem Mol Biol 38, 125-45 (2004).

Yuan, L. L. & Chen, X. Diversity of potassium channels in neuronal
dendrites. Prog Neurobiol 78, 374-89 (2008).

Vyazovskiy, V. V. et al. Sleep EEG in mice that are deficient in the
potassium channel subunit K.v.3.2. Brain Res 947, 204-11 (2002).
Espinosa, F., Marks, G., Heintz, N. & Joho, R. H. Increased motor drive
and sleep loss in mice lacking Kv3-type potassium channels. Genes Brain
Behav 3, 90-100 (2004).

Sheng, M., Tsaur, M. L., Jan, Y. N. & Jan L. Y. Contrasting subceliular
locahzatlon of the Kv1.2 K+ channel subunit in different neurons of rat
brain. J Neurosci 14, 2408-17 {1994).

Liguori, R. et al. Morvan's syndrome: peripheral and central nervous
system and cardiac invoivement with antibodies to voltage-gated
potassium channels. Brain. 124, 2417-26. (2001).

Kaplan, W. D. & Trout, W. E. Genetic manipulation of an abnormal jump
response in Drosophila. Genetics 77, 721-39 (1974).

lkeda, K. & Kaplan, W. D. Patterned neural activity of a mutant Drosophila
melanogaster. Proc Natl Acad Sci U S A 66, 765-72 {(1970).

lkeda, K. & Kaplan, W. D. Unilaterally patterned neural activity of
gynandromorphs, mosaic for a neurological mutant of Drosophila
melanogaster. Proc Natl Acad Sci U S A 67, 1480-7 (1970).

Van Dongen, H. P, Maislin, G., Mullington, J. M. & Dinges, D. F. The
cumulative cost of additional wakefulness: dose-response effects on
neurobehavioral functions and sleep physiology from chronic sleep
restriction and total sleep deprivation. Steep 26, 117-26 (2003).
Schlimgen, A. K. in Genetics (Wisconsin-Madison, Madison, 1991).

13




sleep (min/3p min)

Figure 1

c = HC . SOt e P

800= == Hic/rii

EGOOF e _ 1 = . :.:'

8’400.". " ~ ;

3 200: ﬂ :
'Ms W33 397 U432 3873 78 g7 868 7y 54
Hi! Hk"ﬁ&‘; th?

Figure 2

HkY _
0 e ety

207 — fik

e - . 3

%, I AT e g £
m-ml e, |
0 M"-\

i] 12 24

Time ¢ hours)

L}
T

=

-

-

[

Activity Ingex

HiY i Hi?

wCSrp

wrirg

14




Figure 3

Hie

'y Os I' " | f!fr:! “;f !‘
02 I” ’ h"hnu !;”.” ’h H’ I "nm...

r
.- : ii
l ’ !

: mllllnnm

e

———

Crossing#

36 3625347!37846 383948

® ® N
b
c§a§ 2}

— 97757

15

il
|

o
v
N

Siblings
T e TWines




A HieQ X A ke g

Suppl. Figure 1

-f-f"ik"’.r.g X & K steain

rfépeat 3 (imag
{

} compare &

Shaking Non-Shaking

b

W’ Frg Hk'
wiitd PBacﬁP)dO 1140

O X P e s strain ? x

3 Hi Wit g ain

‘ﬁ% } Compare 2

Shaking Non—Shakfng

Activity Index

16




Suppi Figure 2

a1

Sleep episodes Males Waking Episodeg

g o .Eazo- )
= 3w E !

= = B0

S 2. s § .
£ 10 | g w9
a a -

¢

Number

Duration [rnirn)

Number

e e .55; HRY p HE' e gl k! ! .
Tk Hk ' v g v HE! gy il
s R Het e HEY pe MR b HAY fr
—— Mk —— ME”
CS w'ree w'iig

17




Suppl. Figure 3

Males Females
| e . . _
-8 20 SEENE P
[+ \ * . .
'(-:E_: % Mw . R / O P ) '
39 ‘/4/ .. l____bﬁ//
4% i ] ! :
= 0'21———4— . L_;JL I X
=B L S - :
= —_— - = JI —= I
_-é? _027 1 :::—j“ o S e
2z o i
T 04 . e A i
e e ) e —
< 067 T ; I R
10 e s .
I T B s = e DO T -
°% O T pne e e g T
F a : =¥ s
E 2 -i= SR e ———
C. 3': : __,__,’___\_____JM,___\____‘. [ _ [ D
< %@ : o v
2w ot
. % 2" i
] § — Tttt Hen . —
g1 o S i e =k 4
9_:. 1) —_— 4 — L ——{ .wz-ﬁh:__&___
22 24t —r—] ]
N T N S T - —
- at o
w 0= . v ’ 1 ) .
Qb (Wi _ L A S T — ’
58 g N e ot O ‘i 1 _
R N s S e
5 g 40—ttt —- : - — =t —
a2 e e e e T A
20 [ ] [ N ’ b
100 200 300 400 0 100 200 00
A Sleep per 24 h. {min.} A Sleep per 24 . {min.)
R? value Significance F
Duration of sleep episodes  Male 0.974 0.000255
Female 0.786 0.00335
Activity Index Mate 0.0176 0.802
Female 0.511 0.00896
Number of sleep episcdes  Male 0833 0.0583
Female £.00501 0.827
Duration of waking episodes Male 0.309 0.252
Femate 0.158 0.203
Number of waking episodes Male 0.631 0.0591
Female 0.00319 {.862

18



A Crossing scheme
o ¥

137 ;i
‘;\\O

coliect males

Possiple Combinations analyzag

C. Recornbination data
Loci T
1o
it

collgcl maleg

Possible combinalions analyzeqg

) CvHKY O

Sleep (minr24n)

19




Suppl, Figura 5

Hik (Bs)

IOIIIIL B l 2 E F e +
9A2—U‘Lgaa.n

Shaklng 9A Df{Nrassg 9F10-11
9B1 DI1IED7005
h:‘on- , ore = E069334 Ef(1)HC13a
ki 1
“aking 989-10 {1 9F 4

b stock D) @ X & 1y* oo strain
FM7 l

2efH) 1K Q X & HC CS strain

ot } compars o

Shaking Non-Shaking

3]

Sleep ( min)

Activity lndex

AhEhEL

43 34 2735 2733 3936 55 5540 2739
P
& @‘33 S \ L '\QQ

20




Suppl. Figure 6

2150 2438

lost recov. lost recay.
Hk? HkY

g

[AN]
=
=]

[

2! threshold

{no response)
=3
!

Arous
Responge toa
complex stimulys

¥
il
FF:
K

Sieep
i min-I’aOminj

Sleep {min)

iEm__
N 2l .
Activily Ingex

21




12 24

Time (h)
——me(h) |




23




