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NOVEL PATHWAY FOR AROUSAL INVOLVES SPLICING OF AN INTRON IN PERIOD CLOCK GENE

A Novel Pathway for Sensory-Mediated Arousal Involves Splicing of an Intron in

the period Clock Gene
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Study Objectives: D. melanogaster is an excellent animal model to study how the circadian (= 24-h) timing system and sleep regulate daily
wake-sleep cycles. Splicing of a temperature-sensitive 3'-terminal intron (termed dmpi8) from the circadian clock gene period (per) regulates the
distribution of daily activity in Drosophila. The role of dmpi8 splicing on daily behavior was further evaluated by analyzing sleep.

Design: Transgenic flies of the same genetic background but expressing either a wild-type recombinant per gene or one where the efficiency
of dmpi8 splicing was increased were exposed to different temperatures in daily light-dark cycles and sleep parameters measured. In addition,
transgenic flies were briefly exposed to a variety of sensory-mediated stimuli to measure arousal responses.

Results: Surprisingly, we show that the effect of dmpi8 splicing on daytime activity levels does not involve a circadian role for per but is linked to
adjustments in sensory-dependent arousal and sleep behavior. Genetically altered flies with high dmpi8 splicing efficiency remain aroused longer
following short treatments with light and non-photic cues such as mechanical stimulation.

Conclusions: We propose that the thermal regulation of dmpi8 splicing acts as a temperature-calibrated rheostat in a novel arousal mechanism,
so that on warm days the inefficient splicing of the dmpi8 intron triggers an increase in quiescence by decreasing sensory-mediated arousal, thus
ensuring flies minimize being active during the hot midday sun despite the presence of light in the environment, which is usually a strong arousal

cue for diurnal animals.
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INTRODUCTION

Animals exhibit daily wake-sleep cycles that are partially con-
trolled by interacting networks of cell-based circadian (= 24-h)
“clocks” or pacemakers located in the brain."* Drosophila me-
lanogaster is an excellent animal model system to study the
mechanisms underlying circadian rhythms and sleep.*¢ Like
many diurnal animals, the daily distribution of activity in D.
melanogaster is largely bimodal with clock-controlled morning
and evening peaks separated by a period of relative inactivity
generally referred to as the midday “siesta.”” Temperature is
a potent environmental signal that modulates the daily distri-
bution of activity in animals.*® In D. melanogaster, increases
in daily average temperature are accompanied by a gradual
delay in the onset of the evening bout of activity, a more robust
midday siesta, and although less significant in magnitude, an
earlier offset in morning activity.®'*!" This thermally regulated
behavioral plasticity likely endows D. melanogaster with the
ability to gate activity to times in the day when the temperature
is more optimal. For example, the shift in activity towards the
cooler nighttime hours on warm days likely minimizes the risks
associated with being active during the hot midday sun.

We showed that this temperature-dependent behavioral adap-
tation in the distribution of daily activity is partially controlled
by thermosensitive splicing of a short intron found in the 3’
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untranslated region (UTR) from the Drosophila melanogaster
period (dper) transcript,®'®!" a fundamental circadian “clock
gene” in this species.'> Expression of dper is under circadian
regulation via a negative transcriptional-translational feedback
loop (TTFL), which contributes to daily cycles in dper RNA
and protein levels, molecular oscillations that are central to set-
ting the pace of the clock and hence timing of daily activity.?
Splicing of the dper 3’-terminal intron, named dmpi8 (D. me-
lanogaster per intron 8), becomes progressively less efficient
as temperature increases.® Although temperature has the most
potent effects on dmpi8 splicing efficiency, light induces mod-
erate reductions in dmpi8 intron removal."*!* Thus, on warm
days the combination of heat and light results in daytime levels
of dmpi8 splicing that are relatively low. Numerous lines of
evidence indicate that splicing of the dmpi8 intron adjusts the
levels of dper transcripts, which in turn modulates the accumu-
lation phase of these transcripts during the mid-to-late day.®'*!!
For example, on warm days the inefficient splicing of dmpi8
reduces overall dper mRNA levels and delays its daily upswing.
Although it is not clear how dmpi8 regulates dper mRNA levels,
splicing is required as opposed to the presence or absence of
intronic sequences in the transcript, suggesting spliceosome as-
sembly at the dmpi8 intron enhances the production of mature
dper mRNAs.®

The mechanism underlying the thermal sensitivity of dmpi8
splicing is based on suboptimal 5’ and 3’ splicing signals (ss),
suggesting that splice site recognition/binding by the spli-
ceosome to dmpi8 is inefficient at higher temperatures.' To
mechanistically link changes in dmpi8 splicing with altera-
tions in the distribution of daily activity, we generated trans-
genic flies where the efficiency of dmpi8 intron removal was
altered.!" Most notably, transgenic flies wherein the strengths of
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the dmpi8 5° and 3’ss were increased (termed M2M1) exhibit
higher dper mRNA levels, earlier evening activity, slightly later
morning activity and shorter midday siesta. Together, the find-
ings suggested a clock-based model wherein dmpi8 splicing
plays a prominent role in the seasonal adaptation of behav-
ioral programs in D. melanogaster by primary effects on the
clock mechanism, which ultimately controls the timing of the
morning and evening bouts of activity. For example, on warm
days because both heat and light act in sync to reduce splicing
of dmpi8 this leads to a later timing in the daily accumulation
of dper transcripts, which we proposed contributes to the delay
in the onset of evening activity and as a result a concomitant
lengthening in the duration of the midday siesta.

This aforementioned model was based on the well-estab-
lished role of per genes as the key components regulating the
pace of circadian clocks in animals.'>!'® However, the daily
wake/sleep patterns of animals result from a balance of several
interacting systems, including circadian, sleep homeostatic, and
arousal pathways that are themselves influenced by external en-
vironmental stimuli, such as light and temperature.'”'® While
the circadian system regulates the timing of sleep, its role in
sleep duration or quality, parameters normally more associated
with mechanisms governing sleep homeostasis, is less clear. In
this study we made the surprising discovery that splicing of the
dmpi8 intron has strong effects on midday activity levels via a
non-circadian mechanism that involves changes in sensory-de-
pendent arousal and sleep quality. Intriguingly, genetically al-
tered flies with high dmpi8 splicing efficiency (e.g., M2M1) are
more responsive to the wake-promoting effects of brief light
exposure, a phenomenon also observed with non-photic cues,
such as mechanical stimulation. We propose that on warm days
the weak splicing of dmpi8 increases thresholds for sensory-
dependent arousal, tipping the wake/sleep balance towards ex-
tended periods of daytime quiescence, thus ensuring flies are
less active during the hot midday sun despite the presence of
light in the environment, which normally acts as an arousal cue.
If on the other hand, flies encounter a cold day, the more effi-
cient splicing of dmpi8 favors wakefulness during the midday,
enabling flies to take advantage of the warmer daytime hours
without the deleterious risks associated from intense heat.

METHODS

Fly Strains and General Handling

All flies were routinely reared at room temperature (22-25°C)
and maintained in vials or bottles containing standard agar-
cornmeal-sugar-yeast-Tegosept-media. The w per®; p{dmper/
M2M1} and w per”'; p{dmper/8:8} flies used in this study were
as previously described; for p{dmper/8:8} we used lines 19, f46;
for p{dmper/M2M1} we used lines m17, m32." In addition, we
generated additional lines using the same transgenes, transgenic
facility, and crossing scheme as before."! This was done to in-
crease the number of independent lines with per transgenes in
different genetic loci, increasing the strength of the results by
pooling data from multiple fly strains. Briefly, new independent
lines of p{dmper/M2M1} and p{dmper/8:8} flies were pro-
duced by Genetic Services, Inc. (Sudbury, MA, USA) in a w''8
background and subsequently crossed into a w per®' background
with a double balancer line (w per”';Sco/CyO;MKRS/TM6B).
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We used the following lines from this new batch; p {dmper/8:8},
m38-K; p{dmper/M2M1}, f13. For each genotype, similar re-
sults were obtained when assaying behavior or molecular phe-
notypes (data not shown).

Behavioral Assays

Locomotor activity rhythms and sleep

Individual adult male or female flies (1-5 day old) were
placed in 65 mm % 5 mm glass tubes containing 5% sucrose
with 2% Bacto agar. Locomotor activity was continuously mon-
itored and recorded by using the Trikinetics (Waltham, MA,
USA) system, as previously reported.'"" Briefly, throughout
the testing period flies were maintained at the indicated tem-
perature (18°, 25°, or 29°C) and subjected to > 5 days of 12-h
light: 12-h dark cycles [LD; where zeitgeber time 0 (ZTO0) is
defined as lights-on]. Cool white fluorescent light (~1000 lux)
was used during LD and the temperature did not vary by more
than 0.5°C between the light and dark periods. In general, after
5 days in LD, flies were kept in constant darkness (DD) or
constant light (LL) for 7 days. Data analysis of either loco-
motor activity or sleep parameters was done with the FaasX
and Matlab programs, as previously described.!" Sleep was
defined as no detection of locomotor activity movement for
any period of 5 contiguous min, which is routinely used in the
field.* The values were based on pooling data from multiple
individual flies of the same genotype, sex, and treatment. In
general, for measuring sleep values or locomotor activity, the
data for LD was an average of the last 3 LD days. For DD or
LL, the values were from single days. Free-running periods of
locomotor activity rhythms were based on the data collected
during 6 consecutive days in DD and using the FaasX pro-
gram (kindly provided by F. Rouyer, France), as previously
described.! For the arousal experiments, the data were from
the 3 consecutive days when the stimulations were given (de-
scribed below).? P-values of significance were calculated by
using Student #-test or ANOVA.

Arousal

We used two different stimuli for arousal; either a slight me-
chanical stimulation by scraping the tubes or a brief light pulse,
based on a recent study measuring arousal in D. melanogaster.™
For experiments involving scraping, we used the older version
of the Trikinetics activity monitors where the tubes housing
flies are aligned next to each other on the same plane. Beginning
on the third day of LD, one set of flies was rubbed at ZT6 for
3 consecutive days, whereas another group received the same
treatment but was rubbed at ZT18; a third group served as con-
trols and received no treatment. The slight mechanical stimula-
tion was delivered by the back-and-forth scraping (3—4 times)
of the tubes housing individual flies with a plastic rod that was
hand held. Other methods of delivering a slight mechanical
stimulation were also tried (including using more mechanized
methods such as shaking the entire monitor) but we found the
hand-held method of scraping fly tubes to be easy to deliver,
reproducible and sub-saturating (i.e., not all the sleeping flies
were awakened by this treatment) (data not shown). We tried
several different temperatures for the mechanical stimulation
and show results obtained at 25°C because they yielded the
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most consistent differences between the p{dmper/M2M1} and
p{dmper/8:8} flies (data not shown). For the light pulse experi-
ments, the p{dmper/M2M1} and p{dmper/8:8} flies were en-
trained at 18°C for 5 days then placed in DD. Beginning on the
first day of DD and for the next 2 days, one set of flies was ex-
posed to 5 min of light at CT6, whereas another group was ex-
posed to 5 min of light at CT18; a third group served as controls
and was not exposed to light. For the light-pulse experiments,
we mainly tried 5 min of light, which was saturating (i.c., the
majority of sleeping flies, if not all, were awake during the light
phase). In addition, although similar results were obtained at
other temperatures, the largest consistent differences between
the p{dmper/M2M1} and p{dmper/8:8} flics were obtained at
18°C (data not shown).

RESULTS

Splicing of the dmpi8 intron regulates daytime sleep but has little
to no effect on nighttime sleep during a daily light-dark cycle

In a prior study we examined the role of dmpi8 splicing
on daily behavior by generating transgenic flies wherein the
strengths of the 5° and 3’ splice sites (ss) of dmpi8 were in-
creased (termed p{dmper/M2M1}) and compared their daily
locomotor activity profiles to control transgenics with the wild-
type copy of dmpi8 (termed p{dmper/8:8})."" The transgenes
are in the per®' genetic background and hence supply the only
functional copies of dper. To further investigate the effects of
dmpi8 splicing efficiency on the daily wake-sleep cycles in D.
melanogaster we measured sleep behavior. D. melanogaster is
a well-established model to study sleep, which in this organism
is routinely measured as no detectable locomotor activity for a
contiguous period of (usually) 5 min.**' For each genotype, > 3
independent transgenic lines of male and female adult flies were
synchronized (entrained) to standard 12-h light/12-h dark cy-
cles [LD; where zeitgeber time (ZT) 0 is lights-on] at different
temperatures (18°, 25°, and 29°C), and then maintained for a
week under constant dark conditions (DD) to measure free-
running activity rhythms.

Analysis of locomotor activity rhythms verified that the
p{dmper/8:8} and p{dmper/M2M1} flies used in this study
behaved as previously reported (Figure S1, supplemental ma-
terial)."! For example, compared to their wild-type controls,
p{dmper/M2M1} flies exhibit later offset of morning activity,
earlier onset of evening activity and a shorter duration midday
siesta (Figure S1). Finally, in agreement with earlier find-
ings, differences in the distribution of daily activity between
p{dmper/M2M1} and p{dmper/8:8} flies are less apparent at
higher temperatures (i.e., 29°C; Figure S1C and S1I),*'%!" pre-
sumably because in combination with light, high temperatures
have potent direct effects on reducing activity levels (termed
“paradoxical” or negative masking; see Discussion).’*

With regards to sleep in D. melanogaster, the majority oc-
curs during the night, but some sleep is also observed during
the day.*** Daytime sleep is usually limited to the middle of
the day and is more fragmented (e.g., shorter sleep bout dura-
tions) compared to sleep at night.”* In addition, the proportion
of flies sleeping during the midday increases as temperature
rises and males exhibit more midday sleep compared to fe-
males.*> As expected, the control p{dmper/8:8} transgenics
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exhibit sleep patterns very similar to those previously de-
scribed for wild-type strains, including the temperature and
gender differences on daytime sleep (Figure 1A-1C and
1G—1I). Intriguingly, at 18° and 25°C, both sexes of p{dmper/
M2M1} flies show significantly reduced daytime sleep,
whereas nighttime sleep is more similar to that observed in
p{dmper/8:8} flies (Figure 1A, 1B, 1G, and 1H). We noted
that in some cases the p{dmper/M2M1} flies actually show
higher levels of sleep during some nighttime hours compared
to the control wild-type p{dmper/8:8} flies (e.g., Figure 1B).
However, this was not consistent for all temperatures, times
of day, or sexes, and might be a consequence of a slight sleep
rebound in the night due to strongly reduced sleep during the
day.**» At the elevated temperature of 29°C, daytime sleep
was similar for p{dmper/M2M1} and p{dmper/8:8} flies
(Figure 1C and 11I), as might be expected based on previous
reports showing that high temperatures strongly inhibit day-
time activity in a manner that can override the status of dmpi8
splicing efficiency.® ! Thus, the splicing efficiency of dmpi8
regulates daytime sleep, especially at lower temperatures,
with little to no effect on nighttime sleep levels.

Daytime sleep levels in p{dmper/M2M1} and p{dmper/8:8} flies
are similar in the absence of light

Because per is a critical gene involved in circadian regula-
tion, we reasoned that the differential day/night sleep pattern
between p{dmper/M2M1} and WT flies (i.e., p{dmper/8:8})
would continue in constant darkness (DD). Surprisingly, the
daily sleep profiles are virtually identical for both genotypes in
DD (Figure 1D-1F and 1J-1L). A circadian effect on the pro-
portion of flies sleeping was observed in constant darkness, es-
pecially as temperature increases, but this was the case for both
genotypes. Most notably, in constant darkness at the higher
temperatures tested, both genotypes exhibit minimal levels of
sleep just prior to what would have been lights-off (i.e., CT12),
coincident with the clock-controlled evening bout of activity
(e.g., Figure S1). Indeed, it is thought that the amplitude of the
clock increases as ambient temperature rises.*® Thus, the clock-
controlled evening bout of activity is strongly wake-promoting
irrespective of the status of dmpi8 splicing, especially around
peak levels of activity. Because the circadian effects on the tem-
poral regulation of sleep observed in constant dark conditions
are independent of dmpi8 splicing efficiency, this suggests a
novel non-circadian role for this splicing event in regulating
wake/sleep behavior in a manner dependent on the presence of
light (see below).

Role for dmpi8 splicing in regulating the duration of sleep bouts

To better probe the architecture of sleep we measured the
average duration of sleep bouts and the number of sleep epi-
sodes, which are measures of sleep consolidation or quality.
At 18° and 25°C, the median duration of a sleep bout during
the day in a daily light-dark cycle is approximately 3—5 fold
shorter in p{dmper/M2M1} flies, whereas during the night it
is of similar duration to that observed in p{dmper/8:8} flies
(Figure 2A, 2B, 2G and 2H). At 29°C, p{dmper/M2M1} male
flies showed a consistently lower sleep duration compared to
p{dmper/8:8} males (Figure 2C), but this was restricted to the
early day (i.e., ZT0-4). Moreover, during the first half of the
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Figure 1—The splicing efficiency of dmpi8 regulates daytime but not nighttime sleep in daily light-dark cycles. (A-L) Shown are group averages for the
percentage of flies sleeping during 4-h time-windows throughout a 24-h day for either p{dmper/8:8} [indicated as wild-type (WT)] (black line) or p{dmper/
M2M1} (dashed black line) adult flies maintained at the indicated temperatures (right of panels) and light/dark conditions (top of panels). Results shown are
for either male (A-F) or female (G-L) flies. For each genotype, gender, and entrainment condition, data from at least 16 flies was used to generate the sleep
profiles shown. LD, 12-h light/12-h dark; DD, constant darkness. For LD, sleep data from the last 3 days were pooled, whereas for DD, only data from the first
day were used. White, black, and dark gray horizontal bars denote periods of light, dark, and “subjective daytime” in DD, respectively. Values for p{dmper/8:8}
(WT) and p{dmper/M2M1} flies are significantly different using student’s t-test; *P < 0.05; **P < 0.005.
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day in LD, p{dmper/M2M1} male flies also manifested more
sleep episodes compared to male p{dmper/8:8} flies (data not
shown). Consolidation of daytime sleep might be less affected
in p{dmper/M2M1} females because of a ceiling effect as
females already sleep much less during the midday.”* Impor-
tantly, even at 18° and 25°C, the difference in sleep bout length
(and number of sleep episodes) between p{dmper/M2M1} and
p{dmper/8:8} was smaller towards the end of the daytime
hours (i.e., ZT8-12). As noted above, during the late day the
clock acts in a strong wake-promoting manner by driving the
evening bout of activity, further suggesting that during peak
levels of evening activity dmpi8 splicing is not rate-limiting
with regards to controlling activity levels. Both genotypes ex-
hibit a similar temporal pattern of sleep bout length throughout
a daily cycle in constant darkness (Figure 2D-2F and 2J-2L).
Because sleep during the subjective night in DD (i.e., between
CT12-24) is similar for both genotypes, this further supports the
contention that any mild differences in nighttime sleep that we
observed in LD cycles are due to secondary effects arising from
more substantial alterations in daytime sleep behavior. As ear-
lier work showed that light also suppresses dmpi8 splicing,'*'*
this might contribute to the generally longer “daytime” sleep
bout duration of p{dmper/8:8} flies in LD compared to DD
(e.g., compare Figure 2B and 2E; see Discussion).

During wake periods both p{dmper/M2M1} and
p{dmper/8:8} flies showed the same activity levels
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(Figure S2A-S2R, supplemental material), indicating that
dmpi8 splicing is unlikely to have direct effects on locomo-
tion or health status that could be inadvertently diagnosed as
changes in sleep/arousal. Finally, the timing of the first sleep
episode (sleep onset or latency) following lights-on was gen-
erally earlier for p{dmper/8:8} flies compared to p{dmper/
M2M1} flies (Figure S2S—-S2X), whereas the timing of sleep
onset after dark was similar in both genotypes (data not shown).
Thus, the splicing efficiency of dmpi8 has a large effect on total
daytime sleep in both males and females by modulating the
onset of sleep and the duration/maintenance of sleep episodes,
especially at lower temperatures and during the early-to-mid
day prior to the start of the evening bout of activity.

p{dmper/M2M1} flies sleep less during the nighttime in the
presence of light

To further explore the role of light in mediating the day/night
differences in sleep behavior between the p{dmper/M2M1}
and p{dmper/8:8} flies, we exposed flies to 24 h of constant
light (LL) following entrainment to a daily light-dark cycle
(Figure 3). Much larger differences in sleep between p{dmper/
M2M1} and p{dmper/8:8} flies were observed during the “sub-
jective” night (i.e., CT12-24) in the presence of light then com-
pared to the same 12-h period in LD cycles (Figure 3). This
was the case for total sleep (e.g., compare Figure 3D-3F to
Figure 3A-3C) and average sleep bout duration (e.g., compare
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Figure 2—Duration of sleep bouts during the early-to-mid day is much shorter in flies genetically altered to have highly efficient dmpi8 splicing. (A-L) The
results are based on the flies used in Figure 1 and show group averages for median durations of sleep bouts for either p{dmper/8:8} (WT; black bar) or
p{dmper/M2M1} (white bar) adult flies maintained at the indicated temperatures (right of panels) and light/dark conditions (top of panels). Results shown are
for either male (A-F) or female (G-L) flies. For each genotype, gender, and entrainment condition, data from at least 16 flies were used to generate the sleep
profiles shown. LD, 12-h light/12-h dark; DD, constant darkness. For LD, activity data from the last 3 days was pooled, whereas for DD, only data from the first
day was used. White, black, and dark gray horizontal bars denote periods of light, dark, and “subjective daytime” in DD, respectively. Values for p{dmper/8:8}
(WT) and p{dmper/M2M1} flies are significantly different using student’s t-test; *P < 0.05; **P < 0.005.

values between CT12-24 for Figure 3J-3L to 3G-3I). Again,
differences in sleep parameters between p{dmper/M2M1} and
p{dmper/8:8} flies were more apparent at the lower tempera-
tures. Thus, even nighttime sleep can be more fragmented in
p{dmper/M2M1} flies if exposed to light, indicating the ef-
fect of dmpi8 splicing efficiency on sleep behavior is not
time-of-day restricted. Nonetheless, during the first day of LL
differences in sleep behavior between p{dmper/M2M1} and
p{dmper/8:8} flies are absent or reduced during the subjective
late day/early night, coincident with the major clock-controlled
evening bout of activity. This again reinforces the notion that
the clock regulation of evening activity, especially during peak
levels, involves a very potent wake-promoting signal that can
override intrinsic differences in sleep behavior caused by varia-
tions in dmpi8 splicing efficiency.

Remarkably, differences in the sleep behavior of p{dmper/
M2M1} and p{dmper/8:8} flies still occur after the third and
even fourth day in LL, when circadian regulation in molecular
and behavioral rhythms is abolished (Figure 4).>”2® This was
clearly observed at 18°C for both males and females (Figure 4
and data not shown). Although sleep levels in p{dmper/M2M1}
and p{dmper/8:8} flies were more similar during extended LL
at higher temperatures (data not shown), the p{dmper/M2M1}
flies still manifest significantly shorter sleep bout durations and
a greater number of sleep episodes, indicative of more frag-
mented sleep (Figure S3, supplemental material).
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Enhanced arousal in p{dmper/M2M1} flies following brief
exposure to light and non-photic cues

Short duration nocturnal light pulses can evoke arousal in
sleeping flies and is used as a standard approach to compare
arousal behavior between different flies and or conditions.” To
determine if dmpi8 splicing efficiency can modulate the ability
of light to act as an acute arousal cue, we entrained p{dmper/
M2M1} and p{dmper/8:8} flies to standard LD cycles at 18°C,
followed by several days of DD whereby we exposed them
to 5 min of light on 3 successive days at either CT6 or CT18
(Figure 5), similar in design to a recent study measuring arousal
in D. melanogaster.*® A well-established approach to determine
arousal thresholds in Drosophila is to measure the proportion
of sleeping flies that awake following a brief stimulation.”
However, in our experimental design, the majority of flies were
awake by the end of the 5 min exposure to light, indicating the
light treatment was saturating and hence less informative with
regards to arousal thresholds. Nonetheless, a larger proportion
of p{dmper/M2M1} flies remained awake during the recovery
phase following acute photic stimulation at either CT6 or CT18
(Figure 5A and 5B). This was also reflected in the shorter dura-
tion of sleep bouts for p{dmper/M2M1} flies following light
exposure (data not shown). Similar results were obtained for
both sexes and at 25°C (data not shown), although genotype-
specific differences were more readily observed at 18°C, con-
sistent with results obtained in LD and LL (Figures 1-4).
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Figure 3—Exposure to light during the night strongly reduces sleep consolidation in p{dmper/M2M1} flies compared to wild-type controls. (A-F) Shown are
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dark; LL, constant light. For LD, sleep data from the last 3 days were pooled (see Figure 1G-11), whereas for LL, only data from the first day were used.
White, black, and light gray horizontal bars denote periods of light, dark, and “subjective nighttime” in LL, respectively. (G-L) The results are based on the
flies used in panels A-F [p{dmper/8:8} (WT; black rectangle) or p{dmper/M2M1} (white rectangle)] and show group averages for median durations of sleep
bouts. For each genotype and entrainment condition, data from at least 16 flies were used to generate the profiles shown. Values for p{dmper/8:8} (WT) and
*P < 0.05; **P < 0.005. Male flies showed similar results as females (data not shown).
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Figure 4—Reduced sleep in p{dmper/M2M1} flies continues even during extended constant light conditions where circadian clock function is abolished.
Shown are group averages of locomotor activity (A,B) and sleep profiles (C,D) for either p{dmper/8:8} (WT; black line) or p{dmper/M2M1} (black dashed line)
male flies at 18°C. Flies were entrained for 5 days in LD. Subsequently, one group was placed in constant darkness (DD), whereas another group was placed
in constant light (LL). For each genotype and entrainment condition, data from at least 16 flies was used to generate the profiles shown. White, black, dark
gray, and light gray horizontal bars denote periods of light, dark, “subjective daytime” in DD, and “subjective nighttime” in LL, respectively.
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Figure 5—Prolonged wakefulness in flies with high dmpi8 splicing efficiency following brief light stimulation. (A-D) Flies were at kept 18°C in LD for 5 days
and subsequently placed in DD. During the first 3 days of DD, flies were exposed to 5 min of light at either CT6 or CT18 (as indicated by vertical arrows and
right of panels) and returned to the dark; a third group served as non-treated controls. From the collected activity recordings we generated graphs that show
either sleep (A,B) or locomotor activity; i.e., beam-crossings (C,D). Results are only shown for female flies but similar findings were obtained with male flies
(data not shown). (A,B) Shown are normalized group averages of total sleep for light-pulsed p{dmper/8:8} (WT; blue line) or p{dmper/M2M1} (red line) flies;
also shown are the control values, beginning at either CT6 or CT18, for flies that were not exposed to light-pulses; p{dmper/8:8} (WT; green line) or p{dmper/
M2M1} (yellow line) flies. To facilitate comparison (especially at ZT6), the highest value for total sleep prior to the light treatment was set to 100 and all other
values were normalized. (C,D) Shown are group averages of activity levels for light-pulsed p{dmper/8:8} (WT) (blue line) or p{dmper/M2M1} (red line) flies.
For each value shown, data from at least 16 flies were used to generate the sleep and activity profiles shown.

Although the majority of flies were aroused by nocturnal ex-
posure to 5 min of light, we also compared activity levels to fur-
ther examine the arousal state of the flies. The p{dmper/M2M1}
flies exhibited significantly more locomotor activity during and
immediately after the light-pulse compared to the p{dmper/8:8}
flies (Figure 5C and 5D). Because both genotypes showed sim-
ilar activity levels during normal daily wake periods (Figure S2),
this suggests that once awakened from sleep by unexpected
photic cues, p{dmper/M2M1} flies are in a more aroused state
that persists for longer compared to wild-type controls. Thus,
even though we did not establish sub-saturating conditions or
determine dose-response relationships between light exposure
and arousal, the results clearly indicate that acute exposure to
photic cues is more effective in evoking longer-lasting transi-
tions from sleep to wakefulness in p{dmper/M2M1} flies.

To determine if the differences in arousal between p{dmper/
M2M1} and p{dmper/8:8} are solely restricted to light as an
external wake-promoting stimulus, we also subjected the flies
to short duration mechanical stimulation, which is another stan-
dard approach to study arousal/sleep in flies. In this case, we
kept flies at 25°C and subjected them to a very brief mechan-
ical cue by scraping the tubes housing the flies (see Materials
and Methods) at either ZT6 or ZT18 for 3 consecutive days.?

SLEEP, Vol. 38, No. 1, 2015

Remarkably, we noted a similar increase in arousal for p{dmper/
M2M1} flies compared to p{dmper/8:8} following mechanical
stimulation (Figure 6). In contrast to the 5-min photic stimulation,
the mechanical treatment did not arouse all the flies (Figure 5),
indicating that the stimulus was sub-saturating. Although slightly
more p{dmper/M2M1} flies were awake immediately after
application of the mechanical stimulus at ZT6, a dramatic dif-
ference was noted during the posttreatment phase whereby
p{dmper/8:8} flies returned to pretreatment sleep levels within
15 min, whereas p{dmper/M2M1} flies did not return to baseline
sleep values even after 2 h (Figure 6A and 6C). An even greater
effect was observed when the mechanical stimulation was ap-
plied at ZT18, resulting in an approximately 2—3 fold increase
in the number of p{dmper/M2M1} flies awakened by brief me-
chanical stimulation compared to p{dmper/8:8} flies (Figure 6B
and 6D). In addition, following scraping of the fly tubes at ZT18,
p{dmper/M2M1} flies remained awake longer before returning
to baselines sleep levels, a trend similar to that observed at ZT6.
Because our procedure for mechanical stimulation did not
wake up all the flies, we also did an analysis of only those flies
that were asleep prior to the treatment and measured the propor-
tion of that were awake shortly after the treatment was delivered,
a more definitive assessment of arousal thresholds. When the
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Figure 6—The splicing efficiency of dmpi8 also modulates arousal to non-photic sensory stimulation. (A-D) Flies were kept in LD at 25°C for 5 days, and
during the last 3 days of LD, flies were subjected to a brief mechanical stimulation at either ZT6 or ZT18 (as indicated by vertical arrows and right of panels); a
third group served as non-treated controls. Shown are normalized group averages of total sleep for p{dmper/8:8} (WT; blue line) or p{dmper/M2M1} (red line)
flies that were either treated (A,B) or not treated (C,D) with a brief mechanical stimulation. Results are shown for females but similar results were obtained
with males (data not shown). For each value shown, data from at least 16 flies were used to generate the sleep profiles shown. To facilitate comparison, the
highest value for total sleep was set to 100 and all other values were normalized.

mechanical stimulus was applied at ZT18, a significantly higher
proportion of p{dmper/M2M1} flies were aroused from sleep
compared to the wild-type control flies, a result observed with
both sexes and at 18° and 25°C (Table 1; see values at 5 min
posttreatment). In addition, p{dmper/M2M1} flies remained
awake for longer times posttreatment (Table 1; see values at 30
min posttreatment). At ZT6 p{dmper/M2M1} flies were gener-
ally more aroused compared to the wild-type control following
mechanical stimulation but this was mainly observed at 25°C.
The temperature effect at ZT6 is not surprising because on cold
days, wild-type flies are already quite active during the day-
time hours (e.g., Figure S1), minimizing the ability to detect
genotypic differences based on procedures aimed at evoking
increases in arousal. In summary, although we only examined
a limited number of arousal conditions, the results clearly in-
dicate that flies with inefficient splicing of dmpi8 (as found in
wild-type flies) are less responsive to the wake-promoting ef-
fects of a variety of sensory-mediated external cues.

DISCUSSION
In this report we made the surprising discovery that splicing
of the 3’-terminal intron in dper has a potent non-circadian
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role in modulating the daily distribution of activity in D. me-
lanogaster by regulating sleep behavior via a mechanism that
involves sensory-dependent arousal. Daily changes in wake-
sleep levels are governed by a complex web of interactions be-
tween circadian timing systems, sleep homoeostatic functions
and arousal pathways that differentially respond to environ-
mental cues, such as light and temperature.'”'® In constant dark
conditions, D. melanogaster still exhibits morning and evening
bouts of activity, suggesting that those times in the day are
most associated with strong wake-promoting signals. Although
the majority of sleep occurs during the night, daytime sleep,
which mainly occurs in the midday, is genetically controlled by
components that can modulate baseline or endogenous sleep
levels.”® However, a major difference between daytime and
nighttime sleep is the presence of substantial light intensity in
the environment, which is normally an effective arousal cue
for diurnal animals. In addition, daytime hours can be associ-
ated with hot temperatures and levels of incoming solar radia-
tion peak at midday, posing serious health risks that demand a
strategy to reduce exposure. It is with respect to minimizing
activity during the hot midday sun despite the presence of light
that our findings provide an attractive model for how dmpi8
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Table 1—Percentage of sleeping flies that were awake following mechanical stimulation at either ZT6 or ZT18

p{dmper/88} and p{dmper/M2M1}; student’s t-test; P < 0.01.

Temp ZT6 (%) ZT18 (%)

Genotype® Gender (°C) n® 5 min® 10 min 30 min n® 5 min 10 min 30 min
p{dmper/88} Male 18 10 51.1+89 543+184 233+145 89 227+53 182168 13656
p{dmper/M2M1} 37 594+139 466+158 121%55 79  496+80* 545+28* 307x52¢
p{dmper/88} Male 25 91 16.0+57 180+54 10547 88 342+42 321+63 91+28
p{dmper/M2M1} 59 77.0+43* 67.8+101* 422+6.7* 82 86.2+46* T761x71* 17.0+£1.2*
p{dmper/88} Female 18 17 59.1+£179 2544130 373165 82 266+70 267+57 15759
p{dmper/M2M1} 20 896+82 854+94* 61.1+£105 83 753+7.7* T751+73* 410+6.2*
p{dmper/88} Female 25 88 213+43 156+38 13331 76 337+129 3201126 10.7+52
p{dmper/M2M1} 38 829+86* 647+52* 674+6.1* 75 843+24* 868+30* 37.7+65*

2Flies were entrained for at least 3 days in LD at the indicated temperature (°C) and then the tubes housing the flies were lightly scraped at either ZT6 or ZT18
for 3 consecutive days. Shown are the average values obtained from pooling data during the 3 days of mechanical stimulation. For each day’s worth of data
only flies that were sleeping (i.e., no activity for at least 5 min prior to treatment) were selected for the analysis. ® Total number of sleeping flies analyzed. ¢ Time
(min) after mechanical stimulation at either ZT6 or ZT18 (at time 0, 100% of the flies were sleeping). * Significant difference between pairwise comparison of

splicing might contribute to the adaptation of daily behavior in
natural conditions.

A key observation is that the main effect of dmpi8 splicing
efficiency on sleep occurs during the first half of the day, a phe-
nomena that is readily observed even at colder temperatures
(Figures 1 and 2). This suggests that a major role for dmpi8
splicing is to track ambient temperature and photic signals
during the early day and integrate the environmental informa-
tion to evoke a scaled response in activity levels that begins
prior to midday. Moreover, because temperatures normally
increase throughout the first half of the day, this implies that
the real-world default function for dmpi8 splicing is to steadily
increase the propensity for sleep between sunrise and midday.
On warm days because dmpi8 splicing is strongly inhibited,
the early transition to higher thresholds for sensory mediated
arousal favors sleep despite the presence of light which nor-
mally functions as an arousal cue. As a result, flies enter a more
robust and extended quiescent state following the morning bout
of activity that lasts through midday and until the cooler eve-
ning hours when the clock once again promotes wakefulness.
On the other hand, during cold days the daytime splicing ef-
ficiency of dmpi8 remains relatively high and the threshold for
arousal is lower, allowing flies to take advantage of the warmer
midday hours on cold days.

We view the early morning start of dmpi8 splicing on ad-
justing daytime activity levels as an adaptive “early-warning”
rheostat that helps flies anticipate midday temperatures and
adopt appropriate activity levels and corresponding behavioral
programs. In this context it should be noted that elevated but
physiologically relevant temperatures (e.g., 30°C) in com-
bination with high light intensity is very effective in directly
suppressing activity, which is termed paradoxical or nega-
tive masking in diurnal animals.****3* Although the mecha-
nism evoking the ability of light and heat to acutely suppress
activity is not known, this response does not require the per
gene,” and indeed we show that at high temperatures (29°C) the
status of dmpi8 splicing has minimal effects on daytime sleep
levels (e.g., Figure 2). While this paradoxical masking response
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supports the notion that flies seek to avoid extended periods of
activity when exposed to daytime heat, this behavioral reac-
tion lacks predictive value as it depends on direct exposure to
adverse environmental conditions.

While the concept of non-circadian roles for core clock
genes is not new,** per has a unique position in the hierarchy
of animal circadian timing systems by functioning as the key
circadian factor regulating the pace of the clock.'>'® Indeed, the
daily cycles in the levels of per mRNA and protein are inex-
tricably linked to progression of the clock.' As such, conven-
tional wisdom would suggest that effects of per gene function
on daily activity patterns, which are strongly influenced by the
circadian timing system, should reflect a circadian role(s). Per-
haps the most striking evidence that the effect of dmpi8 splicing
is not circadian in nature is that the sleep differences between
p{dmper/M2M1} and p {dmper/8:8} flies persist for many days
in constant light exposure (Figure 4D), conditions that severely
dampen and eventually abolish the clockworks.?”2%3 This result
is also surprising because light evokes the rapid degradation of
TIMELESS (TIM), which is a key partner of dPER.? In the ab-
sence of TIM, dPER is very unstable, does not accumulate to
high levels and mainly resides in the cytoplasm.*>*¢ Within the
context of clock function, the major biochemical role of PER
is in the nucleus where it contributes to cyclic gene expression
by acting as the key component in timing the daily repression
of the main clock transcription factors, CLOCK (dCLK) and
CYCLE (CYC).? Thus, it is not clear how the p {dmper/M2M1}
and p{dmper/8:8} flies exhibit such large differences in sleep
quality during extended exposure to light when dPER protein
levels are likely to remain low and mainly reside in the cyto-
plasm. While elucidating the mode-of-action by which changes
in dmpi8 splicing efficiency and presumably dPER levels mod-
ulate sleep behavior is of utmost importance, our findings raise
the intriguing possibility that the mechanism is different from
the well-known circadian function of dPER in transcriptional
feedback.

When considering the role(s) of dPER on wake-sleep behavior,
it is also important to note that although activity rhythms are
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driven by a complex circuit of pacemaker neurons located in the
brain, not all dper-expressing neurons have the same function
in governing daily behavior. There are about 150 clock neurons
(or better, dper-expressing cells) in the adult Drosophila brain
that can be divided into several major subgroups based on their
location, shape and function.?” A conceivable site of action for
mediating the effects of dmpi8 splicing on arousal are the I-LNvs,
identified as wake-promoting cells whose firing rate increases in
response to acute light exposure.*® *! It is possible that reductions
in the splicing efficiency of dmpi8 enhance midday sleep by
lowering the wake promoting effects of the I-LNvs and/or other
arousal cells. In addition, besides the strong effects of the I-LNvs
on morning activity,* these cells are also important in timing
evening activity.* Thus modulating the function of the I-LNvs by
dmpi8 splicing could also contribute to network-based circadian
regulation in the timing of evening activity as a function of tem-
perature. Finally, dmpi8 splicing might also affect arousal and
sleep by modulating the visual system where per is expressed
and has been shown to affect a myriad of clock-dependent and
clock-independent effects of light on Drosophila behavior.*?

In summary, we have identified a novel arousal mechanism
in Drosophila that plays an important role in regulating light-
dependent arousal, especially during the early-to-mid day. This
splicing event provides behavioral flexibility by its graded
response as a function of temperature, ensuring that on warm
days flies initiate an extended quiescent period prior to the
heat of the midday and until the cooler evening hours where
the clock once again promotes wake, but still allowing for in-
creased daytime activity on cold days, presumably enabling
flies to take advantage of the warmer daytime hours. In addition,
we recently showed that naturally occurring polymorphisms
in the dper 3’ UTR that affect dmpi8 splicing efficiency also
lead to changes in the duration of midday siesta,'* strongly sug-
gesting that this mechanism contributes to inherited variability
in the sleep behavior of D. melanogaster in the wild. Indeed,
our prior work showed that the thermally regulated splicing of
the 3’-terminal intron and its ability to adjust the distribution of
activity as a function of temperature are not manifested by all
Drosophila species.'" Thus, the behavioral plasticity resulting
from the ability to anticipate midday temperatures and hence
make appropriate early adjustments in the balance between
quiescence and wakefulness might have facilitated the suc-
cessful colonization of D. melanogaster to a wide variety of
climates. Recent findings using semi-natural conditions have
suggested that flies do not rest in the midday on warm days but
rather exhibit elevated levels of activity,* whereas others have
suggested this is an “escape” response seeking to find shade.*
More natural field observations where flies can freely roam and
have more enriched social contexts are needed to better address
these important issues. Clearly, per occupies a unique position
in bridging how circadian, sleep and arousal pathways interact
with external cues to govern daily wake-sleep patterns in D.
melanogaster. An important future challenge is to determine
the molecular and cellular bases for how dmpi8 splicing con-
tributes to setting thresholds for sensory-mediated arousal.
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Figure $1—Daily locomotor activity rhythms of p{dmper/8:8} and p{dmper/M2M1} flies at different temperatures. (A-L) Flies were entrained to 12:12LD for
5 days at the indicated temperature (right of panels) and locomotor activity recorded. Shown are group averages of daily activity rhythms for adult male (left)
and female (right) p{dmper/8:8} (WT; black line) and p{dmper/M2M1} (dashed black line) flies at the indicated temperatures (right of panels). To facilitate
comparisons, the peak value in daily activity for each genotype was set to 1.0 and the normalized profiles superimposed. For LD, the last 3 days’ worth of
data was pooled; for DD, the first day is shown. For each genotype and condition, data from at least 40 flies were used to generate the activity profiles shown.
Black horizontal bar (dark period); white horizontal bar (light period); gray horizontal bar (subjective day); ZT, zeitgeber time (h); CT, circadian time (h). The
results show that the p{dmper/8:8} and p{dmper/M2M1} transgenic flies used in this study behave as previously reported (Low et al., 2008). Essentially,
both male and female p{dper/M2M1} flies exhibit shorter, less robust midday troughs in activity, earlier onsets of evening activity and later offsets of morning
activity, especially at 18° and 25°C.
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student’s t-test; * P < 0.05; **P < 0.005.
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Figure S2—The splicing efficiency of dmpi8 does not affect activity levels during wake episodes but does modulate the onset of sleep after lights-on. (A-R) Results show group
averages for wake activity per wake period for p{dmper/8:8} (WT; black bar) or p{dmper/M2M1} (white bar) flies maintained at the indicated temperatures (right of panels) and
light/dark conditions (top of panels). Results shown are for either male (A-l) or female (J-R) flies. LD, 12-h light/12-h dark; DD, constant darkness; LL, constant light. For LD,
activity data from the last three days was pooled, whereas for DD and LL, only data from the first 24-h day was used. White, black, dark gray and light gray horizontal bars denote
periods of light, dark, “subjective daytime” in DD, and “subjective nighttime” in LL, respectively. Note that there are little to no differences in activity levels during wake episodes
between the two genotypes, indicating that the large variations in sleep behavior are not because p{dmper/M2M1} flies are “hyperactive.” (S-X) Shown are sleep onsets in LD
(time to first sleep episodes measured from lights-on at ZT0) for either p{dmper/8:8} (WT; black bar) or p{dmper/M2M1} (white bar) flies at the indicated temperatures (below
panels). Male flies (S-U); female flies (V-X). The data show that the onset of sleep after lights-on at ZT0 is later for p{dmper/M2M1} flies. (A-X) For each genotype, gender, and
entrainment condition, data from at least 16 flies was used to generate the values shown. Values for p{dmper/8:8} (WT) and p{dmper/M2M1} flies are significantly different using
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Figure S3—p{dmper/M2M1} flies have more fragmented sleep during extended LL, even at higher temperatures where total sleep levels are similar to
the wild-type control. Shown are group averages of average sleep bout duration (A-C) and number of sleep bouts (D-F) for either p{dmper/8:8} (WT; black
bar) or p{dmper/M2M1} (white bar) male flies at the indicated temperature (right of panels). On the fifth day of LD, the lights were left on at ZT12, and flies
continued to be exposed to constant light (LL) for 3-4 more days. Time 0 denotes the end of the last 12 h dark period of the LD cycles (LD5) prior to placing
the flies in constant light. For each genotype, data from at least 16 flies was used to generate the profiles shown. White and light gray horizontal bars denote
“subjective daytime” and “subjective nighttime” in LL, respectively. Even though total sleep levels for p{dmper/8:8} (WT) and p{dmper/M2M1} flies are similar
at 29°C (Figure 3 and data not shown), p{dmper/M2M1} flies manifest less consolidated sleep as shown by the overall shorter sleep bout lengths (C) and
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