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Purpose: Two previously proposed modelling approaches to explain the bimodal pattern of activity and/or sleep in Drosophila
melanogaster are based on 1) the concept of morning and evening oscillators underlying the peaks of activity in the morning and
evening, respectively, and 2) the concept of two cycles of buildup and decay of sleep pressure, gated only by the circadian oscillator.
Previously, we simulated 24-h alertness—sleepiness curves in humans using a model postulating the circadian modulation of the
buildup and decay phases of two (wake and sleep) homeostatic processes. Here, we tested whether a similar model could be applied to
simulate the bimodal 24-h rhythm of fly locomotor activity and sleep.

Methods: To obtain typical curves for the simulations, a sample of 4263 individual 24-h curves of locomotor activity and sleep were
subjected to principal component analysis. It yielded three principal components, which explained more than 70% of the individual
variations in these curves. We calculated the typical curves using scores on the 1%, 2™, and 3" principal components and simulated
these curves and the sample-averaged curves.

Results: We found that these curves are always characterized by two peaks with varying sizes and timings. They can be fitted by
proposing the variation of some of the parameters of the two homeostatic processes reflecting the 24-h rhythmicity of the drive for
wake and the 12-h rhythmicity of the drive for sleep.

Conclusion: Postulation of two separate circadian oscillators is not necessary to explain the bimodal curves in Drosophila

melanogaster.

Plain language summary: This study tested whether a model postulating circadian modulation of the buildup and decay phases of
two homeostatic processes (wake and sleep) can be applied to simulate the bimodal 24-h rhythm of fruit fly activity and sleep. The
simulations suggested that the typical bimodal curves can be simulated by proposing variation of some of the parameters of the two
underlying homeostatic processes that represent the 24-h variation in the drive for wakefulness and the 12-h variation in the opposing
drive for sleep.
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Introduction
Many species of animals display a bimodal peak in their activity, that is, they show one peak in the morning and another
peak in the evening (Aschoff, 1966)." Drosophila melanogaster, the main animal model for the basic research of the
circadian rhythms and sleep, belongs to these species with bimodal activity. Under laboratory conditions, the fruit fly
displays two activity peaks, one in the morning and one in the evening. A waveform of behavioral rhythms with two
peaks is very different from the sinusoidal oscillations observed in clock genes. Therefore, the mechanisms in addition to
the clock can have profound effects on their production (Lazopulo, Syed, 2017).

The attempts to provide a model-based explanation of bimodal patterns of activity can be traced back to the 1970s
when Pittendrigh and Daan (1976)* proposed a responsibility of two circadian oscillators, morning and evening, for the
peaks of activity in the morning and evening, respectively. Indeed, the specialized morning and evening neurons have
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been later discovered in the fly’s brain. However, some of such findings do not fit Pittendrigh and Daan’s® model
(Peschel, Helfrich-Forster, 2011; Menegazzi et al, 2020).4’5 For instance, Grima et al (2023)6 studied the rhythmic
patterns of expression of the clock protein PERIOD (PER) in subsets of these morning and evening neurons and found
that the expression in these neurons might peak more or less at the same time instead of showing the expected 8—10-h
differences between the peaks of their activity. A study of rhythmic patterns of PER expression in subsets of morning and
evening neurons in the fly’s brain (Menegazzi et al, 2020)° led to the conclusion that the original dual oscillator model
(Pittendrigh, Daan, 1976)° seems to be too simple to describe these patterns. The study suggested (Menegazzi et al,
2020)’ that the circadian clock of this species is composed of a plastic network of numerous oscillators that rearrange
themselves depending on environmental demands. Given such a complexity of the brain mechanism underlying the two
peaks of activity, an explanation of the fly behavioral rhythms might require a more complex oscillatory model. For
instance, Yoshii et al (2023)’ recently proposed a model with four oscillators (two activity and two sleep oscillators) that
reside in different clock neurons and regulate activity in the morning and evening, and sleep during midday and at night.

However, an alternative, more parsimonious (eg, one-oscillator) approach to model-based explanation of bimodality
of fruit fly’s rhythms was also proposed in the recent years. Abhilash and Shafer (2024)® applied the classical version of
the two-process model of regulation of the human sleep—wake cycle to simulate the bimodal 24-h rthythm of Drosophila
sleep. This two-process model postulates two — circadian and homeostatic — regulatory processes (Borbély, 1982; Daan
et al, 1984)”'% and was initially introduced to explain the origin of the mostly unimodal 24-h cyclicity of human sleep
and wakefulness. In the two-process model, this cyclicity is described as an inverse exponential buildup (1a) and an
exponential decay of the homeostatic process (1b) during wakefulness and sleep, respectively, which is gated by the
circadian process (ie, the gating occurs in such a way that the period of the homeostatic process normally remains equal
to 24 h). Narrowing this circadian gate might be a parsimonious explanation for the transition of the unimodal pattern in
humans to a bimodal pattern in Drosophila melanogaster (Abhilash, Shafer, 2024; Skeldon, Dijk, 2024).8’” Abhilash and
Shafer (2024)" adapted Daan et al’s (1984)'° model for simulation of two peaks of fly’s sleep by fitting homeostatic time
constants so that sleep is biphasic and the percentage of sleep across the day matches the Drosophila pattern observed in
the presence of a light—dark (LD) cycle.

However, the conceptualization and measurement of Drosophila sleep differ drastically from the conceptualization
and measurement of human sleep. In accordance with the Donelson et al (2012)'? criterion, fly sleep is conventionally
defined as 5 consecutive minutes of the absence of any locomotor activity. Consequently, this is nothing more than
another measure of locomotor activity. The classical two-process model can also be applied to simulate similar human
24-h rhythms, such as the rhythm of alertness—sleepiness and the rhythm of performance. However, any of such attempts
had always led to the incorporation of an additional (3™) process in these models to better fit the alertness-sleepiness and
performance rhythms. In the proposed models, this 3™ process was associated with sleep inertia (Achermann, Borbély,
1994; Akerstedt, Folkard, 1997),13’14 the circadian sensitivity modulator (Jewett et al, 1999),15 the wake-promoting brain
areas competing with the sleep-promoting areas (Phillips et al, 2013),' and the drive for wake opposing to the drive for
sleep (Putilov et al, 2014, 2015).'7'®

Similar complication of the model can be expected from the attempts to fit the fly’s locomotion pattern with simple
exponential functions that showed that quantification of the main features of the fly’s locomotion pattern can be achieved
by fitting data with a model consisting of at least four exponential terms (Lazopulo, Syed, 2017).% In other words, not one
pair but two different pairs of inverse exponential buildups (1a) and exponential decays (1b) are necessary to postulate
for simulation of this pattern.

Consequently, the question arises of whether a model with at least three regulatory processes and/or four exponential
terms can be applied to explain the mechanism underlying the bimodal rhythm of the fly. To our knowledge, such a
model has not been previously implicated in modelling and simulation of the oscillatory mechanism underlying the
biphasic 24-h pattern of locomotor activity and sleep in Drosophila.

For the present model-based simulations, we used a sample of 4263 pairs of individual 24-h curves of locomotor
activity and sleep collected for four previous publications (Zakharenko, 2018, 2021, 2023, 2024)."* 2> The whole set of
individual curves was subjected to principal component analysis to reveal the most important dimensions of individual
variation in these curves. Scoring on three principal components yielded the most typical 24-h curves of locomotor
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activity and sleep. They were simulated to test our hypothesis that a slightly modified model of human alertness—
sleepiness rhythm can be applied to explain three basic regulatory processes producing these curves.

Materials and Methods

Sampling the Individual 24-h Patterns of Activity and Sleep
The sample of 4263 individual 24-h curves of locomotor activity and sleep included 12 datasets that were described in
detail in four previous publications (Zakharenko, 2018, 2021, 2023, 2024)."°** The sample-averaged curves of
locomotor activity and sleep are shown in Figures 1 and S1. The major characteristics of the datasets are listed in
Tables S1 and S2, and some of the major results of their separate (12) analyses are summarized in Tables S3-S5 and

Figures S2-S5.
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Figure | Averaged curves and their simulations. (A) The 24-h curves of locomotor activity (left) and sleep (right) obtained by averaging over 4263 individual curves from
Datasets |-12 (see Tables S| and S2). (B) and (C) Simulation of the 24-h curve of locomotor activity and the 24-h curve of sleep, respectively (sleep curve inverted for
simulation). Left: 24-h curve and its simulation, X(t). Right: X(t) and 5 separate parameters of the model, X,(t), Xy(t), X4(t), Xpu(t), and Xy,(t);. See Tables 2 and 3 and Figure S|

for parameter names; 7:30—19:30: Photoperiod during equinoxes in Novosibirsk.
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Prior to recording locomotor activity, groups of 20-25 male or female flies from the same strain or cross were kept in
standard vials under standard temperature (20°C) and either a standard 12-h photoperiod (light between 7:00 and 19:00)
or a near-natural photoperiod established from the windows of a laboratory room in the absence of additional artificial
illumination (light between 7:30 and 19:30 during equinoxes). To avoid the masking effects of light, darkness, and
transitions between them, a vast majority of the records were obtained under constant darkness. Activity and sleep of flies
were monitored and analyzed using a DAMS (Drosophila Activity Monitoring System; “Trikinetics”, Waltham, MA,
USA) and its software package (www.trikinetics.com, accessed on May 12, 2024). This system recognizes when an

active fly is crossing the center of the locomotor tube, ie, by breaking the infrared beam passing across the middle of the
tube (Pfeiffenberger et al, 2010).>* Each fly was individually placed in the glass locomotor-monitoring tube of the DAMS
with infrared beams for activity detection. The monitor was connected to a computer to record beam breaks at 1-min
intervals. Locomotor activity was recorded after releasing the flies in constant darkness (DD) for at least 5 days. It was
initially expressed as the number of beam breaks in 1-min bins, and these initial counts of locomotor activity were then
used to quantify sleep events. In accordance with the Donelson et al (2012)'? criterion, sleep was conventionally defined
as 5 consecutive minutes of the absence of any locomotor activity.

Based on this approach to recording and calculating locomotor activity and sleep (www.trikinetics.com, accessed on

May 12, 2024), Excel software was developed for further conventional analysis of locomotor activity and sleep over
longer (30-min) intervals. The 1-min data were averaged over 30-min intervals for each record. Data for the first day
were excluded as they mainly reflected the habituation process, whereas the following 30-min estimates of locomotor
activity and sleep were averaged over four 24-h intervals to obtain measurements for each of the 48 time points
constituting the 24-h cycle of an individual fly. These pairs of 48 values of the 24-h curves of 4263 individual flies
(for locomotor activity and sleep) were subjected to statistical analysis. The Statistical Package for the Social Sciences
(SPSS,3, IBM, Armonk, NY, USA) was used for statistical analysis. Some of the particular statistical results are included
in Tables S3-S5, and the group-averaged results are illustrated in Figures 1-4 and S1 and S2.

Principal Component Scoring of the 24-h Individual Patterns

The two 24-h (48-time points) curves were obtained by averaging over all individual curves of locomotor activity and
sleep (Figure 1A). To reveal the most important dimensions of individual variation in the 24-h curves, the whole sample
of individual 24-h (48-time points) curves of locomotor activity or sleep was subjected to principal component analysis.
It yielded three principal components explaining >70% of the total variation in the individual 24-h curves (Table 1, upper
part). Loadings on these three components (Figure 2A) were used to calculate the typical curves for the pairs of
subsamples with positive and negative scores (Figure 2B-D and Table 1). This allowed the reduction of the huge number
of individual curves to a small number of most typical curves shown in Figure 2B-D. In Table 1, their main
characteristics are compared with the characteristics of the sample-averaged curve.

Supplementary Material includes the results of additional statistical analyses of the 24-h curves in 12 separate datasets
constituting the whole sample of 4263 individual curves of locomotor activity and sleep (Tables S3-S5 and Figure S2-S5).
Details on the repeated-measures ANOVA (rANOVA) of the 24-h (48 time point) curves and principal component scores
(the 1%, 2™ and 3™) are provided in Tables S3 and S4 (middle and right columns, respectively).

Model and Previous Simulations

Model-based simulations were performed using a model that was initially applied to simulate the 24-h patterns of
alertness and sleepiness in humans (Putilov et al, 2014, 2015).'7'® This model originates from a modification of the
classical two-process model of sleep—wake regulation (Borbély, 1982; Daan et al, 1984)*° that proposes the circadian
modulation of the parameters of the homeostatic process underlying an overt circadian rhythm. Such modulation is
incorporated into the model in the form of a very simple (sine) function (Putilov, 1995).>* In its mathematical
formulation, the homeostatic sleep process is identical to that of the classical two-process model of sleep—wake
regulation (Borbély, 1982; Daan et al, 1984).>'° However, it has been additionally postulated that a very similar
homeostatic process can underlie not only sleep homeostasis (Putilov, 1995)** but also wake (alertness—sleepiness)
homeostasis (Putilov et al, 2014, 2015).'7!8
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Table | Three Principal Components and Features of Seven Curves of Locomotor Activity

Principal Component (PC) 1 2m 3rd
Behavioral Measure Activity | Sleep | Activity | Sleep | Activity Sleep
Eigenvalue 25.96 22.78 7.16 7.56 2.78 3.54
% of Variance 54.09 47.45 14.92 15.75 5.78 5.78
Cumulative % 54.09 47.45 69.00 63.21 7479 70.58
Activity curve Averaged I PC score 2" PC score 3" PC score
Main feature + (>0) - (20) +(>0) - (20) + (>0) - (0)
Mean level Middle Higher Lower Middle Middle Middle Middle
Amplitude Middle Larger Smaller Smaller Larger Larger Smaller
Morning peak 7:00 7:00 7:00 6:30 7:00 6:30 7:00
Evening peak 18:30 18:30 18:30 19:00 16:30 19:00 16:30
Larger peak None None Evening | Evening | Evening | Evening | Morning
Afternoon dip Middle Larger Smaller Larger Middle Middle Smaller

Notes: Upper part. Three principal components were identified using principal component analysis of the individual curves
for locomotor activity (activity) or sleep. Lower part: average locomotor activity curve was obtained by averaging the
individual locomotor activity curves (n=4263). Six additional 24-h locomotor activity curves were calculated for subsamples
with dichotomized scores on the 1%, 2" and 3" principal component (PC). Score + or Score —: positive and negative PC
scores (above, below, or equal to zero, respectively). Main feature: a unique combination of the main features of a curve
(compared to the averaged curve). The averaged curve is shown in in Figure |A, the loading on three PCs is shown in
Figure 2A, the curves for the dichotomized PC scores are shown in Figure 2B-2D, and the simulations of the seven curves
are shown in Figure |B, 3A-3C, and SI.

Therefore, the model includes two major homeostatic components, the representatives of the drive for sleep and the
opposing drive for wakefulness. Additionally, the circadian component plays a role of modulator of the parameters of
each of these two components. The model describes the homeostatic components as the alternations of an inverse
exponential buildup with an exponential decay, eg, (1a) with (1b), respectively, for the wake (alertness-regulating)
process, while the modulating circadian component of this or sleep-regulating process is represented by a sine function,
eg, (2).

If #; and ¢, are the initial time points for the (inverse exponential) buildup and (exponential) decline phases of the
wake process, the following formulae describe two (daytime and nighttime) parts of the 24-h fluctuations in the

alertness—sleepiness level:

X(t) = [X, + C(0)] — {[Xy + C(£)] — Xp} e t=1)/[TD-k=C1)]; (1a)
X(t) = [Xi+ C(t)] — {Xa — [X; + C(0)]}  e” -2/ [Td=keC0) (1b)

where
C(t) =Axsin2rxt/24 + @) )

is a periodic function with a 24-h period (Putilov, 1995; Putilov et al, 2014, 2015).'7'%2*

Because alertness demonstrates a gradual declining trend from one day to another in the course of prolonged
wakefulness, such an impact of another homeostatic process, sleep homeostasis, is incorporated in the model in the
form of variation in an upper asymptote, X,,, of X(#). It is assumed that this asymptote cannot remain constant throughout
the buildup and decay phases of the alertness—sleepiness rhythm, as described in Equation (1a). Instead, it exhibits decay
and buildup owing to the influence of the sleep homeostatic process, X, (¢) . For instance,
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Figure 2 Curves calculated for subsamples with high and low principal component scores. (A) Loadings of the 30-min values of locomotor activity (left) and sleep (right) on
the 1%, 2" and 3" principal components. (B-D) The 24-h curves of locomotor activity (left) and sleep (right) obtained for subsamples with dichotomized scores (above and
below zero) on the 1%, 2" and 3" principal components. See also Table |.

X (1) = X + C(0)] — { X — [Xu + C(0)] = e‘“‘”)/[Tdu—k*C(t)]}’ (3a)

where X, is the value of X, at the initial time point #;, and X, and T, are the asymptote and time constants, respectively,
of the decaying upper asymptote X, (¢)

In other words, this model interprets the process X(t) as an alternative homeostatic process representing the drive for
wakefulness (ie, the wake-promoting process regulating the alertness—sleepiness rhythm). In contrast, the process X, (¢) is
interpreted as the representative of the opposing drive for sleep (ie, the sleep-promoting process associated with
accumulation of sleep pressure during wakefulness and its dissipation during sleep, ie, this is, in fact, the classical
homeostatic process in the Daan et al, 1984,'" model. This interpretation corroborates the conceptualization of opponent
drives for wake and sleep proposed by Edgar et al (1993)*° and Dijk & Czeisler (1995).%
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Figure 3 Simulations of activity curves for subsamples with different principal component scores. (A—C) The 24-h curves of locomotor activity for subsamples with the

dichotomized scores (above and below zero) on the 1%, 2", and 3" principal components, respectively, and their simulations, X(t). Left and right: 24-h curves for scores
above and below zero, respectively.

Present Simulations of the 24-h Individual Patterns
The only difference between the aforementioned model of the 24-h human alertness—sleepiness rhythm (Putilov et al,
2014, 2015)'”'® and the model applied for the present simulations of the 24-h Drosophila thythm was the postulation of
12-h rather than 24-h period of alternations between the buildup and decay phases of X, (), that is, the homeostatic
process representing the influence of the sleep drive (3a) on the opposing wake drive (1a,1b).

The least-squares method was used to simulate seven 24-h locomotor activity curves, as illustrated in Figures 1B and 3,
and seven 24-h locomotor activity curves, as illustrated in Figures 1C and 4. The ranges of variation of the parameters of the
model presented in Tables 2 and 3 (for locomotor and activity curves, respectively) were not limited, with the exception of

the assumption of identity of the two phase parameters of circadian modulation, ¢; and ¢, for X(#) and X,,(¢), ie, for the wake
and sleep processes, respectively.
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Figure 4 Simulations of sleep curves for subsamples with different principal component scores. (A—C) The 24-h sleep curves for subsamples with the dichotomized scores
(above and below zero) on the 1%, 2", and 3" principal components, respectively, and their simulations, X(t). Left and right: 24-h curves for scores above and below zero,
respectively. These sleep curves were inverted for simulation.

Results
The Typical 24-h Patterns of Locomotor Activity and Sleep

Despite the fact that the recording of locomotor activity of the vast majority of flies included in the whole sample in DD,
the sample-averaged curve (Figures 1A and S1) demonstrates the persistence of an approximately 24-h locomotor rhythm
with two morning and evening peaks. The times of these peaks indicated that increase in activity anticipates light-on and
light-off transitions occurring during equinoxes (light between 7:30 and 19:30, respectively). It is also notable that such
features of the bimodal pattern of 24-h rhythms persisted (Figures 1A and 2) despite the recordings of locomotor activity
and sleep in the vast majority of flies under high temperature (29°C) that was usually combined with additional harsh
conditions, such as low caloric diets or caffeinated food (Figure S2). The effects of the particular conditions on the 24-h
curves were described in detail in the previous publications (Zakharenko, 2018, 2021, 2023, 2024)."%%*

Principal component analysis of the whole sample of curves yielded three principal components that explained more
than 70% of the individual variation in these curves (Table 1, upper part). Scores on the 1%, 2™ and 3™ principal
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components were dichotomized to calculate the 24-h curves for the subsamples with positive and negative scores, either
>0 or <0 (Figure 2B-D). The main features of the curves of locomotor activity (as compared with the averaged curve) are
presented in Table 1 (lower part).

Notably, although the waveform of the group-averaged 24-h curves varied considerably in 12 datasets constituting the
whole sample of individual curves (Figure S2), the typical bimodal pattern was demonstrated by each of the typical
curves representing the subsamples with the 1%, 2", and 3™ principal component scores above and below or equal to zero
(Figure 2B-D).

The results of principal component analysis and scoring provided a possibility to reduce the remarkable variety of the
individual curves to a manageable number of such typical curves. Therefore, we simulated (Figures 1B, C, 3 and 4), in
total, 14 such typical curves, the sample-averaged curves of locomotor activity and sleep (Figure 1A, left and right graph,
respectively) and the subsample-averaged curves, 6 for locomotor activity and 6 for sleep (Figure 2B-D, left and right,
respectively).

Simulations of the Typical 24-h Patterns

The only common feature of these six typical curves was the absence of remarkable variation in the timing of the
morning peak (Table 1, lower section). Therefore, two parameters of the model, ¢; and ¢, (initial time for buildup of
activity and circadian phase, respectively), were proposed to be identical for X(7) and X,,(¢) representing the drivers for
wake and sleep, respectively (Tables 2 and 3, and Figures 1B and S1). Despite the stability of the morning peak, the
phase angle between ¢; and ¢, can be suggested to slightly vary in simulations (Tables 2 and 3).

Unlike the morning peak, the evening peak exhibited profound variability in the two pairs of curves calculated for the
2" and 3™ principal component. In the simulations of these curves, this variation was mostly accounted for by shifting
the remaining phase parameter, ¢, (initial time for decay of activity), on earlier or later clock times (Tables 2 and 3, and
Figures 3 and 4).

Table 2 Parameters of the Model (1-3) Derived by Simulating Seven Curves of Locomotor

Activity
Averaged | PCI PC2 PC3

Parameter | Parameter Name + - + - + -

tl and t2 Initial times for buildup (la) and decay phase (Ib) of activity

tl Buildup begins 24.00 24.00 | 24.00 | 24.00 | 24.00 | 24.00 | 24.00

t2 Decay begins 18.50 18.50 | 18.50 | 19.00 | 17.00 | 19.00 | 16.50

C(t) Sine-form modulation (2) of parameters of buildup (la) and decay (Ib) of activity

A Amplitude 1.94 2.32 1.51 020 | 059 | 020 | 0.62

Pmax Phase 7.08 6.74 | 9.03 997 | 727 | 853 7.99

X(t) Inverse exponential buildup (la) and exponential decay phase (I1b) of activity

Xy Highest buildup 24.10 4035 | 14.11 | 22.93 | 2895 | 32.37 | 32.49

Xp Lowest decay 9.07 16.65 | 450 | 13.50 [ 3.00 [ 7.30 | 8.00

X Lower asymptote —8.00 200 | -3.73 | 9.75 | —4.00 | 3.00 3.00

Ty Constant for buildup 19.53 13.03 | 1570 | 41.67 | 1494 | 20.05 | 11.83

Ty Constant for decay 5.99 4.10 4.50 4.10 4.10 4.10 | 4.10
(Continued)

Nature and Science of Sleep 2025:17 heeps: 123


https://www.dovepress.com/get_supplementary_file.php?f=497563.docx
https://www.dovepress.com/get_supplementary_file.php?f=497563.docx

@ Putilov et al

Table 2 (Continued).

Averaged | PCI PC2 PC3
Parameter | Parameter Name + - + - + =
X,(t) Inverse exponential buildup and exponential decay phase of higher asymptote (3)
A, Amplitude 1.94 1.19 | 2.34 3.00 3.00 1.61 2.19
Pmaxu Phase 7.08 6.74 | 9.03 997 | 727 | 853 | 799
Xai Highest buildup 46.05 60.19 | 22.81 | 49.42 | 55.28 | 55.39 | 51.53
Xpi Lowest decay 20.00 25.00 | 8.00 | 22.00 | 22.00 | 22.00 | 22.00
X Lower asymptote 15.21 20.00 ( 7.17 | 1400 | 500 | 14.00 | 15.08
Xui Higher asymptote 54.97 62.5 40.0 | 100.0 | 59.3 100.0 | 37.04
i Constant for buildup 7.67 4.10 | 1197 | 1885 | 699 | 1433 | 9.25
Tau Constant for decay 4.00 5.14 | 410 | 410 | 936 | 4.10 | 429
Normalized sum of squares
0.03 0.06 | 002 | 034 | 0.06 | 0.18 | 0.04

Notes: Parameters used for the seven simulations of the 24-h locomotor activity curve. Averaged: curve obtained by
averaging individual curves (n=4263). PCI, PC2, and PC3: six curves for subsamples with dichotomized scores on the 1%,
2" and 3™ principal components (above and below or equal to zero, +, and —, respectively). @mqx clock time for the
maximum sine function (suggested to be the same for the circadian modulation of X,(t) and X(t)), ¢max = @maxy- Normalized
sum of squares: simulations of the 24-h curves performed using the least-squares method. The sum of the squared offsets
was normalized by the number of offsets used in the calculation of the sum.

Table 3 Parameters of the Model (I-3) Derived by Simulating Seven Sleep Curves

Averaged | PCI PC2 PC3
Parameter | Parameter Name + - + - + =
tl and t2 Initial times for buildup (la) and decay phase (1b) of activity
t/ Buildup begins 24.00 2400 | 2400 | 24.00 | 24.00 | 24.00 | 24.00
2 Decay begins 18.00 17.00 | 1850 | 19.00 | 17.00 | 19.00 | 16.50
C(t) Sine-form modulation (2) of parameters of buildup (la) and decay (Ib) of activity
A Amplitude 0.01 3.00 | ool 0.25 0.91 0.20 0.0l
®Pmax Phase 6.89 542 | 840 9.8l 8.96 9.97 6.46
X(t) Inverse exponential buildup (la) and exponential decay phase (1b) of activity
X4 Highest buildup 25.54 22.84 | 2749 | 22.74 | 27.95 | 25.54 | 25.44
Xy Lowest decay 15.52 822 | 1945 | 1490 | 13.00 | 9.00 17.37
X Lower asymptote —4.90 0.00 | 12.70 | 1.4l 5.00 3.00 13.45
T Constant for buildup 24.86 2046 | 20.72 | 50.65 | 17.83 | 19.50 | 24.29
Tq Constant for decay 12.65 6.50 | 5.86 4.10 4.83 4.10 4.10
(Continued)
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Table 3 (Continued).

Averaged | PCI PC2 PC3
Parameter | Parameter Name + - + - + -
Xu(t) Inverse exponential buildup and exponential decay phase of higher asymptote (3)
Ay Amplitude 3.00 0.0l 2.11 3.00 3.00 3.00 3.00
Pmaxu Phase 6.89 5.42 8.40 9.8l 8.96 9.97 6.46
Xai Highest buildup 45.11 39.71 | 38.19 | 4991 | 44.16 | 39.23 | 42.11
Xpi Lowest decay 18.35 21.08 | 25.02 | 16.00 | 2853 | 16.99 | 24.40
X Lower asymptote 44.28 63.29 | 38.02 | 100.00 | 45.00 | 100.00 | 40.00
Xui Higher asymptote 20.00 18.00 | 23.00 | 22.00 | 21.00 | 20.00 | 21.73
Thu Constant for buildup 5.77 10.74 | 4.67 18.59 6.04 28.38 5.15
Tau Constant for decay 5.97 449 | 4.10 3.50 5.18 4.43 5.30
Normalized sum of squares
0.0l 0.03 0.0l 0.06 0.02 0.05 0.02

Notes: Parameters used for seven simulations of the 24-h sleep curve. See notes in Table 2.

Opverall, the results of simulations (Figures 1B, C, 3, and 4) of the typical locomotor activity and sleep curves (Figures 1A
and 2B-D) suggested that the assumption of two separate oscillators were not necessary to include in the model to simulate
these typical curves of the locomotor activity and sleep (see the bottom line in Tables 2 and 3 for the extent of deviation of the
simulated curves from the empirically obtained curves). As indicated by the results shown in Tables 2 and 3, the variation in
the major features of the typical curves (Table 1, lower part) can be attributed to the variation in some of the parameters of the
two homeostatic processes representing the 24-h and 12-h alternations of the drives for wake and sleep, respectively.

Discussion
To our knowledge, this is the first attempt to implicate a model with two rather than one underlying homeostatic process and
with only one circadian oscillator to explain and simulate the features of bimodal 24-h rhythm of Drosophila locomotor
activity and sleep. Since fly sleep is conventionally defined as 5 consecutive minutes of the absence of any locomotor activity
(Donelson et al, 2012),"* sleep can be simply viewed as another measure of locomotor activity. The present results of
simulation of 14 typical curves of locomotor activity and sleep suggested that the postulation of more than one circadian
oscillator is not necessary to explain individual variation in the bimodal 24-h rhythms of this species. The individual
differences can originate from the differences in some of the parameters of the two opposite homeostatic processes,
representing the 24-h variation in the drive for wake and the 12-h variation of the drive for sleep. For instance, such particular
parameter of the wake homeostatic process as the timing of the switch between its two (buildup and decay) phases can explain
the observations of advancing and delaying shifts of the evening peak relative to the unshifted morning peak. This specific
response of the bimodal 24-h rhythm of behavior was observed in flies adjusting to the seasonal and experimental changes in
photoperiod (eg, Menegazzi et al, 2020; Kauranen et al, 2012; Rieger et al, 2012; Kistenpfennig et al, 2018).>*”%° Further
simulations applying the proposed model can be aimed on explaining the experimental results on the responses of morning and
evening peaks of the Drosophila thythm to different circadian periods of external (entraining) cycles (eg, Vaze et al, 2023).*°
The classical two-process model (Daan et al, 1984; Abhilash, Shafer, 2024; Skeldon, Dijk, 2024)8’10’11 appears to be
too simple to account for such differences in responses of morning and evening peaks to the changes in duration and
period of the external lighting condition. On the other hand, it is not necessary to assume the involvement of more than
one oscillator (Pittendrigh, Daan, 1976; Yoshii et al, 2023)>7 in this differential response of the morning and evening
peaks. The present results of simulations of 14 typical curves suggested that, for a purpose of their parsimonious
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description and explanation, a model with just three components might be optimal. Our model allowed not only the
fitting a variety of patterns of fly’s locomotor activity and sleep, but also the explanation of the underlying differences
between them in terms of the two opposing processes representing the drives for wake and sleep. In this respect, it
appears to be more suitable for generalization of the underlying regulatory mechanisms over various animal species than
other three-component models postulate a human-specific processes, such as sleep inertia (Achermann, Borbély, 1994;
Akerstedt, Folkard, 1997)'*'* or the wake- and sleep-promoting areas in the brain (Phillips et al, 2013)."°

Previously, we applied principal component analysis to the 24-h curves of Drosophila activity and sleep to
demonstrate that the curves of parent strains contribute approximately equally to the curves of their hybrids, that is,
additive genetic effects (Zakharenko et al, 2024).%° Here, we demonstrated for the first time that this methodology can be
also applied to determine typical 24-h curves from a sample of many individual curves that can be profoundly variable in
their waveforms because these curves were obtained under rather harsh experimental and environmental conditions. In
addition, this approach allows for a quantitative representation of each individual-averaged or group-averaged curve
using only three principal component scores. The application of this approach to 12 datasets suggested significant
differences between just three group-averaged scores (Figure S3) that were in line with the differences revealed by a
traditional statistical analysis of the curves consisting of as many as 48 time points (eg, shown in Tables S3-S5).

Notably, the extent of variation in the 24-h patterns of locomotor activity and sleep uncovered by applying principal
component scoring of individual patterns was remarkably smaller (Figure 2B-D) compared to the patterns observed in
each of 12 experiments, especially in those flies that were at old age and/or exposed to harsh environment, such as high
temperature combined with low caloric diets and/or caffeinated food (Figure S2; see Zakharenko, 2018, 2021, 2023,
2024,"7?% for more details). The results suggested that the 24-h rhythms with two peaks occurring near the expected
times of sunrise and sunset persisted in each of such typical 24-h patterns of locomotor activity and sleep.

Conclusion

In this study, we examined whether a model postulating circadian modulation of the buildup and decay phases of two opposing
homeostatic processes can be applied to simulate the bimodal 24-h rhythm of locomotor activity and sleep in Drosophila
melanogaster. The results suggest that the bimodal curves can be simulated by proposing the variation of some of the parameters
of these two underlying homeostatic processes that can represent the 24-h variation in the drive for wakefulness and the 12-h
variation in the opposing drive for sleep. It was not necessary to postulate more than one circadian modulator of these processes.
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