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Methamphetamine alters the circadian oscillator and its
couplings on multiple scales in Per1/2/3 knockout mice
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Abstract

Disruptions to circadian rhythms in mammals are associated with alterations in their physiological and mental states. Circadian
rhythms are currently analyzed in the time domain using approaches such as actograms, thus failing to appreciate their time-
localized characteristics, time-varying nature and multiscale dynamics. In this study, we apply time-resolved analysis to investigate
behavioral rhythms in Per1/2/3 knockout (KO) mice and their changes following methamphetamine administration, focusing
on circadian (around 24 h), low-frequency ultradian (around 7 h), high-frequency ultradian (around 30 min), and circabidian (around
48 h) oscillations. In the absence of methamphetamine, Per1/2/3 KO mice in constant darkness exhibited a dominant, ~7 h oscillation.
We demonstrate that methamphetamine exposure restores the circadian rhythm, although the frequency of the methamphetamine
sensitive circadian oscillator varied considerably compared to the highly regular wild-type circadian rhythm. Additionally,
methamphetamine increased multiscale activity and induced a circabidian oscillation in the Per1/2/3 KO mice. The information
transfer between oscillatory modes, with frequencies around circadian, low-frequency ultradian and high-frequency ultradian
activity, due to their mutual couplings, was also investigated. For Per1/2/3 KO mice in constant darkness, the most prevalent coupling
was between low and high-frequency ultradian activity. Following methamphetamine administration, the coupling between the
circadian and high-frequency ultradian activity became dominant. In each case, the direction of information transfer was between
the corresponding phases from the slower to faster oscillations. The time-varying nature of the circadian rhythm exhibited in the
absence of Per1/2/3 genes and following methamphetamine administration may have profound implications for health and disease.
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Significance Statement

Disrupted circadian rhythms are implicated in several pathologies. This study reveals the time-varying multiscale dynamics under-
lying such rhythms in mice. By analyzing the wheel running activity of mice lacking canonical circadian clocks (Per1/2/3 KO) exposed
to methamphetamine, which stimulates dopamine signaling, we demonstrate the dynamical characteristics of the methampheta-
mine sensitive circadian oscillator (MASCO). Although the MASCO period coincides with the canonical circadian rhythm, its fre-
quency varies significantly in time. Methamphetamine administration also increased multiscale activity, induced a circabidian
oscillation, and altered couplings between behavioral modes. The time-varying MASCO may explain the sleep-wake cycle disturban-
ces reported in individuals treated with stimulants, especially those with attention-deficit/hyperactivity disorder (ADHD). This re-
search highlights the importance of time-resolved analysis in revealing previously unexplored aspects of circadian biology.

Introduction administration (9, 10). However, the relationship between canon-

Periodic activity manifests across all temporal and spatial scales
throughout nature. One of the most widely recognized cycles is
the circadian rhythm, which is closely associated with numerous
pathologies (1-3). In mammals, the circadian rhythm is primarily
regulated by the suprachiasmatic nucleus (SCN) (4, 5), which
serves as a central pacemaker entrained to the light/dark cycle
(6). Additionally, peripheral oscillators are affected by nonphotic
cues such as restricted feeding (7, 8) and methamphetamine

ical circadian oscillators and those influenced by dietary or
pharmacological interventions remains unclear.

Mammalian circadian rhythms are governed by transcription-
al-translational feedback loops within cells (5, 11, 12). Period (Per)
genes are known to regulate circadian behaviors (13). The removal
of these genes disrupts the 24-h timekeeping system, thereby
eliminating the circadian rhythm (14). Consequently, Per1/2/3
knockout (KO) mice offer a model to explore alternative
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pacemakers such as the methamphetamine sensitive circadian
oscillator (MASCO), which operates independently of canonical
clock genes (15). This approach avoids the interference from en-
dogenous canonical circadian oscillations that would otherwise
confound the results.

In addition to circadian oscillations (~24 h) (16-21), ultradian
(<24h) (22) and infradian (>24h) (23) rhythms coexist, resulting
from several biological mechanisms. These range from cellular
dynamics occurring over minutes (24) to elongated multiday peri-
ods (25). Current methods largely analyze behavioral rhythms in
the time domain using techniques such as actograms (26).
Recently introduced multiscale analysis methods (27-34), able to
detect the presence of oscillations and their mutual interactions
on wide time-scales, promise to advance the study of behavioral
rhythms. Additionally, they explicitly consider time as a physical
parameter (35, 36), enabling time-localization. Hence, they are not
based on time-asymptotic assumptions and therefore enable the
temporal variability of these oscillations to be explored. In con-
trast, traditional, time-asymptotic analysis approaches may in-
appropriately categorize deterministic oscillations acting on
multiple scales with time-varying frequency as noise (33).

Although ultradian rhythms are ubiquitous in biological sys-
tems and are found in all organisms from single cells to complex
multicellular animals, their origin is still unclear (22, 37, 38).
There is no known environmental signal that synchronizes with
ultradian rhythms (38). However, ithas been shown that ultradian
rhythms interact with the circadian rhythm and the daily light/
dark cycle (39) and that ultradian rhythmicity can persistin the ab-
sence of functional molecular circadian clocks at both behavioral
and cellular levels (40, 41). Recent study suggests that the balance
between circadian and ultradian rhythmicity is determined by en-
ergy balance (42). Itis alsoknown that there are multiple ultradian
rhythms of physiological or behavioral origin, and that they can be
synchronized with each other. However, no central ultradian
pacemaker has been identified so far (43). Yet, it has been shown
that among the coupled ultradian rhythms, the hippocampal
theta wave is phase leading, suggesting a central control of some
of the ultradian rhythms (43). It has also been shown that striatal
dopamine exhibits an ultradian rhythm and that its signaling
manipulation alters ultradian periodicity (44). This suggests
that dopamine is involved in mediating ultradian rhythms.
Furthermore, the ultradian feeding rhythm in the common vole
is known to synchronize between individuals, suggesting that
some of the ultradian rhythms have functional significance (39).

To investigate the circadian and ultradian rhythms and their
couplings, the running wheel activity of wild-type mice, heterozy-
gous PER2::LUC knockin mice, and Per1/2/3 KO mice was meas-
ured in several conditions. First, the behavior of a control group
containing seven heterozygous PER2::LUC knockin Mice and a wild-
type littermate in constant darkness was established. Then, the be-
havior of Per1/2/3 KO mice in constant darkness with and without
methamphetamine was evaluated. Lastly, the behavior of Per1/2/3
KO mice was measured with and without methamphetamine in
constant darkness and in constant light, as well as in conditions
of 12 h darkness and 12 h light alternating for several days.

Data were analyzed using novel methods for tracing instantan-
eous frequencies (30) and mutual couplings (32, 45) in time,
based on the theory for discerning time-resolved oscillatory dynam-
ics (35, 36, 46). Characteristic frequencies of relevant oscillations on
time-scales between days and minutes were calculated over time
using the wavelet transform and ridge extraction (28, 30). The fre-
quency content was additionally checked using harmonic analysis
(47) to establish the presence of modes and distinguish them from

high harmonic components. Once modes were established, wavelet
bispectral analysis (32) and dynamic Bayesian inference (DBI) (27,
31) were used to infer directions of coupling between modes under
various experimental conditions, as outlined above.

Our results demonstrate that the circadian rhythm is highly sta-
ble in wild-type and PER2::LUC knockin mice. Knocking out Per1/2/3
genes reduces the power of the circadian rhythm and introduces ir-
regularity. Methampetamine reinstates an irregular, nonstationary,
circadian rhythm in the absence of canonical clock genes. When
evaluated using a time-localized approach, there exists clear
evidence of birhythmicity (48-50) in Perl/2/3 KO mice following
methamphetamine administration. Additionally, for the first time,
we demonstrate changes in the coupling between modes following
methamphetamine exposure. The dynamic, time-varying, charac-
teristics of the MASCO may have implications regarding sleep
disorders following stimulant exposure (51-54), particularly in
individuals with attention deficit/hyperactivity disorder (ADHD)
(55-57), and in several other conditions including schizophrenia,
Alzheimer’s disease, and autism spectrum disorder (58-63). A clear-
er understanding of the mechanisms behind the irregular nature of
the MASCO may elucidate dynamic aspects of circadian regulation.

Results

Highly regular circadian oscillations in wild-type
and PER2::LUC knockin mice

To determine the behavior of the canonical circadian rhythm, wheel
running activity of a control group containing heterogeneous PER2::
LUCIFERASE knockin mice, and one wild-type littermate, was as-
sessed in constant darkness (n=38). The wavelet transform in
Fig. 1B demonstrates highly regular nature of the circadian rhythm
in this control group. Furthermore, the time-averaged power in
Fig. 1C demonstrates a sharp peak centered ~24 h. The average fre-
quency of this oscillation in the control group was 23.9 + 0.1 h. Two
cohorts of wild-type mice (n=S5, n=6) were also measured in con-
stant darkness, over a shorter recording interval (20 and 21 days, re-
spectively). The circadian oscillation was confirmed as being highly
regular in these mice. Their group median circadian frequencies
were 23.4 + 0.2 h and 23.6 + 0.2 h, respectively. Full details, includ-
ing the frequency of each mode for each mouse and their time-
localized powers, are given in the Supplementary material. The
presence of ultradian and high-frequency modes were also detected
in the heterozygous PER2::LUC knockin and wild-type mice, but at a
much lower power relative to the circadian rhythm.

Ultradian oscillations are prevalent in Per1/2/3
knockout mice

Wheel running activity in a cohort of Per1/2/3 knockout mice in
constant darkness (n = 6, Per1/2/3 KO DD hereafter) demonstrated
significant changes to the circadian oscillation observed in wild-
type and heterozygous PER2::LUC knockin mice. Instead of a
single, nontime-varying mode, an intermittent quasi-circadian
rhythm appeared around every 22 days, as previously reported
(41). The average frequency of the most prominent oscillatory
mode in the Per1/2/3 KO DD group was 7.2 + 0.9 h, with both the
large standard deviation (SD), and Fig. 1E highlighting the time
variability of this mode.

Methamphetamine exposure induces a
time-varying circadian rhythm

Analysis of wheel running activity in a cohort of Per1/2/3 knockout
mice in constant darkness with methamphetamine exposure
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Fig. 1. Multiscale oscillatory activity in heterozygous PER2::LUC knockin,

wild-type and Per1/2/3 KO mice with and without methamphetamine

administration. For all plots, yellow is used for data related to wild-type mice from the group measured for 20 days, purple is used for the wild-type group
measured for 21 days, green is used for the control group measured for 30 days, blue is used for the Per1/2/3 KO mice measured for 65 days, and red is used
for the Per1/2/3 KO mice exposed to methamphetamine for 65 days. All mice were in constant darkness. A, D, G) Time-series of wheel rotations per minute
in the control group, Per1/2/3 KO (Per1/2/3 KO DD) mice, and Per1/2/3 KO with methamphetamine (Per1/2/3 KO DD MA) mice. B, E, H) Time-frequency
representations of the control group, Per1/2/3 KO DD and Per1/2/3 KO DD MA data. C, F, I) Time-averaged power for each group, respectively. J) Total power
evaluated between periods of 84 h and 4 min in each condition. The total power between the control group (Ctrl) and Per1/2/3 KO mice is statistically
significant (P = 0.0047 Wilcoxon rank sum, effect size =2.2, Cohens D. K, L) Group median time-averaged power plot (K) compares the Per1/2/3 KO mice
with and without methamphetamine, while (L) compares the methamphetamine Per1/2/3 KO mice and the control group. The shading represents the
25th and 75th percentile while the circles indicate frequencies where there were significant differences between groups, with the color of the circle
indicating the group with the greater power (Wilcoxon rank-sum test P <0.01). M, O, Q) Group median instantaneous frequencies for the circadian and
ultradian modes evaluated over time. N, P, R) Time average instantaneous frequencies for the circadian and ultradian modes for each mouse. The
instantaneous frequency of each mode was obtained using ridge extraction (30).

(N =5, Per1/2/3 KO DD MA) reveals the restoration of the circadian
rhythm compared to the Perl/2/3 KO DD mice. The wavelet
transform in Fig. 1H, and the width of the time averaged power
peak in Fig. 1l illustrate circadian behavior with significant time-
variability compared to the wild-type and heterozygous PER2::
LUC knockin mice. The average frequency of the circadian activity
was 21.6 + 2.5 h. Closer inspection of the time-localized power in
Fig. 1H reveals that the MASCO seems to exhibit birhythmicity,
seemingly switching between periods greater than and less than
24h over time.

To further evaluate the differences following methampheta-
mine exposure, group median power values were compared.
Figure 1K illustrates theses differences, with the colored circles
representing the group with a significantly higher power at a given
frequency (Wilcoxon rank sum test, p <0.01) while the shaded
area represents the 25/75th percentile. Circadian and high-
frequency ultradian power are elevated following methampheta-
mine administration. Additionally, methamphetamine adminis-
tration introduced a significant circabidian rhythm with period
of around 2 days. A low-frequency ultradian mode was also
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present in the Per1/2/3 KO DD MA mice, albeit at a slightly elon-
gated average period of 8.8 + 1.3h and reduced power compared
to the Per1/2/3 KO DD group, as Fig. 1K demonstrates.

Methamphetamine exposure induces a
time-varying circadian rhythm

The frequencies of the circadian and ultradian modes were ana-
lyzed in two wild-type groups (n=5 WT, 20-day DD; n=6 WT,
21-day DD) to ensure that the luciferase knock-in (30-day control
group) did not affect the stability of rhythms. Figure 1 demon-
strates the group average (M, O, Q) and time average (N, P, R) fre-
quencies for each mode. All wild-type mice exhibited consistent
average frequency values across groups. In contrast, Per1/2/3 KO
mice displayed slightly faster circadian activity and slightly slow-
er high-frequency ultradian activity. The frequencies of each indi-
vidual mouse for the three modes are provided in the
Supplementary material.

The behavioral dynamics of Per1/2/3 KO mice in
multiple conditions

The wheel ruining activity of Per1/2/3 KO mice (N=28) was as-
sessed across a series of conditions. The behavioral rhythms gen-
erally exhibited time-varying frequencies, with the dominant
oscillation changing dependent upon the experimental condition,

illustrated in Fig. 2B. Initially, the mice were exposed to light/dark
cycles (LD, 12h light and 12 h dark), and they exhibited a stable
daily rhythm with a period of 24 h. Subsequently, the light periods
were removed, leaving the mice in constant darkness (DD). In the
absence of light and with Period genes knocked out, the dominant
oscillatory mode was at around 7 h. Following administration of
methamphetamine during constant darkness (MDD), the domin-
ant rhythm is within the circadian range. When exposed to meth-
amphetamine in constant light (MLL), a similar behavior was
observed, but at a slightly higher frequency. After methampheta-
mine was removed, the mice remained in constant light (LL),
where the dominant period was around 4 h. When constant dark-
ness was restored (FDD), both a 7 h and circadian mode were pre-
sent. The additional circadian mode, reminiscent of the MDD
condition, may suggest an enduring effect from methampheta-
mine in the system. The results of Per1/2/3 KO mice both with
and without methamphetamine were consistent with our previ-
ous findings. The wavelet transforms for each mouse under inves-
tigation are provided in the Supplementary material.

Methamphetamine increases total power

Comparing control group, Per1/2/3 KO DD and Per1/2/3 KO DD MA
mice revealed that the total power was significantly different
(Wilcoxon rank-sum, P=0.0047, effect size=2.2, Cohen's D)
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Fig. 2. The effect of different environmental and pharmacological modalities on the locomotor rhythms of Per1/2/3 KO mice. A) time-series recorded for
139 days under varying conditions. The separate experimental conditions are denoted as follows: LD, light/dark cycles of period 24 h; DD, constant
darkness; MDD, constant darkness with methamphetamine administration; MLL, constant light with methamphetamine administration; LL, constant
light; FDD, final condition of constant darkness. B) Time-frequency representation across all conditions. C) The total power evaluated in a central 7 day
window of each measurement modality across scales with periods between 84 h and 4 min. Circles and dashes on top of the plot denote significant
differences between conditions (P < 0.05). D) Time-averaged power in the DD (blue) and MDD (orange) modalities. shading denotes the 25th to 75th
percentiles, the bold line represents the median value across frequency and blue/orange dots represent a significant difference between groups at a given

frequency (P < 0.05) evaluated using the Wilcoxon rank sum test.
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Fig. 3. Harmonic and coupling analysis between the control group (first column), Per1/2/3 KO DD mice (second column), and Per1/2/3 KO DD MA mice
(third column). Harmonic analysis (A-C) demonstrates pronounced harmonics in the control group, arising from circadian oscillations. The colorful
peaks indicate the detection of these harmonics. The diagonal line, representing the comparison of the same oscillation to itself, shows high mutual
information, while off-diagonal peaks signify the presence of harmonics, such as those observed between 24 and 12 h in (A). Bispectral analysis (D-F)
highlights couplings between oscillatory modes at different frequencies. Similar to harmonics, contoured peaks indicate regions of significant coupling
between these modes. DBI (G-I) shows the percentage of time during which the oscillatory modes (circadian ~24 h, low-frequency ultradian ~7 h,
high-frequency ultradian ~30 min remained coupled throughout the time series. Increased color intensity corresponds to a longer duration of coupling

between specific modes.

between the control group and Per1/2/3 KO DD group, but not Per1/
2/3 KO DD MA and Per1/2/3 KO DD mice. This was despite a ten-
dency for increased total power in Per1/2/3 KO DD MA mice.
This is likely due to the reduced statistical strength owing to small
sample sizes (N¢y1 =8, Npp =6, Nypp = 5).

Total power results were also calculated in the Per1/2/3 KO
mice across the different experimental conditions. Only the LD
condition total power differed significantly from the other condi-
tions (Wilcoxon rank-sum, P <0.05, Fig. 2C).

Harmonic detection

Before considering the presence of mutual coupling between
modes, the independence of activity in the time-frequency do-
main mustbe ascertained. Harmonic analysis in Fig. 3A-C demon-
strates the control group, Per1/2/3 KO DD and Per1/2/3 KO DD MA
data, respectively. The control group mouse has significant evi-
dence for harmonics of the circadian oscillation, indicating that
the peaks at around 12, 8, and 4h in the power plots of Fig. 1B
and C are not independent modes. There was no evidence for har-
monics in the Per1/2/3 KO mice exposed to methamphetamine.
Notably, the circabidian oscillations present in Per1/2/3 KO DD
MA mice are independent modes, and not the result of harmonics.
In contrast, Per1/2/3 KO DD mice demonstrated evidence of a har-
monic in about half of the mice between 7 and 3.5 h. Harmonic

analysis for each of the mice is presented in the Supplementary
material.

Couplings change following methamphetamine
administration

The presence of mutual coupling between modes was evaluated
using bispectral analysis. Figure 3D-F indicate phase couplings
between behavioral modes for the control group, Per1/2/3 KO DD
mice and Per1/2/3 KO DD MA mice, respectively. The control group
mice were measured for 30 days, hence insufficient data were pre-
sent to consider the couplings to the high-frequency activity.
Although a number of bands demonstrated traces of significant
couplings in the control mice, these patterns were not consistent
across the group (Fig. 3G and Supplementary material). Both Per1/
2/3KO DD, Fig. 3E, and Per1/2/3 KO DD MA, Fig. 3F, reveal the pres-
ence of couplings within the high-frequency ultradian band. In
the Per1/2/3 KO DD mice, the predominant coupling was between
the ~7h oscillation and higher frequencies. Following metham-
phetamine exposure the coupling between the circadian rhythm
and high-frequency ultradian activity became dominant.
DBIwas employed to further confirm the presence of these cou-
plings and detect the direction of the information flow between
modes. This metric was evaluated as the percentage time over
which certain directional couplings were present (Fig. 3G-I). In
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Per1/2/3 KO DD mice, the 7 h mode drove high-frequency activity,
while in Per1/2/3 KO DD MA mice circadian rhythms became the
dominant driver (Fig. 31).

Discussion

Circadian rhythms are a fundamental characteristic of mamma-
lian life. To function optimally, humans are constrained to operate
within a 24 h cycle. Neglecting our implicit chronobiology may lead
to mental illness and disease (55-59, 61-64). While many recent
discoveries have shed light upon the canonical circadian clock,
less is known about alternative pacemakers which may impact
these processes (15, 65). A more comprehensive understanding of
these noncanonical oscillators, such as the MASCO may elucidate
the mechanisms behind, for example, human sleep disorders (10)
and addiction to psychostimulants (15).

Time-localized, multiscale analysis approach
Here, we apply time-localized multiscale analysis approaches to
investigate behavioral dynamics following methamphetamine
administration in Per1/2/3 KO mice (33, 46, 66). The approach ex-
ploits wavelet analysis to evolve the power and frequency of the
rhythms over time and allow for studying their nonstationary
time-variable nature. Wavelets are usually considered as a linear
method (67). Because of the time evolution they provide, they al-
low for studying the signatures of nonlinearities such as the oc-
currence of high harmonics (47), and their time-variable
frequencies (68). The time-variable frequencies can then be ex-
tracted using ridge extraction (30) and in this way, frequency
and phase relationships can be evaluated under different condi-
tions. In particular, couplings between instantaneous frequencies
and phases can be studied (32, 45). Couplings have been demon-
strated to provide a wealth of information about the state of a sys-
tem in various applications (31, 69). Here, we demonstrate how
couplings change with Per1/2/3 genes knocked out and in the pres-
ence of methamphetamine. In this way, we add an additional
approach to studying periodic behavior on multiple scales to the
existing methods (67, 70, 71).

Behavioral rhythms in PER2::LUC knockin and
wild-type mice

To understand the effect of methamphetamine on circadian
oscillations, a series of experiments were conducted. Initially,
the behavioral rhythms of a control group containing heterozy-
gous PER2:LUC knockin mice and a wild-type littermate in
constant darkness were established. A circadian rhythm with a
strong and distinct peak was present at 23.9+0.1h. Similarly
stable circadian oscillations were found in two additional cohorts
of wild-type mice, with periods of 23.4+0.2h and 23.6 +0.2h
respectively. The strength of this peak arises for two reasons:
first, it is dominant compared to the low (5.4-8.0h) and high
(0.22-0.37 h) frequency ultradian activity, but more importantly,
the frequency is highly regular and almost constant over time
(Fig. 1B).

The effect of Per1/2/3 KO on behavioral rhythms

Wheel running activity in Per1/2/3 KO mice in constant darkness
was analyzed to elucidate what happens to behavioral rhythms
when genes responsible for the canonical circadian rhythm arere-
moved. The results revealed that knocking out the Period genes
significantly altered the circadian rhythm. Per1/2/3 KO DD mice
exhibited an intermittent quasicircadian oscillation which

seemed to appear around every 22 days, supporting previous re-
sults from this type of murine sample (41). Due to the intermittent
and relatively weak nature of the circadian activity, the low-
frequency ultradian oscillation, which occurred at a frequency
of 7.2 £0.9h, was dominant, as demonstrated in Fig. 1E.

The impact of methamphetamine exposure upon
circadian and ultradian dynamics

The effect of methamphetamine upon Per1/2/3 KO mice in constant
darkness was established. A peak in power around the circadian fre-
quencies was detected. However, while methamphetamineis able to
reinstate a circadian oscillation, we found several characteristic fea-
tures of the data are altered. The average period of circadian activity
in the Per1/2/3 KO DD MA group occurred at 21.6 + 2.5 h, compared
to 23.9 +0.1h in the control group. The reduced SD in the control
group indicates a lack of time variability. In contrast, the peak
MASCO frequency in the Per1/2/3 KO DD MA mice varied significant-
ly over time (Fig. 1H) and was much less regular. Closer inspection
revealed birythmicity between modes at periods slightly longer
and shorter than 24h, in agreement with previous findings
(9, 49, 72). The ultradian mode present in the Per1/2/3 KO DD mice
persisted following methamphetamine administration, though
with reduced intensity, and an elongated period of 8.8+ 1.3h.
Total power indicated that methamphetamine administration
restored activity levels similar to those observed in the control
group. Methamphetamine administration also significantly ele-
vated high-frequency ultradian activity compared to both the con-
trol group and Per1/2/3 KO DD mice, suggesting erratic, quick
bouts of activity, likely associated with methamphetamine-induced
hyperactivity in mice (73-75). Moreover, methamphetamine expos-
ure induced a circabidian oscillation, a documented behavior in
rodents (23, 76).

Couplings between circadian and ultradian
rhythms

Elongated recordings for the Per1/2/3 KO DD mice enabled har-
monic and coupling analyses between modes. Harmonic analysis
confirmed that the circadian, low-frequency ultradian and high-
frequency ultradian modes observed were independent.
Importantly, the circabidian oscillationinduced by methampheta-
mine was also confirmed as an independent mode. Bispectral ana-
lysis revealed that a significant coupling existed between the low-
and high-frequency ultradian activity in the Per1/2/3 KO mice
without methamphetamine, supporting previous findings (41).
When Per1/2/3 KO mice were exposed to methamphetamine, the
significant coupling was instead detected between the circadian
and high-frequency activity. DBI was subsequently employed to
confirm the results of the bispectral analysis and determine the
direction of information flow between the behavioral modes. DBI
confirmed the presence of couplings. The direction of information
flow was from the slower to the quicker oscillation in each case.
These results highlight that not only the presence of modes but
also theinteractions between them are altered following metham-
phetamine administration.

Influence of methamphetamine and light on
Per1/2/3 KO mice.

Finally, Per1/2/3 KO mice were exposed to a series of different light
and pharmacological conditions. Following methamphetamine
exposure in both constant darkness and constant light, an ~24h
periodicity was restored, supporting the findings in Per1/2/3 KO
DD MA mice reported above. The results also demonstrated that
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methamphetamine may have long-term effects upon the system
as the constant darkness condition following drug exposure still
contained significant evidence of sustained 24 and 7 h oscillations
(Fig. 2B). It has been previously reported that LL exposure rescued
the circadian behavioral rhythm in Cry1/2 double knockout mice
(77, 78). Therefore it is possible that the behavioral circadian
rhythm we observed in DD is due to LL exposure. While these os-
cillations are known to be present (65, 79), further clarification of
their duration and intensity may have important implications for
future experimental designs.

Phenomenological model

A simple phenomenological model was utilized to further validate
the observed behaviors againsta ground truth. Simulating the time
series as several interacting phase oscillators yielded power results
strikingly similar to those from the analyzed experimental data.
Furthermore, altering the coupling strength between oscillators
yields the same outputs as the experimentally derived coupling re-
sults, as demonstrated in Fig. 4 and the Supplementary material.
The similarity between experimental and phenomenological mod-
el derived results validates the nonautonomous phase network dy-
namics framework usedin the analysis (33, 46), while also verifying
our interpretation of the results using a ground truth.

MASCO and internal dissociation

Previous studies on humans isolated from social and natural envi-
ronments have demonstrated a phenomenon called internal dis-
sociation, where the sleep-wake cycle shifts to either a longer
(30-h) or shorter (20-h) rhythm, despite the body’s core tempera-
ture maintaining an ~24-h cycle (80). Although our study was con-
ducted in mice, the behavioral rhythms observed following
methamphetamine administration closely resemble those during
internal dissociation in the human sleep-wake cycle. This similar-
ity suggests that the MASCO may play a crucial role in regulating
the human sleep-wake cycle (81). The involvement of the
MASCO may partially explain the sleep disorders frequently re-
ported in individuals treated with stimulants, such as those with
ADHD (55-57).

Conclusion and future work

Our results suggest that two main factors are crucial for period de-
termination in wheel running activity: the use of time-localized ana-
lysis approaches, which do not average over transient dynamics,
and the use of extended recording intervals, sufficient to capture
the inherent time-variability of the MASCO. The instability of the
MASCO may suggest that Period genes play a crucial role in regulating
the time-variability of the circadian rhythm, or alternately that the
MASCO itself is inherently time-variable. Additionally, the multi-
scale nature of the investigation enabled circadian, circabidian
and ultradian oscillations to be considered simultaneously, whilst
also being a sufficient length for coupling analysis.

The presence of an additional low-frequency (~3.5h) ultradian
rhythm has been previously reported in Per1/2/3 KO DD mice (41).
However, in the present study, there was insufficient evidence to
classify this period as a distinct mode. Future investigations in-
volving mice under varied experimental conditions and extended
measurement intervals are necessary to confirm or contradict its
existence.

Future investigations may utilize this approach to evaluate dy-
namical characteristics in different experimental conditions and
animal populations. For instance, analysis of alternative

noncanonical oscillators, such as the food-entrainable oscillator,
and comparison to the MASCO may provide evidence regarding
a proposed common dopaminergic basis (82). Additionally, inves-
tigating the number of cycles which behavioral patterns persist
forin the absence of the stimuli thatinduced them may inform fu-
ture experimental design.

Time-resolved analysis methods offer a wealth of additional in-
formation and insight into the mechanisms of complex behavior,
unlike detrended fluctuation analysis which provides information
about the balance between randomness and regularity (70, 71). By
considering behaviors throughout time, one can observe temporal
variability that may betray underlying biological implications (83).
Circadian rhythms are intimately linked to several pathologies,
both mental and physical (84-86). By applying novel time-series
analysis approaches one may reveal an abundance of informa-
tion, previously disregarded as stochastic, and move towards a
more complete description of circadian regulation.

Materials and methods

Animals

All mouse experiments were approved by the Institutional Animal
Care and Use Committee at UT Southwestern Medical Center
(Protocol #2013-0035 and #2016-10376-G).

Bmall KO mice are commonly used for studying the functional
significance of the circadian rhythm because this single gene
knockout can disrupt molecular circadian oscillations entirely.
However, Bmall KO mice have a significantly reduced life span
and experience premature ageing (87). Therefore, they are in-
appropriate for studies which require long-term behavioral re-
cordings. Although Per1/2/3 KO mice have disrupted molecular
circadian rhythms, no notable health issues have been reported
(48), hence their use in this study.

In the initial investigation, N =8 Per1/2/3 KO mice (Yamazaki
Lab Experiment #74; 4 males, 4 females; 5-8 months old; C57BL/6]
or C57BL/6] and C57BL/6N mixed backgrounds (41, 50)) were
measured in a variety of conditions. Mice were first exposed
to 12h light, 12h dark cycles for 7 days (LD, light intensity
~450 lux at cage level) and then kept in constant darkness for 11
days (DD). Subsequently, methamphetamine was administered
through drinking water for 26 days while they remained in con-
stant darkness (MDD). The mice were then exposed to constant
light for 22 days while methamphetamine administration contin-
ued (MLL, light intensity ~1701ux at cage level). Subsequently,
methamphetamine was removed while still in constant light for
54 days (LL, light intensity ~1701lux at cage level). The final 24
days of the experiment were conducted in constant darkness for
24 days (FDD). This group is referred to as “Per1/2/3 KO DD mul-
tiple conditions” throughout the text.

To better understand the multiscale behavioral changes fol-
lowing exposure to methamphetamine across elongated meas-
urement intervals, five additional cohorts of mice were
investigated. A cohort of heterozygous PER2:luciferase knockin
mice (n=7) and one wild-type littermate (n=1), were used as a
comparison point (Yamazaki Lab Experiment #17; 5 males, 3 fe-
males; 1.3-9.5 months old; C57BL/6] background (88, 89)). These
mice were keptin constant darkness for 95 days without metham-
phetamine. General cage activity was recorded with an infrared
motion detector in the cage without a running wheel for the first
10 days, then in a cage containing a locked running wheel for 11
days. After that, the running wheel was unlocked and both gen-
eral activity and wheel running activity were recorded for 20
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Fig. 4. Comparison between the time and time-frequency domains for evaluating characteristic features of underlying dynamics. Each mouse condition
is represented by a column; the control group (first column), Per1/2/3 KO DD mice (second column), and Per1/2/3 KO DD mice with methamphetamine
(third column). A-C) Thirty days of the recorded wheel running activity per minute. D-F) Actograms representing the amount of wheel turns for each
minute of activity. G-I) Time-frequency representation of each condition. J-L) Extracted ridges for each of the time-frequency representations. In each
frequency band, the ridges follow a high amplitude peak through time. The phases at each of these points are used in the coupling analysis. M-O) Data
generated by the phenomenological model which was used to validate conclusions.

days. The wheel was then locked once again for a further 21 days,
before being unlocked for the final 30 days. Here, we analyzed the
last 30 days of running wheel activity. This group is referred to as
“the control group” throughout the text.

Heterozygous PER2:luciferase knockin mice were used as the
control group due to their elongated recordings in constant dark-
ness, which enabled coupling analysis. To confirm that the power
results observed in these knockin mice are consistent with those
in pure wild-type cohorts, two groups of wild-type mice recorded
over shorter intervals were analyzed.

In one of these experiments, n=5 wild-type male mice
(Yamazaki Lab experiment #17B; 5 weeks old at the beginning of
the experiment; strain C57BL/6N), were included. Mice were first

exposed to 12 h light, 12 h dark cycles for 7 days. Subsequently,
they were keptin constant darkness for the duration of the record-
ings analyzedin the present study. On the 22nd day, the mice were
moved into cages containing a locked wheel, while remaining
under DD. On day 33, the running wheels were unlocked and
the running wheel activity could be measured for the subsequent
20 days, until they were once again locked. This procedure re-
sulted in a 20 day recording of running wheel activity in wild-type
mice in DD. The time-localized powers of these mice are summar-
ized in the Supplementary material. This group is referred to as
“wild-type 20 days.”

Additionally, n = 6 males (Yamazaki lab experiment #20;) were
analyzed; all mice were between 7 and 8 weeks old at the
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beginning of the experiment; strain: C57BL/6J. The mice were ex-
posed to light/dark 12h repeats for 7 days. A constant darkness
protocol was then initiated. After 21 days, the mice were switched
to a cage with a wheel to measure movement. They remained in
this cage for another 21 days in constant darkness, and the wheel
allowed their movement to be tracked during this interval. The
time-localized power for each of the six mice measured under
these conditions is shown in the Supplementary material. This
group is referred to as “wild-type 21 days.”

A cohort of Per1/2/3 KO mice (Yamazaki Lab Experiment #86;
three males, four females; 3.5-8.5 months old; C57BL/6] back-
ground with cfos-shGFP transgene (90)) were initially exposed to
constant light (~2201ux at cage level) for 26 days then keptin con-
stant darkness for 65 days without methamphetamine exposure.
Amalemouse (#2 in the Supplementary material) was excluded as
the entire recording length was not completed. The 65 days of run-
ning wheel activity in constant darkness were analyzed in this
manuscript. This group is referred to as “Per1/2/3 KO DD.”

Another cohort of Perl/2/3 KO mice (Yamazaki Lab
Experiment #54; one male, four females; 4.5-5.5 months old;
C57BL/6] or C57BL/6] and C57BL/6N mixed background) were
kept in DD for 27 days without methamphetamine, before
being exposed to methamphetamine for the subsequent 101
days. The first 65 days of activity during methamphetamine ad-
ministration was analyzed and is referred to as “Per1/2/3 KO DD
MA.”

Each mouse was housed individually in a plastic cage (length x
width x height: 29.5 x 11.5 x 12.0 cm) containing running wheels of
diameter 11 cm. Wheel revolutions were continuously recorded
every minute by the ClockLab system (Actimetrics, Wilmette, IL,
USA). As described above, general cage activity was monitored
with a passive infrared sensor (product ID 189, Adafruit,
New York City, NY, USA) placed above the cages without a run-
ning wheel or with locked running wheels, however those data
were not analyzed in the current study. The cages were placed
in light-tight ventilated cabinets and the temperature, humidity,
and light intensity inside the cabinet were recorded every 5min
by Chamber Controller software (Actimetrics, Wilmette, IL,
USA). The white LEDs inside the cabinet were controlled by the
Chamber Controller software. Cages and water bottles were
changed once every 3 weeks. An infrared viewer (FIND-R-SCOPE
Infrared Viewer; FJW Optical Systems, Inc., Palatine, IL, USA)
was used to perform maintenance in the dark without exposing
mice to visible light. For methamphetamine administration,
water bottles were replaced with drinking (tap) water containing
0.005% methamphetamine (Sigma-Aldrich, St. Louis, MO, USA).
Water bottles containing methamphetamine were changed once
every 3 weeks. During the experiment mice had ad liberum access
to food and regular or methamphetamine water.

Time-series length

Elongated time-series are required to reduce the measurement
uncertainty for the following reasons. Firstly, time-varying modes
require many cycles to accurately determine the frequency. In
addition, it enabled the avoidance of transitory periods when
switching between measurement conditions. Thirdly, couplings
between modes require a minimum number of cycles to be de-
tected. Asymptotic approaches treat data as stationary by meas-
uring only a minimal number of cycles and averaging across
time. In contrast, the approaches presented here harness the
maximal amount of information by explicit consideration of time-
localized behavior.

Time-resolved analysis

Evaluating multiscale oscillatory behavior requires methods that
can effectively extract information across wide-ranging scales
and time periods (68). Without explicitly considering the time-
localized, multiscale dynamics, time-series that contain multiple
deterministic modes might be incorrectly interpreted as noise
(33). The wavelet transform enables such a representation of the
data,

Wr(s, ) = /%7, %(s, u - Of (Wdu, (1)

where the mother wavelet, ¥(s, t), is expanded and contracted to
optimize the trade off between time-localization and frequency
resolution at a given scale, akin to changing the focus on a camera
to increase image sharpness. In contrast, Fourier-based ap-
proaches use a single window to obtain information across all fre-
quencies, leading to sub-optimal resolution. Here, the lognormal
wavelet was used due its superior logarithmic frequency reso-
lution (28). In the frequency domain, it is defined as

(o) = e~ (@180)'2 where v >0, )

where wo =2xfo is the frequency resolution parameter of the
wavelet. As logw is the argument of this wavelet, it is particularly
well suited to the logarithmic frequency resolution of the
transform.

The wavelet transform facilitates multiscale evaluation of
time-series (29). This enables the simultaneous evaluation of os-
cillatory activity taking place over days, hours, minutes, and sec-
onds. In contrast, actograms demonstrate information regarding
only the most prominent oscillation. As demonstrated in Fig. 4,
this is helpful for illustrating the highly regular, circadian behav-
ior of the wild-type or heterozygous PER2::LUC knockin mice; how-
ever, this approach is inappropriate when multiple time-varying
modes are present simultaneously. As such, the time-frequency
representation unlocks a wealth of information compared to
purely time domain methods. It also allows for time-localized fea-
tures in the behavior to be identified and evaluated.

Total power

Total power can be thought of as the total energy (€) contentin the
signal (91). In the present investigation, this is defined as

1 T pl2afme 1 )
£=1 /. o < Wels, DPdsdt, 3)

where T is the total time, and fun, fmax represent the minimum
and maximum frequencies used when calculating the wavelet
transform. The logarithmic frequency distribution resulting
from the wavelet transform was explicitly considered when per-
forming the integral. When analyzing multiple conditions in the
same experiment, total power was evaluated across the central
7 days to reduce edge effects.

Harmonic analysis

Spectral peaks are obtained from a mathematical description of
time series and are not necessarily linked to physical oscillatory
systems or modes. In the case of nonlinearities, i.e. when the sig-
nal is not of sinusoidal shape, many high harmonic components
can occur belonging to the activity of a single mode. When the
rhythms are strictly periodic the detection of high harmonics is
relatively straightforward because they appear at commensurate
frequencies of the basic frequency. However, when the rhythms
have variable, or nonstationary frequencies, the detection of
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high harmonics is a demanding task. To determine whether the
detected frequency peaks correspond to independent modes, or
the peaks are in harmonic relationship, we conduct harmonic
analysis (47). This method evaluates mutual information between
time-localized phases across frequency bands. If sufficient shared
phase information between a fundamental frequency and its har-
monics exceeds a surrogate threshold, then the relationship can
be considered as harmonic. For details of the method for surrogate
data analysis, see below and Ref. (92).

Ridge extraction

The underlying oscillatory modes may be harnessed to evaluate
their changing power and phase over time (30). The first step
here is to find the ridge curve; a region in the time-frequency do-
main with a series of amplitude/power peaks and their corre-
sponding phases. Tracing these modes in the time-frequency
domain can reveal time-localized amplitudes and phases.

Coupling

Once the independent modes are identified, the presence and dir-
ection of their mutual couplings and interactions can be investi-
gated (31). The coupling analyses presented here focuses on
phase relationships, independent of amplitude dynamics. The
presence of couplings may be detected by bispectral analysis
(32), while the direction and duration of coupling can be deduced
using DBI (31).

Bispectral analysis

Wavelet bispectral analysis facilitates the detection of couplings
between and/or within time-series (32). Here, we apply autobis-
pecral analysis to ascertain the putative presence of coupling be-
tween modes within a single time series; that derived from the
wheel running activity of mice. The wavelet bispectrum By meas-
ures the amount of phase coupling between modes at scales s;
and s, as,

Bw(s1, $2) = /TWT(SL )W1(Sy, T)W:;(S, T)d‘l‘, (4)
during a time interval, T (93) where,

1,11 5

For further details see (32). Surrogate analysis is also applied to
verify results.

Dynamical Bayesian inference

To ascertain the direction of phase information flow between os-
cillators, we apply DBI (45). This approach infers the coupling
function between oscillators by applying Bayes theorem and using
both prior and current information via a windowed approach
across the time series (27). From the coupling functions, we derive
coupling strength over several sequential windows. The number
of windows over which the coupling strength exceeds a predefined
surrogate threshold defines the coupling time; a metric represent-
ing the duration over which a coupling is present.

Statistical analysis

Due to the non-Gaussian distribution of the data, Wilcoxon rank-
sum test was used to compare groups. A P-value of 0.05 was used
as a significance threshold when comparing groups evaluated
over 6 days, while 0.01 was used as a threshold for the longer re-
cordings as the additional amount of information enabled a re-
duced threshold.

Once the instantaneous frequencies over time were obtained
using ridge extraction, their mean and SD were calculated. In
this way, average frequencies and their SD of the individual
modes for each mouse were obtained. Group averages were ob-
tained as medians of the average instantaneous frequencies and
as medians of the SD.

Surrogates

To assess whether obtained coupling results are genuine or spuri-
ous, we employ surrogate data (92). Connectivity analyses always
detect a baseline level of interaction, even between independent
time-series, especially when the data are short relative to the fre-
quencies of interest. Surrogates help establish a threshold to min-
imize the impact of these spurious measurements. The goal when
generating surrogates is to maintain the same statistical proper-
ties to measured data, with the exception of the specific charac-
teristic being investigated (92, 94).

The same analysis performed between experimental data is ap-
plied to the generated surrogate data. This establishes a baseline
of measurement outcomes in the absence of true coupling. The
process is repeated many times, and a percentile of these surro-
gate outputs is used to set a threshold value. Results exceeding
this threshold are then considered statistically significant (92).

For DBI, 19 cyclic phase permutation surrogates were gener-
ated to randomize the phase behavior, while for bispectral ana-
lysis 19 iterative amplitude adjusted Fourier transform
surrogates were used. In both cases, a 95th percentile threshold
was implemented.
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