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Abstract  ————————
The last 50 years have witnessed extraordinary discoveries in the field  version 2 ‘/
of circadian rhythms. However, there are still several mysteries that (revision) ‘
remain. One of these chronobiological mysteries is the circadian 24.0ct 2022 e
rhythm that is revealed by administration of stimulant drugs to
rodents. Herein we describe the discovery of this circadian rhythm .

: . ; s version 1 v v
and its underlying oscillator, which is frequently called the _

08 Sep 2022 view view

methamphetamine-sensitive circadian oscillator, or MASCO. This
oscillator is distinct from canonical circadian oscillators because it
controls robust activity rhythms independently of the suprachiasmatic 1. Ralph Mistlberger =/, Simon Fraser
nucleus and circadian genes are not essential for its timekeeping. We
discuss these fundamental properties of MASCO and integrate studies
of strain, sex, and circadian gene mutations on MASCO. The 2. Eric Zhang ', National Institute of
anatomical loci of MASCO are not known, so it has not been possible
thus far to discover its novel molecular timekeeping mechanism or its
functional significance. However, studies in mutant mice suggest that  Any reports and responses or comments on the
genetic approaches can be used to identify the neural network
involved in the rhythm generation of MASCO. We also discuss parallels
between human and rodent studies that support our working
hypothesis that a function of MASCO may be to regulate sleep-wake
cycles.
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article can be found at the end of the article.
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{.77757:8 Amendments from Version 1

We revised the text to address the 5 major points raised by the reviewers: (i) We describe that the FEO and MASCO may utilize
the same timekeeping mechanism to generate circadian rhythms and that they may be the same oscillator; (i) We discussed
that regulation of the feeding rhythm is a possible mechanism by which MASCO coordinates the phases of peripheral
oscillators; (iii) We discussed that the dopamine ultradian oscillator (DUOQ) is a possible model of bipolar disorder and added
further discussion of schizophrenia; (iv) We reviewed and discussed the study showing that the interpretation of internal
desynchronization studies is affected when naps are considered sleep; (v) We stated that the genetic factors causing a
short MASCO period in C3H mice is unknown. We also edited terminology and typing errors throughout the manuscript as
suggested by the reviewers.

Any further responses from the reviewers can be found at the end of the article

Discovery of the extra-SCN pacemaker that is sensitive to methamphetamine

The mammalian circadian system is most often illustrated as a network of circadian clocks that is organized hierarchi-
cally. The primary central circadian pacemaker is in the suprachiasmatic nucleus (SCN) and it receives information from
the retina and entrains to the light and dark cycle. Then the SCN coordinates the phases of oscillators in peripheral tissues.
The molecular timekeeping mechanism in these circadian clocks is a transcriptional-translational feedback loop of
canonical circadian genes (e.g., Bmall, Clock, Periods, Cryptochromes). This conceptualization of the mammalian
circadian system has been carefully described many times.'~* However, this is not a complete picture of the mammalian
circadian system. There are also circadian pacemakers that control circadian rhythms of locomotor activity in rodents, but
do not require the SCN or the canonical circadian molecular timekeeping mechanism. These extra-SCN circadian
pacemakers are revealed by methamphetamine/amphetamine, restricted food availability (the food-entrainable oscillator
or FEO), or other rewarding stimuli such as wheel-running activity and palatable meals.” It is possible that these extra-
SCN pacemakers use the same timekeeping mechanism and even that they are the same oscillator.” We discussed the

similarities of the extra-SCN oscillators in another review article,” therefore, this review will focus on the mystifying
circadian activity rhythm revealed by methamphetamine/amphetamine administration to rodents.

The effect of amphetamine treatment on circadian activity thythms was first described in 1982 by Ikeda and Chiba.” They
studied the effects of several psychotropics on circadian locomotor activity rhythms in Fischer rats under light and dark
conditions (LD). Cocaine, morphine, and FS-32 (a thymoleptic antidepressant discovered by lkeda) did not robustly
affect activity rthythms. In contrast, administering low-dose d-amphetamine (0.01%) in the drinking water had striking
and reproducible effects on the locomotor activity rhythm. Upon amphetamine administration, a highly elevated activity
bout appeared at the end of activity period (Stage I in Figure 1). This activity bout extended to the beginning of the light
phase and then free-ran with a very long period (Stage II in Figure 1). Chronic amphetamine administration caused
this newly emerged free-running rhythm to become dominant and the light-entrained activity rhythm controlled by the
SCN was no longer visible (Stage III in Figure 1). The periods of the emergent activity rhythms were sometimes in the
circabidian (period ~ two days) range of 4855 h. Ikeda and Chiba observed the same phenomenon when rats were given
amphetamine in their drinking water in constant darkness (DD). From those observations, Ikeda and Chiba proposed that
there are at least two circadian oscillators underlying the circadian behavior rhythm in rats; one oscillator is more sensitive
to amphetamine than the other.

The next seminal discovery was that the psychostimulant-induced activity rhythm was driven by a circadian oscillator
located outside of the SCN. Ken-Ichi Honma’s group first showed that low-dose methamphetamine (0.01% or 0.005%
in drinking water) had similar effects on activity rhythms in Wistar rats as d-amphetamine treatment in Fischer rats.”
Importantly, they also found that methamphetamine treatment revealed a long-period free-running activity rhythm
in SCN-lesioned rats’ indicating that this rhythm is generated by an oscillator outside of the SCN. During the next
decade, Honma’s lab established the foundational principles of the methamphetamine-revealed circadian oscillator. In
summary, they found that this rhythm dissociated from the SCN-controlled rhythm and free-ran in LD and DD.* The
methamphetamine-revealed rhythm could also entrain to restricted feeding.'” They excluded the possibility that the
rhythm was driven by the drinking rhythm by administering methamphetamine via subcutaneous, continuous delivery
osmotic pumps.” Honma and others reported that the methamphetamine-induced rhythm persisted for several cycles after
withdrawing methamphetamine/amphetamine administration.”' '~

Three labs named the MA-induced oscillator in the early 2000’s. Ralph’s group named this oscillator the chemically-
inducible oscillator (CIO)."” Honma’s group named it the methamphetamine-induced oscillator (MAO). ' Menaker’s
group named it the methamphetamine-sensitive circadian oscillator (MASCO).'' These names reflected the distinct
conceptualizations of the oscillator by each lab. The names CIO and MAO imply the oscillator is not rhythmic or
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Figure 1. Locomotor activity rhythms in rats are altered by d-amphetamine administered in drinking water.
Figure reproduced from Ikeda and Chiba 1982’ with permission of publisher.

functional without amphetamine/methamphetamine. MASCO implies the oscillator is functional without, but enhanced
by, amphetamine/methamphetamine. Herein we will call the extra-SCN circadian oscillator/pacemaker revealed by
amphetamine/methamphetamine MASCO because this name is widely used in recent publications and because we favor
the hypothetical functionality implied by this name. There is no established name for the rhythm driven by MASCO.
Therefore, we will call it the MASCO-driven rhythm. Storch’s group hypothesized that the MASCO-driven rhythm is the
output of a so-called dopamine ultradian oscillator (DUO) whose period is elongated by methamphetamine.'”’

Current model of SCN-MASCO coupling

The current working model of MASCO-SCN coupling was developed from studying the periods of activity rhythm(s) in
DD and constant light (LL) (Figure 2A-E, Table 1). The SCN is a robust oscillator in DD, but a much weaker oscillator in
LL because the phases of individual cellular oscillators become desynchronized in LL."® These known differences in
SCN oscillator amplitude were used to probe the relationship between the SCN and MASCO."""'” The model presented
here is based mainly on data collected from C57BL/6J mice, except where indicated (Figure 2A-E). For ease of
discussion, we will refer to methamphetamine treatment, although some studies have been performed with amphetamine
and methylphenidate with similar results.”"*’

First, we consider MASCO in the absence of the SCN (Figure 2A). Mice with SCN lesions and no methamphetamine
treatment have arrhythmic or ultradian locomotor activity (i.e., there is no apparent MASCO output rhythm, but see later
discussion about residual quasi-circadian rhythms in arrhythmic circadian mutant mice). Therefore, we hypothesize that
MASCO is a weak oscillator without methamphetamine, so it alone cannot drive an output activity rthythm continuously.
Methamphetamine treatment of SCN lesioned mice results in a robust free-running activity rhythm with a long period
ranging from 26 h to 30 h. These data suggest that MASCO is a strong oscillator with a long period in the presence of
methamphetamine.
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Figure 2. Current model of SCN-MASCO coupling in C57BL/6) mice. The effects of short-term methamphetamine
administration on periods of activity rhythms in C57BL/6) (black font) and C3H (red font) mice are shown. Black
arrows indicate coupling between oscillators. Gray arrows indicate strength of output. *Data taken from Pendergast
et al. 2013. **Data taken from Tataroglu et al. 2006. See Table 1 for other studies. Figure modified from Yamazaki
2019°° with permission.

Next, we examine the putative relationship between the SCN and MASCO without methamphetamine treatment
(Figure 2B, C). In DD, the SCN is a strong oscillator and MASCO is a weak oscillator, resulting in strong coupling
of the SCN to MASCO (Figure 2B). The period of the activity rhythm, which may be an integration of the output of the
coupled SCN and MASCO, is about 23.7 h. In LL, the amplitude of the SCN oscillator is weakened and the period
lengthened, but we propose that the SCN oscillator is still stronger than MASCO in LL without methamphetamine
treatment (Figure 2C). The period of the resulting activity rhythm is lengthened in LL, to about 26 h. Since MASCO is a
very weak oscillator without methamphetamine treatment, there is only 1 rhythmic component in DD and LL in the
absence of methamphetamine treatment.

Coupling between the SCN and MASCO changes upon methamphetamine administration because methamphetamine
treatment increases the amplitude of MASCO (Figure 2D, E). In DD, the SCN and MASCO are both strong oscillators
during treatment with methamphetamine, resulting in strong bi-directional coupling between the two oscillators
(Figure 2D). We propose that MASCO is a stronger oscillator than the SCN in the presence of methamphetamine. Upon
methamphetamine treatment, there is one free-running activity rhythm with an ~24 h period (Figure 3A), which is slightly
longer than the period without methamphetamine (23.6 h). However, prolonged methamphetamine administration
induces two activity components, one rhythm driven by the SCN and another rhythm driven by MASCO. During this
dissociation, the period of the MASCO-driven activity rhythm gets much longer, typically in the 26-30 h range, which
approximates the period in SCN-lesioned animals administered methamphetamine. Occasionally, the MASCO-driven
activity thythm exhibits circabidian periods around 48 h during prolonged methamphetamine administration. This
dissociation of SCN- and MASCO-driven rhythms can be also seen in LD conditions, suggesting that MASCO is not
light-entrainable (Figure 3B). There is also evidence that MASCO can govern the SCN rhythm. /n vivo multi-unit activity
recordings from the SCN of freely behaving golden hamsters treated with methamphetamine showed that the SCN
electrical activity rhythm “free-ran” in the LD cycle with a long period.”' During prolonged methamphetamine treatment
the SCN-driven rhythm was no longer observed in LD and DD. These data suggest that with methamphetamine
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Figure 3. Examples of MASCO-driven activity rhythms in mice. A: Period lengthening of the activity rhythm during
short-term methamphetamine administration. The rhythm is controlled by coupled SCN and MASCO in wild-type
mice in DD. B: Dissociation of SCN and MASCO-driven activity rhythms by methamphetamine administration in a
wild-type mouse in an LD cycle. C: The MASCO-driven activity rhythm in an SCN-lesioned wild-type mouse revealed by
methamphetamine administration (NOTE: birhythmicity). D: Birhythmicity of the MASCO-driven activity rhythm in
Per1/2 double knockout mice in DD. MA: methamphetamine administration. The actograms were generated from
original data published in Pendergast et al., 2013'° and 2014.°” The data are re-plotted with the same x-y scale, so the
periods of the free-running rhythms can be compared by the angle of the slope. Figure modified from Yamazaki
2019°° with permission.

administration, MASCO can govern the SCN and the activity rhythm driven by coupled MASCO-SCN free-runs in
LD. MASCO remains a very strong oscillator in LL, but the SCN oscillator amplitude weakens (Figure 2E). The period of
the activity rhythm is longer in LL than in DD because the SCN period is longer and because the contribution of MASCO
output to the activity rthythm is greater.

Background strain also affects activity rhythm periods of mice treated with methamphetamine. The Menaker group
treated C3H mice with methamphetamine and showed no effect on the period of the activity rhythm (red text in
Figure 2)."'" They therefore lesioned the SCN in C3H mice to study the MASCO. They found that SCN lesioned C3H
mice administered methamphetamine had an activity rhythm period of 24.5 h, which was much shorter than the MASCO-
driven rhythm in C57BL/6J mice. Thus, the lack of period changes in C3H mice upon methamphetamine treatment is
likely because the period of MASCO is very close to the period of the SCN in this strain. However, they also reported two
dissociated activity rhythms (23.5 h and ~29 h) in male C3H mice given a higher methamphetamine dose (0.0065—
0.01%). This suggests that the period of MASCO in C3H mice can get longer during prolonged, higher doses of
methamphetamine administration. The effects of prolonged methamphetamine administration and the influence of genes
on the period of MASCO are further discussed in the next section.

Canonical circadian genes are not essential for MASCO

The next surprising discovery about MASCO was that it can oscillate without the canonical circadian genes that are
essential for rhythmicity in nearly all circadian oscillators. These studies were performed in circadian mutant mice in DD
so the mice had no circadian activity rhythms (Table 2; most mutants exhibited ultradian rhythms). The first study was in
arrhythmic Clock”’® mutant mice. Two independent laboratories showed that Clock ' mutant mice expressed MASCO-
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driven activity rhythms upon amphetamine or methamphetamine administration.'>>> Similar results were later found in
arthythmic Cryl/2 double knockout mice, Bmall knockout mice, Perl/2 double knockout mice, and Perl/2/3 triple
knockout mice.”'*'>!” Collectively these studies demonstrate that the canonical circadian genes, which are essential for
timekeeping in nearly all circadian clocks, are not required for MASCO to oscillate.

MASCO-driven activity rhythms in single circadian gene knockout mice have also been studied (Table 2). In these
studies, the mice were SCN lesioned to remove the influence of the SCN (since we predict it is coupled to MASCO, see
Figure 2) and the autonomous period of MASCO was measured. SCN-lesioned Npas2 knockout mice, as well as single
Perl, Per2, or Per3 knockout mice had activity rthythms with 26-30 h periods when treated with methamphetamine
(Table 2). The MASCO-driven behavior periods in these single mutant mice on the C57BL/6J background were similar to
those observed in SCN-lesioned WT C57BL/6J mice, demonstrating that single gene knockouts do not have a discernible
effect on the period of MASCO. Homozygous fau mutant mice exhibited a shortened free-running period (~20 h) in
DD. SCN-lesioned homozygous tau mutant mice were arrhythmic in DD and methamphetamine administration revealed
a MASCO-driven activity rhythm with a ~34 h period. These data showing that the rau mutation does not influence the
period of MASCO in the same way it does the SCN period, suggests that the molecular timekeeping mechanism in
MASCO is different from that in canonical circadian oscillators.'” It was also shown that methamphetamine induced a
very long free-running period (~27 h) in heterozygous Gsk3/ mutant mice in DD even though the mutation did not affect
the circadian period in DD without methamphetamine).”” These data suggest that Gsk38 mutant mice have increased
sensitivity to methamphetamine.

Note that several studies have also been performed in single circadian gene mutant mice with intact SCN. These studies
are difficult to interpret because the resulting locomotor activity is driven by coupled SCN and MASCO, and the mutation
could affect one or both of these oscillators. For these reasons, studying the effects of single gene knockouts on MASCO
during short-term methamphetamine administration must be performed in SCN lesioned animals (except Bmall KO mice
with disabled circadian clocks, see Table 2). Alternatively, prolonged methamphetamine administration can reveal two
independent free-running components — one from the SCN and another from MASCO. However, experiments designed
to observe free-running periods of both rhythms with chronic methamphetamine treatment should be performed in DD.

Sudden period changes are a unique rhythmic property of MASCO

MASCO-driven behavior rhythms in SCN-lesioned animals or in animals with genetically disabled SCN rhythmicity,
where rhythms are solely driven by MASCO, are typically less stable than the rthythms of mice with intact SCN, where
the rhythms are driven by coupled MASCO-SCN. Sudden period changes in the MASCO-driven circadian behavior
rhythms in mice without functional SCN are often recorded. In some publications, the authors described the details of
these spontaneous period changes (e.g., occurred after a cage change).''** But in most studies, the authors just reported
the unstable nature of MASCO rhythmicity. In general, the MASCO-driven circadian rhythm is ~26-30 h in DD
(occasionally rhythms with periods twice as long as a day, circabidian or much longer, infradian) were reported during
prolonged methamphetamine administration, see below). Studies frequently report a zigzag pattern of activity (Figure 3C,
D), where a long-period rhythm suddenly shifts to a short-period rhythm and then suddenly switches back to a longer
period rhythm. We have observed this zigzag pattern in Perl/2 double knockout mice and SCN-lesioned wild type
mice.'” We noticed that the period changes often coincided with the days we opened the light-tight boxes for visual
inspection (note that we used an infrared viewer so mice were not exposed to visible light).'” This zigzag pattern can be
interpreted as either two weakly coupled oscillators exhibiting relative coordination or a single oscillator showing
birhythmicity, which is the two stable regimes of a limit cycle oscillator.”* Regardless of the underlying mechanism, this
may be a unique characteristic of MASCO.

The period of the MASCO-driven behavior rhythm is also variable and generally becomes longer over the course of
methamphetamine administration. Studies of prolonged methamphetamine administration to arrhythmic mutant mice
and SCN-lesioned animals often report that the period of MASCO-driven behavior rhythm is circabidian or even much
longer, infradian (one report showed that the period of the MASCO-driven activity rhythm reached ~100 h).'*'>!7** In
addition to period instability, a characteristic of MASCO is that its output rthythms often exceed the circadian range.

Genetic factors that influence the period of MASCO

Although most circadian mutations and genetic modification of circadian genes have no noticeable effects on MASCO,
several genetic factors do affect MASCO. First, the period of MASCO differs by mouse strain. In C57BL/6J mice,
methamphetamine treatment reveals an activity thythm with a period much longer (26-30 h) than the SCN-controlled
rhythm. In contrast, the period of the activity rhythm in C3H mice treated with methamphetamine is indistinguishable
from the period of the rhythm without methamphetamine. There are three possible reasons that methamphetamine
has no apparent effect on activity rhythms in C3H mice: (i) The animal is insensitive to methamphetamine; (ii) The
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animal has a MASCO with a short period, or; (iii) The animal does not have a functional MASCO. Studies in C3H mice,
as we discussed previously, showed that they have a functional MASCO with a short period that is sensitive to
methamphetamine. However, the genetics that cause the short period of MASCO are not known yet.

Second, MASCO-driven rhythms are altered in some circadian mutant mice. Methamphetamine administration to
Per2 knockout mice does not affect the period of the free-running rhythm in DD. A confusing result is that metham-
phetamine revealed a typical long period of MASCO in SCN-lesioned Per2 knockout mice. This excludes all three
possible mechanisms described above. When methamphetamine was given to SCN-intact Per2 knockout mice in LL, two
different free-running periods appeared, one was ~23 h and the other was ~30 h. It is known that LL does not affect the
period of Per2 knockout mice (they lack a parametric light effect).””~*” Therefore, in LL, it is likely that the short period
rhythm is driven by the SCN and the long period rhythm is driven by MASCO. In the case of Per2 knockout mice, it is
likely that coupling between the SCN and MASCO is affected. To explain the MASCO rhythms in DD, we concluded that
the MASCO driven rhythm was masked and therefore not expressed in the behavior rhythm. Methamphetamine also does
not affect the periods of the MASCO-driven rhythms in Rev-Erbo knockout mice and in R6/2 and Q175 Huntington’s
disease model mice.”*' Because SCN lesions have not yet been performed in those mice, the cause of methamphet-
amine insensitivity is unknown.

Third, some gene mutants affect the period of MASCO. Perl/2/3 triple knockout mice express a MASCO-driven
circadian rhythm that has an ~20 h period. None of the SCN-lesioned single Per gene knockout mice (Per! or Per2 or
Per3) exhibited short-period MASCO-driven rhythms. Perl/2 double knockout mice exhibited activity rhythms that
alternate between short and long periods. This zigzag pattern is commonly seen in the MASCO driven rhythm, so it is
tempting to speculate that the period tends to be stable at the long period in most mutants, but at the short period in
Per1/2/3 triple knockout mice, so Per1/2/3 triple knockout mice stably exhibit the shorter MASCO period.

Sex differences in MASCO-driven activity

Studies of MASCO have been performed in both male and female rodents (Table 1). Honma’s group tested for sex
differences in the response of activity rthythms to methamphetamine treatment. They housed rats in the LD cycle and
administered methamphetamine. They found that the MASCO-driven activity rhythm typically dissociated from the
SCN-driven rhythm in female rats, but they observed this dissociation less frequently in male rats.® Therefore, Honma’s
group used females for their MASCO studies. On the other hand, Menaker’s group observed period elongation by
methamphetamine in both male and female mice in DD."' They and others also observed that methamphetamine revealed
MASCO-driven activity thythms in both male and female SCN lesioned mice (Tables | and 2).'" Therefore, it is likely
that MASCO is present in both sexes but coupling between the SCN and MASCO may be weaker in females, which is
why the MASCO-driven rhythm dissociates more readily in females.

Role of dopamine in MASCO

A primary action of methamphetamine in the brain is to elevate extracellular monoamine neurotransmitters, dopamine,
serotonin and norepinephrine, in synapses. Several studies have shown that using pharmacological or genetic models to
change dopamine levels or signalling affects MASCO rhythms.

The pharmacological approach has been to treat animals with haloperidol which is a non-selective dopamine D2 receptor
antagonist. Honma’s group demonstrated that injection of haloperidol produced phase-dependent shifts in MASCO-
driven behavior rhythms in SCN-lesioned rats.” Intramuscular injection of haloperidol offset the dissociated MASCO-
driven activity component in rats.”* Chronically treating C57BL/6 wild-type and Bmall knockout mice with haloperidol
shortened the period of the MASCO-driven activity rhythm.'” On the other hand, one study showed that haloperidol did
not affect MASCO period in SCN-intact wild-type mice (CBA x C57BL/6J).*"

MASCO has also been studied in genetically modified mice with altered dopamine signalling. Sodium-dependent
dopamine transporter (Slc6a3) knockout mice exhibited two activity components (~23.5 h and ~27 h) in DD without
methamphetamine.'’ R6/2 Huntington’s disease model mice have compromised dopamine signalling and MASCO-
driven activity rhythms. However, when these mice were treated with L-dopa, the MASCO-driven activity thythm was
rescued.”’ Together these studies suggest that the MASCO-driven circadian rhythm is revealed by increased dopamine
signalling. However, it is possible that the monoamine serotonin also affects MASCO. The serotonin-specific reuptake
inhibitor, paroxetine, is often used as an antidepressant in Huntington’s disease and also rescues the methamphetamine-
insensitive phenotype in the R6/2 mouse model.”” Studying the MASCO-driven circadian behavior thythm in dopamine
receptor knockout mice will likely provide useful information about the specific role of dopamine in MASCO.
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Is MASCO an autonomous circadian oscillator in normal physiological conditions?

In the presence of methamphetamine, MASCO is a robust circadian oscillator. During prolonged chronic methamphet-
amine administration, MASCO can take over SCN function and control the locomotor activity rthythm. In SCN-lesioned
animals, MASCO can at least partially substitute for the SCN and coordinate the phases of oscillators in peripheral
tissues.”* MASCO also can drive core body temperature, feeding, drinking, and plasma corticosterone rhythms in SCN-
lesioned rats.” However, we do not know the nature of MASCO in the absence of methamphetamine treatment. It is
possible that MASCO is a weak circadian oscillator and strongly coupled to the SCN, therefore we cannot observe the
MASCO-driven rhythm in the absence of methamphetamine. When methamphetamine is administered, MASCO
becomes a strong oscillator and eventually takes over SCN function. It is also possible that MASCO is not a circadian
oscillator in the absence of methamphetamine. In the past, researchers have proposed that MASCO is a dopamine
ultradian oscillator whose period is elongated by methamphetamine.'”-*° It is also possible that MASCO is not any kind of
oscillator without methamphetamine.

The anatomical location of MASCO has not yet been identified so it is not possible to collect biochemical and molecular
measurements to determine whether MASCO is rhythmic in normal conditions (i.e., in the absence of methamphet-
amine). However, there are several studies that measured circadian rhythms in physiology and gene expression in animals
exhibiting SCN-MASCO dissociation. The melatonin rhythm in rats aligns with the SCN activity rhythm, but not with the
MASCO-driven rhythm.'® Extra-SCN brain areas, including the caudate putamen and parietal cortex, oscillate in phase
with the MASCO-driven activity rhythm.'* These data indicate that the SCN and MASCO govern distinct physiological
rhythms. We also recently discovered that Per1/2/3 triple knockout mice spontaneously express an ~20 h quasi-circadian
thythm every 20 days in DD (in normal conditions without methamphetamine).”” The period of MASCO in Perl/2/3
mice is ~20 h, which matches the period of this spontaneous rhythm. Other arousal stimuli, including running wheels and
palatable meals, also reveal MASCO-like behavior thythms in Per1/2/3 triple knockout mice.*® Thus, there is evidence to
suggest that MASCO is continuously ticking with a circadian period even in normal conditions. We can confidently say
that MASCO is an oscillator that can control physiological rthythms in the presence of arousing stimuli or drugs that
increase dopamine signalling.

Proposed functional significance of MASCO

Thus far we have described the properties of MASCO revealed by treatment of rodents with stimulants. However, this is a
very artificial situation that is rarely encountered under natural or physiological conditions. Thus, a critical question
remains: whatis the function of MASCO? First, we will review the experimental results that provide hints about MASCO
function, and then we propose a working model of MASCO’s function and how it interacts with the circadian system.

The roles of the SCN are well-studied, so the approach to studying MASCO has been to investigate SCN-controlled
functions in the presence of a robust MASCO oscillator (i.e., with methamphetamine in either SCN intact or SCN
lesioned rodents). One major function of the SCN is to orchestrate the phase of peripheral circadian oscillators.””~*' The
Menaker group showed that MASCO can at least partially substitute for this SCN function.”* They showed that the phases
of peripheral tissues were coordinated with the phase of the MASCO-driven rhythm in SCN-lesioned mice treated with
methamphetamine. It is possible that MASCO controls the rhythm of food intake, which in turn entrains the phases of
peripheral oscillators. Nevertheless, this experiment shows that SCN and MASCO can share some functions, by acting at
the top of the circadian hierarchy. On the other hand, there are several examples suggesting that the SCN and MASCO
have distinct functions. Honma’s group showed that the peak of the melatonin rhythm in rats is always in phase with the
SCN, even during SCN-MASCO dissociation, suggesting minimal influence of MASCO on the melatonin rhythm."’
They also showed that the phases of circadian gene expression rhythms in various brain regions coordinate with the phase
of the MASCO-driven activity thythm.'™'® They also examined circadian gene expression in different brain regions in
rats during temporally restricted methamphetamine water availability.*” These data showed that gene expression in
dopaminergic brain areas were in phase with MASCO.

In the 1970’s, Aschoff and Wever conducted studies in human subjects at the isolation facility in Andechs, Germany."’
When human subjects were isolated from natural and social environmental cues, their circadian rhythms free-ran
with approximate 25-h periods. During long-term isolation, investigators often observed a phenomenon called
internal desynchronization. When internal desynchronization occurs, the periods of core body temperature and melatonin
rhythms become slightly shorter than before internal desynchronization. At the same time, the period of the sleep-wake
cycle typically becomes extremely long (~30 h; but occasionally very short, ~17 h). The researchers concluded that there
are two circadian oscillators in humans, one that controls physiology (core body temperature and melatonin) with a period
close to 24 h and another that controls the sleep-wake cycle with periods that significantly deviate from 24 h (either
extremely longer or shorter than 24 h). This internal desynchronization in humans is very similar to SCN-MASCO
dissociation observed in rodents.'*’ In addition, the rapid shifts in the period of the sleep-wake cycle to be either
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extremely short or long during internal desynchronization are similar to birhythmicity observed with MASCO in rodents.
Of note, the interpretation of internal desynchrony data may be different if napping is considered as sleep. Zulley and
Campbell reanalyzed the internal desynchronization data of 6 subjects for whom naptime data was available (naps
typically occurred between the sleep bouts) and reported that the phase relationship between the core body temperature
rhythms and sleep/naps was maintained. As a result of this reanalysis, they concluded that internal desynchronization was
between the “psychological day and sleep, but not between biological day and sleep”.** However, if altered time
perception (i.e., psychological day) were the cause of internal desynchronization, then there would be a dissociated sleep
period of ~ 48 h, but not periods of 17 h or 30 h that were observed. Thus, even when taking napping into account, the
rhythms in isolated human subjects still approximate the dissociated MASCO rhythms in rodents.

The mechanisms directly controlling the human sleep-wake cycle (process S) are still under debate and may or may
not require a self-sustained circadian oscillator.” Researchers have theoretically shown that process S can be explained as
an hourglass coupled with a circadian oscillator (process C). However, the observation that features of the sleep-wake
cycle during internal desynchronization parallel MASCO studies in rodents support our working hypothesis that the
functional significance of MASCO is to control the sleep-wake cycle. More support for a role of MASCO in controlling
sleep-wake cycles comes from Honma’s group.*® They showed that a single meal can entrain the sleep-wake rhythm,
but not core body temperature or melatonin rhythms in human subjects with internal desynchronization. This is similar
to the observation in rodents that MASCO can entrain to restricted feeding. Rietveld and colleagues suggested that
the MASCO-driven activity rthythm in SCN-lesioned rats can be simulated by the hourglass model and pointed out
similarities between the MASCO-driven activity rhythm in rats and human sleep regulation (hourglass model).*
Regardless of whether MASCO is a self-sustained oscillator or an hourglass oscillator, it shares similarities with human
sleep cycles.

Possible roles for MASCO in human disorders

Non-24-Hour Sleep-Wake Rhythm Disorder (N24SWD) is a human circadian disorder where sleep onset moves to a later
hour each day. In rare cases, sleep onset moves earlier in persons with N24SWD.*” Recently, the period of the circadian
rhythm in a person with N24SWD was measured in forced desynchrony and constant routine conditions. During forced
desynchrony, the subject is forced to sleep with a period outside of the circadian range of entrainment (28 h is commonly
used). This is used to estimate the period of the circadian pacemaker (presumably the SCN) by measuring the phase
difference between melatonin onsets and the rectal temperature rhythm under constant conditions at the beginning and
end of forced desynchrony. Czeisler and colleagues surprisingly found that the circadian pacemaker period in the
individual with N24SWD was within the range of normal circadian periods (24.5 h).*® This individual exhibited ~25 h
self-selected sleep cycles for a few weeks before and after forced desynchrony. This raises the possibility that N24SWD is
internal desynchronization that occurs in the normal natural/social environment.

Methylphenidate is a common treatment for people with attention-deficit/hyperactivity disorder (ADHD). Methylphe-
nidate increases dopamine at synapses by blocking dopamine reuptake transporters and by increasing the expression of
dopamine transporters in the brain. In rodents, methylphenidate treatment induces SCN-MASCO dissociation.”” It is
estimated that 25-50% of people with ADHD experiences sleep problems*””" and there is a positive correlation between
the dose of methylphenidate and sleep problems in children with ADHD.”" It is also commonly reported that patients with
schizophrenia experience disordered sleep, including phase-advanced/delayed or non-24 h sleep.’” Although the sleep
irregularities could be caused by anti-psychotic medications, the non-24 h sleep phenotype is similar to MASCO-driven
behavior in rodents. Blum and colleagues also described similarities between DUO and sleep/activity patterns in bipolar
patients.'”

Conclusions

It is now well established that disruption of circadian rhythms and impaired sleep increase the risk of human diseases.
Sleep and circadian rhythms are impaired in several neurological disorders and in persons with drug addiction.”*>
However, we know little about the mechanisms of this sleep disruption. MASCO is an understudied circadian oscillator,
butits link to dopaminergic signalling and rewarding stimuli is clear. We are learning more about how MASCO is altered
in mutant mice, and we see parallels between sleep in human disorders and MASCO rhythms in rodents. Thus, increasing
our knowledge of how MASCO regulates physiological and behavioral thythms could help us understand how to manage

circadian rhythm and sleep disruption in humans."’

Data availability
No data are associated with this article.
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detail and clearly, points out the conditions under which MASCO should be investigated, and
provides comprehensive overviews of phenomenon of MASCO in rodents, particularly, with kinds
of chemical treatment and different genetic canonical circadian genes knockouts. This is a very
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well-written review containing detailed summaries and discussions which merit an imminent
publication, and will surely promote research in related fields. However, several minor points need
to be addressed and certain statements require further justification.

Points in details:

1. Proposed functional significance of MASCO. Considering the phenomenon that the period
length is different in DD and LL condition with methamphetamine, but it is well-known that
the locomotor activity rhythm to the light-dark cycle is entrained by SCN. Thus, it is
necessary to explore the impact from external cues, such as light. By the way, we know that
restricted feeding would like to induce dissociation of the MASCO and SCN activity rhythms
during short-term methamphetamine treatment in 2014, it is perhaps also worth illustrating
the relationship between food-entrainable oscillator and MASCO.

2. Possible roles for MASCO in human disorders. The manuscript only discussed two human
disorders which are N24SWD and ADHD, which is not enough, in my opinion, to cover all
roles of MASCO in human disorders. My recommendation is to restructure this part to
include more evidence and possibility (for example: the roles of methamphetamine in R6/2
and Q175 Huntington's disease model mice).

3. Discovery of the extra-SCN pacemaker that is sensitive to methamphetamine. “There are
also circadian pacemakers that control circadian rhythms of locomotor activity in rodents,
but do not require the SCN or the canonical circadian molecular timekeeping mechanism.
These extra-SCN circadian pacemakers are revealed by methamphetamine/amphetamine,
restricted food availability (the food-entrainable oscillator or FEO), or other rewarding
stimuli such as wheel-running activity and palatable meals”. These descriptions and “fig2”
still cited author's own review " Extra-SCN Circadian Pacemakers” which published in 2017, it
is in need of further discussion and modification.

4. Genetic factors that influence the period of MASCO. “There are three possible reasons that
methamphetamine has no apparent effect on activity rhythms in C3H mice.” More detailed
arguments are needed here for the sensitivity of C3H mice to methamphetamine because
MASCO is of short duration.

Is the topic of the review discussed comprehensively in the context of the current
literature?
Yes

Are all factual statements correct and adequately supported by citations?
Yes

Is the review written in accessible language?
Yes

Are the conclusions drawn appropriate in the context of the current research literature?
Yes

Competing Interests: No competing interests were disclosed.
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Reviewer Expertise: circadian clock, sleep, mood disorders

I confirm that I have read this submission and believe that I have an appropriate level of
expertise to confirm that it is of an acceptable scientific standard.

Author Response 14 Oct 2022
Shin Yamazaki, UT Southwestern Medical Center, Dallas, USA

We thank the reviewer for the supportive comments and suggestions.

1. Thank you for these suggestions. We added a sentence discussing the possibility that
FEO and MASCO use the same timekeeping mechanism and are the same oscillator.

2. Thank you for this suggestion. We added a discussion of the DUO as a possible model
of bipolar disorder. Additionally, we added further discussion of schizophrenia.

3. We added a sentence that FEO and MASCO may use the same mechanism to
generate the rhythm.

4. We added a sentence that the genetic factors causing a short MASCO period in C3H
mice is unknown.

Competing Interests: No competing interests were disclosed.

Reviewer Report 20 September 2022
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© 2022 Mistlberger R. This is an open access peer review report distributed under the terms of the Creative
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited.

+/  Ralph Mistlberger
Department of Psychology, Simon Fraser University, Burnaby, BC, Canada

This is a well-organized and clearly written review of a fascinating phenomenon, whereby chronic
ingestion of methamphetamine alters and/or induces circadian or quasi-circadian rest-activity
rhythms in rodents. The article provides a good historical overview of studies on the phenomenon,
and a cogent summary of the properties of these rhythms under different environmental
conditions and in mouse lines with various clock gene mutations. I have a few suggestions for
additional content:
1. Abstract: “We discuss these fundamental properties of MASCO and synthesize studies of
strain, sex, and circadian gene mutations on MASCO". I suggest deleting the word
‘synthesize’, or replacing it with ‘integrate’ or some other word.

2. Abstract: ‘Canonical’. Can we all stop using that word so much in reference to clock genes?
Students often find it confusing, as if it refers to a particular type of gene.
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3. Proposed functional significance of MASCO. “One major function of the SCN is to
orchestrate the phase of peripheral circadian oscillators.39-41 The Menaker group showed
that MASCO can at least partially substitute for this SCN function.” MASCO organizes rest-
activity states, which determine when animals are awake to feed, which determines the
daily rhythm of food intake. It would be worth noting that food intake may be the periodic
stimulus that mediates synchrony of peripheral oscillators with rest-activity rhythms
induced by methamphetamine intake. MASCO may be at the top of a hierarchy, but may in
fact only control behaviour, and have no direct output to peripheral oscillators.

4. Proposed functional significance of MASCO. “The researchers concluded that there are two
circadian oscillators in human, one that controls physiology (core body temperature and
melatonin) with a period close to 24 h and another that controls the sleep-wake cycle with
periods that significantly deviate from 24 h (either extremely longer or shorter than 24 h).”
This phenomenon, in humans, has also been modelled as an artefact related to changes in
time perception and to instructions not to nap. When naps did occur, they weren't included
in the actograms. When they were added to the actograms (Zulley and Campbell), the
evidence for desynchrony disappeared (subjects slept at the temperature minimum most if
not every cycle), at least in some of the published records for which nap data were available.
Aschoff did not dispute this but did point out that there was a change in time perception,
and meal timing etc. suggesting a prolonged biological day. The change in time perception
could be independent of circadian timing, and related instead to an effect of temporal
isolation.

5.I'm surprised that the authors don't discuss the possible relationship between MASCO and
food-entrainable oscillators thought to drive food anticipatory activity rhythms in animals
on daily feeding schedule. Both types of rhythms are SCN dependent, and seem robust to
various clock gene knockouts, and may involve dopamine signalling pathways. I don't
believe that there is any compelling evidence ruling out the possibility that the two are
manifestations of the same timing mechanism.

6. Possible roles for MASCO in human disorders. I'm also surprised that the DUO model of
bipolar disorder, proposed by Blum and Storch (citation 16) isn't discussed here.

Is the topic of the review discussed comprehensively in the context of the current
literature?
Yes

Are all factual statements correct and adequately supported by citations?
Yes

Is the review written in accessible language?
Yes

Are the conclusions drawn appropriate in the context of the current research literature?
Yes

Competing Interests: No competing interests were disclosed.
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Reviewer Expertise: Chronobiology and sleep research

I confirm that I have read this submission and believe that I have an appropriate level of
expertise to confirm that it is of an acceptable scientific standard.

Shin Yamazaki, UT Southwestern Medical Center, Dallas, USA

We thank the reviewer for the supportive and insightful comments.

1. We replaced ‘synthesize’ with ‘integrate.’
2. In the abstract, we removed ‘canonical’ and simply said ‘circadian genes.’

3. We added this explanation as a possible mechanism by which MASCO coordinates the
phases of peripheral oscillators.

4. Thank you for bringing this to our attention. We were not aware of the possible
artefact caused by instructions not to nap and the impact of changes in time
perception. We reviewed this study and added the caveats to this paragraph.

5. The reason we didn't mention this is that we discuss this topic in our prior review
articles. However, we agree this is important and therefore mentioned that the extra-
SCN oscillators may utilize the same timekeeping mechanism and may be the same
oscillator.

6. Thank you for this suggestion. We have discussed that Blum and Storch proposed the
DUO as a model of bipolar disorder.
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