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Abstract

Background: Circadian rhythms are an evolutionary conserved mechanism that underpin diurnal
variance in biological and physiological processes. These rhythms are produced by a central
molecular clock located in the suprachiasmatic nucleus (SCN) and are communicated to
“peripheral” clocks located in peripheral tissues and organs. Of the peripheral clocks, several
studies have demonstrated skeletal muscle houses some of the most robust rhythmicity in
molecular clock oscillations throughout a 24 h day. A wide range of muscle
biological/physiological processes are under molecular clock control including exercise-capacity,
mitochondrial metabolism, contractile-function, and muscle repair/regeneration. However, there
are two myogenic molecular clock sources within muscle: myonuclei and satellite cells (SC).
Recent evidence has demonstrated that SCs house a functioning molecular clock with the
transcription of several genes related to mitochondrial metabolism, muscle contractile function,
and myogenesis exhibiting circadian expression patterns. Additionally, as other works have
demonstrated that mitochondrial function, contractility, and muscle repair are all molecular clock
regulated aspects of muscle physiology, this suggests the SC molecular clock may also play a role
in such regulations. Systematic evaluation of mitochondrial function, contractile function, and
muscle repair across different times of the day and in the presence/absence of SC-molecular clocks

will provide novel information on the role that SC-molecular clocks may have in these processes.

Methods: Using the Pax7DTA (Pax7 RE-ERTZ*; R0sa26PTA*) mouse model capable of inducible
depletion of SC’s, muscle mitochondrial function was assessed in the tibialis anterior (TA)

(glycolytic muscle) and soleus (oxidative muscle) in the morning, afternoon, and evening (0700h,
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1500h, 1900h). Mitochondrial citrate synthase activity, ETC-I activity, copy number,
mitochondrial and molecular clock gene expression were undertaken at the same timepoints/SC-
conditions in the TA and quadriceps. At time points demonstrating oscillatory clock gene
expression, ex vivo submaximal muscle fatigue in the EDL was assessed to determine if fatiguing
contractions reliant on mitochondrial-energy also demonstrate time-dependent variance. Next,
utilizing the Pax7DTA mouse model, ex vivo maximal contractile function and eccentric injury of
the EDL were assessed in the morning and afternoon (0700h and 1500h) in the presence and
absence of SCs. Immunohistochemical methods were used to quantify dystrophin™eive fibers,
cross sectional area, and SC abundance in these muscles. Gene expression was performed in
contralateral, uninjured TA muscle. Finally, utilizing a mouse model capable of inducible
depletion of molecular clock gene, Bmall, in SCs (SC-Bmal1°) muscle damage, SC progression,
and muscle repair following in vivo eccentric contractile injury were compared to control animals
(SC- Bmall®™). Baseline in vivo torque and ex vivo specific force were quantified in both groups
who underwent in vivo contractile injury consisting of 200 eccentric contractions. All mechanical
experiments were performed at the same time of day (1000 h). Following injury, animals were
sacrificed at 24 h, 72 h, and 7 days. Muscles were frozen, sectioned, and histologically and/or
immunohistologically labeled for markers of muscle damage, neutrophil content, muscle repair,

and satellite cell myogenic progression.

Results/Discussion: The results from these studies demonstrate that SC presence/absence does
not affect time-of-day mitochondrial respiration. In line with peak, trough Bmall and CLOCK
gene expression, mitochondrial-dependent submaximal fatigue showed ~35% greater fatigue-

resistance in the morning versus afternoon. Collectively, SCs are not a factor that influence time-
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of-day mitochondrial function and therefore time-of-day differences in submaximal fatigue I
(and others) observe may not be due to time-of-day regulations (SC, muscle, or otherwise) on
mitochondrial respiration. With notable diurnal differences observed in submaximal contractile-
fatigue, maximal contractile function with respect to time-of-day and SC presence/absence was
evaluated in a separate study at the same timepoints. Morning-SC* animals demonstrated
reduced maximal tetanic and eccentric specific forces compared to SC™ counterparts. However,
no such differences were observed between Afternoon-SC*/SC- groups. Consequently, Morning-
SC* animals experienced reduced extents of contractile injury (less force-loss and
dystrophin"®€4i*¢ fibers) compared to SC- counterparts, whereas no differences were noted
between afternoon groups. These findings demonstrate that the regulatory role of SCs over
contractility is time-of-day specific. Evaluations of ex vivo caffeine-contracture force, a surrogate
for maximal Ca™" availability to contractile units, revealed similar patterns of lower force in
Morning-SC* versus SC counterparts indicating lower volumes of Ca™ may be underpinning the
lower forces observed in these animals. These observations suggest SCs influence maximal
force-production in the morning but, not in the afternoon and thus the extent of injury is
concordant with the level of maximal force produced at specific times of day and the prevailing
status of SCs. To further unravel SC-molecular clock regulation on contractile injury and how
that may impact repair, a mouse model allowing for inducible depletion of SC-specific clock
gene, Bmall, was utilized for the last experiments. Following in vivo contractile injury, these
animals demonstrated lesser extents of fiber-necrosis (24 h, 72 h), neutrophil content (24 h, 72
h), eMHC+ fibers (7 dpi), and centralized nuclei (7 dpi) compared to control animals. Of note, as
SC-Bmall™®° animals produced lower torque and specific forces, these animals may have

sustained less damage/repair in-line with the established notion that higher forces lead to higher
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damage. As necrosis delays SC kinetics, the lesser necrosis noted in SC-Bmall™° animals may
have led to the earlier peaks in SC activation/proliferation (24 h versus 72 h in control animals).
The extent of SC activation (Pax7+/MyoD+) was approximately two-fold higher in SC-Bmall*°
animals, suggesting that SC-Bmall has an additional role on the temporal and volumetric

regulation of MyoD during SC-mediated repair.

Conclusion: The results of the experiments performed provide evidence that SC-molecular clocks
play a regulatory role in contractile function and muscle repair. While past works have shown
muscle molecular clocks regulate these events, the results from the experiments undertaken for
this thesis provide novel insights to demonstrate that satellite cell specific molecular clocks also
regulate these processes. Collectively, the results from these studies provide preliminary insight
suggesting that SC-molecular clocks, in part, regulate maximal force-production, contractile
injury-induced muscle damage/repair, and SC-mediated myogenic progression. Future work will
be able to use these initial studies as foundational knowledge to further explore the mechanisms

of how SC-molecular clocks regulate muscle physiology according to time-of-day.
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Chapter 1: Introduction and Overview

Circadian rhythms, produced by molecular clocks, exist in nearly all cells which render a
variety of biological/physiological processes as rhythmic events (1). Circadian rhythms are
generated from the “central” molecular clock residing in the suprachiasmatic nucleus (SCN) of the
brain and these rhythmic signals are then relayed to “peripheral” clocks in most tissues and organs
(2, 3). Independent of central rhythms, peripheral tissue molecular clocks can also generate their
own distinct rhythmicity from stimuli such as contractile activity (4). Of the peripheral tissues,
skeletal muscle molecular clocks produce some of the most robust circadian rhythms (1, 5).
Notably, these rhythmic signals from muscle molecular clocks regulate a variety of critical muscle
biological/physiological processes such as muscle mitochondrial metabolism, contractile function,
and repair/regeneration (6-14). A literature review (Chapter 2) provides in in-depth discussion of
such regulations by muscle molecular clocks.

Within the muscle microenvironment, a muscle stem cell population (i.e., satellite cells, SC)
exists to facilitate muscle reparative/regenerative needs following muscle damage or injury (15,
16). Recently, it was discovered that SCs house their own molecular clocks that exhibit rthythmic
clock gene expression over the course of 24 h (17). Additionally, SC specific genes related to
mitochondrial metabolism, contractile function, and myogenesis exhibited circadian expression
patterns (17), suggesting SC molecular clocks may play a role in these critical processes of muscle
physiology. As noted, muscle molecular clocks exert regulatory roles over numerous aspects of
muscle physiology. SCs may also harbor such regulatory functions over mitochondria,
contractility, and myogenesis as well. Indeed, preliminary evidence supports the notion that SC
molecular clocks have such regulatory capacity (see chapter 2). However, a comprehensive

evaluation of the roles SC molecular clocks play in mitochondrial metabolism, contractile
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function, and muscle repair is lacking. Therefore, the general aims of the experiments undertaken

for this thesis were to systematically evaluate SC molecular clock regulations over:

1. Muscle mitochondrial metabolism
2. Muscle contractile function

3. Contractile-induced injury and repair

To address these aims, three related but inter-dependent experimental studies were conducted
(described in detail in chapters 3, 5,8). Study-1 (chapter 3) specifically addressed aim-1 by
assessing ex vivo mitochondrial function in the morning, afternoon, and evening in the presence
and absence of SCs in both oxidative and glycolytic muscle. These experiments utilized a mouse-
model capable of inducible depletion of SCs (Pax7REERTZ" Rosa26PTA, Pax7DTA). Aligned to
time-of-day differences in clock gene expression, ex vivo submaximal contractile-fatigue reliant
on mitochondria-energy was determined as well. The purpose of assessing mitochondrial function
in the presence and absence of SCs across three times of day was to expose any time-of-day
dependent regulations SCs may have on muscle mitochondria. Next, experiments for the second
study (described in detail in chapter 5) addressed the second aim of this thesis by assessing ex vivo
contractile function in the morning and afternoon in the presence and absence of SCs using the
same mouse model as study-1. Timepoints chosen for this study were aligned to the significantly
different timepoints arising from experiments conducted in study-1 (chapter 3). The purpose of
assessing contractile function in the presence/absence of SCs in the morning and afternoon were
to reveal any time-of-day dependent regulations SCs harbored over force-production.

Additionally, to determine if any time-of-day dependent differences in force-production altered
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the magnitude of subsequent contractile injury, ex vivo eccentric injury was carried out at both
timepoints in the presence/absence of SCs. In study-3 (described in chapter 8), utilizing a mouse
model capable of inducible depletion of molecular clock gene, Bmall in SCs, in vivo eccentric
contractile injury was undertaken to investigate SC-molecular clock regulations on SC myogenic

progression and muscle repair.
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Chapter 2: Literature review
2.1 Circadian molecular clocks

Circadian rhythms are highly conserved biological processes that are aligned to earth’s
daily rotation and subsequent light/dark cycles (1, 2). Circadian rhythms act as anticipatory
mechanisms to changing environments on earth (light during the day, dark during night)
functioning as “Zeitgebers” (timekeepers) for numerous biological processes across organs,
tissues, and species (3, 18). On the cellular level, circadian rhythms are produced by a molecular
clock located in nuclei of nearly all cells (19). Molecular clocks function as
transcriptional/translational feedback loops that receive circadian signals (most notably photic-
cues) and subsequently carry out appropriate responses which ultimately render
biological/physiological processes as “circadian-regulated” events (18-20).

The molecular clock has mechanisms in place that can self-activate and repress itself
comprised of a positive and negative “arm.” The positive arm of the molecular clock, Bmall and
CLOCK, bind to e-box sequences of promotor regions on target clock genes Perl/2, Cryl/2 (Fig
2.1). Once transcribed/translated, the expressed clock-genes Perl/2, Cryl/2 function as the
negative arm of the molecular clock via re-entering the nucleus to repress/inhibit Bmall/CLOCK’s
abilities for further transcription of clock genes (3, 19, 21) (Fig 2.1). This negative feedback loop
operates on an oscillatory basis throughout a 24 h cycle and underpins the peaks and troughs in
circadian rhythms (18, 19).

Although all cells contain molecular clocks, mammalian organisms house both a “central”
clock located in the SCN of the brain and, “peripheral” clocks located in peripheral tissues (2).
Circadian signals such as light are recognized by the SCN and are subsequently communicated to

peripheral tissues’ molecular clocks which interpret and undertake the appropriate time-of-day
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physiological/biological responses (2, 22). In addition to photic cues, peripheral clocks are also
responsive to diurnal cues such as exercise and/or feeding patterns (4). Of these peripheral clocks,
circadian rhythmicity is most pronounced in brain, liver, and skeletal muscle (2, 20). In skeletal
muscle, a wide variety of muscle physiological processes are regulated by these resident molecular

clocks (7, 23, 24).
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Figure 2.1: Molecular Clock

Bmall and CLOCK bind to the E-box region of clock genes Perl/2, Cryl/2 inducing their
expression and exit of the nucleus. Perl/2 and Cryl/2 translocate back into the nucleus to then
bind the E-box region of Bmall and CLOCK to repress their transcription of Per1/2, Cry1/2. This
transcriptional/translational feedback loop is what comprises the oscillations of molecular clock

output thus being “circadian rhythms.”

2.2 Muscle molecular clocks and time-of-day regulation on muscle physiology: implications

for satellite cell molecular clocks?
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In skeletal muscle, molecular clocks regulate a vast landscape of muscle physiology
consisting of (but not limited to) gene expression, exercise-capacity, contractile function,
metabolism, and muscle repair (6-10, 23, 25-27). Of note, much of this evidence to demonstrate
these roles has come from experiments involving circadian profiling of muscle physiological
processes and whole-body/muscle-specific KO models of various molecular clock genes. Such
investigations have provided data showing that the muscle molecular clock regulates a wide range
of muscle processes. However, less is known about the satellite cell (SC) specific molecular clock
(Fig 2.2). SCs, the muscle resident stem cell population, are mainly responsible for facilitating
muscle repair (15, 16), and have recently been examined in a circadian context (17). Recent work
has demonstrated that SCs house an oscillating molecular clock with rhythmic peaks in molecular
clock gene expression (17). Numerous genes within SCs exhibited circadian expression profiles
with several genes related to muscle metabolism, contractile function, and myogenesis observed
to be oscillatory (17). Such findings suggest the SC molecular clock partially regulates previously
observed aspects of muscle physiology that differ according to time-of-day (Fig 2.2). Additionally,
muscle physiology operates on a spectrum with energy metabolism closely matching the demands
of the prevailing contractile status (28, 29) such as exercise (30, 31). These contractile demands
can lead to fatigue (32, 33) and/or muscle damage (34, 35), which requires muscle repair (36, 37).
Molecular clock regulations on any one of these processes may inherently impact the other and
therefore assessments of these processes should not be considered in isolation.

The following sections will first present physiological findings to show that exercise-
capacity is a diurnal event, then provide the foundation to demonstrate how muscle metabolism
and contractile force production that underpin exercise may be regulated by molecular clocks.

Following this section, evidence of diurnal and molecular clock regulations on metabolism and
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contractility will be discussed, as well as the proposed regulations by SC-molecular clocks (Fig
2.2). Finally, evidence will be presented showing that muscle repair following extreme/non-
physiological injury is, in part, regulated by muscle and SC molecular clocks. This section will
also introduce the notion that influence from the SC-molecular clock in physiological injury
settings (resultant from eccentric contractions) may be impacted by existing evidence of molecular

clock regulations on force-production.

Contractile
Function

Muscle
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Repair

Satellite-Cell
Molecular
Clock
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T

Figure 2.2: Satellite cell molecular clock regulation on muscle physiological processes

Simplified schematic of the potential nodes of regulation SC-molecular clocks may wield over
muscle metabolism, contractile function, and muscle repair. Question mark indicates the unknown

role SC molecular clocks may play in muscle metabolism, contractile function, and repair.

2.3 Molecular clock regulation of diurnal exercise-capacity
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Exercise capacity differs with respect to time-of-day with evidence indicating molecular
clocks are partly responsible for this diurnal variance (Table 2.1). Specific evidence was provided
from a recent report demonstrating that exercise-capacity in mice peaked in the morning compared
to other times of day (38). Furthermore, human exercise trials show a greater sustainment of
%VO2max and lower RER in the morning versus evening (25). Such diurnal patterns of exercise-
capacity may be due to molecular clock regulations as various studies utilizing clock-gene KO
mice have shown differences in exercise-capacity (39, 40). Specifically, Cry1/2 KO mice run faster
and further compared to control animals (40). Exercise tests of “time-to exhaustion” performed at
submaximal intensities largely dependent on aerobic energy metabolism demonstrate that
exhaustion occurs earlier when animals exercised in the morning versus the afternoon (39).
However, in the absence of Per2 and Bmall, this timely variance in time-to-exhaustion was
abolished possibly indicating that Per2 and Bmall have a critical role to play in regulating
exercise-capacity (39). From a mechanistic perspective, “exhaustion” occurs when the metabolic
supply of ATP fails to meet the demands of contractile-force production and consequently, muscle
fatigue occurs (41). Muscle mitochondria are the predominant supply of ATP for contractile-
demands during prolonged exercise (28). Therefore, the abovementioned observations of diurnal
changes in exercise-capacity may be due to diurnal alterations in mitochondrial function.
Additionally, although not assessed in the referenced works, the effect nutritional interventions

have on the metabolism underpinning diurnal exercise-capacity has yet to be thoroughly

investigated.
First Species Intervention Intensity Molecular clock and/or Time-of-
Author day effects
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Ezagouri C57BL/J6 Treadmill Moderate Enhanced endurance capacity at
2019 (25) (mouse) Running afternoon timepoint
Per1/2 KO Differences abolished
(mouse)
Human Enhanced endurance capacity at
morning timepoint
Adamovich | C57BL/J6 Treadmill Moderate Enhanced endurance capacity at
2021 (38) (mouse) Running afternoon time point
Bmall KO Differences abolished
(mouse)
Per2 KO Differences abolished
(mouse)
Kiho Per2 KO Treadmill | Moderate/High Reduced running capacity
2006 (14) (mouse) Running
Jordan Cryl/2, Cryl, | Treadmill High vs Low Enhanced running capacity during
2017 (40) Cry2 KOs Running Intensity high intensity running in Cry1/2 KO
(mouse)
Maier C57BL/J6 Treadmill | High Intensity Enhanced endurance capacity at
2021 (39) (mouse) Running morning timepoint

Table 2.1: Molecular clock regulation of exercise-capacity

Table of studies that evaluated exercise-capacity based on time of day or alterations to the

molecular clock
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2.4 Molecular clock regulation of mitochondrial function

Since exercise-capacity is a diurnal event partly regulated by molecular clocks, this
suggests mitochondrial function may also be regulated by time-of-day. Muscle mitochondria are
integral to muscle metabolism as they supply the necessary ATP needed for the majority of
contractile demands (28). Mitochondrial function differs by time-of-day with this phenomenon
demonstrated across human and animal experiments (6, 10, 42). Such diurnal oscillations in
function have been attributed to rhythmic oscillations in mitochondrial morphology
(fusion/fission), since mitochondrial fusion and fission genes oscillate by time-of-day (6, 10, 43)
(Fig 2.3). As mitochondria do not have nuclei of their own, their nuclear source for diurnal
regulation must stem from muscle and/or SC molecular clocks. Work characterizing the muscle
circadian transcriptome has shown that mitochondrial related genes are diurnally expressed
suggesting diurnal variance in function may stem from the “muscle” molecular clock (26).
Supporting this notion, whole body Bmall KO and muscle-specific Bmall KO animals display
inhibited mitochondrial function (13, 44, 45), and in whole body Bmall KO animals, maximal
mitochondrial oxidative phosphorylation capacities are reduced. However, as these mice were bred
from birth lacking Bmall systemically, such deficits in function could, in part, be attributed to
decreased mitochondrial abundance (13). Supportive of these findings, deficits in mitochondrial
function were also observed in Bmall KO myotubes (44). These changes were attributed to
alterations in the HIFla pathway (44), with reports from the same group demonstrating the
underlying mechanism may have been inhibitions on NAD+ metabolism, which concordantly
altered mitochondrial function (45-47). Indeed, supplementing mice with NAD+ was able to

rescue deficits in mitochondrial function (45). Importantly, the methodology in which these
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investigations evaluated mitochondrial function involved measuring oxygen consumption in the
presence of endogenous levels of substrate storages (carbohydrate, fat storages) (45, 47) that could
possibly lead to a confound as different levels of endogenous substrates can alter mitochondrial
function (48). To provide more clarity regarding diurnal and/or molecular clock-specific
regulations on mitochondrial function, animals may need to be fasted to avoid any risks associated
with different dietary eating habits that can lead to varying levels of endogenous substrates
storages.

As discussed previously, a recent report that characterized the SC-specific transcriptome
over the course of 24 h demonstrated that several metabolic/mitochondrial related genes were
oscillatory (17), suggesting SC-molecular clocks may partially contribute to previously shown
diurnal muscle mitochondrial function (6, 10). Two recent reports utilizing a mouse model capable
of inducible depletion of SCs demonstrated that following SC ablation, exercise-capacity was
reduced (49, 50). As mitochondria-derived ATP sustains the contractile-energetics of prolonged-
exercise (28, 33), it is interesting to consider that while exercise-capacity was reduced in SC
animals, mitochondrial abundance stayed the same (49). Although this study was conducted at a
single time-of-day, this preliminary evidence suggests mitochondria may receive nuclear input
from SCs and the lack thereof may affect mitochondrial function ultimately limiting exercise-
capacity. Further evidence suggests a structural relationship between SCs and mitochondria with
SC protrusion-like structures extending over myofibers and serving as a mode of communication
shuttling metabolic/mitochondrial cargo between SCs and myofibers (51). Evidence of structural
communication of mitochondrial cargo between SCs and myofibers (51), reduced exercise-

capacity in SC-absence (49, 50), and diurnally expressed SC-specific mitochondrial genes (17)
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collectively provide a mechanistic foundation to suggest SCs may have a diurnal regulation on

mitochondrial function.
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Figure 2.3: Molecular clock diurnal influence on muscle mitochondria

Mechanistic underpinnings of diurnal variance in mitochondrial function regulated by molecular
clocks. Current evidence suggests diurnal variance in function may stem from concordant diurnal

oscillations in mitochondrial morphology.

2.5 Molecular clock regulation of muscle contractility
As discussed (section 2.4), exercise capacity relies on a supply of readily available energy

to sustain contractile force (28, 30, 33). Therefore, diurnal variation in exercise capacity may also
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imply that contractile function is a diurnally regulated event. Accumulating evidence demonstrates
that human muscle peak isometric torque follows a diurnal pattern with the highest forces
occurring in the late afternoon (1600 h) (8). This is believed to be due to the molecular clock as
the timing of peak torque in the late afternoon coincides with peak expression of molecular clock
gene Bmall in humans and animals (8, 9) (Table 2.2). In contexts of animal models investigating
this relationship, whole body Bmall KO animals demonstrate decreased force-production in single
fibers and whole muscle preparations (13). Furthermore, these deficits were observed in an
inducible muscle-specific Bmall KO model following long-term ablation (28 and 52 weeks) (52,
53) (Table 2.2). A potential mechanism underpinning Bmall’s regulation of force production has
been proposed to be alterations to the sarcomeric protein, titin (54, 55). These animals exhibit
alterations in titin, which led to shortened sarcomere-lengths (54) and consequently may underpin
decreased force-generation previously observed in this mouse model (13, 52). However, as human
isometric torque data has been reported to oscillate with time-of-day in concordance with peak
Bmall expression (9), the mechanism by which molecular clocks regulate contractile function on
a diurnal basis is likely distinct from those observed in long-term Bmal1-KO animal models.
Cry1/2 KO animals do not display any contractile force decrements (40), while Per2 KO
animals harbor alterations in force-production (14) (Table 2.2). Interestingly, Per2 regulates
calcium (Ca™) related gene expression in muscle involved in the Ca™ kinetics of E-C coupling
(56). This suggests Per2 regulates contractile function via calcium kinetics involved in E-C
coupling. Such a notion would be in-line with previous work showing that molecular clocks
regulate calcium-sensitive contractile machinery (i.e. myosin-light-chain-kinase) that influence
force-production (26). However, diurnal expression of Ca'" related genes may not necessarily

mean Ca*" is altered during the E-C coupling involved in muscle contractions. Therefore, future
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studies should utilize ex vivo contractile assessments to measure Ca** kinetics during contractions
(57-59) to unravel if it is indeed the mechanistic culprit for molecular clock and/or diurnal
influences on force production. Furthermore, molecular clocks in other tissue types have
previously demonstrated regulatory control over calcium related functions offering further support
for this potential mechanism in muscle (60-62).

Prior evidence has demonstrated that SC molecular clocks oscillate on a diurnal basis with
several genes related to E-C coupling displaying diurnal variance (17). These data suggest that
SCs may differentially regulate components of E-C coupling and thus, force-production by time-
of-day, although experimental and mechanistic evidence in support of such a contention is lacking.
To date, two studies have assessed whole muscle contractile function in mouse models after SC
depletion (63, 64). In one such study, SC ablation in postnatal mice led to reduction in maximal
contractile force (63). However, these changes were no longer observed when older mice were
assessed, suggesting the deficits in contractile force may have stemmed from stunted muscle
growth during post-natal development due to the requirement of SCs for muscle growth during
this time period of life (63, 65, 66). In addition, a second study reported deficits in maximal
contractile force following long-term SC ablation although these changes were attributed to long-
term accumulation of excess ECM in the absence of SCs (64). Therefore, it is currently unknown
if SCs affect force-production and if they do so in a time-of-day dependent manner. Future
investigations should evaluate force-production following short-term SC-ablation and should do
so in skeletal muscle from mature mice to avoid confounding effects (63, 64).

Additionally, it is likely that SCs time-of-day influence on force production is indirect via
regulation on components of E-C coupling. As mentioned, the SC transcriptome has previously

shown transcription of genes relevant to E-C coupling are expressed on a circadian basis (17)
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suggesting downstream components of E-C coupling may be under circadian control thus,
rendering force-production a diurnal event. However, as no studies have directly assessed this,
whether SC molecular clocks influence force production via circadian regulation of E-C coupling
is pure speculation. In this context however, it was recently discovered that muscle molecular clock
gene Per?2 harbors a relationship with the Ca™ kinetics involved in E-C coupling (56). While SC
molecular clocks were not evaluated in this study, evidence that molecular clocks have a functional
link with the physiology of E-C coupling (56) vs simply transcription of the relevant components

(26) may suggest SC molecular clocks may function similarly.

First Species Muscle Molecular clock effect on contractile function
Author
Kiho Per2 KO TA Increased specific force

2006 (14) (mouse)

Andrews | Bmall KO EDL Decreased specific force
2010 (13) (mouse) EDL single Decreased maximally activated specific force
fibers
CLOCK EDL Decreased specific force
Mutant
(mouse)
Schroder Muscle- EDL Decreased specific force

2015 (52) Specific
Bmall KO

(mouse)
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Jordan Cryl/2 KO EDL No contractile differences

2017 (40) (mouse) Soleus

Dyar Muscle- Plantar flexors Decreased maximal torque
2014 (53) Specific
Bmall KO

(mousse)

Table 2.2: Molecular clock regulations on contractile function

Studies that have evaluated contractile function in animal models of molecular clock disruption.

2.6 Molecular clock regulation of muscle repair

In the context of muscle repair, diurnal variance in force-production has implications that
render muscle injury and consequent repair a function of time-of-day (Fig 2.4). Scaled degree of
force-production induce concordant magnitudes of contractile injury (67, 68) and therefore, diurnal
variance and/or molecular clock alterations to force-production may affect the extent of contractile
injury and repair (Fig 2.4). Such a notion would infer that SCs, responsible for muscle
repair/regeneration, may also harbor diurnal variance. Following injury, muscle enacts a highly
conserved muscle regenerative response which involves the activation of SCs to orchestrate the
cellular events required for successful muscle regeneration (15, 31, 69). Specifically, following
activation, SCs will proceed down a myogenic lineage to proliferate, differentiate, and eventually
fuse to the host myofiber to facilitate regenerative needs and replace damaged muscle architecture

(15, 16, 36, 70-73). This myogenic progression of SCs is accomplished by sequential roles of the
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myogenic regulatory factors namely, Myf5, MyoD, Mrf4, Myogenin, to act on the cell cycle to
facilitate proliferative and differentiative events required for regeneration (74-76).

Studies in other fields of biology have shown that tissue repair following injury is a
circadian event regulated by molecular clocks of tissue resident cells (77, 78). Furthermore, these
circadian patterns of repair have been demonstrated across multiple tissue types suggesting
molecular clock regulation on the process of repair itself may be a conserved circadian biological
process (77-82). Although a vast array of work has characterized the cellular events involved in
muscle repair/regeneration, relatively less work has focused on how/if molecular clocks influence
muscle repair. In this regard, there is some insight into where and how molecular clocks may
influence muscle repair/regeneration following injury (11, 12, 83-85). Previously, clock genes Cry
and Per have both been shown to affect muscle regeneration following toxin induced injuries (83,
84). Specifically, whole-body Cry2 KO animals exhibited blunted muscle regeneration following
injury as SC-derived myoblasts exhibited premature exit from the cell cycle and decreased
expression of Myogenin (84). In the same study, lesser amounts of embryonic myosin heavy chain
positive fibers were observed at a later timepoint following injury indicating these animals had
indeed undergone lesser extents of muscle repair and could not fully meet the regenerative
demands in the absence of Cry2 (84). Collectively, this suggests that Cry2 plays a critical role in
regulating the myogenic response to accommodate repair following injury. Similarly, whole body
Per1/2 KO animals exhibit alterations in myogenic progression (83). Following chemical injury,
SCs of Per 1/2 KO animals display delayed SC proliferation which were suggested to be causal in
deficits noted in myoblast differentiation/fusion in vitro (83). However, it is important to note that
animals used in these studies were whole-body KOs of Cry and Per clock genes (83, 84), not SC-

specific KO. Whether clock genes themselves have a direct effect on muscle regeneration or if
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such effects are secondary to maladaptive phenotypes developed due to the systemic lack of these
genes from birth is unknown.

Characterization of the muscle circadian transcriptome demonstrated that the myogenic
regulatory factor, MyoD, exhibits circadian patterns of expression (26). Indeed, MyoD is
expressed on a circadian basis (13, 26), with such rhythmicity hinging on upstream input from
Bmall (as this rhythmicity is blunted in Bmal1-KO animals) (13, 26). The mechanism by which
Bmall exerts its regulation on MyoD is through the core-enhancer (CE) region (86, 87) as specific
ablation of this CE region abrogates MyoD’s circadian expression pattern (88). Furthermore,
MyoD’s timing and amplitude during myogenesis is dysregulated in animals lacking this CE
region (86), suggesting Bmall may regulate myogenesis via circadian regulation of MyoD. Studies
utilizing whole body Bmall KO animals have displayed inhibited muscle repair following toxin-
induced muscle injury, largely due to the inability of SCs lacking Bmall to adequately proliferate
and progress down the myogenic lineage (a myogenic function that relies on MyoD) (11, 12).
However, given the models used thus far have been muscle and or whole body Bmall KO (11,
12), it is unclear if Bmall specifically within SCs regulates myogenic progression consequently
influencing muscle repair.

As discussed, a systematic approach characterizing the circadian transcriptome of SC’s
over 24 h demonstrated that SC-specific molecular clock genes oscillate in a circadian fashion
(17). At timepoints previously reflecting high (evening) versus low (morning) Bmall expression
(17), Zhu and colleagues injured animals via cardiotoxin at both of these times of day (85).
Animals injured in the evening (aligned with high SC-Bmall expression) exhibited normal muscle
regeneration, whereas animals injured in the morning (low SC-Bmallexpression) displayed

deficits in muscle regeneration (85). To further elucidate how SC-specific Bmall effected muscle
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regeneration, the same study induced muscle injury in SC-specific Bmall KO animals and
observed that animals lacking Bmall in SCs could not adequality proliferate to accommodate the
reparative needs of damaged muscle ultimately leading to blunted muscle regeneration. Indeed,
this observation is in line with data from whole body Bmall KO animals (11, 12). Utilization of a
SC-specific Bmall inducible depletion model provides new insights and confirms Bmall’s critical
role in SC-mediated muscle regeneration (85). Additionally, in a second study by Zhu and
colleagues (89), it was discovered that time-of-day differences in SC-mediated muscle repair
hinges on SC time-of-day dependent communication to early-responsive neutrophils. This
communication by SCs functions to prime the microenvironment for efficient muscle repair with
evidence demonstrating this may be driven by cytokine CCL2 in a time-of-day fashion (89). This
work identifies a unique communication link between SCs and neutrophils that regulates the time-
of-day capacity of muscle repair following injury.

Under physiological conditions, injury typically occurs via high force eccentric
contractions (15, 34, 90) versus the non-physiological injury induced by chemical toxins. As
discussed earlier, Bmall plays a role in force-production (13, 52), and therefore injury occurring
from high force eccentric contractions is likely to be affected by Bmall’s regulation on
contractility. Additionally, as peak/trough human isometric torque aligns with concordant
peaks/troughs in Bmall expression (8, 9), varying degrees of eccentric-force may induce different
magnitudes of contractile-damage (67, 68). Thus, it is plausible that Bmall regulations on force-
production at different times-of-day may dictate the degree of muscle damage sustained and thus
the extent of muscle repair. In this regard, the role SC-Bmall may play in a contractile injury and
repair setting may differ from prior work showcasing SC-Bmall’s role in muscle repair following

non-physiological injury (85) (Fig 2.4). Future investigations should first evaluate if SC-Bmall
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effects force-production similar to past findings in muscle/whole body KO models (13, 52) and
subsequently assess if such regulation on force has any effect on extents of muscle damage/repair

following contractile injury.

Satellite-Cell

Molecular
Clock

e \ Muscle
T Repair

Force-production Contractile induced
injury

(i (o { (RS

......

Figure 2.4: Proposed mechanisms of satellite cell molecular clock regulations on contractile

injury induced muscle repair

Hypothetical logic-flow for satellite cell molecular clock sequential regulation of force production

and thus the extent of contractile injury and subsequent repair
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3.1 Abstract

Endurance exercise capacity varies by time-of-day due to molecular clock time-of-day
regulations on components of muscle physiology. Mitochondrial respiration, mainly responsible
for the metabolic energy supply during submaximal endurance exercise, has been shown to vary
by time-of-day and in animal models of muscle molecular clock disruption. Satellite cells (SCs)
however, also house oscillatory molecular clocks with several clock and mitochondrial genes
exhibiting diurnal oscillation. Given this diurnal nature of SCs and with evidence elsewhere
demonstrating SC ablation leads to impaired endurance exercise capacity reliant on
mitochondria, SCs may harbor regulations on mitochondrial function which may differ by time-
of-day. Therefore, in this study, the primary aim was to assess if time-of-day mitochondrial
function differs in the presence versus absence of SCs in oxidative (soleus) and glycolytic (TA)
muscle. Utilizing a Pax7RE-ERT2" R 95a26PTA" mouse model capable of SC ablation (SC*, SC°),
I conducted experiments in either the morning, afternoon, or evening. In both TA and SOL, no
differences were observed in mitochondrial respiration across time-of-day in the presence versus
absence of SCs. However, in glycolytic muscle (EDL), I observed that submaximal fatigue
reliant on mitochondria energy was enhanced in the morning versus afternoon overlapping with
peak/trough Bmall and CLOCK gene expression (Morning-SC*: 54 £ 5; Afternoon-SC*: 36 + 6
contractions until fatigue) (p < 0.05). Collectively, SCs are not a factor that influence time-of-
day mitochondrial function and therefore time-of-day differences in submaximal fatigue are

unlikely due to time-of-day regulations (SC, muscle, or otherwise) on mitochondrial respiration.

Keywords: muscle fatigue, muscle mitochondria, contractility, molecular clocks, satellite cells

50



3.2 Introduction

Endurance exercise capacity has recently been shown to be a function of time-of-day (25,
38-40). During prolonged, submaximal endurance exercise, muscle mitochondria are the primary
source of cellular energy production that sustain contractile demands (28). Recently, evidence
demonstrates mitochondria exhibit time-of-day rhythmicity in ex vivo maximal respiration (6,
10) due, in part, to regulation by the molecular clock, with ablation of molecular clock gene
Bmall decreasing both muscle mitochondrial content and respiration (13). However, recent work
has shown SCs rhythmically express clock, contractile, and mitochondrial related genes over 24
hr (17) perhaps suggesting SCs may regulate mitochondrial function and thus, endurance
exercise capacity according to time-of-day. Recently, I demonstrated maximal eccentric
contractile function is altered in the presence/absence of SCs in the morning versus afternoon
suggesting (91) that the diurnal SC transcriptome (17) may indeed exert an effect on the
downstream relevant muscle physiology as well.

In a recent study, animals following SC ablation harbored impairments in submaximal
endurance exercise capacity (49, 50), the bioenergetics of which are underpinned by
mitochondrial energy production (28). The decrement in endurance exercise capacity was not
accompanied by any change in mitochondrial abundance or muscle atrophy suggesting it was the
function of mitochondria that was impaired during exercise however, respiration was not directly
measured in SC/*SC animals in this study (49). As exercise-capacity is known to be a function
of time-of-day in both humans and animals (25, 38-40, 92, 93), it is tempting to suggest that SCs
impact mitochondrial respiration in a time-of-day dependent manner. In this context, the effects
of SC presence/absence on mitochondrial respiration and if this relationship is time-of-day

dependent has never been tested. Accordingly, the primary aim of the current study was to
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determine time-of-day mitochondrial respiration (assessed by mitochondrial Oz consumption) in
the morning, afternoon, and evening, in the presence or absence of SCs. I hypothesized that

variations in time-of-day mitochondrial respiration may depend on the presence of SCs.

3.3 Methods:

3.3.1 Animal info

Pax7CRE-ERT2% R 0sa26PTA" mice (n=43; male = 20; female = 23) 4-10 months of age and
of mixed sex were used for these experiments (94, 95). All animal experiments were performed
with the approval of the Northwestern University Institutional Animal Care and Use Committee
(protocol number: IS000019422). Mice were euthanized via C02 inhalation followed by cervical
dislocation. Mice were housed in groups of 2-5 animals per cage in a temperature/humidity-
controlled environment on a 14:10 light-dark cycle (lights-on at 0600 h) and given ad libitum
access to food/water. Prior to mitochondrial respiration experiments, all animals underwent an 8-
12 h fast to avoid any confounding effects of diet/eating habits on mitochondrial respiration.
Utilizing the Cre-lox system, inducible depletion of SCs was undertaken via five consecutive
days of oral gavage of tamoxifen, while control (vehicle) animals received oral gavage of peanut
oil (2mg in 100ul per day) (96, 97) followed by a minimum 14-day washout period (26.4 days +
0.97 SEM). Prior literature has shown SC ablation is similar across hindlimb muscles (98) and as
such, SC ablation in this study was quantified in the gastrocnemius. Animals were randomly
assigned a treatment group (SC -tamoxifen or SC*-vehicle) and experimental timepoint
(Morning-0700 h (ZT1), Afternoon-1500 h (ZT9), Evening-1900 h (ZT13); lights on at 0600 h
(ZTO0)). All experiments were performed after euthanasia at the assigned timepoints.

3.3.2 Gene expression
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Immediately after euthanasia, quadriceps muscle was harvested and snap-frozen in liquid
nitrogen-cooled isopentane for gene expression assays. Genes of interest were analyzed using the
QX200 AutoDG Droplet Digital PCR system (Bio-Rad). Extracted RNA was analyzed for
quality using Nanodrop-2000 and quantified using Qubit. Following this, an absorbance ratio of
<1.8 was used to qualify the RNA and the quantification was used to equilibrate the samples to 1
ng/puL prior to ddPCR. A total of 5 pL of the equilibrated sample was aliquoted into the 96-well
ddPCR plate along with 17 pL of a master mix (One-Step RT-ddPCR advanced kit for probes).
The master mix also consisted of florescence labelled ddPCR primers (Bio-Rad) for the
housekeeping gene Glyceraldehyde 3-phosphate dehydrogenase (Gapdh) and the gene of
interest. Molecular clock genes of interest were Bmall, CLOCK, Cryl, Per2; mitochondrial
dynamics/morphology genes of interest were Opal, Fisl; metabolic genes of interest were Pdk4,
PCGla. The plate was then placed into the AutoDG to generate up to 20000 droplets per well
followed by reverse transcription. The plate was read using the QX200 droplet reader to
visualize and yield exact gene concentration per pL of sample and was subsequently expressed
relative to Gapdh concentration per well. For SC* and SC- groups, all genes of interest across
timepoints were normalized to the same, respective gene (represented as fold-change) for either
Morning-SC+ or Morning-SC- groups. Gapdh was not altered between SC conditions or
timepoints.

Time-of-day changes observed in molecular clock gene expression served as a guide for
muscle physiology experimental timepoints as prior work has shown variation in muscle function
is associated with time-of-day differences in clock gene expression (8, 9, 25, 39). These
timepoints were also chosen for their general overlap with time-of-day expression of SC-specific

core clock components in a much larger study (17)
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3.3.3 Muscle Mitochondrial Respirometry

High resolution mitochondrial respirometry was performed using Oroboros O2K
(Oroboros Instruments, Innsbruck, Austria), based on prior protocols (99, 100). Immediately
following euthanasia, the soleus and tibialis anterior (TA) were dissected and placed in ice-cold
BIOPS solution (2.77mM CaK>EGTA, 7.23mM K>EGTA, 5.7mM Na,ATP, 6.56mM MgCl,
20mM taurine, 15mM NayPhosphocreatine, 20mM imidazole, 0.5mM DTT, and 50mM MES).
The muscles were then further dissected under a microscope and mechanically separated in ice-
cold BIOPS to obtain two replicates of 2-3 mg from each muscle. Following mechanical
separation, muscles were chemically permeabilized with 50 pg/ml saponin for 30 min at 4°C and
were subsequently washed for 10 min in mitochondrial respiration media [MiR05; 0.5mM
EGTA, 3mM MgCl,, 60mM K-lactobionate, 20mM taurine, 10mM KH>PO4, 20mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid, 110mM sucrose, 1g/L fatty acid-free bovine
serum albumin]. Respirometry experiments on both samples from TA and soleus were run
simultaneously and conducted at 37°C in hyperoxygenated (200—450uM O2) conditions in
MiROS5 to avoid any limitations/differences related to oxygen diffusion.

To assess maximal phosphorylation and electron transport chain capacity of complex-I
and II mediated respiration I used a sequential substrate-uncoupler-inhibitor titrations (SUIT)
respiration protocol. Specifically, I measured (final concentration in the O2k chamber are
indicated in parentheses) 1) LEAK respiration (L) after TCA cycle stimulation with NADH-
linked substrates pyruvate (5 mM) and malate (2 mM) to support electron flow through complex
I (CI) of the electron transport chain (ETC); 2) Cl-supported respiration (OXPHOS, Pciemy;

“State 3” respiration) after addition of adenosine diphosphate (ADP, 5 mM); 3) maximum CI-
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supported respiration (OxPhos; Pc1) after addition of glutamate (10 mM); 4) maximum CI- and
ClI-supported respiration (OxPhos; Pcr+1) after addition of CII substrate succinate (10 mM); 5)
uncoupled respiration, representing maximum ETC capacity (Ecr+i), after step-wise titration of
the uncoupler carbonyl cyanide m-chlorophenyl hydrazine (CCCP; 0.5 mM); 6) maximum ETS
capacity in the presence of CII substrate only (Ecn) after addition of Cl-inhibitor rotenone
(0.5mM); 7) residual, non-mitochondrial oxygen consumption (ROX) after inhibiting complex
III (CIII) of the ETC with antimycin A (2.5mM). Prior to administration of succinate,
cytochrome-c was administered to assess for over-permeabilization of the mitochondrial
membrane. Any value higher than 15% following cytochrome-c administration was considered
over-permeabilized and these data were not used. Maximum OxPhos and ETC capacity (Pcri,
Ecr+11 ) were used for all statistical analyses. For all respirometry experiments, animals

underwent an 8-12 h fast to account for potential differences in diurnal substrate availability.

3.3.4 Mitochondrial Activity Assays

Immediately after euthanasia, the TA from the contralateral limb was flash frozen in
liquid nitrogen-cooled isopentane and stored in -80°C. Muscles were powdered using liquid
nitrogen-cooled mortar and pestle, then homogenized in 0.5 mL of Zheng buffer (210mmol/L
man- nitol, 70mmol/L sucrose, Smmol/L 4-[2-hydroxyethyl]-1- piperazineethanesulfonic acid
[HEPES] and 1mmol/L ethylene glycol-bis(b-aminoethyl ether)-N,N,N’,N’- tetraacetic acid
[EGTA] [pH 7.2]) (101, 102). Homogenization was performed on ice by using glass-on-glass
conical tissue grinders undergoing 16 strokes at 500 rpm. Homogenized tissue was subsequently
centrifuged at 600g at 4°C for 10 min. Supernatant protein concentration was ascertained using

the Pierce™ bicinchoninic acid protein assay kit per manufacturer’s instructions (Thermo Fisher
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Scientific, Waltham, MA, USA) (101). Based on protein concentrations, aliquots of equal protein
concentrations were made to perform citrate synthase (CS) and electron-transport-chain
Complex-I (ETC-C-I) enzymatic activity assays.

For the CS assay, to enzymatically assess the reaction in the TCA Cycle that mediates the
transition from acetyl coenzyme A (acetyl-coA) to citrate, tris buffer (pH 8.0) was used with 12.5
mmol/L acetyl coenzyme A. To catalyze the reaction from acetyl-coA to citrate via citrate
synthase, 5 mmol/L oxaloacetic acid was administered to initiate the actions of citrate synthase
and the subsequent absorbance rate of the reactionary byproduct 5,50-dithiobis—(2- nitrobenzoic
acid) was measured every 15 s for 3 min to determine the rate of citrate synthase activity (48,
101). Assays were carried out on 10pg of protein per well, in triplicates in a 96 well-plate at a
wavelength of 412 nm.

To assess ETC Complex-I activity, 2 mmol/L of NADH was used as substrate to be
oxidized by Complex-I and 5 mmol/L of ubiquinone (Coenzyme-Q) was administered to
facilitate the passing of electrons from Complex-I to Complex-III. The rate of reduction in
absorbance in NADH fluorescence over 3-min was used as a surrogate for the rate of Complex-
I’s oxidation of NADH to NAD" and thus its maximal capacity of electron flux. To assess the
test’s specificity to Complex-I, 1 mmol/L of rotenone was administered. All assays used 30ug of
protein per well, in triplicates in a 96 well-plate at a wavelength of 340nm.

Mitochondrial copy number was carried out as previously described (101). In brief,
following DNA purification, DNA concentration and purity was assessed
spectrophotometrically. I used primers for a mitochondrial gene (Cox1), and a nuclear gene
(Ribosomal L13a) (Integrated DNA Technologies, Coralvile, IL) with Terra qPCR Direct TB

Green (Takara Bio Inc., Mountain View, CA, USA) to perform Real-time PCR to measure
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mitochondrial DNA to genomic DNA ratio. The forward and reverse primers of mitochondrial
and nuclear genes used in this assay were as follows: mtDNA COXI1-F 5°- AGA TGT AGA
CAC CCG AGC CT -3’, mtDNA COX1-R 5’- GGC TCA TAA TAT GGC GGG GG -3’;
Ribosomal L13a-F 5°- TGC TCA CAG ACT CTC AGG -3°, Ribosomal L13a-R 5’- AAG CCT
TCC TCT TTC CAC AGG -3°. To calculate mitochondrial copy number, Pfaffl’s model was
utilized to assess the difference in threshold cycle between mitochondrial/nuclear gene pairs and

expressed in arbitrary unit (103).

3.3.5 Ex vivo Contractile Experiments

Immediately after euthanasia, the extensor digitorum longus (EDL) was isolated via tying
5.0 silk sutures to the proximal/distal tendons, while doused in Ringer’s solution (mM: 137
NaCl, 5 KCI, 1 NaH2POg4, 24 NaHCOs3, 2 CaClz, 1 MgSOs, and 11 glucose containing 10 mg/1
curare with a pH of 7.5). For ex vivo contractile measurements, the EDL was mounted between a
force transducer (Aurora 300C) and motor in a custom bath filled with oxygenated Ringer’s
solution at 37°C with platinum electrodes straddling the muscle as previously described (104-
106).

Muscle stimulation parameters were based on prior work (104-106). Briefly, after the
EDL was mounted and allowed to stabilize for 5 min, optimal muscle length (L,) and voltage
were determined through a series of twitch contractions. Force and length from each contraction
were acquired using a custom LabVIEW program. Raw contractile force was converted to
Newtons (N) and expressed as specific force (N/cm?) by normalizing to EDL physiological

cross-sectional area (PCSA) (104-106).
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A force frequency curve (300ms per contraction, 3 min rest between contractions; 10, 20,
30, 40, 50, 60, 70, 100, 110Hz) was constructed to identify maximal tetanic force (P,). Following
this, the frequency reflective of ~50% P, (~25Hz) was used for 300ms sub-maximal fatiguing
contractions at intervals similar to previous reports (107-109). The fatigue protocol started at
50% P, and ended at 15% P,. The first 10 contractions were separated by 10s each, followed by
the next 10 contractions separated by 7s with all remaining contractions administered at 5s
intervals until cessation (15% P,). The number of contractions needed to reach 15% P, from
50% P, was defined as the fatigue index.

I validated that this submaximal fatigue protocol relied on mitochondria for contractile-
energetic needs by inhibiting mitochondria (110). In a subset of mice (n=3), immediately after
completion of force-frequency contractions, Ringer’s solution was replaced with Ringer’s
containing 10mM of Oligomycin (an inhibitor of mitochondrial ATP synthase). Muscle was
allowed to rest in this solution for 10 min (110). Maximal force and submaximal fatigue were
compared between only-Ringer’s and Ringer’s with Oligomycin. After validating that the
submaximal fatigue protocol indeed relied on mitochondria, I then performed submaximal

fatigue-experiments on the EDL of Morning-SC* and Afternoon-SC* animals.

3.3.6 Immunohistochemistry

Gastrocnemius muscle was flash frozen in liquid nitrogen-cooled isopentane, stored at -
80°C, and transferred to a -25°C cryostat for sectioning and subsequent immunohistochemical
staining. In brief, muscle was allowed to equilibrate for 1 h in the cryostat before sectioning,
embedded in a cryomold and subsequently flash-frozen in liquid nitrogen-cooled isopentane for

ten seconds and allowed to re-equilibrate for 30 min in the cryostat (111). Muscle sections were
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cut at 10 micrometers and following sectioning, slides were allowed to air dry for 1hr and were
subsequently stored at -80°C. Briefly, after thawing, slides were fixed in 4% PFA and incubated
in 3% H>0; to block endogenous peroxidases and washed with PBS. A heat-induced epitope
retrieval step (slides steamed for 30 min in a pressure cooker in a Citrate buffer bath) was
performed and slides were permeabilized in 1% Triton-X thereafter. Following this, slides were
blocked for 1h in 1% BSA mouse-on-mouse blocking buffer and incubated in primary antibody
solution overnight. The following day, slides were incubated for 90 min in a biotinylated
secondary antibody, washed, and incubated in secondary antibody solution for 1hr. Slides were
then incubated in an amplification solution for 20 minutes, washed, mounted with Vectashield
with DAPI, and cover-slipped. (112, 113). Primary antibodies used were anti-Pax7 [mouse IgG1,
1:100 DSHB, concentrate], anti-laminin (rabbit IgG, 1:500, Sigma-Aldrich, L9393]. Secondary
antibody for Pax7 were goat anti- mouse IgG1 biotin-SP-conjugated (1:1,000, Jackson Immuno
Research, 115-065-205), Streptavidin-horseradish peroxidase (SA-HRP) (1:500, Invitrogen, S-
911), SuperBoost Tyramide reagent Alexa Fluor 594 (1:500, Thermo Fisher, B40957), while for
laminin were Alexa Fluor 488 goat anti-rabbit IgG (H + L) (1:250, Invitrogen, A-11034). Slides
were imaged at 20x and entire cross-section images were analyzed for myofiber cross-sectional
area (CSA) and SC abundance. Cross-sectional area and SC quantification were carried out via

blinded-automated analyses using MuscleJ (114).

3.3.7 Statistical Analysis

Comparisons of gene expression, mitochondrial respiration, and activity assays across
time-of-day in either SC* or SC- groups were analyzed by a one-way ANOVA. Comparisons of

ex vivo contractility between morning and afternoon groups were analyzed via unpaired t-tests.
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All THC was analyzed via unpaired t-tests. Specific statistical tests are indicated in figure
legends. All statistical analysis were performed using Prism 9.0 (GraphPad, San Diego, CA). All

data in the results are reported as means * standard error of mean (SEM).

3.4 Results

3.4.1 Gene expression

Gene expression was carried out to assess muscle mRNA expression for specific clock,
mitochondrial, and metabolic genes to expose any alterations according to time-of-day in the
presence or following ablation of SCs. Bmall, CLOCK, and Per?2 all exhibited significant time-
of-day changes in gene expression while Cry/ did not (Fig 1A-1D) (p < 0.0001), (p <0.001), (p
<0.01), (p <0.05). Opal exhibited a trend toward significance (p = 0.09) in Morning-SC*
animals (Fig 1E) and was significantly higher in Morning-SC™ animals compared to Afternoon-

SC- (Fig IM) (p < 0.05). I report no significant findings in Fis/, Pdk4, PGCla gene expression.
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Figure 3.1: Gene expression of muscle molecular clock and mitochondrial genes across time-of-

day and satellite cell groups

1A4-1D, 11I-IL) Muscle molecular clock gene expression (Bmall, CLOCK, Per2, Cryl). 1E-1F,
1IM-1N) Expression of mitochondrial fusion (Opal) and fission (Fisl) genes. 1G-1H, 10-1P)
Expression of metabolic genes (Pdk4 and Pgcla). All gene expression data is of the quadriceps.
All data in units of fold-expression. All data shown as mean +s.e.m. All groups analyzed via

one-way ANOVAs (*p < 0.05), (***p < 0.005), (****p < 0.001) (n=4-5 per group).
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3.4.2 Mitochondrial respiration, activity assays and mitochondrial DNA copy number

No time-of-day differences were noted in mitochondrial respiration in the SOL or TA in
the presence or absence of SCs (Fig 2A-2D, Table 1). In TA muscle, citrate synthase activity, a
marker of mitochondrial content, did not vary by time-of-day in the presence or absence of SCs
(Morning-SC*: 81 * 18; Afternoon-SC*: 37 + 14; Evening-SC*: 47 £ 14; Morning-SC™: 55 +
16; Afternoon-SC™: 55 = 19; Evening-SC-: 45 + 15 nmol/min/mg protein) (Fig 3B, 3F). Maximal
ETC Complex-I activity exhibited no statistical differences across time-of-day in either SC* or
SC- groups (ETC Complex-I activity: Morning-SC*: 45 + 8; Afternoon-SC*: 61 + 9; Evening-
SC*: 37 £+ 14; Morning-SC~: 52 + 15; Afternoon-SC: 61 £ 12; Evening-SC~: 58 + 10
nmol/min/mg) (p > 0.05) (Fig 3C, 3G). Mitochondrial DNA copy number (mtDNA)
demonstrated no differences across time-of-day in either SC* or SC- groups (mtDNA Copy
number: Morning-SC*: 14 + 4; Afternoon-SC*: 11 £ 2; Evening-SC™: 13 £ 4; Morning-SC~: 23 +
7; Afternoon-SC™: 8 + 2; Evening-SC™: 10 * 2, all units reported as mitochondrial copy number)

(Fig 3D, 3H) (p > 0.05).

Leak OxPhos; OxPhos; OxPhos; ETC; ETC;
(Pyruvate Pciemy Pa Pcra Ecrn Ecn ROX;
, Malate) (ADP) (Glutamate) | (Succinate) | (CCCP) | (Rotenone) | (Antimycin- A)
Soleus
Morning- 16.6 103.6 120.4 173.1 168.3 + 87.8 8.2
SC + 1.8 +8.9 +10.2 +13.3 12.2 +3.8 +0.9
Soleus
Afternoon- 16.3 106.2 + 121.1 185.1 188.3 95.7 8.1
SC +14 14.1 +16.0 +16.4 +16.1 +7.2 +0.6
Soleus
Evening- 12.3 108.4 116.1 147.4 140.2 69.7 8.1
SC +29 +4.2 +7.2 +12.3 +14.2 +8.3 +0.9
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Soleus

Morning- 16.0 102.2 110.2 173.0 185.2 103.7 8.1
SC +1.0 +7.5 +74 +11.5 +19.0 +8.7 +1.0
Soleus
Afternoon- 16.3 119.1 131.2 183.3 186.6 100.9 9.4
SC +2.0 +9.8 + 11.8 +9.5 +10.0 +99 +1.1
Soleus
Evening- 15.8 111.3 121.9 174.3 171.9 88.6 8.3
SC +1.5 +4.3 +5.5 +14.0 +159 +9.3 +0.6
TA
Morning- 114 71.0 77.2 134.6 139.2 69.7 4.9
SC* +1.7 +9.3 +6.4 +9.2 +9.3 +6.8 +0.3
TA
Afternoon- 6.9 55.7 67.2 101.5 110.6 60.6 2.9
SC* +0.6 +3.1 +2.8 +4.8 +7.9 +2.7 +1.5
TA
Evening- 6.8 68.4 80.3 117.3 126.3 68.5 3.0
SC* +12 +9.2 +11.8 +16.3 +17.1 +7.3 +0.7
TA
Morning- 9.2 67.7 81.4 126.5 136.3 68.1 3.6
SC +0.6 +2.7 +44 +8.0 +12.0 +5.0 +04
TA
Afternoon- 7.0 60.2 77.9 113.1 119.2 65.8 3.7
SC +12 +7.1 +7.0 +10.8 +13.6 +5.0 +0.5
TA
Evening- 6.7 56.6 78.9 110.1 130.5 63.0 3.7
SC +1.4 +3.9 +5.8 +7.0 +3.6 +4.9 +1.5
3.

Table 3.1: All mitochondrial respiration data

T1) All mitochondrial oxygen consumption values across all states, muscles, groups, and

timepoints (pmol Oz/s/mg). All data shown as mean £ s.e.m.
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Figure 3.2: Mitochondrial respiration in the soleus and TA across time-of-day in the presence

and absence of SCs

A-B) Mitochondrial respiration across all states of the soleus in A) SC* and B) SC- animals. C-

D) Mitochondrial respiration across all states of the TA in A) SC* and B) SC- animals. All

groups compared via one-way ANVOA (n=4-7 per group).
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Figure 3.3: Maximal mitochondrial oxidative phosphorylation. citrate synthase activi

Complex-I. and mitochondrial DNA copy number across time-of-day and satellite cell groups in

glycolytic muscle

A) Maximal oxidative phosphorylation (pmol O»/s/mg) B) Citrate synthase activity

(nmol/min/mg) C) State 3 complex-I (nmol/min/mg) and D) Mitochondrial DNA copy number
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across time of day in either SC*- groups All data shown as mean +s.e.m. Groups were

compared via one-way ANOVAs (n=4-5 per group).

3.4.3 Ex vivo submaximal contractile fatigue

Before assessing whether time-of-day differences in mitochondrial respiration impacted
submaximal contractile fatigue (reliant on mitochondrial-energy), I first validated that the fatigue
protocol indeed relied on mitochondria. Force-frequency curves were generated on untreated
mice to identify the frequency corresponding to of 50% P, (Fig 4A). Maximal tetanic force
measured immediately before and after 10 min of incubation with Oligomycin, an inhibitor of
mitochondrial ATP synthase, revealed that force declined by ~13% (87% P,) (p < 0.01). During
the fatiguing protocol (representative trace in Fig 4B) when mitochondria were inhibited with
Oligomycin, muscle fatigued ~50% more rapidly compared to control animals (Ringers: 39 + 1
contractions; Ringers+Oligomycin: 19 + 2 contractions, p < 0.005) (Fig 4C).

Next, using the novel protocol validated above (Fig 4), I assessed whether differences in
mitochondrial respiration impacted submaximal contractile fatigue profiles. Prior to submaximal
fatiguing contractions, I measured baseline tetanic specific force at 100Hz and 25Hz in morning
and afternoon animals to assess if any baseline time-of-day differences in force existed before
assessing rates of contractile fatigue. Maximal tetanic specific force at 100Hz was similar
between Morning-SC* and Afternoon-SC* animals (Morning-SC™: 25 + 2; Afternoon-SC*: 25 +
4 N/cm?) (Fig 5A). Specific force at 25Hz prior to fatigue trials was also similarly ~50% P, for
both Morning-SC* and Afternoon-SC* mice (Morning-SC*: 13 + 1; Afternoon-SC*: 12 + 3

N/em?) (Fig 5A). However, during fatiguing contractions, Morning-SC* animals were more
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fatigue-resistant as they required ~35% more contractions to fatigue compared to Afternoon-SC*

animals (Morning-SC*: 54 + 5; Afternoon-SC™: 36 + 6 contractions) (p < 0.05) (Fig 5B).
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Figure 3.4: Validation of a novel contractile submaximal-fatigue protocol reliant on
mitochondria in glycolytic muscle

A) Force frequency stimulation curve showing maximal tetanic specific force (P,). The lines

indicate 25Hz frequency stimulation resulted in 50% P,. B) Representative figure showing ex
vivo fatiguing protocol from 50% P, to 15% P,. C) Comparison of number of contractions until
Jatigue between control (Ringers) versus Ringers+Oligomycin incubated muscles. Fatigue-index
indicates number of contractions until fatigue (defined as 50% Po to 15% P.). All data shown as

mean +s.e.m. EDL muscles were used for these experiments. All groups analyzed using unpaired

t-tests (**p<0.01), (***p<0.001) (n=3 per group).
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Figure 3.5: Fatigue-resistance profiles of Morning-SC* and Afternoon-SC* animals in glycolytic

muscle

A) Specific force at 100H=z and 25Hz in Morning-SC* and Afternoon-SC* animals B) Fatigue
index in Morning-SC* and Afternoon-SC* animals. EDL muscles were used for these
experiments. Superscript in 54 denotes specific force at 25Hz as percent P,. All data shown as

mean +s.e.m. All groups analyzed using unpaired t-tests (*p<0.05) (n=3-5 per group).

3.4.4 Immunohistochemistry

Tamoxifen treatment induced an ~80% reduction in SCs (Pax7*/DAPI+ cells (SC*: 7 + 2;
SC=: 1+ 2 SCs/100fibers, p < 0.05) (Fig 6A, 6B). Average myofiber area was similar between
SC*and SC- groups (SC*: 1954 + 155; SC~: 2218 + 288 um?) (average number of fibers used for

calculations: SC*: 2693 + 185; SC™: 3424 + 918) (p > 0.05) (Fig 6C).
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Figure 3.6: Satellite cell ablation and myofiber area

A) Representative images of muscle cross-sections labeled for laminin and Pax7 showing the
presence of SCs and their absence (right) (scalebar set to 100 um). B) Ablation of Pax7* satellite
cells (SC) following tamoxifen administration. C) Myofiber area in SC* versus SC- animals

(um?). All IHC was carried out on the gastrocnemius and auto quantified using MuscleJ. All

data shown as mean +s.e.m. All groups analyzed using unpaired t-tests (*p<0.05) (n=3 per

group).

3.5 Discussion

In this study, I found that SCs are not a factor that influence mitochondrial respiration
according to time-of-day. At a peak and trough in Bmal/l and CLOCK molecular clock gene
expression, I measured mitochondrial-dependent submaximal fatigue and found that glycolytic
muscle (EDL) was ~35% more fatigue resistant in the morning versus afternoon. Collectively,
SCs do not influence diurnal mitochondrial function and therefore time-of-day differences noted
in submaximal fatigue are unlikely due to time-of-day regulations (SC, muscle, or otherwise) on

mitochondrial respiration.
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As molecular clocks reside in SCs (17) and SC ablation has been shown to negatively
impact endurance exercise capacity heavily reliant on mitochondria (49, 50), it is unknown
whether SCs exert diurnal influence over mitochondrial function. Several metabolic, contractile,
and mitochondrial genes related to exercise-performance within SCs display an oscillatory
expression profile (17) suggesting SCs exert time-of-day dependent downstream regulations on
exercise performance. However, direct assessment of the muscle physiology pertinent to exercise
(i.e. force production, metabolism) by time-of-day in the presence/absence of SCs is lacking. I
have recently reported SC ablation alters maximum eccentric specific force according to time-of-
day (91) adding support to the view that the diurnal SC transcriptome (17) exerts effects on the
corresponding muscle physiology at the functional level as well. Although not specific to time-
of-day, a recent study observed that SC ablation negatively impacted endurance exercise
performance while mitochondrial content and muscle size were preserved (49). Given the results
show no effects of SC ablation on respiration and markers of mitochondrial fusion/fission (Fis/,
Opal) were similar, the decrement in performance noted in SC absence from past studies (49,
50) is likely not due to an impairment in mitochondrial respiration but, perhaps altered muscle
fatiguability.

Although in this study I show that mitochondrial function is unaffected by the
presence/absence of SCs at different times of day, mitochondrial-dependent submaximal fatigue
did exhibit variation with time-of-day. These findings indicate time-of-day regulations (SC,
muscle, or otherwise) on the contractile kinetics of submaximal fatigue rather than direct
influence on mitochondria may underpin differences noted in this work. In this regard, I have
previously shown that SCs regulate force production via modulation of calcium availability

specifically in the morning and thus a similar mechanism may be at play in this work as well
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(91). In line with this, enhanced fatigue resistance in the morning versus afternoon coincided
with peak Bmall and CLOCK gene expression which are known regulators of calcium handling
genes critical to E-C coupling (26). Interestingly, while submaximal fatigue differed by time-of-
day, maximal force production did not differ by time-of-day potentially indicating different
nodes of metabolism are subject to divergent time-of-day regulations. Supportive of this,
participants exercising for 60 minutes at 50% of their maximal power output in the morning vs
evening displayed no differences in blood lactate accumulation (surrogate of glycolytic flux)
whereas their submaximal %VO2 sustained during the prolonged exercise trial indeed differed
by time-of-day (25). In these contexts, the findings of enhanced submaximal fatigue resistance in
the morning agree with the results of exercise studies that found both humans and mice display
markers of enhanced fatigue-resistance during endurance-exercise in the morning (25, 38).
Interestingly, a recent study reported that ex vivo fatigue induced by maximal tetanic
contractions was not shown to vary with time-of-day (115). However, as mentioned previously,
the metabolism that underpins maximal versus submaximal fatigue are distinct from each other
(28, 33) and evidence has shown these nodes of metabolism may be under separate time-of-day
regulations (25). In this regard, a previous report showed that while inhibiting mitochondria
reduced force-production maximally (also reported in this work here to be a ~13% reduction),
rates of fatigue induced my maximal contractions in the soleus and EDL were similar (116). This
suggests mitochondria may play a permissible role in ex vivo whole muscle fatigue induced by
maximal contractions and is therefore why I sought to use a novel submaximal fatigue protocol
that relied on mitochondrial-derived energy. In this context, the mechanism by which
mitochondrial dependent submaximal fatigue differs by time-of-day may lie at the intersect of

mitochondrial energy deliverance to contractile units during submaximal contractions inductive
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of fatigue. This is partially supported by the fact that I observe time-of-day differences in
mitochondrial-dependent contractile fatigue however, in mitochondrial respiration experiments

where the ATP produced is not utilized to produce contractile forces, no differences are seen.

3.6 Conclusion

In conclusion, I report SC presence/absence does not affect time-of-day mitochondrial
respiration. In line with peak, trough Bmall and CLOCK gene expression, mitochondrial-
dependent submaximal fatigue showed ~35% greater fatigue-resistance in the morning versus
afternoon. Collectively, SCs are not a factor that influence time-of-day mitochondrial function
and therefore time-of-day differences in submaximal fatigue I observe may not be due to SC

time-of-day regulations on mitochondrial respiration.

Limitations

This study has several technical limitations I would like to address to provide clarity and discuss
potential confounds. The transgenic mouse model (Pax7TDA) that inducibly depletes satellite
cells relies on the Cre-lox system which is accomplished via oral gavage of tamoxifen. However,
tamoxifen may have unintended metabolic effects on various organ-systems and therefore
tamoxifen treatment is always followed up by a washout period to avoid any unintended effects
of tamoxifen. Therefore, in-line with past works, I performed all experimentation following a
minimum washout period of two weeks (average washout period 26.4 days + 0.97 days SEM)
(49, 50, 64, 91, 94, 95, 98, 117-119). Additionally, all experiments were carried out after “lights-

on” and therefore, generalizability of these findings to the active phase may be limited. Lastly,
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animals fasting for the 8-12 hours were not monitored nor were any physical activity measures

monitored at different times of day perhaps limiting my interpretations of the findings.
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Chapter 4, Linking Chapter: Study 1 & Study 2

The results from study-1 (described in chapter 3) revealed that SCs are not a factor that
influence mitochondrial respiration according to time-of-day. At a peak and trough in Bmall and
CLOCK molecular clock gene expression, I measured mitochondrial-dependent submaximal
fatigue and found that glycolytic muscle (EDL) was ~35% more fatigue resistant in the morning
versus afternoon. Given the evidence provided in study-1 (chapter-3), SCs do not influence
diurnal mitochondrial function and therefore time-of-day differences noted in submaximal
fatigue are unlikely due to SC time-of-day regulations on mitochondrial respiration.

The findings from this first study may suggest an underappreciated role SCs play in
influencing skeletal muscle contractility by time-of-day however, cannot provide direct evidence
to demonstrate that SCs regulate force-production by time-of-day. Therefore, in the next study
(described in chapter-5), the influence of SCs on force-production was directly evaluated at
different times of the day. For consistency and in line with the patterns of diurnal contractility
observed in morning versus afternoon groups in study-1, the experiments in study-2 were
conducted at these same timepoints. Previous studies have reported that human isometric torque
varies with the time-of-day exhibiting a trough in the morning compared to a peak observed in the
afternoon (8). This fluctuation in muscle isometric torque has been attributed, in part, to the muscle
molecular clock as changes in Bmall expression mirror these strength oscillations (9).
Additionally, experiments utilizing molecular clock KO animal models report alterations in ex vivo
force production strongly suggesting that molecular clocks have a regulatory role in force
contractility (13, 14, 52). However, whether the SC-molecular clock exerts an influence on force-
production is largely still unknown. Accordingly, the experiments described in study-2 assessed

contractile function in the presence and absence of SCs in the morning and afternoon.
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5.1 Abstract

Muscle isometric torque fluctuates according to time-of-day with such variation owed to the
influence of circadian molecular clock genes. Satellite cells (SC), the muscle stem cell
population, also express molecular clock genes with several contractile related genes oscillating
in a rythmic pattern. Currently, limited evidence exists regarding the relationship between SCs
and contractility, although long-term SC ablation alters muscle contractile function. Whether
there are acute alterations in contractility following SC ablation and with respect to the time-of-
day is unknown. I investigated whether short-term SC ablation affected contractile function at
two times of day, and whether any such alterations lead to different extents of eccentric
contraction-induced injury. Utilizing an established mouse model to deplete SCs, I characterized
muscle clock gene expression and ex vivo contractility at two times-of-day (morning 0700 h and
afternoon, 1500 h). Morning-SC" animals demonstrated ~25-30% reductions in tetanic/eccentric
specific forces and, after eccentric injury, exhibited ~30% less force-loss and ~50% less
dystrophin"€®i*¢ fibers versus SC- counterparts; no differences were noted between Afternoon

groups (Morning-SC*: -5.63 £+ 0.61, Morning-SC™: -7.93 + 0.61; N/cm?; p < 0.05) (Morning-
sct:32+2.1, Morning-SC”™: 64 + 10.2; dystrophin®&i*¢ fibers; p < 0.05). As Ca*" kinetics

underpin force-generation, | also evaluated caffeine-induced contracture-force as an indirect
marker of Ca** availability and found similar force reductions in Morning-SC* vs SC™ mice. I
conclude that force-production is reduced in the presence of SCs in the morning but not the

afternoon, suggesting that SCs may have a time-of-day influence over contractile-function.

Keywords: Muscle stem cells, eccentric contractions, contractility, molecular clocks, contractile
injury
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News and Noteworthy

Muscle isometric torque fluctuates according to time-of-day with such variation owed to
molecular clock regulation. Satellite cells have recently demonstrated diurnal characteristics
related to muscle physiology. In this work, I found that force-production was reduced in the
presence versus absence of SCs in the morning but, not afternoon. Morning-SC+ animals,
producing lower force, sustained lesser degrees of injury versus SC- counterparts. One potential

mechanism underpinning lower forces produced appears to be lower calcium availability.
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5. 2 Introduction

Skeletal muscle comprises 40-50% of body mass in mammals and plays vital roles in
contractile function and locomotion (30, 120, 121). Recent evidence demonstrates that muscles
have circadian molecular clocks residing within cell nuclei, whose gene expression oscillates
daily (26). The rhythmicity of molecular clocks regulates numerous processes in muscle such
that numerous physiological and metabolic events are time-of-day dependent (7, 23, 24). In this
regard, muscle isometric torque differs with respect to time-of-day (8) with the mechanism
underpinning this variation linked to the molecular clock. Alterations to force production in
several clock-gene knockout mouse models provides further support for time-of-day regulations
(13, 14, 52). Physiologically, different levels of maximal force induce varying degrees of injury
(67, 68), and consequently, diurnal changes in force-production may also lead to varying degrees
of injury and repair according to time-of-day. Recent evidence in support of this contention is
that the extent of muscle injury and repair following major injury (cardiotoxin) varies according
to time-of-day (85).

Satellite cells (SC), resident muscle stem cells responsible for muscle repair, also house
molecular clocks that rhythmically expresses clock-genes over 24 h (17). Further
characterization of the quiescent SC transcriptome demonstrates several contractile related genes
are rhythmically expressed (17). However, it is unclear whether rhythmically expressed SC-
specific clock genes and contractile related genes impact muscle contractile function (64, 97).
Alterations in ex vivo whole muscle contractile function have been reported after long-term SC-
ablation in an overload-model of hypertrophy (64), although such alterations may be secondary

to changes in muscle morphology (i.e., increased fibrosis) rather than being directly attributable
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to the absence of SCs. Whether SCs directly affect contractile function in the short-term remains
unknown.

Utilizing an established mouse model to deplete SCs, I investigated whether short-term
SC ablation affects muscle force production at two different times of day (0700h Morning-SC™, -
SC- and 1500h Afternoon-SC*, -SC"), and, if such differences exist, whether this alters

contractile injury-induced force-loss and loss of cytoskeletal protein (dystrophin).

5.3 Methods:
5.3.1 Animals

Pax7CeERT2*: R0sa26PTA* mice (n=24), ages 4-6 months of mixed sex (Jackson
Laboratories, Bar Harbor, ME, stock numbers 017763 and 010527, respectively) were used for
these experiments (97, 98, 122, 123). Mice had ad libitum access to food/water and were housed
on a 14:10 light-dark cycle (lights-on at 0600h). Morning experiments were undertaken at 0700h
(1 h into the light-phase) and afternoon experiments carried out at 1500h (9 h into the light-
phase). Inducible depletion of SCs was accomplished through Cre-Lox mediated Pax7" cell
ablation via five consecutive days of oral gavage of either tamoxifen (2mg/ml) or vehicle (peanut
oil) followed by a 10-day washout period, similar to prior studies (119). Experiments were

performed immediately after euthanasia at each timepoint.

5.3.2 Muscle Isolation & Experimental Apparatus

Immediately after euthanasia, 5.0 silk sutures were tied to proximal and distal EDL
tendons, dissected and mounted between a force transducer (Aurora 300C, Aurora Scientific,

Ontario, Canada) and length motor in a custom bath of Ringer’s solution (137mM NaCl, 5SmM
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KCl, ImM NaH2PO4, 24mM NaHCO3, 2mM CaCl2, ImM MgS0O4, and 11 mM glucose

containing 10 mg/L curare, pH 7.5) at 37°C with platinum electrodes straddling the muscle as
previously described (104, 105, 124). Force, length, and time records were recorded on both an

oscilloscope and a custom LabVIEW program.

5.3.3 Isometric tetanic and caffeine specific forces

All contractile forces were normalized to physiological cross-sectional area (PCSA). A
total of three maximal isometric tetanic contractions were administered at 100Hz, 400ms
duration, 9-12V, and the maximal value of the three was used similar to previous protocols (104,
105, 124). Each contraction was separated by 3 min rest. Caffeine contracture force was induced
to estimate maximal unstimulated Ca** induced force via caffeine acting directly on the
sarcoplasmic reticulum (SR) RyR1 receptor (57, 59, 125). Muscle tetanic tension was evaluated
first in Ringer’s and after 3 min, replaced with Ringer’s containing 50mM caffeine. For caffeine
contracture, the muscle was not stimulated but tension was allowed to rise to a plateau over a 30-
min time period until it peaked. Peak caffeine contracture force was recorded and subsequently

expressed in units of specific force (N/cm?).

5.3.4 Eccentric Contraction

To evaluate maximal eccentric specific force, muscle was stimulated isometrically for
200 ms, then lengthened by 15% of Lt at a velocity of 2 L¢/s. Muscle was stimulated for a total
of' 400 ms. A single bout of 10 injurious eccentric contractions was performed with 3 min rest
between contractions to avoid the confounding effects of fatigue (105, 124). A maximum

isometric tetanic contraction was administered 3 min prior and 5 min following the ten eccentric
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contractions to quantify the extent of isometric force-loss, widely used as an indirect marker of
injury (126-128). Following the post-eccentric tetanic contraction, muscle rested at L, for 30
minutes before being dismounted, snap-frozen, and stored in -80 degrees Celsius (total time from
first eccentric contraction to dismounting/snap-freezing ~65 minutes). Linear regression was
used to assess the relationship between maximum eccentric force and isometric tetanic force-loss

following injury.

5.3.5 Gene Expression

Genes of interest were analyzed using the QX200 AutoDG Droplet Digital PCR system
(Bio-Rad). Muscle RNA extraction was performed as previously described (129, 130) and was
analyzed for quality using Nanodrop-2000 and quantified using Qubit. An absorbance ratio of
<1.8 was used to qualify the RNA and the quantification was used to equilibrate the samples to 1
ng/pL prior to ddPCR.

A total of 5 pL of the equilibrated sample was aliquoted into the 96-well ddPCR plate
along with 17 pL of a master mix (One-Step RT-ddPCR advanced kit for probes). The master
mix also consisted of florescence labelled ddPCR primers (Bio-Rad) for the housekeeping gene
Glyceraldehyde 3-phosphate dehydrogenase (Gapdh) and the gene of interest (BMALI, CLOCK,
CRYI1, PER2). The plate was then placed into the AutoDG to generate up to 20,000 droplets per
well followed by reverse transcription. The plate was read using the QX200 droplet reader to

visualize exact gene copy numbers per pL of relative samples.

5.3.6 Immunohistochemistry (IHC)
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Flash frozen EDL muscles, stored at -80°C, were transferred to a -25 °C cryostat to
section for immunohistochemical staining of SCs and myofiber perimeter (described in detail in

supplemental methods).

5.3.7 Statistical analyses

Individual groups were analyzed using unpaired t-tests. Simple linear regression was used
to analyze the relationship between tetanic and caffeine specific forces, as well as eccentric force
and isometric tetanic force-loss. Gene expression of muscle molecular clock genes were
analyzed by two-way ANOVA for main effects of time-of-day and treatment. Specific statistical
tests are indicated throughout the results as well as in figure legends. All statistical analysis were
performed using Prism 9.0 (GraphPad, San Diego, CA). All data in the results are reported as
means * standard error of mean (SEM). Significance level (o) was set to 0.05 for all parametric

tests.

5.4 Results

5.4.1 Gene Expression

The pattern of muscle clock gene expression from morning to afternoon was similar in

SC™ animals compared to SC". A main effect of time-of-day was observed in Cry1 and Per2

genes (p < 0.05) (Fig 5.1C-D). Muscle clock gene expression was unaltered by SC ablation at

either timepoint compared to SC* animals (Fig 5.1A-D).
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Figure 5.1: Muscle molecular clock gene expression

A-D) Gene expression of muscle molecular clock components BMAL1, CLOCK, CRY1, PER2
(respectively) in morning and afternoon animals represented in units of change in fold
expression All data shown as mean +s.e.m. SC ablation and myofiber area compared through an
unpaired t-tests and clock gene expression compared through two-way-ANOVA for main effects

of time-of-day and treatment (*p<0.05), (n=5 per group)
5.4.2 Eccentric specific force and contractile-injury following ten eccentric contractions

Although eccentric force in Moming-SC+ was reduced compared to Afternoon-SC™
animals, I note that such differences did not reach statistical significance (Momi11g-SC+: 19.88 +
1.42, Afternoon-SC™: 25.56 + 2.80 all values in N/em?) (p = 0.09). Eccentric specific force of
Moming-SC+ animals was reduced compared to SC counterparts, while no differences were
observed between afternoon groups (Moming-SC+: 19.88 + 1.42, Morning-SC: 27.81 + 1.89,

Afternoon-SC™: 25.56 + 2.80, Afternoon-SC: 25.26 + 2.88 all values in N/cm?) (p <0.05) (Fig
5.2A-F). Tetanic force-loss and dystrophin®e*e fibers (131, 132) were used to determine the
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extent of injury across groups (Fig 5.2C-D, 5.2G-H, Fig. 5.S.2). Moming-SC+ animals exhibited

reduced force-loss and lesser amounts of dystrophin®e*e fibers following 10 eccentric

contractions compared to Morning-SC™ counterparts (Tetanic force-loss: Moming-SC+: -5.63 +
0.61, Morning-SC™: -7.93 £ 0.61; N/cm?) (Dystrophin®#®¥e fibers: Moming-SC+: 32+2.1,

Morning-SC™: 64 + 10.2) (p < 0.05) (Fig 5.2C-D). No differences in force-loss or

dystrophin®®# fibers were observed between afternoon groups (Tetanic force-loss: Afternoon-

SC*:-6.81 +0.39, Afternoon-SC™: -6.01 + 0.4; N/em?) (Dystrophin®2ive fibers: Afternoon-SC™

32 £5.0, Afternoon-SC™: 32.7 + 10.7) (p > 0.05) (Fig 5.2G-2H). An overall negative association

was found between force-loss and maximal eccentric force (Overall r* = 0.39, p < 0.01) (Fig

5.3A).
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Fioure 5.2: Eccentric specific force and contractile injury in Morning and Afternoon groups

A, E) Eccentric specific forces of morning and afternoon groups (N/cm?). B, F) Representative
figure of experimental contractile-injury protocol consisting of a pre-eccentric tetanic, 10
eccentric contractions. C, G) Extents of tetanic force-loss in morning and afternoon groups
(N/cni®). D, H) Dystrophin™ ™ fibers in morning and afternoon groups. All data shown as

mean +s.e.m. All groups compared through an unpaired t-tests (*p<0.05) (¥**p<0.01), (n=4-5

per group)
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Fioure 5.3: Extent of contractile force-loss is a function of maximum eccentric specific force
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A linear regression between max eccentric force and tetanic force-loss. All data shown are raw

data points (**p<0.01), (n=18)

5.4.3 Isometric tetanic and caffeine specific forces

Tetanic specific force of Morning-SC+ animals was reduced compared to SC™ animals (Morning-
SC*: 18.66 + 2.12, Morning-SC™: 24.3 £+ 1.07; N/cm?) (p < 0.05) (Fig 5.4A), while no
differences were observed between afternoon groups (Aftemoon-SC+: 23.22 £ 1.53, Afternoon-
SC™: 21.45 + 1.40; N/cm?). Caffeine-induced contracture force, reflective of maximal Ca™
release and/or availability to contractile units, was reduced in Morning-SC+ mice compared to

SC” counterparts (Morning-SC+: 4.23 +0.24, Morning-SC™: 5.059 £ 0.16, N/cm?, n=6, p < 0.05)

(Fig. 5.4B). Caffeine-contracture force was significantly correlated with maximal tetanic force

(r*=0.95, p=0.001) (Fig 5.4C). Maximum tetanic force measured immediately prior to

measuring caffeine forces confirmed initial findings of reduced forces in Morning-SC+

compared to SC™ animals (Moming-SC+: 24.57 £ 1.10, Morning-SC™: 29.41 £ 0.56, N/cm?, n=6,

p <0.05).
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Figure 5.4: Tetanic and caffeine contracture specific forces in Morning-SC* versus Morning-SC-

animals

A) Tetanic specific forces of morning groups (N/cm?). B) Caffeine contracture specific forces of
Morning-SC” vs M07'77i17g-SC+. C) Linear regression between maximal tetanic force and

caffeine-contracture force. All data shown as mean +s.e.m. All groups compared through an

unpaired t-tests (¥*p<0.05) (n=4-5 per group) (caffeine data: n=3 per group)

5.4.4 Satellite Cell Ablation and Myofiber Characteristics

Pax7 abundance was significantly reduced (75%) in the tamoxifen treated group (Total

SCs: SC* 36.3 +4.66 vs SC” 12.66 + 3.71) (p <0.05) (Fig 5.S.1A). Figure 5.S.1C and 5.S.1D are

a representative image of SC ablation, respectively. Myofiber area was not different between

SC" and SC™ animals (SC+ 1,528.57 + 148.63 vs SC™ 1,501.54 +128.79; units in um?) (Fig

5.5.1B).
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Ficure 5.5.1: Satellite cell ablation

A) Quantification of SC ablation expressed as total number of SCs per whole cross-section

(around 700 fibers per biological replicate). B) Average myofiber area of the EDL from SCtvs

SC" animals. C) Representative image from a SC*™ animal; arrows denoting SC residing around

individual fibers. All values reported as number of total SCs per cross-section (~700

fibers/section). All data shown as mean +s.e.m. All groups compared through an unpaired t-tests

(*p<0.05) (**p<0.01), (n=3 per group).

Fioure 5.5.2: Laminin and dystrophin immunohistochemical representative images
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A) Representative image of laminin presence in a damaged cross-section. B) Representative
image from the same muscle as figure 2A showing dystrophin-negative fibers with nuclei

following eccentric injury. C) Representative image of dystrophin-presence in uninjured muscle

5.5 Discussion

I used an established mouse model to deplete SCs to characterize muscle clock gene
expression and ex vivo skeletal muscle force-production in the morning or afternoon in the
presence and absence of SCs (Morning-SC*, -SC- Afternoon-SC*, -SC-). Morning-SC" animals
demonstrated reduced tetanic and eccentric specific force compared to SC- animals, although no
differences were observed between Afternoon SC*/SC- groups. Additionally, Morning-SC*
animals, who produced lower forces, exhibited lower levels of contractile injury-induced force-
loss and cytoskeletal protein loss (less dystrophin™#i'e fibers) versus SC- counterparts, but no
such differences were noted between afternoon groups for these outcomes. To identify possible
mechanisms for the lower forces observed in Morning-SC* animals, I assessed caffeine-induced
contracture-force (a surrogate for maximal Ca** availability to contractile units) and found
Morning-SC" harbored lower forces vs SC™ counterparts. Collectively, these data suggest
contractile function was influenced by SCs according to time-of-day.

Mounting evidence suggests force-production varies with respect to time of day (8),
which may, in part, be explained by clock-gene regulation of contractile function. In this regard,
Per, BMALI, and Clock-mutant animals have alterations (reductions/increases) in ex vivo force
production (13, 14, 52). Additionally, SC molecular clock-genes and contractile related genes
demonstrate a 24 h rhythmic expression pattern (17, 26), although how such oscillations effect

muscle contractility is unclear. Currently, there is limited evidence to suggest SCs play a role in
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contractile function as few studies have assessed baseline contractile function in whole-muscle
preparations following SC ablation (63, 64, 97). In a recent report, Bachman et al. (2018)
reported reduced force in pre-pubertal SC™ mice, although in mature mice, such force differences
were not observed (63). Fry et al. (2014) examined the long-term effects of SC depletion
following an overload-model of hypertrophy and found that whole muscle contractile function
was reduced in SC™ mice, which they attributed to excess ECM accumulation (64). In the present
study I assessed whole muscle force in the presence or absence of SC’s and with respect to time-
of-day after short-term (10-14 day) SC ablation. I found that SCs differentially regulated
contractile properties according to time-of-day following short-term ablation, with Morning-SC*
animals displaying lower forces compared to SC animals.

Eccentric contractions produce the greatest contractile force and consequently lead to
greater contractile-induced muscle damage/injury compared to concentric or isometric
contractions (127, 133-135). As different eccentric forces can induce varying levels of injury (67,
68), I evaluated if time and SC dependent differences in force observed in morning groups would
lead to differences in two markers of contractile injury; force-loss and loss of cytoskeletal protein
dystrophin. Post-injury force-loss and loss of various cytoskeletal proteins such as dystrophin
have been widely used as markers for muscle damage across a variety of contractile injury

models (15, 36, 67, 127, 131-133, 136-138). After administration of an injury protocol (105,

124), I found that Morning- SC™ animals exhibited reduced force-loss and lower amounts of

dystrophin®®€2i¥e fibers post-injury compared to Morning- SC™ counterparts, with no differences

in these markers between Afternoon SC*/SC- animals. These results support previous reports (67,
68) that higher forces lead to higher force-losses reflective of greater magnitudes of injury with

past data suggesting that time-of-day SC influence may be a secondary influence underlying this
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observation. Further support for this hypothesis comes from recent evidence in mice
demonstrating that the magnitude of injury and repair following major muscle-injury
(cardiotoxin) differs according to the time-of-day injury is sustained (85). Although higher
sample sizes are probably required to detect statistical significance, I observed lower eccentric
force in Morning-SC* versus Afternoon-SC* animals (p = 0.09). This may be relevant for future
studies that determine if human muscle repair following eccentric contractions differs by time-
of-day similar to toxin-induced injury-repair models reported in animals (85). A recent study
highlighted that the time-of-day muscle injury occurs at influenced the early SC/neutrophil
communication which consequently influenced the efficacy of muscle repair long-term in mice
(89). Such mechanisms may also be at play in humans following eccentric damage and require
further investigation.

As the maximal force production and extent of contractile injury was reduced in Morning
SC* versus Morning-SC- animals, I sought to determine a potential mechanism to explain such
reductions in baseline force. In this regard, evidence has shown molecular clocks harbor a
connection to Ca™" related contractile proteins and signaling pathways (13, 26, 56, 139).
Interactions between Ca*™* and contractile proteins can induce post-translational modifications
(i.e., phosphorylation) capable of altering force-production (26) and previous evidence has
demonstrated post-translational modifications differ according to exercise-timing (38). Although
I did not directly measure any contractile protein phosphorylation kinetics, given the critical role
Ca'" plays in force-generation, I evaluated caffeine-induced contracture-forces, as an indirect

measure of maximal Ca'" availability, between morning groups. Similar to past findings in

tetanic/eccentric force, I observed a reduction in caffeine-contracture force in Morning-SC

compared to SC™ counterparts, suggesting lower tetanic/eccentric forces in Morning-SC* animals
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may be due to a reduced volume of Ca** available to contractile units. While the measure of
Ca"" was indirect, I note that a similar approach has previously been reported as a valid surrogate
measure for the evaluation of Ca™ volume (57, 59, 125). Additionally, linear regression analyses
revealed a strong association (r> = 0.95, p < 0.01) between caffeine-contracture force and
maximal tetanic force.

While the observation that SCs may regulate contractile function via Ca™ kinetics by
time-of-day is most intriguing, I recognize that more work is needed to establish this connection.
Mechanistically, one report has shown that increases in Ca™ following electrical stimulation in
single fibers led to concordant increases in Ca™" levels within SCs as well (51). Additionally, the
means by which changes in Ca™" levels were communicated was through SC filopodial
protrusion attachments to muscle (51). SC protrusions have previously been shown to have a
“sensing” capability that is in-tuned with homeostatic and injury cues within muscle (140-143).
Supportive of this relationship, SCs lacking filopodial protrusions did not experience such
increases in Ca** following electrical stimulation (51). This combined evidence suggests SC
protrusions are mechanically in-tuned and responsive to contractile stimuli which may be “how”
SCs regulate Ca*" levels within muscle. Supportive of this claim, a recent report induciblely
depleted SC-protrusions and found that expression of Ca™ related elements involved in E-C
coupling were dysregulated and force production was reduced compared to control mice

following injury as well (141).

5.6 Conclusion
In conclusion, I report reduced ex vivo force-production in the presence of SCs in the

morning but not in the afternoon. Furthermore, morning-SC" animals demonstrating reduced
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force-production also experienced lesser extents of injury induced force-loss and
dystrophin®®€i*e fibers. One potential mechanism underpinning lower maximal forces observed
in Morning-SC" animals may be lower Ca*" availability for force generation. While I attribute
time-of-day findings to be regulated, in part, by time-sensitive molecular clocks within SCs, the
model of inducible depletion ablates the entire SC and is not confined to molecular clocks.
Accordingly, I cannot rule out the possibility that another cellular mechanism in SCs outside of
the molecular clock may be contributing to differences in force production. Taken collectively,
the results from the current study suggest that SC time-of-day characteristics may be an
important consideration in future experiments that investigate the mechanisms underpinning the

diurnal nature of contractile function.
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5.7 Supplemental Methods

Stimulation Parameters

Stimulation parameters were adopted from previous studies (104, 124). Five minutes
after mounting, twitches were imposed on the muscle to define optimal muscle fiber length (Lo)
and voltage. Muscle length was measured after optimizing twitches and fiber length was
calculated using a fiber length-to-muscle length ratio of 0.51 for the EDL (144). A custom
LabVIEW program recorded force, length, time data from each contraction. Force was recorded
in volts and converted to Newtons (N). Force in newtons was converted into specific force (force
normalized to physiological cross-sectional area (PCSA)). PCSA was calculated using the

following equation (145):

PCSA =M/[Lox (Li/Lo) X p ]

where M is mass, L, is optimal muscle length, Lt is optimal fiber length, and p is fiber density

assumed to be 1.056 g/cm? for skeletal muscle (146).

After experimentation, muscle was unmounted, blotted dry, weighed, and flash frozen in liquid

nitrogen-cooled isopentane for storage at -80°C.

Immunohistochemistry (IHC)

Flash frozen EDL muscles, stored at -80°C, were transferred to a -25 °C cryostat to
section for immunohistochemical staining. In brief, muscle mid-belly was cut perpendicular to
the fiber orientation, embedded in a cryomold, and quickly flash frozen (ten seconds) in liquid

nitrogen-cooled isopentane to rapidly freeze the cryomold. Muscle sections were cut at 10 um
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thickness. For IHC staining assays, slides were fixed in 4% PFA, then incubated in 3% H20: to
block endogenous peroxidases and washed with PBS. After this, an epitope retrieval step (slides
steamed for 30 min in a pressure cooker in a citra buffer bath) was performed and slides were
permeabilized. Slides were blocked for 1hr in 1%BSA mouse-on-mouse blocking buffer and
were then incubated in the primary antibody solution overnight. The next day, slides were
incubated for 90 min sin a biotinylated secondary antibody, washed, and incubated in secondary
antibody solution for 1hr. Following this incubation, slides were incubated in an amplification
solution for 20 minutes, washed, mounted with Vectashield with DAPI, and cover-slipped. (112,
113). Primary antibody details were as follows: anti-Pax7 [mouse IgG1, 1:100 DSHB,
concentrate], anti-laminin (rabbit IgG, 1:500, Sigma-Aldrich, L9393], anti-dystrophin (rabbit
IgG, 1:100, Abcam, ab15277]. Secondary antibody details for Pax7 were: goat anti- mouse IgG1
biotin-SP-conjugated (1:1,000, Jackson Immuno Research, 115-065-205), Streptavidin-
horseradish peroxidase (SA-HRP) (1:500, Invitrogen, S-911), SuperBoost Tyramide reagent
Alexa Fluor 594 (1:500, Thermo Fisher, B40957). Secondary details for laminin and dystrophin
were: Alexa Fluor 488 goat anti-rabbit IgG (H b L) (1:250, Invitrogen, A-11034)

Slides were imaged at 20x and whole tilescan cross-section images were analyzed for
cross-sectional area (CSA) and SC abundance, Cross-sectional area and SC quantification were
carried out via a blinded-automated analysis using MuscleJ (114). Dystrophin negative fibers

were quantified by hand on Image] as fibers lacking dystrophin borders.

99



Chapter 6, Linking Chapter: Study-2, Review Paper, Study-3

In the second study undertaken for this thesis (Chapter 5), it was found that SCs
differentially regulated force-production according to time-of-day. Specifically, SC presence had
reduced force production in the morning, whereas this was not observed in the afternoon. It has
been previously shown that high versus low forces produced during eccentric contractions results
in proportional degrees of contractile injury (67, 68). Accordingly, study-2 employed an
established ex vivo eccentric injury model (104, 124) to determine whether this phenomenon was
applicable in the contexts of the differences in observed forces. Morning-SC* animals that
produced lower eccentric forces exhibited lesser degrees of injury (force-loss and dystrophinnegaive
fibers) versus SC- counterparts. No differences in eccentric force were observed in afternoon
groups with both SC* and SC- groups demonstrating similar extents of injury. Mechanistically,
additional evidence from study-2 revealed differences in force-production noted between morning
groups were due to lower Ca™ availability for contractile units. Collectively, this demonstrates
that SCs play a regulatory role in force-production according to time-of-day. Such regulation may
be important in the context of high force induced contractile injuries. Additionally, these findings
suggest muscle repair following contractile injury may be a function of SC-molecular clock
regulation on the eccentric forces inductive of the injury. However, given the terminal nature of
the ex vivo contractile injury model employed in study-2, measurements of muscle repair were not
possible.

Therefore, in a third study (described in chapter 8), a SC-specific Bmall KO mouse model
was utilized to assess the effects of the SC-molecular clock on muscle repair following in vivo
contractile injury. As study-2 demonstrated SCs’ time-of-day influence on contractile function was

a critical determinant of the magnitude of injury sustained, SC-Bmall KO animals were firstly
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assessed for any baseline differences in contractile function prior to undergoing in vivo eccentric
contractile injury. Following these assessments and subsequent contractile injury, markers for
muscle damage, neutrophil infiltration, SC-myogenic progression, and muscle repair were
assessed at 24 h, 72 h, and 7 days post injury. Previous work utilizing the same mouse model has
shown that SC-Bmall KO mice exhibit blunted SC-proliferation following cardiotoxin injury and
consequently muscle failed to fully regenerate (85). However, as the model used in that study
involved non-physiological injury (85), it is unclear if the same effects will occur when injury is
sustained through eccentric muscle contractions. This evidence in association with the evidence
from study-2 (altered extents of injury due to SC time-of-day modulations of force-production)
necessitates evaluation of how SC-molecular clocks influence repair following contractile-injury.
Chapter 7 discusses how SC-molecular clocks regulate muscle regeneration following non-
physiological models of muscle injury (chapter 7). Chapter 8 details the experimental study that

assessed muscle repair following in vivo contractile injury in SC-Bmall KO animals.
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7.1 Abstract

Skeletal muscle comprises approximately 50% of individual body mass and plays vital roles in
locomotion, heat production, and whole-body metabolic homeostasis. This tissue exhibits a robust
circadian rhythmicity which is under control of the suprachiasmatic nucleus (SCN) region of the
hypothalamus. The SCN acts as a ‘central’ coordinator of circadian rhythms, while cell-
autonomous ‘peripheral’ clocks are located within almost all other tissues/organs in the body.
Synchronization of peripheral clocks in muscle (and other tissues) together with the central clock
is crucial to ensure temporally coordinated physiology across all organ systems. By virtue of its
mass, human skeletal muscle contains the largest collection of peripheral clocks, but within muscle
resides a local stem cell population, satellite cells (SC’s), which have their own functional
molecular clock, independent of the numerous muscle clocks. Skeletal muscle has a daily turnover
rate of 1-2%, so the regenerative capacity of this tissue is important for whole-body
homeostasis/repair and depends on successful SC myogenic progression (i.e., proliferation,
differentiation, and fusion). Emerging evidence suggests SC-mediated muscle regeneration may,
in part, be regulated by molecular clocks involved in SC-specific diurnal transcription. Here I
provide insight on molecular clock regulation of muscle regeneration/repair and provide a novel
perspective on the interplay between SC-specific molecular clocks, myogenic programs, and cell

cycle kinetics that underpin myogenic progression.
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New & Noteworthy
Insights into molecular clock regulation of muscle regeneration/repair and perspectives on the
interplay between SC-specific molecular clocks, myogenic programs, and cell cycle kinetics that

underpin myogenic progression.
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7.2 Circadian Biology: A primer

The circadian clock is a highly conserved autonomous timekeeping system of biological
oscillators that aligns behavioral patterns with the rotation of the earth’s light-dark cycle,
supporting bodily functions in almost all tissues and organs by anticipating and coordinating the
required metabolic programs needed for whole-body cellular homeostasis (3, 18). The rhythmicity
of molecular clocks manifests as time-dependent regulation of downstream processes commonly
referred to as diurnal events. Many physiological and metabolic activities are time-of-day
dependent including sleep-wake cycles, feeding-fasting cycles, core and skin temperature, and
levels of circulating hormones and metabolites. Within the cell, circadian regulation is
underpinned by autonomous cell type-specific peripheral molecular clocks. Key features of
molecular clocks include an input pathway that receives environmental (e.g., photopic signals) or
physiological (e.g., timing of meals or exercise) cues and subsequently transmits them to the
central oscillator (1) which maintains circadian time, generates daily rhythm, and communicates
these rhythms to coordinate various metabolic, physiological, and behavioral processes (18-20).

The master or “central” circadian clock is in the brain’s hypothalamus, within the
suprachiasmatic nucleus (SCN) and contains ~20,000 neurons that oscillate with a roughly 24 hr
rhythm (2, 20). As such, the SCN clock functions autonomously, independent of external input,
but can be reset or ‘phase shifted’ in response to environmental cues (“zeitgebers” or time givers),
most notably photopic signals such as light or dark (2, 22). Synchronization of peripheral clocks
in other organs and tissues together with the central clock is crucial to ensure temporally
coordinated physiology across all organ systems. Indeed, circadian disruption or misalignment
between central and peripheral clocks predisposes to a variety of chronic metabolic disorders

including obesity, insulin resistance, type 2 diabetes, and cardiovascular disease (7). Fundamental

106



to the circadian clock network are core transcription factors, circadian locomotor output cycles
kaput (CLOCK), and brain and muscle arnt-1 like protein-1 ‘BMALI1’ (147). These factors
orchestrate transcription of multiple clock-controlled genes by binding to E-box sites within the
promoter of circadian responsive genes (148), synchronizing transcription of their own repressors,
period (PER) and cryptochrome (CRY) family members, and generating a tightly self-regulated
feedback loop (Figure 7.1). Specifically, increased transcription of per and cry genes leads to
translation and accumulation of the PER and CRY proteins outside of the nucleus. These circadian
repressors then translocate into the nucleus to inhibit CLOCK:BMALI-driven transcription
of per, cry, and numerous other clock-controlled genes (Figure 7.1). The degradation of PER and
CRY alleviates transcriptional repression and permits CLOCK:BMAL 1-mediated transcription to
proceed once more, underpinning cyclical circadian gene expression (148)

While the relationship between the circadian clock and energy metabolism has been
extensively studied in organs such as the liver (1, 149, 150), only recently has the role of the clock
in skeletal muscle received widespread attention. It is now appreciated that skeletal muscle
molecular clocks have regulatory roles in glucose, lipid and protein metabolism (151-153),
exercise capacity, muscle function, (8, 25, 39, 52, 92) and gene expression (7, 23, 26, 139, 152,
154). Within skeletal muscle resides a local stem cell population, satellite cells (SC), which have
their own functional molecular clock independent of the muscle (myonuclei) clocks (17). SC
molecular clocks are involved in SC-specific diurnal transcription as well as SC-mediated muscle
regeneration (17, 85). Recently, studies utilizing clock-disrupted mouse models have reported that
muscle molecular clocks interact with cell cycle components to facilitate myogenesis during injury
(i.e., toxin, freeze injuries) (83, 84). However, the role of the SC-specific molecular clock in

muscle repair/regeneration remains largely unknown and has not been investigated in
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physiological models of muscle injury, or humans. Here I provide a brief synopsis of how SC
myogenic regulatory factors (MRFs) guide the cell cycle, consider how the molecular clock is
involved in these myogenic processes, and how core-clock components interact with the cell cycle
and SC/myogenic factors during myogenesis following muscle damage/injury. I propose that SC-
derived myogenic regulatory factors and the SC-molecular clock act in harmony with the cell cycle

to regulate the time-course of myogenic progression following injury.

Nucleus

Figure 7.1: Simplified Model of the Core Molecular Clock

BMALI and CLOCK bind to the E-box region of clock genes Perl/2, Cryl/2 inducing their
expression and exit of the nucleus. Perl/2 and Cryl/2 translocate back into the nucleus to bind to

the E-box region of BMALI and CLOCK, repressing their transcription of Perl/2, Cryl/2. This

108



transcriptional/translational feedback loop dictates the oscillations of molecular clock output
generating “circadian rhythms.” Transcript is signified by lower-case and italics. Protein is

signified by capital and non-italics.

7.3 Satellite Cells, Myogenic Regulatory Factors, Cell Cycle and Molecular Clocks: Timely
Regulators of Myogenesis?

Individual muscle cells are post-mitotic and retain the muscle stem cell population, SCs,
for reversible entry/exit of the cell cycle (16, 155). Upon activation, SCs proceed down a myogenic
lineage ultimately donating nuclei to the host-fiber to maintain cellular homeostasis and/or
facilitate repair/regeneration (16, 155, 156). In adulthood, the majority of SCs are quiescent unless
activated for reparative/regenerative needs (157, 158). Upon muscle damage SCs exit their basal
quiescence state, enter the cell cycle, and subsequently proliferate/differentiate and fuse to host
myofibers (15, 75, 159, 160). This complex process, termed the myogenic program, is facilitated
by SCs undergoing a highly conserved expression pattern of the myogenic regulatory factors,
Pax7, Myf5, MyoD, Mrf4 and Myogenin (69, 75, 161).

The progression of myogenesis is underpinned by SC myogenic regulatory factors (MRFs)
acting on the cell cycle, predominantly MyoD that activates proliferative cell cycle machinery,
with Myogenin promoting differentiative cell cycle activity (76, 162, 163). Consequently, any
modifications/actions to either MRFs or cell cycle machinery will alter the time-course of
myogenesis following acute injury (164-170). Specific molecular clock components (discussed
subsequently) induce diurnal MRF expression in an upstream manner while also binding to several
downstream MREF target genes (i.e., titin) to induce rhythmic expression of these dual clock-

myogenic targets (55, 88). As MRFs act on cell cycle machinery to drive myogenesis, diurnal
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expression of MRFs play a regulatory role in determining when these actions in the cell cycle
occur. Molecular clocks, however, not only influence cell cycle activity through MRFs, but have
direct interactions with cell cycle machinery (83, 84). This suggests the molecular clock has
multiple nodes (i.e., actions on MRFs or cell cycle to influence SC proliferation, differentiation,
fusion, and muscle gene expression) within the myogenic program capable of modifying the
timelines that occur during repair/regeneration. The diurnal gene expression of SC specific
molecular clocks (17) is likely to impact SC-MRF activity and downstream actions on the cell
cycle (Figure 7.2). Although not well established in muscle/SCs, other lines of evidence (i.e.,
zebrafish cell lines, bacterial cells, plant cells, murine liver cells) provide support that the cell cycle
and molecular clock communicate with each other (171-177). Checkpoint genes and molecular
clocks harbor regulatory feedback with these regulatory nodes acting as ‘gating’ features to
modulate cell cycle progression (171-177). In the following section I dissect the results of studies
in muscle/SC’s that have explored the cellular interplay between SC/muscle clock genes (BMALI,
CLOCK, Per, Cry), myogenic components, cell cycle kinetics, and how disruptions to the
molecular clock have the capacity to alter the myogenic program during muscle

repair/regeneration.
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Figure 7.2: SCs, MRFs, Clocks, and the Cell Cycle During Myogenesis

Graphical representation of likely intracellular nodes and components within the cell cycle and
myogenic regulatory factors (MRFs) that the SC-molecular clock may regulate during myogenic
progression. Growing evidence suggests myogenic regulatory factors, mainly responsible for
driving myogenic progression, are under circadian control. Evidence elsewhere shows cell cycle
components are also under molecular clock control. This graphical figure displays a suggestive
regulation the SC-molecular clock may have over myogenic regulator factors and cell cycle

components to guide myogenesis on a time-dependent basis.

7.4 Molecular Clock Regulation of Skeletal Muscle Regeneration: The Satellite Cell-Specific

Molecular Clock
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7.4.1 The role of molecular clocks in SC-mediated muscle regeneration: BMAL1, CLOCK

7.4.1.1 The role of BMALI in the early stages of SC activation

Approximately 15% of total mRNA transcripts involved in skeletal muscle growth,
proliferation, and differentiation are regulated by the molecular clock (13, 178). Specifically,
BMALI1 promotes myogenic progenitor cell (MPC) proliferation and differentiation through
diurnal transcriptional patterns on components of Wnt signaling pathways (12) (Figure 7.3). Wnt
signaling in the myofiber/SC node is crucial for maintaining quiescence as well as ushering
myogenic progression during muscle regeneration (179, 180). Upon freeze/toxin injuries to muscle
of BMALI-null mice, SCs exhibited impaired expansion/proliferation and ultimately blunted
repair/regeneration (11, 12). Further, Wnt signaling components in wildtype myoblasts display
robust circadian expression patterns, whereas BMAL1-null myoblasts do not, implicating BMALI
as a crucial player regulating circadian rhythmicity of Wnt signaling (54). These observations
highlight the important role of BMALI in myogenesis and suggest that lack of BMALI may
remove circadian influence on Wnt signaling that appears to be obligatory for SC transitioning
from quiescence to proliferative stages. In this context, the interactions between BMAL1 and Wnt
signaling may be one mechanism by which SCs time their exit from quiescence and initial
myogenic progression during muscle repair/regeneration (Figure 7.3). BMALI’s actions on cell
signaling involved in quiescence is likely time-dependent and evidence of SC-specific BMAL1
circadian behavior could underpin how the molecular clock regulates SC quiescence.

Recently, other studies have reported that the expression of SC-specific BMALI oscillates on
a ~24 h cycle with peak gene expression occurring at ZT16 (zeitgeber hour 16) in mice (17). The
diurnal nature of SC specific BMALI1 offers support for the roles it plays in regulating SC

quiescence, whether through Wnt or other mechanisms. To elucidate if peak diurnal BMALI1
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expression in SCs effects rates of muscle regeneration, Zhu et al. (26) induced muscle injury using
cardiotoxin injections at the same timepoint (ZT16/active-phase) to previously observed peak SC-
BMALI gene expression, and at ZT4 (inactive-phase; lower BMALI gene expression than ZT16)
in wildtype mice (85). Animals injured at ZT16 exhibited enhanced muscle repair compared to
animals at ZT4, evidenced by greater average myofiber size and higher frequency of larger fibers
7 days post injury (85). This data suggests that if muscle is injured during the inactive-phase when
SC-specific BMALI1 gene expression is low, SCs myogenic progression may be altered, and
repair/regeneration may be attenuated. One possible rationale for altered myogenic progression
during times of low SC BMALI expression could be due to Rev-erba’s inhibitory effect on SC-
mediated myogenesis as animals lacking Rev-erba experienced enhanced myogenic capacity in
vitro and in situ (181). However, these animals were 8-10 weeks of age i.e., skeletally immature,
and therefore extrapolating these findings to contexts of adult myogenesis may be difficult. Results
from other studies show that BMALI1 induces diurnal transcription of Rev-erba and upon
expression, Rev-erba inhibits BMALI1 expression (1). As Rev-erba transcriptionally represses
BMALL, it is possible that altered myogenic progression observed at ZT4 in Zhu et al (2022) could
be underpinned by a time-specific function of Rev-erba to suppress myogenesis through limiting

BMALI expression resulting in limited SC progression.

7.4.1.2 Role of BMALI in proliferation and regulation of MyoD
BMALI s role during regeneration was further explored in that study by utilizing a SC-specific
BMALI1 KO mouse model (85). Following toxin injury, SCs of these mice could not adequately
mount an expansive/proliferative response and consequently had impaired regeneration evidenced

by smaller myofiber sizes after 7 and 14 days injury compared to wildtype injured muscles at the
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same time points. During quiescence, SCs mainly derive cellular energy for homeostatic
requirements from oxidative sources, whereas proliferative activities are fueled by glycolytic
sources to meet energetic demands (182-184). As such the impaired myogenic responses may stem
from the inability of these SC’s to energetically transition from mitochondrial to glycolytic
metabolism (85). The transitioning of intracellular energetics within SCs is fundamental for the
sequential expression of MRFs throughout myogenesis (76, 162, 163, 182). As SCs from SC-
BMAL1 KO mice cannot transition into glycolysis, it is likely that BMALI1 circadian input is
required for SC transitions between energetic states and thus, appropriate, and successive
expression of MRFs supporting proliferative demands. Indeed, SC specific BMAL1 modulation
of SC proliferation is likely mediated through timely actions on MRFs such as MyoD and
Myogenin, who exhibit circadian expression rhythmicity (13, 55). Further evidence in support of
an MRF/clock connection is that BMAL1-KO and CLOCK-mutant animals display blunted
oscillatory expression patterns of MyoD, confirming the myogenic gene’s circadian nature (13).
Furthermore, BMALI is largely responsible for MyoD’s circadian-oscillatory expression during
early phases of myogenesis (88). Hence, BMALT1’s timely regulation of MyoD expression could
be one mechanism by which the molecular clock ensures the correct timeline for SC proliferation
with respect to the overarching time-course of myogenic progression during muscle regeneration.

The relationship between MRF’s and molecular clock components also reveals that MyoD,
BMALI, and CLOCK can form a transcriptional feedback-loop complex (55). In this positive
feedback loop, BMALI1/CLOCK induces MyoD expression, with MyoD then binding
BMALI1/CLOCK to amplify expression patterns of these two clock genes. This positive feedback

transcriptional complex functions to synergistically bind shared muscle targets and collectively
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modulate their expression patterns thereby rendering these genes as dual myogenic/molecular-
clock targets (54, 55).

Collectively, BMAL1 and CLOCK influence SC myogenic progression through modulations
of MyoD expression on a diurnal basis, with lack of these clock components leading to impaired
myogenic progression and muscle repair. However, the precise mechanisms regulating how and
when MyoD and/or other MRFs and clock components communicate with each other to guide
appropriate timing of SC-mediated myogenesis is unknown. Furthermore, most investigations
aimed at dissecting the relationships between BMAL1 and MRFs have focused exclusively on
MyoD, and future work should aim to uncover how, and if molecular clocks interact with other

MREF’s such as Myf5, Mrf4, and Myogenin.

7.4.2 The molecular clock’s role on SC-mediated muscle regeneration: Cry

7.4.2.1 Cry2 regulates differentiation via timely actions on the cell cycle gene, Cyclin D1

The results of recent investigations utilizing whole-body Cry1 and Cry2 KO mice demonstrate
that Cry clock genes influence SC-derived myoblast differentiation/fusion through alterations in
cell cycle progression (84) (Figure 7.3). Following chemical muscle injury, Cry1 KO mice undergo
accelerated muscle regeneration. In contrast, regeneration in Cry2 KO mice is impaired, as
evidenced by decreased embryonic-MHC content, an indicator of fewer fibers undergoing active
regeneration. Cry2 KO animals also presented with defects in differentiative/fusion in vitro while
Cry2 KD cell lines revealed that Myogenin is suppressed in the absence of Cry2. These defects in
differentiation and regeneration processes in Cry2 KO animals and cell lines were attributed to a
detrimental and premature exit from the cell cycle due to inhibited Cyclin D1 expression (84).

Cyclin D1 is a known cell cycle ‘check point’ gene regulating transitions from G1 to S phase
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during SC differentiation (76, 163). Taken collectively, current evidence suggests that Cry clock
genes may regulate myogenic progression through downstream actions on SC cell cycle
components and/or check-point genes. Furthermore, depending on when and what components of
the SC-cell cycle Cry acts on, SC-mediated muscle repair may be either accelerated or impaired.
This phenomena of modulating the timeline of myogenesis may be a unique quality of skeletal
muscle and/or SC-specific molecular clocks and probably hinges on circadian expression patterns
of Cyclin D1 and other cell cycle regulators (Figure 7.3). In line with this notion, Cyclin D1
exhibits circadian expression patterns throughout the day, whereas Cry2 KO mice have reduced
rhythmic expression patterns (84). These data establish Cry2 as an upstream modulator responsible

for circadian regulation over cell-cycle kinetics during differentiation (Figure 7.3).

7.4.2.2 Cry2’s rhythmic expression of Tmeml76b is required for appropriate myoblast
fusion

Cry2’s regulation of the cell cycle during myogenesis extends beyond differentiation, with
observations of a circadian influence over SC-derived myoblast fusion showing that the myogenic
fusion gene, Tmem176b, is expressed on a diurnal basis in muscle, with a lack of Cry2 leading to
impaired expression patterns and incomplete myoblast fusion (84) (Figure 7.3). The dual influence
of Cry on SC-derived myoblast differentiation and fusion provides insight into how the molecular
clock in muscle and, potentially SCs effect the timeline of myogenic progression during muscle
repair (84). However, since Cry2 modulates Cyclin D1 activity, impairments in fusion may stem
from decreased myogenic differentiation. Cry clock genes modulating roles in differentiation and
fusion are likely linked by their actions on the cell cycle during myogenesis following injury

although further work is warranted to uncover the precise mechanisms underpinning such actions.
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Future work involving SC-specific ablation of Cry clock genes will uncover the cascade of events
that constitute Cry’s downstream regulation on SC cell cycle kinetics that underpin clock control
over differentiation and fusion timelines during myogenic progression.

7.4.3 The molecular clock’s role on SC-mediated muscle regeneration: Per

7.4.3.1 Perl and Per2 influence over quiescence, time-dependent rates of myogenic
progression, and differentiation/fusion
Recently, it was reported that Per1 and Per 2 regulate the circadian expression of IGF2 (Insulin-
like Growth Factor 2, a major regulator of muscle anabolism) in an upstream fashion, with the
absence of Perl, 2 leading to the loss of rthythmic expression patterns in IGF2 (83). IGF2 KD in
vitro or absence of IGF2 after injury to muscles of Pax7-specific IGF2 ablated animals led to
impaired differentiation and fusion. These data suggest that Perl and Per2 modulate myogenic
progression through downstream circadian regulation of IGF2 (Figure 7.3). Results from other
studies have demonstrated that IGF2 binds to the same receptor as IGF1 (upstream activator of
mTORCI1 anabolic signaling) and can mimic IGF1’s actions in activating mTORC1 pathways,
major drivers of muscle anabolism during hypertrophy, repair/regeneration (185, 186). Unlike
mTORCI1 in muscle, SC specific mMTORC1 have distinct roles in regulating SC quiescence (187-
190). Upon muscle injury, SCs of non-injured muscles receive systemic ligands that act on SC-
specific mMTORCI1 machinery to shift cell cycle state from G-0 to G-Alert (187, 188). Although
both G-states are quiescent, upon injury, SCs in G-Alert are activated more rapidly and exhibit
faster regenerative capacity (187). Within the context of the clock gene Per and in light of the
importance of mMTORCI in SCs, it is plausible that SC-specific Perl, 2 circadian regulation over
IGF2 extends downstream to mTORCI signaling within SCs. This would suggest Perl, 2 may

function to prime SCs to more readily be activated based on time of day following muscle injury.
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This view of enhanced SC “readiness” to initiate myogenesis is supported by reports that myogenic
progression occurs at different rates when muscle is injured at different times of day (83, 85), and
offers support that SC exit of quiescence and subsequent rates of myogenic progression are under
circadian influence. Furthermore, other clock genes (i.e., Cry) have been shown to exert
downstream regulation over IGF isoforms in several tissue types (191). Further work is required
to determine whether the IGF family may be a shared downstream target gene family that multiple
clock genes act on to modulate cell cycle progression and thus, myogenesis.

Recently, chemical injury to muscles of Per 1, Per 2, and Per 1/2 KO and wildtype animals
were undertaken to determine how Per clock genes influence myogenesis following injury. Four
days post-injury, Per 1, Per 2, and Per 1/2 KO mice displayed greater rates of proliferating SCs
compared to wildtype mice. However, this observation may merely reflect delayed cell-cycle entry
as the wildtype mice had already progressed past proliferative stages. Such a delay in proliferation
in Per KO animals may, in part, be the reason why muscle regeneration was ultimately delayed
post-injury. (83). To further investigate the mechanisms underpinning impairments in myogenic
progression, Per KO myoblasts were utilized and shown to have reduced rates of differentiative
and fusion, presumably due to altered cell cycle kinetics during proliferation. In vitro work
utilizing Per 1/2 KD cell lines confirm that Per 1/2’s influence over differentiative/fusion processes
originates from their actions on the cell cycle during proliferative stages of myogenesis. (83).
Given the evidence presented, the regulation of proliferation by Per 1, 2 may be bimodal through
their modulations of SC “readiness” to initiate activation/progression during quiescence and via
downstream actions on cell cycle components that facilitate proliferation. Specific approaches to
alter Per clock genes within SCs will help elucidate what specific SC intracellular interactions

underpin clock-gene regulation over SC-mediated myogenic progression.
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Figure 7.3: Circadian Regulation over Satellite Cell-Mediated Muscle Regeneration.

Schematic of circadian regulations on muscle repair following hypothetical exercise induced
muscle damage underpinned by SC-molecular clock actions on components driving repair
(activation/proliferation/differentiation/fusion) during myogenic progression. Time-appropriate
actions by SC-molecular clocks on such regulated components may ultimately lead to divergent

outcomes of repair.
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7.5 Applications and Summary

The investigations reviewed have, for the most part, utilized non-physiological models of
muscle injury in cell lines and/or rodents. Moving forward, human studies of exercise-induced
damage/injury in association with time-course serial tissue (i.e., muscle) sampling will be required
to evaluate the precise timelines and major regulatory nodes that clocks act on within SCs during
skeletal muscle repair/regeneration in a physiological context. A plethora of human studies have
utilized different variations of eccentric (lengthening) contractions to induce muscle
injury/damage and have observed SC-mediated reparative events. However, the role of SC and/or
muscle clocks in these contexts has not been adequately addressed (15, 74, 133, 136, 192-199).
Future studies identifying time of day SC-clock regulatory functions over muscle injury and
regeneration could provide information regarding the optimal time of day to undertake strenuous
muscle damaging activities (i.e., eccentric exercise) so as to avoid possible increased injury-risks
and/or inadequate abilities of SC-mediated regeneration at certain times of day (as observed in
animal models from Zhu and colleagues). Additionally, as protein intake has been shown to
enhance the SC response following muscle-damage, the timing of protein intake following exercise
sessions to diurnal peaks of SC molecular clock expression may augment the SC-mediated
reparative response as well as accelerate the overall timeline of repair (200, 201). Such insights
would greatly impact the fields of performance and rehabilitation by aiding in the design of
training/rehabilitation sessions and post-exercise feeding strategies which may serve as injury-
preventative measures and augment repair outcomes/timelines.

In summary, I highlight the important role of BMALTI in the early stages of SC activation
and proliferation, with Per dictating the amount of time SCs spend in cell cycle proliferative stages.

Per may also harbor a secondary function in regulating the optimal time-of-day SCs exit
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quiescence after muscle injury, although further work is required to confirm this hypothesis.
Differentiation and fusion appear to be a Per/Cry dual modulated event as both clock proteins act
on cell cycle machinery responsible for facilitating these later stages of myogenesis. Taken
collectively, I propose that molecular clock components of SCs influence myogenic progression
during muscle repair/regeneration via regulation of MRFs and cell cycle machinery in a time-
dependent fashion. Future work should aim to decouple the discreet contributions to

repair/regeneration from muscle and SC molecular clocks as well as the interplay between them.
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8.1 Abstract

Following injury, skeletal muscle undergoes repair via satellite cell (SC)-mediated myogenic
progression. In SCs, circadian molecular clock gene, Bmall, is necessary for appropriate
myogenic progression and repair with evidence that muscle molecular clocks also affect force
production. Utilizing a mouse model allowing for inducible depletion of Bmall within SCs, I
assessed contractile function, SC myogenic progression, muscle damage, and repair following
eccentric contractile-induced injury. At baseline, SC-Bmall™®° animals displayed a ~20-25%
reduction in normalized force production (ex vivo and in vivo) compared to control SC-Bmall¢"!
and SC-BmalI'X° control untreated littermates (P < 0.05). Following contractile injury, SC-
BmalI'%0 animals exhibited reduced signs of muscle damage and repair post injury
(Dystrophin™&ive fibers 24 h: SC-Bmall“"" 199 + 41; SC-Bmall*° 36 £ 13, P < 0.05) (eMHC"
fibers 7 day: SC-Bmall"1217.8 + 115.5; SC-Bmall'®° 27.8 + 17.3; Centralized nuclei 7 day:
SC-BmalI“"160.7 + 70.5; SC-Bmall'®¥° 46.2 + 15.7). SC-BmalI™° animals also showed
reduced neutrophil infiltration, further indicating these animals had experienced less injury
(Neutrophil content 24 h: SC-Bmall“™ 2.4 + 0.4; SC-Bmall1'*° 0.4 + 0.2, % area fraction, P <
0.05). SCs from SC-Bmall™®° animals activated and proliferated at an earlier timepoint (24 h) in-
line with these animals having experienced lesser necrosis and neutrophil-infiltration. SC-
Bmall™° animals displayed greater SC activation/proliferation at an earlier timepoint and had an
unexplained increase in activation 7 days post injury. Collectively, these data suggest SC-Bmall
plays a regulatory role in force-production, influencing the magnitude of muscle damage/repair

with altered SC myogenic progression following contractile-induced muscle injury.
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8.2. Introduction

Molecular clocks reside in all cells and regulate numerous physiological processes in a
circadian fashion (1, 202). Specifically, a transcriptional/translational feedback loop consisting
of rthythmic expression of Per/Cry and CLOCK/ Bmall collectively underpin circadian
rhythmicity (1, 202). Recent evidence demonstrates molecular clocks play a regulatory role in
skeletal muscle repair from injury (78, 81, 82, 203, 204). In skeletal muscles, satellite cells (SCs)
are the resident muscle stem cell population that lie quiescent sandwiched between the basal
lamina and muscle membrane. Following injury, SCs proceed down a myogenic lineage via
activation, proliferation, differentiation, and eventually fuse to the host myofiber to facilitate
muscle repair (15, 16). SCs express molecular clock genes as well as several contractile and
myogenesis related genes that oscillate over a 24 h cycle (17).

Molecular clocks play a critical role in muscle repair as myogenic progression and the
magnitude of repair are impaired in Perl/2, Cry1/2, Bmall muscle-specific and whole-body
knockout (KO) animals following injury (11, 83, 84). However, these studies have used either
muscle or whole-body clock-gene ablation/KO methods, and the specific role of the SC
molecular clock during muscle repair remains unclear. A previous study assessed the time-of-day
capacity of SC-mediated repair following cardiotoxin-induced injury and reported blunted repair
in the morning versus the evening (85). Such observations are likely underpinned by divergent
time-of-day capacities of the SC-molecular clock. To directly assess the role of SC-molecular
clocks in repair, the same study utilized an inducible depletion model capable of SC-specific
Bmall ablation. SCs lacking Bmall did not proliferate sufficiently following cardiotoxin-injury,
leading to blunted muscle repair (85). SC activation and proliferation hinges on the myogenic

regulatory factor, MyoD (76), a clock-controlled gene (13, 26, 55). Bmall binds to the core-
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enhancer (CE) region of MyoD and ablation of the CE disrupts its diurnal expression and
amplitude/timing during myogenic progression, ultimately leading to blunted myogenesis (86,
88), at least in embryonic muscle. While whole body Bmall KO models alter MyoD’s response
during SC proliferation (11, 12), evidence that SC-Bmall affects MyoD is lacking.

Prior evidence has also shown Bmall regulates contractile-force production in animal
models (13, 52, 53, 205). As higher forces typically lead to greater magnitudes of muscle
damage (67, 68), Bmall’s regulation on force production may lead to varying magnitudes of
damage and subsequent repair. However, it is unknown if SC-specific, Bmall, affects force
production and if there any subsequent effects on contractile-induced injury and repair. Recent
work has shown that SC ablation alters time-of-day muscle contractility, with the overall extent
of contractile injury being associated with the magnitude of eccentric force (91). These results
suggest that SC molecular clocks may regulate force-production, which may subsequently
determine the extent of contractile injury. Accordingly in the present study, I hypothesized that
SC-Bmall would alter force-production characteristics and the extent of contractile-injury,
muscle damage, and subsequent muscle repair. Given the role of Bmall in myogenic
progression, I also postulated that in response to physiological contractile injury, SC-Bmall
ablation would dysregulate myogenic progression. Utilizing a mouse model capable of SC-
specific inducible depletion of molecular clock gene, Bmall, I assessed baseline contractile
function, and following in vivo eccentric contractile injury, muscle damage, SC myogenic

progression, and muscle repair.

8.3. Methods

&.3.1 Animals
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All animal experiments were undertaken after approval by the Northwestern University
Institutional Animal Care and Use Committee. A previously established mouse model was
utilized in this study for inducible depletion of SC-specific clock gene, Bmall (85). To generate
these mice, Pax7CreER mice were crossed with a flox-stop-flox-tdTomato mouse line (PMID:
20023653 — Jackson Labs, stock # 007905). Second generation Pax7CreER/tdTomato mice were
then crossed with either SC-Bmall™™ or SC-Bmall** mouse lines to generate
Pax7CreER/tdTomato/Bmall™™ (SC-BmalI™°) capable of inducible depletion or
Pax7CreER/tdTomato/Bmall*"* control mice (SC-Bmall®™"). Additionally, since the tdTomato
is only expressed in the presence of Pax7CreER expression, this induces fluorescent labeling of
SCs in this mouse model after treatment by tamoxifen (85). Genotyping (TransnetYX, Cordova,
TN) was performed on all mice to ensure appropriate gene construct. In experimental mice (SC-
BmalI'%9), Bmall within SCs is floxed to allow for inducible depletion utilizing the Cre-Lox
system, resulting in a >80% loss of Bmall in SCs after treatment by tamoxifen (85). Both groups
were treated with tamoxifen (2 mg in 100uL per day) via oral gavage for five consecutive days
with a ten-day washout period. This leads to Bmall ablation and tdTomato expression in SCs of
SC-Bmall™° animals while only tdTomato expression in SCs of SC-Bmall“™ mice. Both male
and female animals between 12-16 months of age were used for all experiments (n=38, male =
19, female = 19). Animals were housed in a 14:10 light-dark cycle and fed ad libitum food. All

in vivo/ex vivo experiments were performed between 1000-1200 h (ZT4-ZT6).

&.3.2 Baseline in vivo contractile characteristics

In vivo maximal tetanic and eccentric torque of the dorsiflexors were assessed in SC-

Bmall®™, SC-Bmall'X°, and SC-Bmall™° ¢! (untreated) animals for baseline contractile
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function measures. /n vivo muscle contractility of the dorsiflexors was undertaken according to
previous methods (Aurora Scientific, 3-in-1 contractile apparatus, 1300A Whole Animal Muscle
Test System, Ontario, CA) (206). In brief, after general anesthesia, the left hindlimb was shaved,
ankle fixed at 90° and inserted onto a foot-plate attached to a torque motor, capable of bi-
direction torque measurement. Two needle-electrodes were placed percutaneously in the region
of the peroneal nerve to selectively stimulate the dorsiflexors and twitch contractions (3-6 mA,
100Hz) were administered thereafter to optimize voltage and electrode placement (207).
Dorsiflexor and plantar flexor torque were simultaneously evaluated throughout all contractions
to ensure plantar flexors were not co-contracting. 500 ms maximal tetanic contractions separated
by 3 min rest were administered to determine maximal isometric torque. One eccentric
contraction was administered to determine maximal eccentric torque by a 300 ms maximal
tetanus followed by a lengthening ramp of 50 ms that rotated the foot into 38° of plantarflexion
approximately at 200 degrees/s (starting foot position, -19 degrees; ending foot position, +19
degrees) (206). Optimal stimulation frequency was determined during pilot torque-frequency
curves and all subsequent experimental tetanic and eccentric contractions were administered at
120Hz. All contractile torque data was normalized to mouse body mass (BW) and expressed as

Nm/kg BW (57, 207, 208).

8.3.3 In vivo eccentric contractile injury

In vivo eccentric contractile injury in the dorsiflexors was induced via 200 electrically-
stimulated eccentric contractions, with each contraction separated by 10 s rest (209). Maximal
tetanic torque was assessed three min before and after the injury bout as an indirect measure of

mechanical injury (torque-deficit in maximal tetanic torque) (67, 127, 135, 209-213). Total work
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was calculated by the sum of work per contraction ((torque x angular displacement)/BW) across
all 200 eccentric contractions per mouse. Following the injury protocol, mice were returned to
their housing, allowed to recover and euthanized 24 h, 72 h, or 7 d post-injury (n=3-5/group). TA
muscles were harvested to evaluate the injury, cellular responses, and repair processes at these

the timepoints.

8.3.4 Ex vivo baseline contractile characteristics

Ex vivo tetanic and eccentric specific forces were assessed using the EDL of SC-
Bmall®™ and SC-Bmall’*° animals (91). In brief, the left hindlimb was stabilized with pins, 5-0
silk sutures were tied to the proximal and distal tendons of the EDL and transferred to a bath
containing Ringer’s solution at 37° C (137mM NaCl, 5SmM KCI, ImM NaH;POs, 24mM
NaHCO;3, 2mM CaCl,, ImM MgSOys, and 11 mM glucose containing 10 mg/L curare, pH 7.5).
The proximal end of the muscle was sutured to a force-transducer (Aurora 300C, Aurora
Scientific, Ontario, Canada) and the distal tendon sutured to a length-motor with platinum
electrodes straddling the muscle end-to-end (124). A custom LabVIEW program recorded force,
length, and time data from each contraction. Twitch contractions were used to optimize muscle
length/voltage and fiber length was subsequently calculated using a standard fiber-length-to-
muscle-length ratio of 0.51 for the EDL (144). Three 300 ms maximal tetanic contractions were
used to determine maximal tetanic force (the highest of the three used as the tetanic force value).
A single eccentric contraction was administered to determine maximal eccentric force and
consisted of a 200 ms tetanus followed by a 100 ms lengthening ramp. The eccentric portion of
the contraction consisted of muscle lengthening by 15% of Ly at a strain-rate of 2 L¢/s. All

contractile data were measured in volts (V), converted to Newtons (N) based on a calibration
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curve, and normalized to calculated physiological cross-sectional area (PCSA), and expressed as
specific force (N/cm?).

Time-to-peak tension (TPT) was assessed from the maximal tetanic contractions to
evaluate differences in contractile kinetics. TPT was calculated as the time from baseline to the
first data point of the maximal tetanic force plateau on the ascending limb of the force trace for
each muscle. Half relaxation time (HRT) was calculated as the time from the last data point on
the tetanic force plateau to the time that reflected half maximum tetanic force on the descending

limb of the force trace.

8.3.5 Histology and Immunohistochemistry

TA muscle was flash frozen in liquid nitrogen-cooled isopentane immediately after
euthanasia and stored at -80°C. Muscles were transferred to a -25°C cryostat and allowed to
equilibrate for one hour prior to sectioning. In brief, the muscle mid-belly was cut perpendicular
to the orientation of the fibers, embedded in a cryomold and flash frozen (10 s) in liquid
nitrogen-cooled isopentane (214). Molds were then allowed to equilibrate in the cryostat for 30
min before sectioning. Sections were cut at 10 um thickness. Slides were air-dried for one hour
following sectioning and stored at -80°C until experimental procedures.

Prior to all staining, slides were thawed at room temperature for one hour. Hematoxylin
& eosin (H&E) histological staining consisted of sequentially dipping slides into baths of the
following: 1% glutaraldehyde, PBS, hematoxylin, tap water, alcoholic acid, tap water, ammonia
water, DI water, alcoholic eosin, 70% ETOH, 80% ETOH, 95% ETOH, 100% ETOH (2x),

Xylene (2x). Following staining, slides were coverslipped and stored at -20 °C until imaging.
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For immunohistochemistry (IHC), slides were thawed for 1 h prior to staining and a
hydrophobic barrier was drawn around sections and allowed to dry for 20 min. Sections were
washed in PBS, fixed in 4% paraformaldehyde (103), rehydrated with PBS washes, and were
blocked in 1%BSA mouse-on-mouse blocking buffer for . Following blocking, primary antibody
cocktails were made in 1%BSA and incubated overnight at -4 °C. The next day, sections were
washed with PBS and incubated in a secondary antibody cocktail made in PBS. Sections were
then washed with PBS, mounted using Vectashield with (Vectashield, H-1200) or without DAPI
(Vectashield, H-1000), as appropriate, coverslipped, and stored at -20 °C until imaging (113,
214). Primary and secondary antibody details were as follows: Primary antibodies: anti-laminin
(rabbit, IgG, 1:500, Sigma, 1.9393), anti-dystrophin (rabbit, IgG, 1:100, Abcam, ab15277), anti-
MYH3 (eMHC) (mouse, IgG1, 1:50, DSHB, F1-652), anti-Ly-6G/C (rat, 1:30, BD Biosciences,
lot # 553123), anti-Ki67 (rabbit, IgG, 1:200, Abcam, ab15580), anti-MyoD (mouse, IgG2b, 1:50,
Santa Cruz Biotechnologies, sc-377460), anti-SC71 (mouse, IgG1, 1:50, DHSB, lot # 2147165),
anti-BF-F3 (mouse, IgM, 1:100, DHSB, lot # 2266724). Secondary antibodies: Alexa Flour 488
goat anti-rabbit [gG (H+L) (1:250, Invitrogen, A-11034), Alexa Flour 488 goat anti-mouse IgG1
(1:250, Invitrogen, A21121), Alexa Flour 488 goat anti-mouse IgG2b (1:250, Jackson
ImmunoResearch Laboratories, 115-545-207), Alex Flour 594 goat anti-rat [gG (H+L) (1:250,

Invitrogen, A-11007), goat anti-mouse IgM (1:250, Invitrogen, A-21426).

8.3.6 Image acquisition and quantification
Images were taken at 10 x and 20 x magnification depending on the IHC protocol and
whole tile-scan images were acquired (entire cross-section). For quantification of myofiber

necrosis H&E images were used. “Necrosing fibers” were defined as fibers that had nuclei
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covering the entire fiber. Based on Dystrophin IHC, fibers that were missing myofiber borders
but had nuclei surrounding the remaining outline of the border (and inside the fiber in many
cases) were classified as Dystrophin€®i*® fibers. In a subset of images, locations of these fibers
were validated by finding the specific Dystrophin™"e fiber using fiber-borders, i.e., laminin-
stained sections from a different slide of the same muscle. Ly6+ content was calculated as area-
fraction of the total cross-sectional area using ImageJ. The number of eMHC+ positive fibers and
fibers with centralized nuclei were manually quantified using ImagelJ. As noted, tdTomato is
expressed in the presence of Pax7Cre in this mouse model (85) and therefore all staining of SCs
were accomplished via use of the tdTomato/Pax7/DAPI construct. Total tdTomato+ cell (SC)
abundance in uninjured sections, tdTomato+/Ki67+/DAPI, and tdTomato+/MyoD+/DAPI cells
were manually quantified in ImageJ and expressed as cells/100 fibers. Fiber-type quantification

was performed using an automated muscle-analysis software MuscleJ (114).

8.3.7 Statistics

Individual groups were compared using unpaired t-tests for all contractile data. All IHC
group data were analyzed using two-way ANOV As with main effects of time and treatment, with
post-hoc Sidak’s multiple comparison tests. Simple linear regressions were also used to analyze
relationships between selected variables. Statistical analyses were performed using Prism 9.0

(GraphPad, San Diego, CA) and reported throughout as mean + standard error of mean (SEM).

8.4. Results

8.4.1 Baseline in vivo and ex vivo contractile characteristics are lower after Bmall ablation in

satellite cells
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Baseline in vivo eccentric dorsiflexor torque was significantly lower (~20%) in SC-
BmalI'*0 compared to both SC-Bmall"" and littermate-untreated control SC-Bmal]'%© n!
animals (SC-BmalI™° 84 + 5 Nm/kg BW; SC-Bmall™" 105 + 8§ Nm/kg BW; SC-Bmal]'%0 ¢t
110 £ 4 Nm/kg BW) (p < 0.05) (Fig 8.1A). No differences were observed in tetanic torque. Ex
vivo tetanic, eccentric specific forces were also reduced ~ 20%, ~ 26% respectively in EDL of
SC-Bmall™®° versus control animals (tetanic specific force: SC-Bmall“™™ 21 + 1 N/cm?; SC-
Bmall™° 16 £ 1 N/cm?; eccentric specific force: SC-Bmall®"™ 31 + 2 N/cm?; SC-Bmall™®° 23 +

1 N/ecm?) (p < 0.05) (Fig 8.1B). There were no differences in tetanic TPT, HRT, fiber-type

proportions (Fig 8.1C-D), or myofiber area.
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Figure 8.1: Force production is reduced in SC-Bmall™X© animals

14) In vivo tetanic and eccentric torque of the dorsiflexors of all groups (Nm/kg BW) (SC-
Bmall“"" and SC-Bmall™®© n=14-15, SC-Bmall™®° " n=4-5). 1B) Ex vivo tetanic and
eccentric specific forces of the EDL for Cntrl and iKO animals (N/cm?) (n=4-5). 1C)
Representative image of fiber-type distribution in the TA (blue: dystrophin, green: Ila; Magenta:
1Ib; Green/Magenta: Ila-1Ib; Unlabeled: IIx) (scale bar set to 100 um). 1D) Fiber-type

distribution of TA muscle from Cntrl and iKO animals (n=3). All data shown as mean +s.e.m.
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Contractile data groups were compared using unpaired t-tests. Fiber-type data groups compared

using two-way ANOVA (¥p<0.05).

8.4.2 In vivo contractile injury

Figure 8.2A shows a representative trace of eccentric dorsiflexor torque over 200
eccentric contractions, which declines throughout the protocol indicative of contractile injury.
Immediately following contractile injury, torque was decreased by a similar magnitude from
maximal tetanic torque values between groups (SC-Bmall™ 21 + 2 (47% reduction); SC-
Bmall° 19 + 2.6 (49% reduction), units expressed as Nm/kg BW) (Fig 8.2B). Total work
performed during the contractions were ~20% lower in SC-Bmall™° compared to control

animals (SC-Bmal1®* 12.5 + 1.2 J/g; SC-Bmal1'¥°9.9 + 0.6 J/g; p = 0.06, Fig 8.2C).
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Figure 8.2: In vivo eccentric contractile injury

24) A representative trace from a single animal of all 200 eccentric contractions (torque in units
of Nm/ kg BW). 2B) Pre-injury torque versus post-injury torque values following 200 eccentric

contractions in both groups (n=14-15). 1C) Total work performed in both groups throughout
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200 eccentric contractions (n=14-15). All data shown as mean +s.e.m. Groups were compared

using paired t-tests for torque deficit data and unpaired t-tests for total work data (p < 0.05%).

8.4.3 SC-Bmall™° animals exhibit less fiber necrosis and dystrophin&i¥ fibers following
contractile muscle injury

Figures 8.3A-B, 8.3D-E are representative images of H&E and dystrophin-stained cross-
sections showing uninjured and 24 h post-injury necrosing (H&E) and dystrophin®®&2i¥e fibers,
respectively. There was both a main effect for post-injury time and an interaction effect in
necrosing as well as dystrophin™&*i'e fibers, and a main effect of treatment for dystrophin"egative
fibers. SC-Bmall“™! mice demonstrated greater necrosing fibers and dystrophin™®&i* fibers at 24
h versus 72 h and 7 days (Sidak’s multiple comparisons, Fig 8.3C, 8.3F). However, there were
no differences within SC-Bmall'®° groups between 24 h, 72 h, and 7 days. SC-Bmall™®° animals
demonstrated ~62% less necrosing fibers and ~82% less dystrophin™#iVe fibers compared to SC-
Bmal I animals 24 h post-injury (Sidak’s multiple comparisons, 24 h: Necrosing fibers: SC-
Bmall®™™ 87 + 18; SC-Bmall'X° 33 + 15, Dystrophin®&®i¥¢ fibers: SC-Bmall“"™ 199 + 41; SC-
BmalI'®0 36 + 13). While these were higher in the SC-Bmall™®© at 72 h, they were not

significantly different (Necrosing fibers at 72 h: SC-Bmall™" 39 + 14; SC-Bmall'%° 46 + 14,

Dystrophin™&i'e fibers at 72 h: SC-Bmall“"25 + 11; SC-Bmall™° 68 + 19) (Fig 8.3C, 8.3F).
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Fioure 8.3: SC-Bmall™° animals demonstrate less necrosing fibers and dvstrophin€®™e fibers

compared to control animals

4A4-B, 4D-E) Representative images of H&E and dystrophin-stained cross-sections showing
uninjured and 24 h post-injury necrosing and dystrophin™&™ fibers, respectively (arrow
indicates necrosing fiber and dystrophin™€™e fiber, respectively). 4C) Number of necrosing
fibers in either group across all timepoints (n=4-5). 4F) Number of dystrophin™®™e fibers in

either group across all timepoints (n=4-5). Scale bar for all images set to 100 um.
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All data shown as mean £ s.e.m. Groups were compared using two-way ANOVA for main effects
of hours-post-injury and treatment-group with post-hoc Sidak’s multiple comparison tests (*,

refer to results for Cntrl versus iKO comparisons and, $, refer to results for intra-group

significance) (p < 0.05%) (p < 0.005%%) (p < 0.001**%) (p < 0.0001 ****).

8.4.4 SC-Bmall™° animals exhibit reduced signs of muscle repair following contractile muscle
injury

Figure 8.4A and 8.4C are representative images showing a cross-section stained for
laminin (blue)/eMHC+(green) and an H&E cross-section reflective of centralized nuclei fibers,
respectively, 7 d post-injury. In both eMHC+ fibers and fibers containing centralized nuclei,
using a two-way ANOVA, a main effect of time post-injury and an interaction effect were
observed. SC-Bmall“™" mice revealed a greater number of fibers containing centralized nuclei
and eMHC+ fibers at 7 d versus 24 h and 72 h (Fig 8.4B, 8.4D, Sidak’s multiple comparisons).
However, no differences were noted across timepoints within SC-BmalI'*X° groups in eMHC+
fibers or centralized nuclei. Muscle repair (measured as eMHC+ fibers and fibers containing
centralized nuclei) was lower in SC-BmalI'¥° compared to SC-Bmall“™ animals with ~87%
fewer eMHC+ fibers and 71% fewer fibers containing centralized nuclei at 7 d post injury
(eMHC" fibers 7 day: SC-Bmall1®"" 217.8 £ 115.5; SC-BmalI™®° 27.8 + 17.3; Centralized nuclei
7 day: SC-Bmall"160.7 + 70.5; SC-Bmall'X° 46.2 + 15.7, Sidak’s post-hoc multiple

comparisons).
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Ficure 8.4: SC-Bmall™© animals exhibit lesser degrees of muscle repair on dav seven post-

54, 5D) Representative images showing an uninjured and a 7 day post-injury cross-section
stained for laminin (blue)/eMHC+ (green) and a H&E cross-section reflective of centralized
nuclei fibers, respectively (arrows indicate eMHC+ fiber and a fiber with a centralized nuclei,
respectively). 5B) Total number of fibers expressing eMHC+ across timepoints and groups
(n=3-5). 6D) Total number of fibers containing centralized nuclei across timepoints and groups
(n=4-5). Scale bar for all images set to 100 um. All data shown as mean +s.e.m. Groups were
compared using two-way ANOVA for main effects of hours-post-injury and treatment-group with

post-hoc Sidak’s multiple comparison tests (*, refer to results for Cntrl versus iKO comparisons
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and, $, refer to results for intra-group significance ) (p < 0.05*) (p < 0.005**) (p < 0.001***) (p

< 0.0001 **%%).

8.4.5 Reduced neutrophil response following contractile muscle injury in SC-Bmall™®° animals
Figure 8.5A is a representative image showing a cross-section stained for dystrophin,
Ly6G/C* content (referred to as Ly6+), DAPI and a merged image. Overall, using a two-way
ANOVA, main effects of treatment-group and time (h) post-injury were observed as well as an
interaction effect. Control SC-Bmall“""' mice demonstrated greater Ly6+ content at 24 versus 72
h and 7 d (Fig 8.5B, Sidak’s multiple comparisons). However, no such differences were detected
within SC-Bmall™° groups. Neutrophil content (Ly6+ content) was ~83% reduced at 24 h in
SC-BmalI'%° versus control animals (neutrophil content at 24 h: SC-Bmall“"" 2.4 + 0.4; SC-
Bmall'®0 0.4 + 0.2, % area fraction, Sidak’s multiple comparisons, Fig 8.5B). Furthermore,
across all timepoints in both SC-Bmal1"" and SC-Bmall™®° groups, the number of
dystrophin"®€®i¥¢ and necrosing fibers were positively associated with neutrophil content

(dystrophin™ive fibers r> = 0.85 and 0.41; necrosing fibers r> = 0.42 and 49, respectively).
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Fioure 8.5: SC-Bmall™© animals experience less neutrophil infiltration

54) Representative image showing a cross-section stained for DAPI, dystrophin, Ly6™ content,
and a merge image. 5B) Total Ly6™ content in either group across all timepoints (n=4-5). Scale
bar for all images set to 100 um. All data shown as mean +s.e.m. Groups were compared using
two-way ANOVA for main effects of hours-post-injury and treatment-group with post-hoc
Sidak’s multiple comparison tests (¥, refer to results for Cntrl versus iKO comparisons and, $,
refer to results for intra-group significance) (p < 0.05%) (p < 0.005*%*) (p < 0.001***) (p <

0.000] ***%).

8.4.6 Altered satellite cell activation and proliferation following contractile muscle injury in SC-

BmalI™° animals
There were no group differences in baseline tdTomato* SCs in the uninjured limb in a subset of
animals (SC-Bmall: 24.9 + 2.2;: SC-Bmal1™®°: 25 + 2.4 SC/100fibers, Supplemental Figure

8.S.1A). Figure 8.6A and 8.6C are representative images showing a cross-section with DAPI,
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tdTomato® (Pax7), MyoD or Ki67 (respectively) and a merged image. In both SC-activation and
proliferation, using a two-way ANOVA, main effects of treatment-group and time as well as an
interaction effect were observed (Fig 8.6B, 8.6D). SC-Bmall“" mice demonstrated greater SC-
activation and proliferation at 72 h compared to 24 h and 7 days (Fig 8.6B, 8.6D, Sidak’s
multiple comparisons). In SC-Bmall'%°, SC-activation and proliferation was greatest at 24 h
versus 72 h, 7 days (Fig 8.6B, 8.6D). Additionally, in SC-Bmall*°, SC-activation was increased
at 7 days compared to 72 h (Fig 8.6B). There was greater SC-activation in SC-Bmal1™®° versus
SC-Bmall®"™" animals at 24 h and 7 days but, lower levels of activation at 72 h (SC-activation 24
h, 72 h, 7day: SC-Bmall“"" 2.9 + 0.4, 8.5+ 0.9, 0.2 £ 0.1; SC-Bmall®° 13.6 + 1.3, 0.1 £ 0.04,
5.6 £ 1.6, all units in tdTomato+/MyoD+ cells/100 fibers, Sidak post-hoc analysis) (Fig 8.6B).
Similarly, compared to SC-Bmall™" animals, SC-BmallX° animals exhibited
significantly greater SC-proliferation at 24 h and lower proliferation at 72 h post-injury (SC-
proliferation 24 h, 72 h, 7day: SC-Bmall“"™ 0.4 + 0.1, 1.3 £ 0.3, 0.3 £ 0.1; SC-Bmall'X° 2.4 +
0.5,0.3£0.1, 0.4 £ 0.1, all units in tdTomato+/Ki67+ cells/100 fibers) (Fig 8.6D). There were
positive associations between SC-proliferation and neutrophil content at 24 h post-injury, when
neutrophil content was greatest (SC-Bmall“™'r>= 0.75, p = 0.058; SC- Bmall'X°1r>= (.86, p <
0.05). A positive association was also observed in both SC-Bmall1“"™ and SC-Bmal1™®° for SC-

activation and SC-proliferation (r>= 0.45, r? = 0.68, respectively).
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Fioure 8.6: Altered SC-activation and proliferation kinetics in SC- Bmall™© animals vs control

animals

64, 6C) Representative images showing a cross-section stained for DAPI, tdTomato (Pax7),
MyoD or Ki67 (respectively), and a merge image. 6B) Comparison of Pax7*/MyoD™ activated
SCs across timepoints and between groups (n=4-5). 6D) Comparison of Pax7*/Ki67"

proliferating SCs across timepoints and between groups (n=4-5). Scale bar for all images set to
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100 um. All data shown as mean +s.e.m. Groups were compared using two-way ANOVA for

main effects of hours-post-injury and treatment-group with post-hoc Sidak’s multiple comparison
tests (¥, refer to results for Cntrl versus iKO comparisons and, $, refer to results for intra-group

significance) (p < 0.05%) (p < 0.005*%) (p < 0.001**%) (p < 0.0001 ***%),
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Figure 8.S.1: No difference in baseline satellite cell abundance between SC-Bmall <" and SC-

Bmall™©° animals

S14) Baseline satellite cell abundance between groups (n=3). S1B: Total number of fibers

analyzed. All data shown as mean #s.e.m. Groups were compared using unpaired t-tests

(p<0.05).

8.5 Discussion
Using an inducible depletion model of SC-specific clock gene, Bmall (SC-Bmall*®°), 1
measured contractile function, contractile-induced injury muscle damage, repair, and myogenic

progression. The major findings were 1) ablation of SC-Bmall reduced force production (in vivo

144



and ex vivo) versus control animals, 2) SC-Bmall'*© animals experienced less muscle damage
(determined by muscle fiber necrosis, dystrophin€®i*¢ fibers, and neutrophil content) and
subsequently displayed fewer regenerating fibers, and 3) the SC myogenic trajectory (activation
and proliferation) was altered in SC-Bmall*° animals with SC-activation/proliferation occurring
earlier and activated to a greater extent compared to control animals. These data suggest SC
specific Bmall plays a regulatory role on force-production and, following contractile injury, may
influence the magnitude of damage/repair and SC-myogenic progression.

Following in vivo eccentric injury, both SC-BmallX° and control animals exhibited
reductions in maximal torque, with the ~50% decrease being in close agreement with previous
contractile injury models (207, 209, 215). Yet despite similar percentage reductions in maximal
torque, SC-Bmall'*© animals displayed reduced damage/necrosis and neutrophil infiltration
following contractile-injury. A likely explanation for these reductions in markers of muscle
damage could be the lower forces produced by SC-Bmall™®° animals, although the precise
mechanisms underpinning such force reductions are not easily explained and were not linked to
differences in muscle fiber-type, myofiber area, or contractile kinetics. As such, I reason that SC-
molecular clocks may exert regulation on contractility via modulation of sarcoplasmic reticulum
(SR) Ca* availability for contractile units. This is supported by previous findings that showed
SCs have time-of-day specific control over contractile function via Ca™ availability (91) with
evidence elsewhere showing muscle molecular clocks harbor regulation over Ca™ contractile
proteins and signaling pathways (26, 56, 139). Elsewhere, whole body and muscle-specific
Bmall KO animals exhibit lower force-production with the underlying mechanism in these
studies being a result of long-term dysregulations on titin, leading to sarcomere-length

modifications (13, 52, 54, 55). However, these animal models were either bred from birth
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lacking Bmall or assessed 22 and 58 weeks following muscle-Bmall ablation (52) and therefore
it is likely the mechanisms underpinning such force-alterations are different than the current
study in which animals were assessed 10 days following SC-Bmall ablation.

Following muscle fiber damage, a first wave of immune cells and neutrophils infiltrate
damaged-regions to initiate a necrotic microenvironment that subsequently necessitates a
reparative response from SCs upon further immune-myogenic crosstalk signaling (70, 73, 216).
In this regard, I show that the amount of damaged/necrosing fibers is associated with the
neutrophil response across all timepoints in both SC-Bmall“" and SC-Bmall'X° animals,
confirming that neutrophils are a function of damage-induced necrosis independent of the extent
of damage that occurred in the absence of SC-Bmall. SC-Bmall*° animals experienced
significantly less damaged/necrosing fibers compared to their SC-Bmall“™™ counterparts at 24 h
and consequently less neutrophil infiltration. One explanation for this observation is that the
lower forces generated by SC-Bmall®0 animals did not induce widespread damage adequate to
trigger a more extensive immune response. Others have reported that when contractile-injury is
induced via low versus high forces, the extent of injury scales as force increases (67). In line
with this, SC-Bmall™° animals exhibited less eMHC fibers and centralized nuclei seven days
post-injury suggesting that these animals indeed experienced lesser degrees of muscle repair as
well. I note however, in cases of extreme injury (i.e. cardiotoxin) when the extent of damage
exceeds what contractile forces are capable of inducing, the relationship between SC-molecular
clocks and the damage-induced neutrophil response may manifest differently (89). This is likely
because models of extreme injury can expose the maximum capacities of cellular events in the
muscle regenerative cascade compared to contractile injuries (217). In this regard, the regulatory

mechanisms observed in Zhu et al 2024 between SC-molecular clocks and neutrophils following
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cardiotoxin injury might also be at play in this work here as well but, may be masked by the
higher/lower forces that induced the contractile injury. Potential evidence for this may, in part,
be the dysregulated temporal relationship of necrosis, dystrophin™##e fibers, and neutrophil
infiltration observed across timepoints post-injury in SC-Bmall*© animals.

Following contractile-induced muscle injury, the necrotic and neutrophil response
necessitates SC myogenic progression to facilitate muscle repair (15, 70, 73, 218, 219).
Consistent with this notion, I show that across all animals and timepoints, SC
activation/proliferation proceeded following contractile injury induced damage. However, the
timeline of SC progression differed between groups as SC activation/proliferation in SC-
BmalI'%0 peaked at 24 h compared to a later response (72 h) in SC-Bmall"" animals. One
explanation for this earlier timeline of SC progression could be that these animals experienced
less damage/neutrophil infiltration permitting SCs to become activated sooner. Indirect support
for this premise can be seen in human models of eccentric damage in which SC activation
following voluntary versus electrically-stimulated (ES) eccentric contraction occurs at an earlier
timepoint, likely due to there being no “delay” in activation as there is less fiber-necrosis that
occurs after voluntary versus ES eccentric contractions (15, 36, 90).

Despite having experienced less damage/repair, SC-Bmall*° animals displayed higher
relative peaks in SC-activation/proliferation at 24 h and an unexplained increase in activation at
7 days post-injury versus control animals. Since SC-Bmal1™© animals underwent less
damage/necrosis, neutrophil infiltration, and muscle repair, the greater extents of SC
activation/proliferation are somewhat surprising. These findings may be related to the critical
role Bmall plays in MyoD’s rhythmicity (26, 88) where, upon inducible depletion of Bmall in

SCs, MyoD’s trajectory/amplitude during myogenesis may have been perturbed. Bmall binds to
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the core-enhancer (CE) region of MyoD during homeostasis which in-turn induces MyoD’s
rhythmic expression throughout the day. However, the ablation of the CE region blunts such
rhythmicity and dysregulates MyoD’s timing/amplitude of expression during myogenesis (86,
88). This may partially explain the observations of an increased amplitude at 24 h and altered
timing at 7 days post-injury of SC-MyoD content in SC-Bmal1™®© animals. Collectively, these
data suggest SC-Bmall may be required for the appropriate timing of MyoD’s response
throughout regenerative-myogenesis, which is in line with previous work demonstrating that
animals lacking Bmall’s binding site on MyoD had dysregulated MyoD expression during
embryonic myogenesis ultimately blunting muscle growth (86-88). Additional evidence shows
that SCs and SC-derived myogenic progenitors of Bmall KO animals (whole-body and SC-
specific) harbor alterations in activation and proliferation following injury, offering further
support that Bmall regulates MyoD and thus SC activation/proliferation (11, 76, 85, 161).

In contrast to the work here, a previous study from the group demonstrated that SC
expansion following cardiotoxin injury is reduced following SC-Bmall ablation leading to
inhibited muscle repair. However, as extreme non-physiological injuries cause far more damage
vs contractile injuries, the mode of injury utilized across the two studies may underlie the
differences observed in SC activation. Speculatively, the augmented SC activation noted in this
study may be a compensatory mechanism to still successfully carry out adequate muscle repair in
the absence of Bmall whereas the limitations of SCs to carry out repair when damage is much

greater is exposed during repair following non-physiological injury.

8.6. Conclusion
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In conclusion, ablation of SC-Bmall resulted in ~20-25% lower force-production in vivo
and ex vivo compared to control animals. Following in vivo contractile injury, SC-Bmal1™®°
animals experienced less necrosis and muscle repair, suggesting their reduced forces led to a
lesser extent of injury. In line with this notion, SC-Bmall'X° animals exhibited less neutrophil
infiltration post-injury as well. Additionally, SC activation and proliferation occurred earlier (24
h versus 72 h) in SC-Bmall™®° animals indicating the reduced neutrophil response allowed for an
earlier timeline of SC myogenic progression. Finally, although SC-BmalI1™° may have
experienced less damage, potentially explaining the earlier peaks in SC progression, these mice
exhibited a greater extent of SC activation as well as an unexplained increase in activation 7 days
post-injury. These findings indicate SC-Bmall may be required for the appropriate response and
timing of MyoD during regenerative myogenesis. Collectively, ablation of SC-Bmall lowered
force-production and altered the magnitude of muscle-damage/repair and SC-myogenic

progression following eccentric contractile injury.
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Chapter 9: General Discussion and Concluding Remarks
9.1 Summary

The overall aim of the experiments undertaken for this thesis was to investigate the effects
of the SC-molecular clock on muscle mitochondrial function, contractile function and contractile-
induced injury and repair processes. To address these aims, two mouse models capable of either
whole (Pax7DTA) or partial (SC-Bmall®®) KO of the SC-molecular clock were utilized.
Experiments also involved time-of-day study-designs (morning, afternoon, evening) and ex vivo,
in situ, or in vivo measurements of muscle mitochondria, contractility, and muscle damage/repair
across three studies (chapters 3, 5, 8). In the first experimental study (chapter 3), mitochondrial
function was assessed in glycolytic and oxidative muscles in the morning, afternoon, and evening
in the presence and absence of SCs (Pax7DTA mice) to identify any SC time-of-day regulation.
At timepoints exhibiting time-of-day differences in study-1 (chapter 3), study-2 (chapter 5) utilized
the same timepoints and animal-model to investigate if force-production displayed diurnal
variance due to SC time-of-day influences. In study-3 (chapter 8), utilizing a SC-specific Bmall
KO model, the SC-molecular clock was evaluated for its role in muscle repair following
contractile-induced injury. Collectively, the findings from this series of independent but related
investigations have provided novel insights regarding SC-molecular clock regulations on muscle
mitochondria, contractility, and muscle repair.

The results from study-1 (described in chapter 3) revealed that SCs are not a factor that
influence mitochondrial respiration according to time-of-day. At a peak and trough in Bmall and
CLOCK molecular clock gene expression, I found that mitochondrial-dependent submaximal
fatigue in glycolytic muscle (EDL) was ~35% more fatigue resistant in the morning versus

afternoon. Given the evidence provided in study-1 (chapter-3), SCs do not influence diurnal
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mitochondrial function and therefore time-of-day differences noted in submaximal fatigue are
unlikely due to time-of-day regulations (SC, muscle, or otherwise) on mitochondrial respiration.
As a main finding from study-1 demonstrated time-of-day differences in submaximal contractile
fatigue independent of SC influence on mitochondria, the subsequent experimental chapter
therefore focused solely on SC time-of-day influence of contractility.

The major findings from study-2 (chapter 5) revealed that SCs differentially regulate force-
production by time-of-day and such variation in force production altered the magnitude of ex vivo
eccentric contractile injury. Specifically, eccentric force was reduced in the morning in the
presence of SCs with these animals experiencing lesser degrees of contractile injury versus their
SC- counterparts. The mechanism underpinning these force reductions in the morning are
suggested to be lower volumes of Ca™" available to contractile units (assessed via caffeine-
contracture force). No differences in force production or magnitude of injury were observed
between afternoon groups suggesting that SCs regulate force-production early, but not later in the
day. This work is the first to demonstrate that SCs have an influence on contractile function
according to time-of-day with this effect, in part, likely to be mediated by the SC-molecular clock.
As differences were noted in extents of injury due to SC time-of-day alterations in force, the next
experiment focused on how/if SC-molecular clocks regulate repair following contractile induced
injury.

The major findings for the final study in this thesis were that SC-molecular clocks have a
regulatory role in contractile function, the extent of muscle damage, repair, and SC myogenic
progression following contractile injury. Of note, ablation of SC-Bmall led to reduced force
production with these animals experiencing concordantly lesser degrees of muscle damage and

repair. This phenomenon of higher/lower degrees of force-production leading to concordant
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magnitudes of muscle damages in in agreement with past works (67, 68) (reduced force equates
reduced injury) with evidence from this study suggesting SC-molecular clocks also harbor
influence over this mechanism. Additionally, as a result of less damages sustained, these animals
experienced earlier peaks (24 h versus control animals 72 h) in SC activation and proliferation,
with the relative increase in SC activation and proliferation being approximately two-fold higher
versus control animals, despite less damages and repair 7 days post-injury. This evidence of
dysregulated SC myogenic progression aligns with past work showing that ablation of the bindings
site of Bmall on MyoD altered both MyoD’s circadian rhythmicity and the temporal expression
pattern of MyoD/Pax7 cells during myogenesis (86, 88). Collectively, the findings from this study
demonstrate that SC-molecular clocks regulate force-production and thus the extent of muscle
damage/repair while also having independent regulation on SC myogenic progression during

repair.

9.2 Study limitations

In the experimental studies described, several limitations exist. In the experiments
described in chapters 3, and 5, animals were assessed across times of day in the presence/absence
of SCs and it was assumed that any effects observed were due to SC-molecular clocks. However,
as the entire SC was ablated (not just molecular clocks), the results may be impacted by factors
related to SC ablation. Additionally, muscles and/or the muscle microenvironment may adapt
when experiments are conducted long-term following SCs ablation (64). Also of note, a previous
study has reported the drug-metabolizing enzymes involved in tamoxifen pharmacokinetics exhibit
marginal circadian behavior (220). Therefore, to mitigate any such aforementioned effects,

experiments were conducted after a washout period of at least 10-14 days following tamoxifen-

153



treatment in line with past works (95, 118). Secondly, in study-1, as the number of experimental
mice were limited, submaximal fatigue experiments were only performed on SC*™ mice aligned to
selected time-points reflective of time-of-day differences in clock gene expression and not
performed in SC- mice. Lastly, in studies 1 and 2, Gapdh was used as a housekeeping gene
however, I recognize the importance of using multiple housekeeping genes for assessing gene
expression. In chapter 8, a novel mouse model that allowed for SC-specific ablation of molecular
clock gene, Bmall, was utilized. A limitation to the findings described in chapter 8§ is that
experiments were performed at a single time-of-day and it is unknown if the effects from SC-
Bmall ablation are different across various times of day. Therefore, the findings from this project
in chapter 8 are limited in their interpretations for time-of-day related contexts. Additionally, while
experimental mice were limited, a higher sample size for experiments would have been desired to

add more validation to the findings throughout this thesis.

9.3 Future directions

A major finding from the experimental studies undertaken for this thesis is that the SC-
molecular clock harbors regulations on force-production. Throughout the thesis, such regulations
on force-production have shown to impact muscle fatigue (chapter 3), extents of contractile-injury
(chapter 5), and the magnitudes of muscle repair (chapter 8). The consistency of the SC-molecular
clock regulation on contractility was unexpected and although the experimental studies from this
thesis were able to show the physiological consequences of such regulations (fatigue, damage,
repair), a basic question remains: sow do SC-molecular clocks exert a regulatory role on force-

production.
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Although little evidence exists showing the relationship between SC-molecular clocks and
contractility, a few studies have highlighted the connection between SCs and contractile
mechanics. A recent report demonstrated that SCs of fiber bundles subject to passive mechanical
strain (60% fiber strain) deform to the same extent as the bundles they reside on (60% strain of SC
cell length) (221). This work highlighted that SCs are mechanically in-tuned with the
forces/stresses their host myofibers experience and similar work has since reported this
phenomenon exists in human muscle fiber bundles as well (222). While such evidence shows SCs
may experience the same stresses/forces as their host myofibers, it remains unknown if and how
SCs actively regulate forces produced by muscle. In this regard, the evidence from this thesis
demonstrates that SCs actively reduce force in the morning and potentially do so via lowering the
volume of Ca*" available to contractile units (chapter 5). Evidence from two reports using the same
mouse model (Pax7DTA) have shown that animals having undergone SC ablation also display
altered force-production (63, 64). However, differences in these reports appear due to blunted
growth in post-natal development and excess ECM accumulation following long-term SC ablation
(63, 64). Chapter 5 of this thesis is perhaps the first experiment to report that SCs have an active
role in regulating force-production via modulation of Ca** and that this phenomenon is time-of-
day dependent. Additionally, work from chapter 8 provided confirmation that SC-molecular clocks
alter force-production, although it was not possible to determine whether alterations stemmed from
Ca"™ kinetics were responsible for this observation. However, it was recently reported that SCs
express E-C coupling and Ca*" related genes on a circadian basis and are likely regulated by SC
molecular clocks (17).

Future work can help build on the lines of evidence reported in this thesis. One of the first

experiments that could help shed light on if Ca*™ is the mechanistic “culprit” would be to assess
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Ca™ volume in myofiber bundles (223) at times of day aligned to peak/trough SC-specific
molecular clock gene expression. This first set of experiments could help identify if Ca™ volume
within the SR changes throughout the day and if such rhythmicity is a function of the SC-molecular
clock. An additional set of experiments should assess Ca™" transients during ex vivo twitch
contractions (rate of releases, rate of sequestering) (224, 225) to assess if Ca™ handling is the
mechanistic culprit versus Ca*" volume. Such experiments might elucidate if SC-molecular clocks
truly modulate force-production via Ca™" related mechanisms. Moving forward, the evidence and
insights provided in this thesis will hopefully guide future works into unraveling the complicated,

but most intriguing mechanisms behind SC-molecular clock regulation of force-production.

9.4 Concluding Remarks

In this thesis, the effects of the SC-molecular clock on muscle mitochondria, contractile
function, and muscle repair were evaluated across three related, but independent experimental
studies. Three major novel findings are reported: 1) Mitochondrial function is not dependent on
time-of-day influence by SCs however, submaximal mitochondrial-dependent fatigue does differ
by time-of-day; 2) SCs differentially regulate maximal force-production according to time-of-day
and such alterations in force lead to diverging magnitudes of contractile-injury, and 3) SC-
molecular clocks alter force-production with such alterations underpinning the subsequent
magnitudes of muscle damage and repair.

Prior to the work presented in this thesis, there had been little investigation into how SC-
molecular clocks regulate critical processes in muscle physiology including metabolism,
contractility, and repair. In this regard, the findings from this thesis have provided preliminary

evidence that SC-molecular clocks harbor regulations over such key processes in muscle. Although

156



speculative, the combined evidence from the work presented in this thesis suggests SC-molecular
clock regulation of force-production may protect muscle from injury at times of day muscle may
be more vulnerable to high-eccentric forces that can lead to injury. The results described in Chapter
3 demonstrate that muscle was more fatigue-resistant in the morning and the findings described in
chapter 5 revealed that muscle was also more vulnerable to injury in the morning, with the presence
of SCs at this time lowering force-production and thus the severity of injury. In this regard, prior
work has shown that fatigue “protects” muscle from high-eccentric forces resultant in injury (226)
and thus, enhanced fatigue resistance (chapter 3) and lowered maximum forces in the morning
(chapter 5) may be a dual protective mechanism SC-molecular clocks enact to protect against
injury early in the day. Additionally, this protective effect may hinge on molecular clock gene,
Bmall, as the absence of SC-specific Bmall led to lower maximal forces and thus lesser extents
of contractile induced damages and repair (chapter 8).

In broader contexts, the “take-home” message from the results of this thesis is that SC-
molecular clocks play a previously underappreciated role in muscle contractile function. The
physiological consequences of these regulations on contractility are demonstrated herein to be
time-dependent rates of fatigue (chapter 3), altered maximal force-production (chapter 5), and
altered magnitudes of muscle damage and repair (chapter 8). The precise mechanisms underlying
SC-molecular clock regulation of contractility remains unknown but, is an exciting untapped area
of research worthy of further investigation. Collectively, the work from this thesis has provided
novel initial insights into the roles SC-molecular clocks play in muscle physiology which will

hopefully serve as useful tools in guiding future works to come.
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