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Dissertation Abstract 

Austin Willard Ricci 

Doctor of Philosophy in Human Physiology 

Title: Regulation of Skeletal Muscle Mechanics: Chronic Influences on Acute Control 

 Skeletal muscle mechanics are dynamically regulated by chronic stressors such as 

resistance training (RT), age, and circulating sex hormones as well as acute stressors such as 

muscle activation and fatigue. Regulatory proteins within the sarcomere influence the 

interactions between myosin and actin and therefore alter muscle function at the most basic level. 

How these proteins are modified by the interplay between chronic and acute stressors may help 

explain why certain at-risk populations are unable to maintain muscle function during repeated 

muscle contractions or exercise. We hypothesized that fatiguing exercise to task failure induces 

post-translational modifications to key regulatory proteins, MyBP-C and RLC, that are 

associated with altered contractile function of individual muscle fibers in young recreationally 

active, young RT, and older adults. It has also been shown that estrogen deficiency leads to 

reduced RLC phosphorylation and the ability to potentiate force following brief muscle 

activation, but this has not been studied in humans. A separate study utilized a novel model of 

estrogen suppression in young females to study the effects of estrogen deficiency independent of 

age on RLC phosphorylation and whole muscle twitch potentiation in humans. Overall, we found 

that fatigue paradoxically improved contractile velocity and power in single muscle fibers of 

young adults, more prominently in RT young adults, but not in older adults. We also found that 

estrogen suppression in young females may lead to reduced twitch potentiation in vivo. These set 

of studies shed light on how chronic effectors influence acute control of muscle contractile 

function at the cellular and whole tissue level. 
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1. Introduction and Statement of the Problem 

Skeletal muscle is a highly complex and dynamic tissue whose core function is to 

generate force and shorten, providing locomotion. Underlying its function is the sarcomere, a 

highly ordered hexagonal lattice of overlapping thick and thin filaments comprised of numerous 

proteins, most notably actin and myosin, that interact to generate force and shorten. A key 

function of skeletal muscle is its regulation, driven in part by regulatory proteins that directly or 

indirectly alter the motor function of myosin, playing an important role in maintaining physical 

function under myriad conditions. The most notable acute influence on skeletal muscle function 

is fatigue, the reversible reduction in force and power generating capacity following repeated or 

prolonged activation (Callahan et al., 2009). Acute fatigue is primarily attributed to the 

accumulation of intracellular metabolites, proton (H+) and inorganic phosphate (Pi), brought 

about by elevated and prolonged ATP hydrolysis during cross-bridge cycling (Debold, 2012). It 

is these metabolites that synergistically act to depress force and shortening velocity, despite 

saturating calcium (Ca2+) (Nelson et al., 2014). During muscle activation, and especially during 

repeated activation such as fatiguing exercise, intracellular and extracellular signaling via Ca2+ 

and β-adrenergic stress may lead to post-translational modifications to sarcomeric regulatory 

proteins, further complicating skeletal muscle regulation. Skeletal muscles complex nature arises 

in part by its dependence and influence on other organ systems such as nervous and endocrine, 

therefore teasing out the contributions of these systems independent of muscle-specific responses 

and adaptations, perhaps even levels of muscle organizational structure, remains an important 

strategy to uncover the mechanisms responsible for altered contractile function. Single muscle 

fiber assays provide a unique approach to this problem, allowing insight into the inherent 

function of the muscle outside of external influences such as neuromuscular excitation 
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contraction coupling or endocrine/metabolic factors. These preparations allow for control of the 

intracellular environment, attributing differences in fiber function across groups to the properties 

of the cells themselves and the intracellular proteins that govern muscle contraction. Elucidating 

the intracellular mechanisms that describe altered contractile function remains a critical frontier 

of skeletal muscle physiology, as these mechanisms may serve as targets for therapeutic or 

rehabilitative interventions across multiple populations, especially in groups that are at increased 

risk for mobility impairments and injury such as older adults (Enns & Tiidus, 2010; Janssen et 

al., 2002) and female athletes (Anderson et al., 2019; Deitch et al., 2006), respectively. 

 In addition to responding to acute stimuli, skeletal muscle also adapts to chronic 

influencers such as repeated exercise training, chronological aging, and exposure to sex 

hormones. Exercise training, specifically resistance training, is a beneficial tool to improve 

and/or maintain muscle mass and function. It is well established that resistance training is the 

primary driver of hypertrophy, an increase in muscle size via increased cellular cross-sectional 

area (Schoenfeld, 2010). Overall, resistance trained individuals generate more absolute strength 

and power than non-trained individuals over a range of muscle groups, yet hypertrophy alone is 

not sufficient to explain the inter-individual variability in strength adaptations (Erskine et al., 

2014). Relative strength and power are also generally increased following resistance training 

(Privett, Ricci, Needham, et al., 2024; Widrick et al., 2002), supporting the notion that increased 

muscle size is not the only determinant of skeletal muscle performance adaptations. In the 

context of aging, muscle size does not fully explain the reduction in muscle strength and power 

either. Motor neuron loss (Power et al., 2014), intramuscular adipose content (Akazawa et al., 

2022), and preferential atrophy of fast twitch MHC II fibers and the shift in fiber type 

distribution towards MHC I (Lexell et al., 1983) all play a critical role in the reduction in muscle 
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function, specifically muscle power. In fact, the loss in strength is velocity dependent in that 

older adults maintain isometric strength when normalized for muscle size (Callahan & Kent-

Braun, 2011). However, strength during dynamic contractions, especially at higher velocities, is 

greatly reduced compared to younger adults (Callahan & Kent-Braun, 2011). Dynamic 

contractions are critical for tasks of daily living as they are what allow for ambulation, sit-to-

stands, and climbing stairs. Furthermore, repeating these dynamic contractions, i.e. fatiguing 

exercise, results in more power loss for older compared with younger adults, despite having 

greater fatigue resistance during prolonged or intermittent isometric contractions (Callahan & 

Kent-Braun, 2011). The decline in power during fatiguing exercise is arguably more important 

than baseline level reductions. Fatigability in older adults does not simply occur during intense 

exercise as can be argued for younger adults or athletes, instead tasks of daily living and routine 

physical activity may become fatiguing, not only reducing independence but increasing risks for 

falls and injury (Mueller-Schotte et al., 2016). 

 A common theme amongst aging musculoskeletal research is that females experience 

greater deficits in muscle mass and function across the lifespan. These disparities by sex have 

often been attributed to the loss of estrogen following menopause. 17β-Estradiol (E2) is the main 

circulating estrogen during the female menstrual cycle and is known to regulate muscle mass and 

function. As a steroid hormone, estradiol can pass through the phospholipid bilayer of skeletal 

muscle membranes and bind to nuclear estrogen receptors, ERα and ERβ, and G-protein coupled 

estrogen receptors (GPER’s), (Heldring, 2007) altering protein expression and intracellular 

signaling cascades. Circulating E2 can fluctuate up to 5-fold during each menstrual cycle, 

reaching values >500 pg/mL (Elliott-Sale et al., 2021), however it is unknown if muscle structure 

and function varies significantly within a menstrual cycle as E2 peaks and valleys or if chronic 
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exposure to these peaks is sufficient for maintaining a certain muscle phenotype. Following 

menopause, E2 levels drop significantly to <10pg/mL while estrone (E1), produced by 

adipocytes rather than the ovaries, becomes dominant (Coelingh Bennink, 2004). 

Postmenopausal females exhibit lower muscle size, strength and power than younger females 

(Callahan & Kent-Braun, 2011), and reduced cellular hypertrophy following resistance training 

(Bamman et al., 2003a). In females aged 50-57 years, those that undergo estrogen replacement 

therapy have greater muscle cross-sectional area (CSA) and strength (Taaffe et al., 2005). It is 

possible the regulation of muscle mass may be attributed to differences in protein synthesis as 

postmenopausal females on year-long estrogen replacement therapy exhibited increased 

expression of proteins along the IGF-1 signaling cascade (Pöllänen et al., 2010), a critical 

pathway for muscle mass regulation. For premenopausal females, the use of hormonal 

contraceptives (HC) is common and provide an added layer of complexity regarding the effects 

of circulating estrogen on muscle-specific outcomes. HC’s contain synthetic variations of 

estrogen (ethinyl estradiol, EE) and/or progesterone (progestin) to suppress ovulation and 

prevent pregnancy. Combination pills taken orally often contain both EE and progestin, however 

other options, often termed “mini pills”, contain only progestin. Another class of HC’s include 

subdermal implants, Implanon™ and Nexplanon®, that contain only progestin and release this 

hormone for an extended period, usually 3-5 years. Hormonal intrauterine devices (IUD) are 

inserted into the uterus and release progestins as well, however these progestins act directly on 

the uterus and do not have a notable effect on circulating estrogen (Jin et al., 2022). Combined 

oral contraceptives that contain both EE and progestin act to suppress endogenous E2 and 

progesterone production while providing a supplement of both synthetic estrogen and 

progesterone. Two independent systematic reviews of the current literature suggest that exercise 
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performance may be trivially reduced during early follicular phase, when E2 is relatively low, 

(McNulty et al., 2020), or when taking oral combined EE and progestin contraceptive (Elliott-

Sale et al., 2020). However, much of the literature has highlighted oral contraceptive use, 

whereas progestin only contraceptives such as subdermal implants may provide a unique insight 

into estrogen suppression in young females. 

 Chronic adaptations to muscle structure and function may impact acute responses to 

muscle activity. This dissertation aims to assess 3 chronic effectors (resistance training, age, and 

estrogen) on the acute control of muscle function (fatiguing exercise and 10-second MVIC) and 

how this may vary by biological sex. Females have shown to exhibit greater fatigue resistance 

than males during isometric contractions, however female athletes sustain soft tissue injuries 

such as anterior cruciate ligament (ACL) tears at significantly higher rates than male athletes 

(Anderson et al., 2019). Older adults also exhibit greater isometric fatigue resistance than 

younger adults, yet fatigue dramatically more during dynamic contractions (Callahan & Kent-

Braun, 2011). Taken together, there exists a possibility that acute fatigue-induced changes to 

inherent muscle function may explain differences in fatigability between younger and older 

males and females. We propose that modifications to sarcomeric regulatory proteins during 

fatiguing exercise impact the force and power generating capacity of single muscle fibers that 

allow younger adults to better maintain muscle power compared to older adults during exercise. 

In this set of studies, we assessed the force, velocity, and power of single muscle fibers and 

phosphorylation of key regulatory proteins from the non-fatigued and fatigued vastus lateralis in 

resistance trained (RT) and non-trained (NT) males and females. We also repeated this study in 

healthy older males and females for comparison to our NT younger adults. Further, loss of 

estrogen has been associated with a reduction in the baseline phosphorylation of myosin 
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regulatory light chain (RLC) and it’s ability to potentiate force following muscle activation in a 

phenomenon termed post-activation potentiation (PAP). This unique phenomenon allows for 

increased performance at the whole muscle and joint level, which may act to limit fatigue and by 

extension falls and injury risk. While much of the literature provides a clear mechanistic link 

between estrogen deficiency and RLC phosphorylation in rodent ovariectomy models, whether 

this extends to humans is largely unknown. In this final study, we utilized a novel study design of 

estrogen suppression in humans by comparing eumenorrheic young females during the mid-

luteal phase of the menstrual cycle (high E2), younger females taking progestin only HC (low 

E2), and postmenopausal females (low E2) to identify the role of reduced circulating E2 

independent of age on RLC phosphorylation and PAP. 
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2. Literature Review 

2A. The Role of Regulatory Proteins MyBP-C and RLC in Skeletal Muscle Contraction 

 Regulatory proteins decorate the thin and thick filaments and allow for acute control of 

force and kinetics at the level of the cross-bridge. Two such proteins that have been widely 

studied in both cardiac and skeletal muscle are regulatory light chain (RLC) and myosin binding 

protein C (MyBP-C). These proteins are of interest as they are downstream targets of 

intracellular signaling, Ca2+ and PKA, that are upregulated during exercise. 

MyBP-C is a ~125-140kDa thick filament associated protein that exists within the inner 

two thirds of each half sarcomere, “c-zone”, each spaced approximately 40nm apart along the 

axis of the thick filament in a ratio of 1 MyBP-C : 3 myosin (Heling et al., 2020a; Robinett et al., 

2019). Three isoforms of MyBP-C exist: cardiac (cMyBP-C; MYBPC3), slow skeletal (ssMyBP-

C; MYBPC1), and fast skeletal (fsMyBP-C; MYBPC2). These isoforms are similar in that they 

contain a series of 7 immunoglobulin (Ig) and 3 fibronectin (Fn) domains, termed C1-C10, 

however cMyBP-C contains an additional N-terminal Ig domain, C0 (Barefield & Sadayappan, 

2010). For all isoforms, a linker region, M-motif, exists between C1-C2. MyBP-C can bind both 

actin and myosin, regulating thin filament sensitivity as well as myosin’s motor function in a 

phosphorylation dependent manner (Colson, 2019; Heling et al., 2020a). MyBP-C is 

phosphorylated mainly by cyclic AMP dependent protein kinase (protein kinase A, PKA) and 

additionally by protein kinase C (PKC) (Ackermann & Kontrogianni-Konstantopoulos, 2011). 

While fsMyBP-C has no known phosphorylation sites, ssMyBP-C has 3 phosphorylatable 

residues in the proline-alanine rich region near the C1 domain and 1 in the M-motif, while 

cMyBP-C contains the opposite (Barefield & Sadayappan, 2010). Most studies investigating the 

structure and function of MyBP-C have been focused on the cardiac isoform, likely due to the 
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profound implications of MyBP-C mutations in hypertrophic cardiomyopathy (HCM). Of all the 

mutations associated with HCM, 40% reside within cMyBP-C (Carrier et al., 2015). Since the 

link has been made between MyBP-C and HCM, extensive work has been done in the role of 

post-translational modification to cMyBP-C with respect to sarcomeric function in cardiac 

muscle, yet only more recently has interest been gained in the skeletal isoforms. PKA-mediated 

phosphorylation has been shown to modulate the structure and function of both cardiac and 

skeletal MyBP-C (Bunch et al., 2019; Robinett et al., 2019). In vitro preparations of cardiac 

native thick and thin filaments have shown that actin sliding velocity is reduced in the c-zone, 

but phosphorylation of cMyBP-C allowed for an attenuation of this reduced velocity (Previs et 

al., 2016). This suggests that cMyBP-C provides a drag effect on thin filament shortening that is 

attenuated by phosphorylation (Previs et al., 2016). The suspected structural change during 

phosphorylation is a reduced extensibility of cMyBP-C towards the thin filament, relieving the 

drag effect and increasing filament shortening velocity (Previs et al., 2016). Ca2+, however, may 

antagonistically tune contractility as cMyBP-C phosphorylation exhibited its greatest effects at 

low Ca2+ (Previs et al., 2016). Similar findings have been shown in permeabilized skeletal 

muscle fibers where Robinett et al. 2019 demonstrated that slow fibers experience a greater 

transient force overshoot than fast fibers assessed by slack-restretch protocol. Transient force 

overshoot is a phenomenon that occurs in permeabilized muscle fibers following a protocol by 

which the fiber is rapidly slacked after achieving peak isometric force to remove all existing 

cross bridges, then restretched to original length to assess the rate of cross bridge attachment. 

The finding that slow fibers had a larger transient force overshoot suggests that they can form 

new cross bridges in response to this mechanical perturbation (Robinett et al., 2019), but is 

opposite hypotheses based on previous work that this overshoot is due to an increase in the 
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cooperativity of activation and that fast fibers are more cooperative than slow fibers (Campbell, 

2006; McDonald, 2000). MyBP-C, as evidenced in cardiac muscle, can sequester myosin heads 

in a way that reduces the binding affinity of myosin to actin (Previs et al., 2016). Therefore, 

incubation of permeabilized fibers with PKA allows for the ability to test fiber-type specific 

responses in cross-bridge kinetics to ssMyBP-C phosphorylation. When subjected to a slack-

restretch protocol, slow fibers doubled their force overshoot in response to PKA at low Ca2+ 

(Robinett et al., 2019). Fast and slow fibers exhibited the same response at saturating Ca2+, 

presumably due to the notion that no additional cross-bridges would be available. Similar to 

cardiac, skeletal fibers increased loaded shortening velocity in the c-zone when incubated with 

PKA compared with native state in the presence of low but not high Ca2+ (Robinett et al., 2019). 

Lambda phosphatase (LP) treatment was shown to do the opposite and inhibit loaded shortening 

velocity within the c-zone, again at low Ca2+ (Robinett et al., 2019). Overall, in human skeletal 

muscle, ssMyBP-C is a tunable protein that regulates cross-bridge kinetics in a phosphorylation-

dependent manner. 

Myosin regulatory light chain (RLC) is a thick filament associated protein that modulates 

skeletal muscle contractility. This dumbbell shaped regulatory protein lies in the lever arm region 

of the myosin S1 fragment and modulates the extensibility of the myosin head towards or away 

from the thin filament (Rayment et al., 1993). Unlike smooth muscle, striated muscle (cardiac 

and skeletal) does not largely depend on RLC for muscle activation. Instead, RLC tunes 

contractility in a phosphorylation-dependent manner. During skeletal muscle contraction, large 

Ca2+ transients increase the sarcoplasmic Ca2+ concentrations, thereby activating calmodulin. The 

Ca2+/calmodulin complex activates the skeletal specific Ca2+/calmodulin dependent kinase, 

myosin light chain kinase (skMLCK), which phosphorylates serine residues 14 and 15 on RLC 
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(Blumenthal & Stull, 1980). In general, RLC phosphorylation increases the extensibility of 

myosin towards the thin filament thus increasing Ca2+ sensitivity and submaximal force 

(Sweeney & Stull, 1990). 

skMLCK activation occurs rapidly upon muscle activation, however dissociation kinetics 

of Ca2+ from calmodulin are nearly 4 times slower than that of binding (Bowman et al., 1992). 

This allows for prolonged skMLCK activity after relaxation of skeletal muscle and provides a 

“memory effect” of sustained RLC phosphorylation within the muscle that increases contractility 

upon subsequent activations. Additionally, the maximal rates of RLC dephosphorylation by 

myosin light chain phosphatase (MLCP) are up to 50 times slower than that of phosphorylation, 

and there appears to be more MLCK than MLCP in skeletal muscle which further contributes to 

sustained RLC phosphorylation (Manning & Stull, 1982; Moore & Stull, 1984). Contractions to 

induce RLC phosphorylation, commonly referred to as conditioning contractions, are not 

required to involve fused tetany evidenced by studies showing a single twitch is a sufficient 

amount of Ca2+ to activate skMLCK and resultant sustained RLC phosphorylation (Klug et al., 

1986; Moore & Stull, 1984). However, single twitches do not maximally activate skMLCK and 

therefore a lower fraction of RLC will be phosphorylated. As a result, RLC phosphorylation is 

both time and frequency dependent. Lastly, there are larger concentrations of MLCK in fast 

skeletal muscle than slow, and slow muscle requires a higher frequency and duration of 

stimulation to achieve the same RLC phosphorylation as fast muscle (Klug et al., 1986; Moore & 

Stull, 1984; Westwood et al., 1984). 

The mechanistic link between skMLCK and RLC phosphorylation is evidenced in pre-

clinical models of skMLCK knockout mice. When compared to wild type (WT) mice, skMLCK-

KO extensor digitorum longus (EDL) stimulation in either short (1min) or long term (5min) does 
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not result in RLC phosphorylation (Gittings et al., 2011). Additionally, twitch force is minimally 

potentiated in the early phase of stimulations (<1min), whereas WT mice exhibit ~37% increase 

in twitch force (Gittings et al., 2011). 

In vitro assays of permeabilized single fibers show that addition of skMLCK increases 

RLC phosphorylation and causes a left-ward shift in the force-pCa curve, suggesting increases in 

force at submaximal, but not maximal Ca2+ concentrations (Persechini et al., 1985; Sweeney & 

Stull, 1986). Early evidence in rabbit psoas permeabilized fibers suggest that the increases in 

force following titrated RLC phosphorylation are directly proportional to ATPase activity, which 

implies that this response is due to an increase in the number of cycling cross-bridges and not an 

increase in the force per cross-bridge (Sweeney & Stull, 1986). At the cross-bridge level, RLC 

phosphorylation increases the kinetics of cross-bridge attachment, evidenced by increased fapp, 

however has little to no effect on gapp, suggesting no effect on detachment kinetics (Metzger et 

al., 1989; Sweeney & Stull, 1990). Furthermore, the rate of tension redevelopment following 

isotonic shortening and restretch, ktr, are higher in phosphorylated fibers across a range of pCa 

(Sweeney & Stull, 1990). Despite no effect of RLC phosphorylation on detachment kinetics, in 

vitro motility assays have shown reductions in actin sliding velocity under basal conditions 

(Greenberg et al., 2010). It is possible this may be explained simply by a larger number of 

strongly bound myosin heads to actin, reducing sliding velocity. It is important to note that the 

lack of effect of RLC phosphorylation on actin sliding velocity, single fiber shortening velocity 

(Persechini et al., 1985), or whole muscle contractile velocity (Butler et al., 1983; Palmer & 

Moore, 1989) are all under unloaded conditions. Less is known about the effects of RLC 

phosphorylation on loaded shortening velocity in single fibers and this would provide greater 

insight into muscle mechanics in vivo. 
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The cellular and molecular studies of RLC phosphorylation in pre-clinical models have 

provided substantial insight into the mechanisms of muscle contraction, however it is necessary 

to translate these findings to the whole tissue. Further, the application of this research to human 

locomotion requires an investigation beyond steady-state isometric contractions and into the 

dynamic nature of human muscle performance. Thus, studies of stretch-shortening cycles in 

rodent muscle have proved useful in uncovering the effects of RLC phosphorylation on loaded 

shortening in both concentric and eccentric work and power. In mouse EDL, work loops 

following conditioning contractions of increasing frequencies showed that dynamic work and 

power was increased along with isometric force in line with increasing RLC phosphorylation 

(Xeni et al., 2011).   

Nearly all the mechanistic work at the cellular level regarding RLC has been conducted 

in animals. Little to no studies of human single fibers have contributed, thus most of the research 

revolves around the practical applications of RLC phosphorylation at the whole muscle level. 

The majority is related to the phenomenon of post activation potentiation (PAP), which is an 

enhancement of force following voluntary or electrically stimulated contractions. M.E. Houston 

and colleagues were the first to relate RLC phosphorylation and PAP in humans (Grange & 

Houston, 1991; Houston et al., 1985, 1987; Houston & Grange, 1991; Stuart et al., 1988). 

Through these studies, it was found that isometric twitch force is potentiated following either 

electrically stimulated or maximum voluntary isometric contractions. Although similar findings 

are found in humans compared to animals, there is large variability in the magnitude of 

potentiation following a conditioning contraction. It seems likely that this is influenced by the 

heterogeneity of human skeletal muscle, and the fiber type dependence of RLC phosphorylation. 

However, in contrast to animals, the same conditioning stimulus has been shown to increase 
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RLC phosphate content of both slow and fast isoforms in humans (Houston et al., 1987). There 

does not exist enough data to definitively state that phosphorylation-mediated contractile 

improvements are or are not isoform specific in humans. 

 

2B. Skeletal Muscle Function is Modified by Fatigue 

Skeletal muscle fatigue, as defined by an acute reduction in the force and power generating 

capacity following repeated or prolonged activation (Callahan et al., 2009), is largely attributed 

to the accumulation of intracellular metabolites, proton (H+) and inorganic phosphate (Pi), 

brought about by elevated and prolonged ATP hydrolysis during cross-bridge cycling (Debold, 

2012).  Permeabilized muscle fibers activated in fatigued conditions (30mM Pi and 6.2 pH) 

exhibit reduced contractile function despite saturating Ca2+ concentrations [30,9,8]. Pi is thought 

to manifest its effects through inhibition of the power stroke and reduce the number of strongly 

bound cross bridges (Debold et al., 2013, 2016). Specifically, elevated Pi reduces force by way of 

rebinding myosin to a strong, yet weaker state when myosin is bound to actin but before ADP 

release from myosin (Cooke & Pate, 1985; Takagi et al., 2004). Motility assays have shown that 

the actin filament sliding velocity is reduced under fatiguing pH (Debold et al., 2008), 

confirming that low pH directly affects myosin’s interaction with actin. Laser trap assays have 

confirmed that the time myosin is bound to actin (ton) is prolonged under low pH conditions, 

specifically due to a slowed rate of ADP release from myosin (Debold et al., 2008). While 

prolonged ton would indicate greater duty ratio, producing greater isometric force which is 

contrast to single fiber studies (Cooke et al., 1988), Debold et al. 2008 argue that the slowed rate 

of ATPase activity (Cooke et al., 1988) could reduce the duty ratio that leads to an insignificant 

change to maximal force seen in single fibers. Data show that Pi and H+ act synergistically to 
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depress peak power by 63%, a near two-fold decrease compared to Pi (26%) or H+ (34%) alone 

[30,12,23](Debold et al., 2004; Knuth et al., 2006; Nelson et al., 2014). It is difficult to 

understand which mechanisms are predominating in vivo, however, some combination of the 

two, reflected by di-protonated phosphate (H2PO4
-), accurately predicts fatigue during repeated 

maximum voluntary contractions in humans (Lanza et al., 2007). 

 Fatigue may also interact with regulatory proteins to alter muscle mechanics. Single 

fibers in a fatigued environment experience a rightward shift in the force-pCa curve, (Nelson & 

Fitts, 2014), possibly through competition between H+ and Ca2+ for Troponin C (Parsons et al., 

1997). An in vitro fatigue protocol (100Hz stimulation for 100ms, every 2s for 5min) on whole 

mouse soleus muscle increased phosphorylation of sMyBP-C at Ser59 and Thr84, with no 

change at Ser62 or Ser204 compared to young wild type mice (Ackermann et al., 2015). Ser59 

and Thr84 are phosphorylated by PKA and PKC, respectively (Ackermann & Kontrogianni-

Konstantopoulos, 2011). During fatiguing exercise, large Ca2+ transients may lead to increased 

activity of PKC (Rose et al., 2004), and a rise in cyclic AMP (cAMP) downstream of β-

adrenergic signaling leads to increased PKA activity. It may be that fatiguing exercise leads to 

downstream phosphorylation of MyBP-C and RLC that aim to sustain dynamic muscle work 

power in vivo. It is also possible that chronic influencers such as resistance training, aging, or 

circulating estrogen may alter phosphorylation of these proteins at baseline and, importantly, the 

ability to phosphorylate during sustained muscle activation. 
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2C. Effects of Resistance Training on Skeletal Muscle Mechanics 

Resistance training is a form of exercise training that involves repetitive dynamic joint 

movements against predetermined loads. This form of training is utilized clinically to increase 

muscle mass and strength, although there is a myriad of other health benefits (Westcott, 2012). 

The increase in muscle mass associated with resistance training is termed hypertrophy, the 

growth of a muscle by an increase in fiber area rather than number of fibers (Schoenfeld, 2010). 

12 weeks of resistance training in young males increased fiber CSA, absolute force, and 

absolute power (Widrick et al., 2002). These enhancements seem to be due to increased muscle 

size as specific tension and normalized power show no increases following training (Widrick et 

al., 2002). The same outcomes were seen following a 14-week resistance training program, with 

similar relative increases in both young and old males and females (Claflin et al., 2011). 

Amongst older adults, 12 weeks of resistance training increases normalized power and unloaded 

shortening velocity in men (Trappe et al., 2000), but not women (Trappe et al., 2001). However, 

more long-term training of 12 months increased specific force and unloaded shortening velocity 

in elderly women (Parente et al., 2008). Cross-sectional studies of chronic resistance training 

history show that body builders and weightlifters have a larger fiber CSA with greater associated 

force and power, yet again when normalized for muscle size the fibers perform similarly to non-

trained adults (Shoepe et al., 2003), except in body builders where they also exhibited slight 

increases in specific tension (D’Antona et al., 2006). Interestingly, unloaded shortening velocity 

within a fiber type tends to be unchanged (D’Antona et al., 2006), which suggest that 

improvements to muscle power arise from increases in size and force generating capacity. 

Contrary to these findings, recent work has found that a group of body builders had lower single 

fiber specific tension and power than control fibers, despite increases in CSA, absolute force, and 
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absolute power (Meijer et al., 2015). In line with these findings, one study has suggested that 

when measuring contractile properties of large fibers, typically from populations such as body 

builders, the CSA may be overestimated (Monti et al., 2020). In permeabilized fibers, it is 

generally accepted that fibers swell around 20% of initial volume (Moss, 1979). However, Monti 

et al. suggest that larger fibers may swell disproportionately more than smaller fibers and thus 

normalized values of force, i.e. tension, may be artificially reduced. In their study of 6 male body 

builders and 6 controls, fibers from body builders had lower normalized force, however when 

correcting for fiber swelling normalizing to the average CSA from histological cross-sections, 

the differences were abolished. 

There does not appear to be data regarding RLC phosphorylation changes with chronic 

resistance training. However, PAP seems to benefit resistance trained athletes more than 

recreationally active or sedentary young individuals. For example, resistance trained athletes saw 

larger potentiation of lower body power during squat than recreationally active males and 

females following conditioning exercise (Chiu et al., 2003). In older adults, 12 weeks of 

resistance training increased PAP (Hicks et al., 1991). One potential explanation for an increase 

in PAP following training is the increased ability to resist fatigue during the conditioning 

contraction and/or exercise. Many studies utilize a sustained maximal voluntary isometric 

contraction (MVIC) followed immediately by single twitches (twitch potentiation) or dynamic 

power movement (performance enhancement). Albeit short term, an MVIC or other conditioning 

activity may be enough of a stimulus to induce some amount of fatigue in non-trained 

individuals that mask the effects of RLC phosphorylation-induced force or power potentiation. 

Of course, increased MHC II area following resistance training may provide a larger relative 
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abundance of RLC-2f compared RLC-2s, which could allow for increased phosphorylation of 

RLC from baseline thus enhancing performance.  

It has been shown that maximal chronic stimulation of skeletal muscle and treadmill 

running in rats elicited rises in β-adrenergic receptor density (Farrar et al., 1997). While it is 

unknown how chronic training regimens may affect regulatory protein modification, it is logical 

that repeated exposure to adrenergic signaling may cause adaptation in receptor density or 

sensitivity. This would have large implications in that rehabilitative regimens may be able to 

target specific training modalities that modulate adrenergic signaling not only in muscle but 

balance the cardiovascular responses to exercise. 

 

2D. The Effects of Human Aging on Skeletal Muscle Structure and Function 

 Aging is associated with a reduction in muscle mass and strength, commonly referred to 

as sarcopenia. Although older adults retain relative isometric torque, power during dynamic 

contractions are reduced compared to younger adults when normalized for muscle size (Callahan 

et al., 2009; Callahan & Kent-Braun, 2011; M. S. Miller et al., 2013a). However, this reduced 

contractile performance cannot be solely explained by reductions in muscle size. Although whole 

muscle CSA is reduced in older adults (Lexell et al., 1995), fiber CSA is generally unchanged 

(Frontera et al., 2000, 2008; Hvid et al., 2010), despite a few studies suggesting the potential for 

reductions (D’Antona et al., 2003; Korhonen et al., 2006; Larsson et al., 1997). However, some 

studies have indicated that CSA of MHC I fibers are larger in older adults compared with young 

(M. S. Miller et al., 2013a). Furthermore, aging is associated with the preferential atrophy of 

MHC II fibers (Lexell et al., 1995), whereas acute disuse in older adults is associated with a shift 

in fiber type distribution towards MHC II (D’Antona et al., 2003). Taken with the notion that 
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inactivity reduces single fiber CSA (D’Antona et al., 2003), it is possible that the age-related 

decline in activity level contributes to altered fiber area in some studies and thus physical activity 

needs to be a large consideration when drawing conclusions. 

Single fiber studies provide valuable insight into the inherent contractile properties of the 

muscle outside of the influence of muscle architecture, neural recruitment patterns, and 

metabolic activity. Specific tension and unloaded shortening velocity (Vo) have been shown to 

decrease with age in both MHC I and IIA fibers from males and females (D’Antona et al., 2003; 

Frontera et al., 2000; Larsson et al., 1997; Ochala et al., 2007; Yu et al., 2007). Interestingly, 

some studies show no change in tension or Vo (Frontera et al., 2008; Korhonen et al., 2006; 

Trappe et al., 2003). Cross bridge kinetics seem to be slowed with age as evidenced by prolonged 

ton in MHC IIA fibers (M. S. Miller et al., 2013a). There also exists evidence for reduced actin 

sliding velocity using isolated myosin from older adults (D’Antona et al., 2003; Höök et al., 

2001), however this seems to be isoform dependent as MHC IIA actin sliding velocity was 

unchanged. The variation in responses to aging between studies may be reflected in the 

commonly overlooked influence of activity level. Acute disuse is associated with an increased 

shortening velocity (D’Antona et al., 2003), whereas resistance training is associated with 

increases in force and power in older adults (Trappe et al., 2000, 2001). Therefore, it is critical to 

control for activity type, intensity, and duration when comparing single muscle fibers from older 

and younger individuals. 

Regulatory proteins within the sarcomere may influence the response of single fiber 

performance to aging. Specifically, aging has been associated with a reduction in RLC 

phosphorylation in rats (Gregorich et al., 2016) and humans (Gelfi et al., 2006), despite increased 

activity level compared to younger adults. Older females have shown reduced RLC-2f 
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phosphorylation compared to younger adults and older males (M. S. Miller et al., 2013a). 

Although animal models suggest RLC phosphorylation is generally unique to the fast isoform, it 

is not clear if that is the case in humans and some evidence would suggest that it is not (Houston 

et al., 1987). Therefore, reductions in cross bridge kinetics and shortening velocity in both MHC 

I and IIA with age track with proposed reductions in RLC phosphorylation, regardless of RLC 

isoform. Older adults exhibit a reduced force potentiation following a conditioning stimulus 

(Hicks et al., 1991; Petrella et al., 1989), indicating a reduced ability to phosphorylate RLC. It is 

possible that reduced RLC-2f abundance due to reduced MHC II area plays a role in reduced 

twitch potentiation. Moreover, when expressed as a relative increase from baseline twitch, it is 

possible that if less knee extensor muscle mass is comprised of MHC II (and thus RLC-2f) 

containing fibers that relative increase in RLC-2f phosphorylation and resultant twitch 

potentiation will be reduced. Consistent with this, resistance training in older adults increased 

twitch potentiation (Hicks et al., 1991) and may be due to increased MHC II area, however it is 

also possible this is simply a better ability to resist fatigue during the conditioning stimulus. As 

mentioned previously, MyBP-C is phosphorylated by both PKA and PKC. It is unclear whether 

age impacts β-adrenergic signaling in skeletal muscle. In rats, it does not appear that β-receptor 

density changes with age, however when exposed to the same treadmill running exercise for 6 

months, young but not old rats increased skeletal muscle β-receptor density (Farrar et al., 1997). 

Therefore, it is possible that chronic effectors of contraction-induced adaptations may be blunted 

in older individuals. Aging has also been associated with reduced cytosolic PKC in rat soleus 

muscle (Ishizuka et al., 1993). Therefore, it is possible that aging may result in a blunted ability 

to phosphorylate proteins downstream of PKA and PKC such as MyBP-C in comparison to 

younger adults. 
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2E. Female Sex Hormones Influence Skeletal Muscle Responses and Adaptations 

 In menstruating females, the aromatase enzyme converts testosterone to estradiol, most 

notably 17β-estradiol (Chidi-Ogbolu & Baar, 2019). As a steroid hormone, estradiol can pass 

through the phospholipid bilayer of skeletal muscle membranes and bind to nuclear estrogen 

receptors (Heldring et al., 2007). Circulating estradiol can fluctuate up to 5-fold during each 

menstrual cycle (Elliott-Sale et al., 2021). Thus, if any effects of estradiol exist on skeletal 

muscle structure and function, then timing of training regimens, clinical treatments, and research 

studies need to address the variation within an individual in order to better serve and understand 

female health. Furthermore, cycle length between individuals considered to be eumenorrheic can 

vary from 21-35 days and estradiol peaks can be up to 3 times higher or lower between these 

individuals (D’Souza et al., 2023). Although this complicates the study of females, it serves as a 

stark reminder of the complexity of human biology and should be viewed as evidence to better 

design research studies to accurately investigate female health. 

Skeletal muscle is sensitive to estradiol and has been widely studied in animal models. 

Estrogen deficiency via ovariectomy (OVX) in mice has resulted in a reduction in both whole 

muscle and single fiber CSA (Kitajima & Ono, 2016). Administration of exogenous estrogen 

following OVX resulted in a recovery of fiber and muscle CSA, drawing the mechanistic link 

between estrogen and muscle size (Kitajima & Ono, 2016). Interestingly, these OVX mice had 

lower MHC IIA fibers and more MHC IIB which suggests similar response as in disuse atrophy. 

In regards to muscle contractility, OVX has been associated with reduced single fiber specific 

tension (Moran et al., 2007) and actin-myosin kinetics (Colson et al., 2015), that are recovered 

with estradiol administration. At the whole muscle level, isometric and dynamic torque is 
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reduced in ERα-knockout (Cabelka et al., 2019) and associated with increased fatigability during 

isometric and dynamic contractions (Cabelka et al., 2019; Collins et al., 2018) and poor recovery 

of force (Collins et al., 2018). Interestingly, these have been seen in predominantly slow-twitch 

soleus muscle, whereas fast-twitch extensor digitorum longus (EDL) exhibit no change (Collins 

et al., 2018). Thus, evidence supports that estrogen signaling is an important regulator of skeletal 

muscle contractility, not just by amount of estradiol available but also in its capacity to signal 

downstream within the muscle. 

In humans, much of the work in sex hormones has been performed in the context of aging. 

Strength training studies have suggested that postmenopausal females have reduced response to 

anabolic stimuli (Bamman et al., 2003b), however in older females on hormone replacement 

therapy (HRT), specifically estrogen, anabolic responses are similar to premenopausal females 

(Hansen & Kjaer, 2014). Much of these differences can be attributed to the decline in muscle 

protein synthesis (Pöllänen et al., 2010). Muscle atrophy, especially with age, is dependent on the 

balance of protein synthesis and degradation, therefore declines in estrogen with age may affect 

muscle protein synthesis and subsequently lead to disproportionate muscle atrophy compared to 

females on HRT or males. A large cross-sectional study of 840 postmenopausal females found 

that those on HRT had larger muscle CSA and isometric grip strength (Taaffe et al., 2005). The 

relationship between whole muscle performance and menstrual cycle in females comes with 

inconclusive results. Aerobic exercise performance does not seem to be altered by circulating 

hormones (Taylor et al., 2024), and high intensity hamstring and quadriceps isometric and 

isokinetic torque across the menstrual cycle is similar (Janse de Jonge et al., 2001). While one 

study has shown that vastus lateralis motor unit firing rates were different (Piasecki et al., 2023), 

these were not related to muscle performance. Lastly, in highly trained female athletes, neither 
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oral contraceptive or eumenorrheic menstrual cycle phase altered grip strength, counter 

movement jump performance, or 20m sprint (Dasa et al., 2021). Despite these inconclusive 

findings, it may be that chronic estrogen suppression or deficiency such as oral contraceptive use 

or menopause, respectively, serve as more important in regulating muscle mechanics than acute 

fluctuations in the menstrual cycle. 

Estrogen has been shown to play a significant role in RLC phosphorylation and subsequent 

force potentiation in pre-clinical models. OVX mice exhibited reduced RLC phosphorylation that 

was recovered with addition of exogenous estradiol (Lai et al., 2016). In C2C12 cells, increasing 

exogenous estradiol concentrations linearly increases RLC phosphorylation (Lai et al., 2016). 

Furthermore, post tetanic potentiation is reduced with OVX and again restored with estradiol 

administration, but interestingly not different between sham control administered with vehicle vs 

estrogen (Lai et al., 2016). However, the increase in maximal rate of force development during 

twitch potentiation is lower in OVX than OVX + estrogen, but sham animals with exogenous 

estrogen also exhibited increased maximal rate of force development compared to vehicle 

administration (Lai et al., 2016). ERα-knockout mice have also exhibited reduced post tetanic 

potentiation and significant reductions in RLC phosphorylation (Collins et al., 2018). Older adult 

postmenopausal females have shown reduced RLC phosphorylation compared to older adults but 

importantly to young females (M. S. Miller et al., 2013a), which may be related to loss of 

estrogen however data is limited in humans. 
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3. Aim 1: To assess how fatiguing exercise impacts single muscle fiber contractile function 

and regulatory protein modification and if this varies by resistance training history or 

biological sex. 

 

3A. Introduction 

Chronic resistance training increases muscle mass along with force and power generating 

capacity (Schoenfeld et al., 2017) yet despite similar training history, relative strength and power 

remains lower in females (Bartolomei et al., 2021; Perez-Gomez et al., 2008). It is possible that 

disparities in cellular level adaptations to resistance training may explain these outcomes, 

although the literature is mixed. 12 weeks of resistance training in young males increased fiber 

CSA, absolute force, and absolute power (Widrick et al., 2002). These enhancements seem to be 

due to increased muscle size as specific tension and normalized power show no increases 

following training (Widrick et al., 2002). The same outcomes were seen following a 14-week 

resistance training program, with similar relative increases in both young and old males and 

females (Claflin et al., 2011). Amongst older adults, 12 weeks of resistance training increases 

normalized power and unloaded shortening velocity in men (Trappe et al., 2000), but not women 

(Trappe et al., 2001). However, more long-term training of 12 months increased specific force 

and unloaded shortening velocity in elderly women (Parente et al., 2008). Reduced strength and 

power have been shown to increase risk for soft tissue injury (de la Motte et al., 2019) and 

female athletes have a significantly greater incidence of soft tissue injury, such as anterior 

cruciate ligament (ACL) rupture, than their male counterparts (Anderson et al., 2019; Deitch et 

al., 2006). The acute reduction in force and power generating capacity following repeated or 

prolonged muscle activation, i.e. muscle fatigue, may contribute to lower-limb injury risk during 
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sport or training and rehabilitation programs, although it remains unclear whether this stems 

from central or peripheral mechanisms (Bourne et al., 2019). However, the compounding effects 

of peripheral muscle fatigue and existing sex-based differences in relative strength and power 

may explain the higher injury risk among female athletes. 

Females are generally less fatigable than males during isometric contractions (Hunter, 

2014). This is thought to be due in part to the larger relative area of Type 1 fibers in females 

(Hunter, 2014; A. E. Miller et al., 1993). Additionally, during prolonged isometric contractions, 

intramuscular forces act to occlude the exercising muscle thus reducing perfusion and leading to 

a larger accumulation of metabolites (Seals et al., 1988). Males typically produce larger absolute 

torques than females, which may lead occluding more muscle mass and ultimately leading to less 

perfusion and additional metabolite buildup. Less is known about sex-based differences in 

fatiguability during dynamic contractions, although recent studies have shown them to be muscle 

group and shortening velocity dependent. For example, when strength and power of the elbow 

flexor muscles of males and females were compared during a dynamic fatiguing task at 20% 

maximum voluntary isometric contraction (MVIC) torque, the time to failure was longer in 

females than males at slow velocities (60deg sec-1) (Yoon et al., 2015). However, when 

instructed to perform this same task as fast as possible, fatigability was not different between the 

sexes (Senefeld et al., 2013). These studies have identified mechanisms inherent to the muscle 

contractile apparatus that may be responsible for observations of sex-based differences in fatigue. 

The accumulation of intracellular metabolites that are known to reduce force and power, 

such as proton (H+) and inorganic phosphate (Pi) (Debold et al., 2016), are likely not the sole 

contributors to the alterations in skeletal muscle contractile performance during or following 

muscle fatigue. Acute changes to the phosphoproteome have been reported in skeletal muscle 
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following repeated or prolonged muscle activations. For example, myosin regulatory light chain 

is phosphorylated following transient increases in sarcoplasmic Ca2+ concentrations during 

prolonged muscle activation (Gittings et al., 2011), resulting in enhanced myofilament Ca2+ 

sensitivity (Persechini et al., 1985; Sweeney & Stull, 1986) and myosin kinetics (Metzger et al., 

1989; Sweeney & Stull, 1990) in vitro. In vivo, RLC phosphorylation following a sustained 

maximal voluntary contraction (MVC) potentiates force and power in humans (Chiu et al., 2003; 

Houston et al., 1985; Stuart et al., 1988), and is thought to be the mechanism behind post-

activation potentiation (PAP). Additionally, myosin binding protein C (MyBP-C) regulates 

crossbridge formation by directly interacting with both thick and thin filaments and is 

phosphorylated by protein kinase A (PKA), resulting in enhanced velocity and power (Robinett 

et al., 2019). It has been demonstrated that both RLC (Gittings, 2011) and MyBP-C (Ackermann 

& Kontrogianni-Konstantopoulos, 2011) are phosphorylated in mouse fast (extensor digitorum 

longus, EDL) and slow (soleus) muscle, respectively, following exposure to an in vitro fatigue 

protocol. Activation-dependent increases in RLC and MyBP-C phosphorylation may act to limit 

or forestall muscle fatigue in vivo, improving performance during repetitive and strenuous tasks 

while potentially reducing injury risk in athletes. It is difficult to distinguish in vivo between the 

primary contributors to fatigue (i.e. metabolites) and the ancillary effects of prolonged activation 

(i.e. protein phosphorylation). Therefore, measuring the contractile phenotype of single muscle 

fibers after an in vivo fatiguing protocol offers insight into the inherent function of skeletal 

muscle, influenced by fatigue-induced modifications to the phosphoproteome that are 

independent of metabolite accumulation. Understanding the acute changes to both the muscle 

phosphoproteome and inherent cellular contractile performance in males and females will help 

elucidate potential mechanisms that explain sex-based differences in fatigability and injury risk. 
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Therefore, the purpose of this study was to test the effects of a single bout of fatiguing 

dynamic knee extensions to task failure on the contractile performance of single muscle fibers of 

the vastus lateralis (VL) from resistance trained (RT) and non-trained (NT) young adults. We 

used a voluntary dynamic fatiguing exercise protocol in vivo as a tool to modify the intracellular 

environment and significantly fatigue the knee extensor muscles to explore potential changes to 

the muscle phosphoproteome and characterize alterations to the inherent contractile performance 

of single muscle fibers in vitro. We hypothesized that a single bout of fatiguing exercise to task 

failure would result in enhanced contractile performance (velocity and power) of permeabilized 

single fibers under near-optimal intracellular metabolic conditions compared to fibers from the 

non-fatigued control VL. We also hypothesized that in vivo fatigue would increase the 

phosphorylation of MyBP-C and RLC compared to the non-fatigued control VL. 

 

3B. Methods 

Study Design: A total of 9 non-trained (NT) (4 males; 5 females) and 9 resistance trained (RT) (4 

males; 5 females) young adults performed an acute bout of isotonic fatiguing knee extensor 

contractions at 30% MVIC on their dominant limb. Muscle biopsies from the dominant 

(fatigued) and non-dominant (control/non-fatigued) limb were performed, and muscle samples 

were separated for assessment of in vitro cellular contractile performance and western blot to 

assess phosphorylation of MyBP-C and RLC. 

 

Participants: A total of total of 9 non-trained (NT) (4 males; 5 females) and 9 resistance trained 

(RT) (4 males; 5 females) young adults participated in the study. All participants completed 

informed consent and health history questionnaire, prior to inclusion in the study. The 
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requirement for admission into the RT group was participation in structured resistance training at 

least 5 days/week, 1hr/session, with a minimum of 3 days/week including lower body resistance 

training for at least the past 12 months. The requirement for admission into the NT group was no 

history of structured exercise of any kind. To limit the potential for menstrual cycle-dependent 

variation in circulating estradiol, all female participants either reported use of hormonal 

contraceptive or were tested in the pre-follicular phase of the menstrual cycle, (within 5 days of 

menses onset). Participants reported no orthopedic limitations (severe osteoarthritis, prior joint 

replacement, etc.), endocrine disease (hypo/hyperthyroidism, Addison’s Disease or Cushing’s 

syndrome, etc.), uncontrolled hypertension (>140/90 mmHg), neuromuscular disorder, 

significant heart, liver, kidney or respiratory disease, and/or diabetes. Participants were non-

smokers. Finally, participants taking medications known to affect either muscle contractility or 

beta-adrenergic signaling of neuromuscular activation (including but not limited to beta blockers, 

calcium channel blockers, and muscle relaxers) were not included. 

 

Physical Activity Monitoring: Habitual physical activity was monitored for approximately 7 days 

(including at least 1 weekend day) using an ActivPAL (PAL Technologies, UK) triaxial 

accelerometer affixed to the anterior aspect of the mid-thigh using a waterproof protective barrier 

(Tegaderm, 3M). Data was categorized according to ActivPAL Daily Summary Outcomes 

Exports as step count (steps/day) and time spent in 4 different activity categories based on step 

cadence: time in sedentary (0steps/min), light (<75steps/min), moderate (≥75steps/min, 

<125steps/min), and vigorous (≥125steps/min) activity. 
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Knee Extensor Strength, Muscle Morphology, and Fatigue Protocol: Participants became 

familiarized with the BioDex System 3™ Dynamometer (Biodex, USA) on a previous day by 

performing 3 MVIC and a single fatiguing exercise as described below. On this same day, vastus 

lateralis (VL) muscle thickness (MT) was measured transversely using B-mode ultrasonography 

(Philips iE33; Philips, Andover, MA) and a linear-array ultrasound probe transducer (L9-3, 3-9 

MHz, 33-mm field of view; Philips, Andover, MA) as the distance between the superficial and 

deep aponeuroses. Participants were situated in the upright seated position with the hip and knee 

flexed at 90 degrees (180 degrees = full extension) with the knee joint and dynamometer axis of 

rotation aligned. Hands were placed on support handles at their side for additional support during 

exercise and to ensure no hip extension. Range of motion of the knee joint was set to 90 degrees. 

Participants then performed 3 maximum voluntary isomeric contractions (MVIC), with one-

minute rest between contractions, for measurement of peak isometric torque and rate of torque 

development (RTD). Participants were then transferred to the bed for preparation of the muscle 

biopsy. Following administration of subcutaneous 1% lidocaine HCl injection at the planned site 

of biopsy and initial incision, the incision was closed with steri-strips (3M) and covered with 

Tegaderm (3M) to maintain a sterile field. Participants returned to the dynamometer for the 

isotonic fatiguing exercise protocol. Participants were instructed to “kick out as hard and fast as 

you can” at 30% of their MVIC along to a metronome at 40bpm with strong verbal 

encouragement as well as visual feedback of their torque trace in real time. Participants were 

considered fatigued when their range of motion became significantly reduced by more than 50% 

on subsequent contractions. Raw analog data was converted to digital using an A/D converter 

(CED, UK) and recorded using Spike2 software (CED, UK). Digital signals corresponding to 

position, torque, and velocity were exported and analyzed in a custom MATLAB code 



48 
 

(MATLAB 2022a, MathWorks). Immediately following the last contraction, the volunteer was 

moved to the bed, incision opened, and the area was sterilized again before performing the 

biopsy. A biopsy was performed on the contralateral control limb immediately following the 

fatigued limb biopsy. 

 

Muscle Biopsy and Tissue Processing: Percutaneous needle muscle biopsy of the vastus lateralis 

muscle was performed as described (Privett et al., 2024). Briefly, following sterilization of the 

skin, subcutaneous and intramuscular 1% lidocaine injections were delivered. Following the 

fatiguing exercise, a scalpel blade was used to make a 5mm incision on the vastus lateralis 

muscle. A 5mm Bergström needle was inserted to the belly of the muscle and manual suction 

applied to acquire the tissue samples. Muscle samples were then blotted and removed of fat and 

connective tissue before transfer to either cold (4°C) dissecting solution (120mM NaMS, 5mM 

EGTA, 0.1mM CaCl2, 6 mM MgCl2, 0.25mM KH2PO4, 20mM BES, 1.8mM KOH, 1mM DTT, 

and 5mM ATP-Mg; pH = 7.0) for mechanical analysis or snap frozen in liquid nitrogen (LN2) and 

stored at -80°C for isoelectric separation and western blot analysis. Tissue designated for 

mechanical experiments were dissected at 4°C into bundles of ~100 fibers, tied to glass rods at 

slightly stretched lengths, and placed in skinning solution (5mM EGTA, 2.5mM MgCl2, 2.5mM 

ATP-Na2H2, 10mM imidazole, 170mM potassium propionate, EDTA-free protease inhibitor; pH 

= 7.0) for 24h at 4°C. Next, bundles were transferred into a series of storage solutions (identical 

to skinning solution but containing 1 mM sodium azide and excluding the protease inhibitor 

cocktail) with increasing concentrations of glycerol (10%, 25%, 50% v/v) for 2 hours each at 

4°C. The 50% glycerol solution contained an EDTA-free protease inhibitor tablet (Thermo 
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Scientific). Upon final storage in 50% glycerol solution, bundles were kept at -20°C for up to 4 

weeks until mechanical analysis. 

 

Single Fiber Mechanical Experiments: Upon day of experiments, one bundle was isolated, 

trimmed evenly in dissecting solution at 4°C and placed in an additional skinning solution 

(dissecting solution with 1% Triton-X100 v/v) for 20min at 4°C. Following skinning, the bundle 

was placed back in dissecting solution at 4°C and fibers were manually dissected at random. 

Each fiber to be used for mechanical experiments underwent an additional 20min of skinning 

(dissecting solution with 1% Triton-X100 v/v) at 4°C. Following preparation, each fiber was 

placed into a large well consisting of relaxing solution (identical to dissecting solution but with 

the addition of 15mM creating phosphate (CP), 5mM Pi, 300 units ml-1 creatine phosphokinase 

(CPK)) and tied end to end to a force transducer and a length motor with extended troughs using 

the Moss clamp technique (Moss, 1979) on a custom apparatus (Aurora Scientific Inc., Aurora, 

ON, Canada) (Privett, Ricci, David, et al., 2024). The glass-bottomed aluminum bath plate 

consists of 8 wells temperature controlled by a built-in thermo-electric cooler. The bath plate 

moves independently from the force transducer and length motor allowing for the transfer of the 

mounted fiber to different solutions. The bath plate and troughs are mounted to an inverted 

microscope (Leica Microsystems, Wetzlar, Germany) to track vertically. The fiber was first 

stretched to a sarcomere length (SL) of 2.65μm measured by a Fourier transformation of optical 

density viewed longitudinally (Aurora Scientific), cross sectional area (CSA) then measured 

assuming elliptical shape by taking the average of 3 measurements along the length of both the 

fiber top and side widths. Side widths are viewed through a right-angled prism mounted on the 

largest bath plate chamber. The fiber was then slacked to set zero force, re-stretched to a SL of 
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2.65μm, upon which fiber length and passive tension was measured, then force was again set to 

zero to ensure any additional force to be attributed to active contraction, not passive stretch. The 

fiber was then placed into a second bath containing pre-activating solution (identical to relaxing 

solution but with EGTA 0.5 mM) for 30sec to provide optimal Ca2+ activation upon subsequent 

transfer into the third bath containing activating solution (identical to relaxing solution but at pCa 

4.5). In activating solution, the fiber is allowed to contract maximally until peak force plateaus. 

Upon maximal activation (force plateau), an isotonic load clamp is performed before returning to 

relaxing solution. Using the initial fiber length (Lo) and maximum force (Fmax), the fiber is 

shortened at progressively higher velocities to achieve 3 different target submaximal loads. This 

process is repeated until all 5 series of load clamps have been completed (15 load steps in total). 

The forces are plotted against their associated velocities to generate a force-velocity curve fit 

with the Hill equation. The Hill fits derive the following parameters: maximum tension (Tmax), 

maximum velocity (Vmax), and maximum power (Pmax). Fibers were excluded for further analysis 

if tension dropped >10% from the first to last activation and/or if the SL patterns are disrupted or 

other evidence of damage is seen. All experiments are performed at 15°C. Upon completion of 

experiments, the fiber was collected and transferred to an individual tube containing sample 

preparation buffer (SPB; 2% SDS (v/v), 12.5% Tris/HCl pH 6.8 (v/v), 25% glycerol (w/v), 

0.05% β-mercaptoethanol (BME; v/v), drop of 1.0 M bromophenol blue), spun for 30sec 

@8500RPM, heated for 2min at 65°C, and stored at -80°C for SDS-PAGE. 

 

SDS-PAGE/MHC Isoform Identification: To assess MHC isoform in single muscle fibers, SDS-

PAGE was performed. The resolving gel contained 7% acrylamide/Bis (50:1; w/v), 1.5M 

Tris/HCl (pH 8.8), 1.0 M glycine, 4% SDS, 30% glycerol and the stacking gel contained 4% 



51 
 

acrylamide/Bis (50:1; w/v), 0.5M Tris/HCl (pH 6.8), 0.1M EDTA (pH 7.0), 4% SDS, 5% 

glycerol. Upon polymerization, upper and lower chamber running buffers consisting of 1X SDS 

and 0.5X SDS, respectively, were poured prior to protein loading. 20μl of solution containing a 

single fiber was aliquoted into each lane, with a sample homogenate (~2.5mg; 2-5μl) from the 

same volunteer in the center lane as a standard. Gels were run for 3.5 hours at 70V followed by 

20 hours at 200V. Following completion of electrophoresis, the gels were stained using a Pierce 

Silver Stain Kit (BioRAD) and either immediately dried or stored in gel drying buffer (10% 

glycerol, 20% ethanol) at 4°C for later analysis. MHC isoforms assessed were MHC I, MH IIa, 

MHC IIx as well as hybridized MHC I/IIa and MHC IIa/IIx. A separate gel was run identical to 

above, yet only including sample homogenates (~2.5mg; 2-5μl) to assess relative abundance of 

MHC I, IIA, and IIX in each individual and compare across groups. 

 

Western Blot: For semi-quantitative analysis of MyBP-C phosphorylation, frozen biopsy samples 

are thawed and weighed, homogenized, and extracted in protein extraction buffer (600mM KCl, 

150mM KH2PO4, 20mM EDTA, 5mM MgCl2, 3.3mM ATP-Na2H2, EDTA-free protease 

inhibitor, pH 6.7) for 90min on ice. Protein concentration was quantified in the lysate using a 

Pierce BCA Protein Assay Kit (Thermo Fisher). The sample is then heated to 65°C, and 20µg 

protein is loaded into each well on 4-20% pre-cast SDS-PAGE in Mini-PROTEAN tetra system 

(BioRAD). Gels are run for 40min at 200V and transferred to a nitrocellulose membrane for 1 

hour at 100V in a 1X Tris-glycine buffer with 20% methanol. Ponceau staining is done to 

confirm a successful transfer, then blocked in TBS Intercept buffer (LI-COR Biosciences, USA) 

prior to overnight rocking incubation at 4°C in primary antibody. The next day, a second 

incubation with near-infrared secondary antibodies is performed for 1 hour at room temperature. 
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All western blots are imaged on a Bio-Rad ChemiDoc MP Imaging System (Bio-Rad 

Laboratories, US) and densitometry analysis performed in Image J. 

For semi-quantitative analysis of RLC phosphorylation, frozen tissue samples were 

weighed prior to homogenization for 5 min using a glass homogenizer chilled periodically in 

liquid nitrogen.  40mL of sample preparation buffer (8M urea, 80 Tris, 488 Glycine, 0.1% 

Bromophenol blue, 100 DTT, protease inhibitor tablet (Pierce), 10ul/ml phosphatase inhibitor 

cocktails 2 and 3 (Sigma) with 50% Glycerol) was added for each milligram of tissue sample. 

Samples were then homogenized in solution for 5 min at 60°C. After centrifugation at 12000 rpm 

for 5 min, the supernatant was aliquoted and stored at -80°C for subsequent analysis. 

Phosphorylated and non-phosphorylated RLC was separated by charge using 1d isoelectric gel 

electrophoresis with urea-glycerol gels (stacking gel: 20 Tris-Glycine, 5% Acrylamide stock 

(29.22% Acrylamide, 0.78% Bis-acrylamide), 20% Glycerol, 0.1% TEMED, 0.03% Ammonium 

persulfate; resolving gel: 20 Tris-Glycine, 10% Acrylamide, 40% Glycerol, 0.1% TEMED, 

0.02% Ammonium persulfate), 10ul per lane, using 1X running buffer (.122M Glycine, 20 

Trizma base, pH 8.6) at 400 V, 16 hours at 4°C. Gels were transferred to a nitrocellulose 

membrane for 1 hour at 100V in a 1X Tris-Glycine buffer with 20% methanol. Membranes were 

blocked in TBS intercept buffer (LI-COR Biosciences, USA), then rocked overnight at 4°C in 

primary antibody. The next day, a second incubation with near-infrared secondary antibodies is 

performed for 1 hour at room temperature. All western blots are imaged on a Bio-Rad 

ChemiDoc MP Imaging System (Bio-Rad Laboratories, US) and densitometry analysis 

performed in Image J. 
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Immunohistochemistry: Muscle bundles (~100 fibers) from the vastus lateralis muscle were 

blotted and embedded in O.C.T. (Tissue-Tek®, Sakura Finetek, USA) before placed in 

isopentane precooled with LN2 and stored at -80°C. Samples were acclimated for 1hr at -20°C 

before cryo-sectioning at a thickness of 8μm on a Leica Cryostat (Leica CM 1850UV) and 

placed on glass slides. Samples were covered and dried overnight. The next day, samples were 

rehydrated for 10min in a PBS/1% BSA solution, followed by incubation in primary antibody 

overnight. Then, samples were washed twice for 5min each and incubated in secondary antibody 

for 1hr. Samples were then washed twice for 5min each before and after application of methanol 

for 10min. Lastly, one drop of SlowFade™ Diamond Antifade Mountant with DAPI (Invitrogen, 

Waltham, MA) was applied directly on the sample, followed by two drops of permount mounting 

medium (Electron Microscopy Sciences, Hatfield, PA) on the glass slide and cover slip placed on 

top. Samples were imaged on a Leica fluorescence microscope (Leica DM4000B) and Leica 

camera (Leica DFC 360FX) at 10x magnification. Composite image generation and subsequent 

analyses were performed in ImageJ. Each fiber was carefully traced and area was measured. The 

mean area of MHC I and not MHC I (MHC II) was calculated for each individual. Area fraction 

was calculated as the percentage of total muscle area occupied by MHC I and MHC II. Fiber 

type distribution was determined as the total number MHC I or MHC II containing fibers as a 

proportion of total fiber number in the sample. 

 

Antibodies: Antibodies used for western blot include Rabbit anti-Myosin Light Chain 2 (Abcam, 

ab92721, 1:5000), Rabbit anti-MYBPC1 (Abcam, ab124196, 1:2000), Rabbit anti-PKA (Cell 

Signaling Technologies, 9621, 1:300), IRDye® 800CW donkey anti-rabbit (LI-COR, 926-32213, 

1:15000), IRDye® 680RD goat anti-rabbit (LI-COR, 926-68071, 1:15000). Antibodies used for 
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histology include BA-D5 MIgG2b (DHSB, 1:100), SC-71 MIgG1 (DHSB, 1:100), 6H1 MIgGM 

(DHSB, 1:100), ab11575 IgG (Abcam, 1:100), Goat anti-mouse IgG2b AlexaFluor 647 

(Invitrogen, 1:500), Goat anti-mouse IgG1 AlexaFluor 488 (Invitrogen, 1:500), Goat anti-mouse 

IgM AlexaFluor 568 (Invitrogen, 1:500), Goat anti-rabbit IgG AlexaFluor 488 (Abcam, 

ab150077, 1:500). 

 

Liquid Chromatography Tandem Mass Spectrometry (LC-MS): Mass spectrometry was 

performed on skeletal muscle samples from a subset (n=16, 8NT and 8RT) of individuals, some 

who were and some who were not included in the single fiber mechanical experiments. The 

height, weight, and BMI of this group was 174±71cm, 71±18kg, 23±2kg/cm2 in the NT and 

174±11cm, 72±10kg, and 24±2kg/cm2 in the RT, respectively. LC-MS was performed as 

previously described (Privett, et al., 2024). Briefly, samples were disrupted by shearing with 

glass beads followed by trypsin protein digest and phosphopeptide purification by binding to 

TiO2 beads. Phosphopeptides were then labelled with one of 18 tandem mass tags, combined in a 

single sample and run via the Oribitrap Fusion mass spectrometer at Oregon health and Science 

University (Portland, OR) Proteomics Shared Resource (PSR) directed by Ashok Reddy, PhD. 

Informatics methods as described previously (Plubell et al., 2017) and were used to determine 

relative changes in phosphorylation of serine, threonine, and tyrosine residues. 

 

Statistical Analysis: Two-way ANOVA with fixed effects of Training and Sex was used to assess 

differences in anthropometrics, whole muscle function, and fatiguing exercise performance. A 

two-way Repeated Measures ANOVA with fixed effects of fatigue and training was performed 

for the comparison of RLC and MyBP-C phosphorylation. To assess differences in single fiber 



55 
 

contractile properties between groups, fatigued vs. non-fatigued, and biological sex, a linear 

mixed effects model was performed within a fiber type and a random effect of Participant ID. 

Participant ID allows for each individual participant to be weighted in accordance with the 

number of fibers they contributed to the total data set. To assess contractile function at baseline, a 

linear mixed model was performed in non-fatigued fibers with fixed effects of training and sex 

and random effect of Participant ID, within a fiber type. To assess the effect of fatigue, a linear 

mixed model was performed within a training group, with fixed effects of condition (non-

fatigue/fatigue) and sex and random effect of Participant ID. In the event of a condition by sex 

interaction effect, independent samples t-test were run for the comparison between non-fatigued 

and fatigued fibers within a sex. All statical analyses were performed in SPSS (IBM, SPSS Inc.). 

To assess phosphoproteomic differences via LC-MS, the mean phosphorylation of a residue was 

compared between NF and F samples as well as between NT and RT. Significantly differentially 

phosphorylated residues were identified by a false discovery rate (FDR) <0.05. Statistics for LC-

MS were performed in EdgeR software, proprietary to the Orbitrap Fusion. 

 

3C. Results 

Table 1: Anthropometric and Activity Data of Young NT and RT Participants. 

  n 
Height 

(cm) * 

Weight 

(kg) * 

BMI 

(kg/m2) 

Step Count 

(steps/day) # 

Light Activity 

(mins/day) 

Moderate Activity 

(mins/day) # 

Vigorous Activity 

(mins/day) 

NT 
Female 5 162.1 ± 6.1 55.0 ± 3.2 20.9 ± 0.6 7098±2176 25 ± 8 43 ± 15 0.5 ± 0.6 

Male 4 185.3 ± 13.0 84.0 ± 10.1 24.5 ± 1.2 10013±5001 54 ± 27 72 ± 37 0.7 ± 0.6 

RT 
Female 5 161.1 ± 3.9 59.9 ± 6.1 23.1 ± 2.1 12358±2531 40 ± 13 96 ± 17 5.1 ± 6.2 

Male 4 184.4 ± 4.8 78.7 ± 10.0 22.8 ± 1.7 12752±3865 45 ± 10 111 ± 24 1.0 ± 1.4 

Symbols indicate a significant main effect of * biological sex or # training between groups (p<0.05). 
Data are shown as mean ± SD. 
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Participant Characteristics, Fiber Type Distribution, and Morphology. 

A total of 18 young healthy adults participated in this study including 9 NT (5 female and 

4 male) and 9 RT (5 female and 4 male). Males were taller (p<0.001) and weighed more 

(p<0.001) than females but were not different in BMI (p=0.074) (Table 1). There was no effect of 

training on height (p=0.887), weight (p=0.991), or BMI (p=0.623) (Table 1). As measured via 

ActivPAL accelerometry in 17/18 participants, RT participants had a higher step count (p=0.047) 

and more minutes per day spent in moderate-vigorous physical activity (p=0.005) (Table 1). No 

differences by sex were observed in physical activity. 

Immunohistochemical analysis was performed in 16/18 participants to assess fiber type 

distribution and fiber area. The area fraction of MHC I or II fibers was not different between NT 

and RT (p=0.205), yet was larger in males, albeit not statistically significant (p=0.054; Figure 

1B). Fiber type distribution was also assessed as number of MHC I or II fibers as a percentage of 

the total number of fibers analyzed in cross-section. In this analysis, fiber type distribution was 

not different between NT and RT or males and females (p=0.191, p=0.593), similar to area 

fraction. In a separate sample stored in SDS sample buffer, tissue homogenate was separated via 

SDS-PAGE and densitometry was performed to assess relative abundance of MHC I, IIA, and 

IIX. This method also shows no difference in MHC I or II abundance between NT and RT or 

males and females (p=0.151, p=0.090; Supplementary 1A). However, MHC IIX abundance was 

greater in NT than RT (p=0.005) but not different in MHC IIA (p=0.103) (Supplementary 1A). 

Comparing the two methods fiber type abundance (IHC vs SDS-PAGE), there was an 

association between area fraction via IHC and relative abundance via SDS-PAGE (R2 = 0.373, 

p=0.012; Supplementary 1B). Relative abundance via SDS-PAGE was associated with fiber type 

distribution (R2 = 0.354, p=0.015; Supplementary 1C). Average fiber area was larger for both 
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MHC I and MHC II in RT compared to NT (p<0.001, p<0.001), and in males compared to 

females (p<0.027, p<0.00) (Figure 1A). There was a sex by training interaction in both MHC I 

(p=0.021) and MHC II (p=0.004). RT males had larger MHC I and MHC II fiber area than NT 

males (p=0.023, p=0.021) and RT females had larger MHC I fiber area (p=0.039), but not MHC 

II fiber area (p=0.059) than NT females (Figure 1A). Neither MHC I or II area were different 

between NT males and NT females (p=0.789, p=0.097), but were greater in RT males compared 

to RT females (p=0.037, p<0.001) (Figure 1A). 
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Table 2: Fatigue Data and Whole-Muscle Performance in NT and RT Participants 

  n 
Time to Fatigue 

(sec) 

Fatigue Ratio 

(Pf/Pi) 

Peak Power 

(W) *# 

Relative Peak Power 

(W/kg) *# 

Peak Torque 

(Nm) *# 

Relative Peak Torque 

(Nm/kg) *# 

NT 
Female 5 68±8.8 0.34±0.10 295±33 5.43±0.32 140±8 2.54±0.12 

Male 4 75±29 0.41±0.16 532±95 6.43±1.42 281±44 3.34±0.34 

RT 
Female 5 99±74 0.36±0.12 383±73 6.19±0.68 195±62 3.20±0.73 

Male 4 74±15 0.29±0.11 779±278 9.90±1.9 353±41 4.57±0.60 

 Symbols indicate a significant main effect of *biological sex or #training between groups (p<0.05). 
Data are shown as mean ± SD. 

 

Fatiguing Exercise and Whole Muscle Performance. 

Due to data loss during transfer, whole muscle power and time to fatigue are reported in 

15/18 and 17/18, respectively. RT participants produced more isometric torque (p=0.008) and 

power (p=0.037) compared to NT (Table 2). Males also produced more absolute torque 

(p<0.001) and power (p<0.001) than females (Table 2). Relative torque (p=0.002) and relative 

power (p<0.001) was greater in RT compared to NT and were greater in males compared to 

females (p<0.001, p<0.001) (Table 2). RT males generated greater RTD than RT females 

(p=0.010), NT males (0.028), and NT females (0.050). Relative RTD was not different between 

RT and NT males (p=0.121), but was greater in NT females compared to RT females (p=0.006). 

Interestingly, neither the time to fatigue nor the fatigue ratio (representative of power loss) 

during the exercise protocol were different by training group (p=0.439, p=0.511) or sex 

(p=0.631, p=0.988) (Table 2). 

 

 

 

Table 3: CSA and MHC Isoform Distribution of Single Fibers Analyzed in NT and 
RT Participants 
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 n CSA (mm2) *# 

MHC Isoform Distribution 

 IIA IIA/X 

Non-Trained 
Female 88 0.0042 ± 0.0012 57 31 

Male 81 0.0068 ± 0.0019 55 26 

Resistance Trained 
Female 130 0.0044 ± 0.0013 101 29 

Male 112 0.0080 ± 0.0028 80 32 

Data are shown as mean ± SD. * indicates main effects of biological sex and 
# of training (p<0.05). 
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Single fiber contractile performance in non-trained and resistance trained males and females. 

In the single fibers analyzed for mechanical experiments, data were limited to MHC IIA 

and MHC IIA/IIX expressing fibers, as the fiber counts for MHC I were low and inconsistent 

between males and females (males: n=20, females: n=72). Figure 2 depicts single fiber CSA and 

contractile performance from the non-fatigued control limbs of NT and RT participants. The CSA 

of MHC IIA and IIA/IIX were not different between RT and NT participants (p=0.243, p=0.769; 

Figure 2A), yet was larger in males compared with females (p<0.001, p=0.011; Supplementary 

2A, 3A). Fmax was not different in either fiber type between NT and RT fibers (p=0.946, p=0.725; 

Figure 2B) but was greater in males than females for MHC IIA (p=0.003; Supplementary 2B). 

Tmax was not different in MHC IIA or MHC IIA/IIX between NT and RT (p=0.193, p=0.441; 

Figure 2C) or males and females (p=.518, p=0.499, Supplementary 2C, 3C). Fibers from RT 

participants exhibited lower Vmax in MHC IIA (p=0.055), although non-significant, and MHC 

IIA/IIX (p=0.001) (Figure 2D). Similar trends, although non-significant, were seen with Pmax 

(p=0.052, p=0.178; Figure 2E) compared to fibers from the NT participants. MHC IIA/IIX fibers 

from females produced greater Vmax compared to males (p=0.022, Supplementary 3D), yet Vmax 

in MHC IIA (p=0.875; Supplementary 2D) or Pmax in both MHC IIA and MHC IIA/IIX were not 

different between the sexes (p=0.385, p=0.992; Supplementary 2E, 3E). 
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Effects of in vivo fatigue on permeabilized single fiber contractile performance in vitro. 

Figures 3 and 4 depict contractile performance in single fibers from the non-fatigued 

control and fatigued limbs of NT and RT participants, respectively. In the NT participants, fibers 

from the fatigued limb had no significant effect on Tmax on either fiber type (p=0.217, p=0.097; 

Figure 3A). A fatigue by sex interaction effect in MHC IIA/IIX fibers necessitated repeating the 

statistical analysis within each sex and suggests no change in females (p=0.338; Supplementary 

5A) but increased Tmax in males (p=0.006; Supplementary 5A). Vmax was greater in fatigued 

MHC IIA fibers (p=0.008), but not MHC IIA/IIX (p=0.808) compared with non-fatigued fibers 

(Figure 3B). Pmax was not different between non-fatigued and fatigued fibers in either fiber type 

(p=0.226, p=0.109; Figure 3C). 

In the RT participants, fatigue did not have an effect on MHC IIA and MHC IIA/IIX Tmax 

(p=0.240, p=0.889; Figure 4A), but exhibited increased Vmax (p<0.001, p=0.01; Figure 4B). Pmax 

was not different between non-fatigued and fatigued MHC IIA or MHC IIA/IIX fibers (p=0.220, 

p=0.091; Figure 4C), yet a significant fatigue by sex interaction effect in MHC IIA/IIX fibers 

(p=0.043) followed by linear mixed model approach within a sex suggest a greater Pmax in male 

fatigued fibers (p=0.021) not seen in females (p=0.696) (Supplementary 7C). 
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Phosphoproteomic and Western Blot Analysis of MyBP-C and RLC. 

Western blot analysis of MyBP-C phosphorylation (as denoted by PKA:MyBP-C) was 

not different by fatigue (p=0.739) but was greater in NT compared with RT participants 

(p=0.019) (Figure 5A). Phosphorylation of RLC-2f and RLC-2s were also not different by 

fatigue (p=0.968, p=0.966), but greater in NT than RT participants (p=0.004, p=0.008) (Figure 

5B,C). Phosphoproteomic analysis identified >8500 residues. In the global dataset, we saw 

significantly greater differences between training groups than we did by fatigue (Supplementary 
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Figure 9). RLC and MyBP-C had multiple residues with lower phosphorylation in RT compared 

to NT in males (FDR<0.05) (Figure 5D). 

 

3D. Discussion 

 This study examined the chronic effect of resistance training history and the acute effect 

of muscle fatigue on single muscle fiber contractile function and phosphorylation of sarcomeric 

regulatory proteins, MyBP-C and RLC from the vastus lateral muscle. In this study sample of 9 

NT (5F, 4M) and 9RT (5F, 4M), height and weight, but not BMI, were greater in males than 

females yet no differences were present between training groups (Table 1). The RT group 

reported rigorous resistance training history including at least 5 days per week of weightlifting 

for at least 1 hour and 3 of those days focused on lower body resistance training. As a 

confirmation of activity level, RT participants had a greater step count and more time spent in 

moderate activity compared to the NT group (Table 1). Both absolute and relative whole muscle 

peak torque and peak power was greater in RT compared to NT, and in males compared to 

females (Table 3). Time to fatigue was not different between groups, which indicates that the sex 

and training dependent differences in single fiber function following fatiguing exercise may not 

be impacted by the duration of the exercise. It is well established that females exhibit better 

fatigue resistance during isometric contractions (Hunter, 2014), however recent literature 

suggests that fatiguing exercise performed at high velocities does not result in sex differences 

(Senefeld et al., 2013), which the data presented in this study support. Our chosen task of high 

velocity dynamic contractions to task failure allows for the muscle to be greatly fatigued 

regardless of the duration, in an effort to utilize this method as a tool to modify the intracellular 
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environment and test our central hypotheses that in vivo fatigue will alter the muscle 

phosphoproteome and single muscle fiber contractile performance. 

 

Single fiber morphology and contractile function in resistance trained and non-trained males 

and females. 

The lack of sufficient MHC I-containing fibers in our current sample provides a 

limitation in our ability to test fiber type dependent responses to fatiguing exercise, thus our 

analyses were restricted to MHC IIA and MHC IIA/IIX fibers. There were nominally less MHC I 

fibers in males (n=20) compared to females (n=72) in both the NT and RT groups. Females 

typically have a higher number and greater relative area of MHC I fibers compared to males 

(Hunter, 2014; A. E. Miller et al., 1993), but this is unlikely to be the sole contributor. Our 

previous work suggests that if dissected at random, an experimenter is less likely to isolate an 

MHC I compared to an MHC II fiber (Privett et al., 2024). This is likely the main contributor to 

the current dataset presented as relative MHC abundance measured from tissue homogenate via 

SDS-PAGE suggest a ~39% and ~29% MHC I abundance in females and males compared to 

~25% and ~9% of the fibers analyzed, respectively (Table 3). 

Prior literature has documented that resistance trained individuals possess fibers that are 

larger in CSA and produce greater absolute force and power. For example, 12 weeks of resistance 

training in young males increased fiber CSA, absolute force, and absolute power (Widrick et al., 

2002). These enhancements seem to be due to increased muscle size as specific tension and 

normalized power show no increases following training (Widrick et al., 2002). The same 

outcomes were seen following a 14-week resistance training program, with similar relative 

increases in both young and old males and females (Claflin et al., 2011). However, these are 
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relatively short training durations compared to the study group in this dataset, who have been 

resistance training for greater than 12months. In the current study, the CSA and Fmax of analyzed 

fibers were not different between RT and NT groups (Table 2, Figure 2A,B). Thus, we performed 

immunohistochemistry in order to measure both MHC I and MHC II fiber area in a more 

representative sample from these groups. The average fiber area was greater in RT compared 

with NT and in males compared with females, as was expected. However, RT females did not 

have greater MHC II fiber area. All RT participants reported high physical activity including 

3days/week of lower limb resistance training. The use of physical activity monitoring via 

ActivPAL accelerometers confirmed that RT individuals spent more time in moderate-vigorous 

activity compared to NT (Table 1), and this was true of the RT females especially as they spent 

over double the amount of time per day in moderate-vigorous activity and >5,000 more steps per 

day than NT females. However, a limitation of using accelerometry for categorizing physical 

activity is that it is not directly capable of capturing how much load or total volume is placed on 

the muscle. Thus, differences in loading during exercise training sessions can influence how 

resistance trained an individual may be, despite exhibiting similar time spent in moderate-

vigorous activity. RT females did exhibit a larger area fraction of MHC I compared to other 

groups, albeit not statistically significant, suggesting that training regimens may not have been as 

load intensive compared to RT males. Previous studies have shown that the type of resistance 

training impacts fiber-type specific hypertrophy. For example, powerlifters or weightlifters who 

typically utilize weight ranges of >80% 1-repitition maximum (1RM) tend to have a larger area 

of MHC II fibers compared with bodybuilders who utilize higher volumes with lower relative 

loads (Fry, 2004). Although these individuals did not classify themselves as powerlifters, 
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weightlifters, or bodybuilders, it is possible that different training styles and/or training 

preferences (high repetition/low load vs low repetition/high load) influenced the adaptations. 

When normalizing for variations in fiber size, there did not exist differences in isometric 

tension and contractile power (Figure 2C, 2E) for the fibers analyzed for mechanical 

experiments. Previous cross-sectional studies of chronic resistance training history show that 

body builders and weightlifters have a larger fiber CSA with greater associated force and power 

compared to non-trained adults, yet when normalized for muscle size, differences are abolished 

(Shoepe et al., 2003), except in body builders whom also exhibited slight increases in specific 

tension (D’Antona et al., 2006). Contrary to these findings, Meijer et al., 2015 found that body 

builders had lower single fiber specific tension and power than non-trained control fibers, despite 

increases in CSA, absolute force, and absolute power (Meijer et al., 2015). In line with these 

findings, one study has suggested that when measuring contractile properties of large fibers, 

typically from populations such as body builders, the CSA may be overestimated (Monti et al., 

2020). In permeabilized fibers, it is generally accepted that fibers swell around 20% of initial 

volume (Moss, 1979). However, Monti et al. suggest that larger fibers may swell 

disproportionately more than smaller fibers and thus tension, and possibly power, may be 

artificially reduced. In their study of 6 male body builders and 6 non-trained males, fibers from 

body builders had lower normalized force however when correcting for fiber swelling by 

normalizing to the average CSA from histological cross-sections, the differences were abolished. 

In the current study, the lack of differences in isometric tension were expected, especially 

considering the fiber CSA was not different. 

Interestingly, maximum loaded shortening velocity was lower in RT compared to NT, 

opposite our hypotheses. However, this is consistent with our findings that MyBP-C 
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phosphorylation was also lower in RT compared to NT. MyBP-C can bind actin in its native state 

and provide a drag effect, slowing actin sliding velocity in cardiac filaments (Previs et al., 2016). 

Upon phosphorylation in skeletal muscle, loaded shortening velocity within the c-zone is 

increased and subsequently slowed when de-phosphorylated with lambda phosphatase (Robinett 

et al., 2019). It is possible, that reduced baseline phosphorylation of MyBP-C or RLC in RT 

individuals elicits velocity-specific deficits to contractile function at the single fiber. An 

important critique of relating protein phosphorylation in vivo to single fiber function in vitro is if 

this phosphorylation remains following mechanical tissue preparation as these modifications may 

be short-lived. In one participant, we assessed MyBP-C phosphorylation in flash frozen tissue 

compared to 48 hours post-mechanical preparation and found that phosphorylation persisted in 

this tissue sample (Supplementary 8), suggesting differences in this sarcomeric protein 

phosphorylation may contribute to this altered contractile phenotype. In a second participant, we 

assessed RLC phosphorylation from flash frozen and mechanical preparation for 48 hours up to 4 

weeks and found very little phosphorylation of RLC remained in mechanically prepared tissue at 

any time point (Supplementary 8). Therefore, the effects of training seen on single muscle fibers 

in this current study are unlikely to be explained by RLC phosphorylation. 

 

Fatiguing exercise improves single fiber velocity and power dependent on training and 

biological sex. 

The current study presents a novel finding that fatiguing exercise in vivo alters single 

muscle fiber contractile performance in vitro, specifically velocity and power. These differences 

appear paradoxical, however the solutions were near optimal for both non-fatigued and fatigued 

fibers at neutral pH and low Pi ensuring that the contractile phenotype was not impacted by 
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altered intracellular metabolic conditions. Thus, the resultant altered contractile performance of 

these fibers is likely due to inherent differences in the fiber, most likely post-translational 

modifications to sarcomeric regulatory proteins. During fatiguing exercise, it is likely that 

oxidation of myosin contributes to altered contractile function in vivo as previous studies show 

H2O2 treatment of skeletal muscle fibers leads to paradoxical increases in Ca2+ sensitivity and 

specific force (Lamb & Posterino, 2002). However, our solutions contain 1mM dithiothreitol 

(DTT), an antioxidant that removes oxidation in vitro and it is unlikely that baseline or fatigue-

induced changes to the redox state explain any observed differences between groups or fatigue. 

Two main regulatory proteins of interest are MyBP-C and RLC, which have been documented to 

alter contractile performance of single muscle fibers in a phosphorylation dependent manner as 

discussed above. We utilized a fatiguing exercise to task failure in order to induce 

phosphorylation of these key regulatory proteins, among others. 

During skeletal muscle contraction in vivo, large Ca2+ transients increase the 

sarcoplasmic Ca2+ concentrations, ultimately activating the skeletal specific Ca2+/calmodulin 

dependent kinase, myosin light chain kinase (skMLCK), which phosphorylates serine residues 

14 and 15 on RLC (Blumenthal & Stull, 1980). In vitro, RLC phosphorylation by incubation 

with skMLCK results in improved single fiber Ca2+ sensitivity (Persechini et al., 1985; Sweeney 

& Stull, 1986), rate of tension redevelopment (ktr) (Metzger et al., 1989; Sweeney & Stull, 1990), 

and cross-bridge attachment kinetics (fapp) (Sweeney & Stull, 1990). While no differences have 

been shown with regards to unloaded shortening velocity via slack-test maneuver (Sweeney & 

Stull, 1990), it remains unknown how RLC phosphorylation impacts loaded shortening and 

contractile power in single muscle fibers. At the whole muscle level however, in situ work and 

power was increased following conditioning contractions that increased RLC phosphorylation of 
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mouse extensor digitorum (EDL) (Xeni et al., 2011), suggesting a role for altered contractile 

function during loaded shortening. It has yet to be explored the effects of RLC phosphorylation 

in vitro via skMLCK in human single fibers. Future studies would benefit from assessing fiber 

type dependent differences in single fiber function following in vitro phosphorylation as pre-

clinical models suggest RLC in slow muscle is not as phosphorylatable and has little to no 

influence on muscle function (Crow & Kushmerick, 1982; Moore & Stull, 1984; Westwood et 

al., 1984), along with lower skMLCK expression in slow muscle (Zhi et al., 2005). 

MyBP-C is a ~125-140kDa thick filament associated protein that exists within the inner 

two thirds of each half sarcomere, “c-zone”, each spaced approximately 40nm apart along the 

axis of the thick filament in a ratio of 1 MyBP-C : 3 myosin (Heling et al., 2020b; Robinett et al., 

2019). MyBP-C is phosphorylated mainly by cyclic AMP dependent protein kinase (protein 

kinase A, PKA) and additionally by protein kinase C (PKC) (Ackermann & Kontrogianni-

Konstantopoulos, 2011). While fsMyBP-C has no known phosphorylation sites, ssMyBP-C has 3 

phosphorylatable serine residues in the proline-alanine rich region near the C1 domain and 1 in 

the M-motif (Barefield & Sadayappan, 2010). In mouse soleus muscle, a fatiguing tetanic 

stimulation protocol was sufficient to induce ssMyBP-C phosphorylation (Ackermann & 

Kontrogianni-Konstantopoulos, 2011) suggesting MyBP-C dynamically regulates skeletal 

muscle contraction during fatiguing exercise. However, it is less clear how fatiguing exercise 

may impact fast muscle despite both fsMyBP-C and ssMyBP-C being expressed. Our in vivo 

fatiguing protocol was utilized in order to do induce PKA-dependent phosphorylation of MyBP-

C via beta-adrenergic signaling cascades in a heterogenous muscle. It is also likely that PKC 

signaling is increased during this fatiguing exercise, however we were limited in our ability to 

measure PKC activity on MyBP-C in the way were could with PKA. 
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Effects of Resistance Training and Fatigue on RLC and MyBP-C Phosphorylation. 

We did not see an effect of fatigue on RLC phosphorylation in either NT or RT groups. 

As stated above, RLC phosphorylation is induced upon muscle activation, and we hypothesized 

that a fatiguing exercise to task failure would be a sufficient stimulus to increased RLC 

phosphorylation. Prior studies in humans tend to utilize a more brief conditioning contraction in 

order to induce RLC phosphorylation, such as 10s MVIC (Houston et al., 1985; Houston & 

Grange, 1991; Stuart et al., 1988). These studies have shown increases in RLC phosphorylation 

and associated twitch potentiation, a phenomenon largely attributed to RLC phosphorylation. It 

is possible that the time between the final contraction and tissue acquisition was too long in order 

to capture the anticipated rise in RLC phosphorylation. RLC phosphorylation in skeletal muscle 

remains elevated for a short duration before returning to resting levels due to both reduced 

skMLCK and increased myosin light chain phosphatase (MLCP) activity (Stull et al., 2011). Our 

previous unpublished work has shown reduced RLC phosphorylation via liquid chromatography 

tandem mass spectrometry following a similar fatiguing exercise protocol. However, it is unclear 

if MLCP activity remains elevated for long enough following a conditioning contraction to 

reduce phosphorylation levels below resting. In the current study, there was variation in the time 

from final contraction to tissue acquisition and the range was approximately 5-19 minutes. While 

it is technically challenging to perform muscle biopsies so quickly after exercise, future studies 

of RLC phosphorylation should consider a more time-sensitive approach. 

Interestingly, we found that RT individuals had lower resting RLC phosphorylation than 

NT. To our knowledge, this is the first study to directly compare RLC phosphorylation between 

NT and RT individuals. However, previous work has demonstrated that resistance training 
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improves potentiation of isometric and dynamic force following conditioning contractions (Chiu 

et al., 2003; Hicks et al., 1991). The mechanism for greater potentiation is not fully understood 

but is likely attributed to an increase in fast-twitch MHC II fiber area. Older adults, who contain 

lower MHC II area than younger adults, tend to have a reduced capacity for post-activation 

potentiation that is enhanced following resistance training (Hicks et al., 1991; Petrella et al., 

1989). Furthermore, older males have exhibited reduced RLC phosphorylation (Gelfi et al., 

2006) and older females have been shown to exhibit reduced RLC phosphorylation compared to 

younger adults and older males (Miller et al., 2013), suggesting chronic adaptations to resting 

RLC phosphorylation levels that may have implications for muscle function. Here, our RT 

individuals had greater MHC II area than NT, thus drawing a conclusion dependent on fiber type 

abundance difficult. We found that both fast and slow RLC isoforms were lower in RT than NT, 

which suggests this may not be as fiber type dependent as previously thought. Similarly, we 

found that MyBP-C phosphorylation was lower in RT than NT. While there is literature to 

describe that resistance training alters the proteomic profile in human skeletal muscle (Du et al., 

2024; O’Leary et al., 2024), it is unclear how the phosphoproteomic profile, specific to proteins 

of the contractile machinery, are altered. Furthermore, how or if resistance training changes the 

sensitivity to exercise in the context of intracellular signaling is not currently understood. From 

these data, it is possible that resistance training elicits chronic adaptations to resting 

phosphorylation in a way that allows for greater potentiation of contractile function during and 

following the onset of exercise. This would serve as a beneficial tool that helps limit or forestall 

fatigue in vivo. 

In our phosphoproteomic analysis, we utilized an 18 plex design comparing the effects of 

RT and fatigue within a biological sex. Interestingly, we did not find many differentially 
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phosphorylated residues with fatigue, however RT males showed 15 residues with increased 

phosphorylation and 322 with decreased phosphorylation in comparison to 2 increased and 2 

decreased in NT males, 2 increased and 1 decreased in NT females, and 0 in RT females 

(Supplementary 9). This broad approach suggests that the muscle phosphoproteome is changing 

following fatiguing exercise dependent on sex and training. Previous studies have shown that 

exercise alters the muscle phosphoproteome, specifically signaling pathways associated with 

muscle adaptations, in an intensity dependent manner (Hoffman et al., 2025). While our study 

did not identify many differences by fatigue, we did see large differences by training in both 

males and females. We found 751 and 270 differentially phosphorylated residues in RT 

compared to NT males and females, respectively (Supplementary 9). Interestingly, of these many 

residues, Ser15 in RLC and multiple Serine’s on ssMyBP-C has lower phosphorylation in the RT 

males compared to NT males, in agreement with our western blot data. While RLC is known to 

be phosphorylated at Ser15, ssMyBP-C has many splice variants (Li et al., 2019) and it is 

difficult to identify residue specificity in this approach. Additionally, previous single cell 

proteomics have identified differences in the proteomic profile between fiber types 

(Momenzadeh et al., 2023), which may greatly influence the adaptability between individuals 

with differences in MHC isoform distribution and hybridized fiber numbers as in the current 

study. Future approaches should utilize a targeted proteomics approach to identify residue 

specificity, and identify the splice variants that exist across samples to create a more 

comprehensive understanding of the molecular changes with fatigue or training. 
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Limitations 

 While the current study provided a robust analysis of over 400 fibers from 18 

participants, we are limited by the lack of MHC I containing fibers in the dataset. Human skeletal 

muscle is heterogenous with many muscles expressed multiple fiber types along with hybridized 

fibers. Slow fibers are traditionally fatigue resistant, making them an interesting population of 

study as they may reveal unique responses to fatigue that has exercise and training implications. 

Additionally, our single fiber analyses were performed in near optimal intracellular conditions of 

low Pi and neutral pH. This allowed us to identify potential mechanisms of altered contractile 

function unique to the sarcomeric proteins rather than altered intracellular metabolic conditions. 

However, during exercise and training, cellular function of the fiber depends on the intracellular 

conditions and future study would benefit from identifying if similar performance potentiation 

persists during fatiguing conditions. Our identification of protein modifications was limited to 

phosphorylation of RLC and MyBP-C. Oxidation (Lamb & Posterino, 2002), heat shock protein 

(HSP) production (Liu et al., 2006), and other post-translational modifications may alter 

contractile performance during exercise. Our current findings are unlikely to be due to oxidation 

as the solutions for mechanical experiments contained DTT, as discussed above, however it may 

provide a more comprehensive picture of the relationship between acute and chronic mediators 

of muscle function. Further, MyBP-C phosphorylation was measured as the ratio of PKA signal 

at the MyBP-C band to total MyBP-C protein on that gel. Therefore, we extrapolate that greater 

PKA:MyBP-C is indicative of greater MyBP-C phosphorylation. Lastly, the female menstrual 

cycle and circulating sex hormones such as 17β-Estradiol (E2) are known to impact muscle 

function (Chidi-Ogbolu & Baar, 2019). Although we did not measure circulating sex hormones, 
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all female participants were either scheduled during the early follicular phase or were taking 

hormonal contraceptive, in which cases E2 was presumed to be low. 

 

Conclusion 

 This study is the first to directly test the effects of in vivo fatigue on in vitro contractile 

performance of single muscle fibers. We are also the first to directly compare resting RLC and 

MyBP-C phosphorylation between RT and NT males and females and if protein phosphorylation 

remains in tissue prepared for mechanical analysis compared to flash frozen. Overall, our study 

found that in vivo fatigue induces velocity specifical increases in contractile performance of 

MHC II fibers. Specifically, RT individuals exhibited a more robust increase to loaded shortening 

velocity than NT providing an interesting outlook on fatigue resistance in RT compared to NT 

individuals. Additionally, RT individuals had slower loaded shortening velocity than NT and 

lower, but non-significant, maximum power.  We did not capture fatigue-induced changes to 

RLC or MyBP-C in western blot or phosphoproteomics. However, the time-sensitivity of RLC 

phosphorylation may have limited our ability to test this hypothesis. For MyBP-C, this protein is 

phosphorylated by PKA and PKC, in which cases we were unable to detect residue specificity or 

PKC dependent phosphorylation. We found reduced RLC and MyBP-C phosphorylation in RT 

compared to NT individuals via western blot that was confirmed with phosphoproteomic 

analysis. Overall, our study provides valuable insight into the dynamic regulation of muscle 

function during fatigue and how chronic influencers such as RT and biological sex mediate this 

response. 
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4. Aim 2: To assess how chronological age mediates the effects of fatiguing exercise on 

single muscle fiber contractile function and regulatory protein modification. 

 

4A. Introduction 

 Chronological aging of the neuromuscular system is characterized by reduced motor unit 

number (McNeil et al., 2005; Power et al., 2014), muscle fiber number and size (Lexell et al., 

1988), and a shift in fiber type distribution from fast (MHC II) to slow (MHC I) (Hunter et al., 

1999; Lexell et al., 1983). These morphological changes generally describe the reductions in 

physical function commonly seen in the elderly such as maximal strength and power (Callahan & 

Kent-Braun, 2011). The loss of muscle mass, along with increased intramuscular adipose 

content, mostly explain the loss of isometric muscle strength (Goodpaster et al., 2008), however 

older adults experience power deficits that are greater than their strength deficits compared to 

younger adults (Callahan & Kent-Braun, 2011). These deficits are velocity specific in that as the 

velocity of contraction increases, power disproportionately decreases in older compared to 

younger adults that is likely explained by changes within the muscle, rather than with 

neuromuscular activation (Wrucke et al., 2024). To identify the extent to which contractile 

deficits arise from changes to the muscle cell itself, single fiber mechanical assays provide a 

unique perspective into the inherent functional capacity of the muscle independent of 

extracellular influences such as neuromuscular activation, metabolic homeostasis, etc. Whether 

loss of contractile velocity in single fibers occurs with age remains equivocal as multiple studies 

have shown maximum unloaded shortening velocity (Vo) is reduced in both MHC I and MHC 

IIA fibers (D’Antona et al., 2003; Frontera et al., 2000; Larsson et al., 1997; Ochala et al., 2007; 

Yu et al., 2007), whereas a few suggest no difference (Frontera et al., 2008; Korhonen et al., 
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2006; Trappe et al., 2003). Miller et al. demonstrates a slowing of cross-bridge kinetics 

evidenced by prolonged ton in MHC IIA fibers from older adults (M. S. Miller et al., 2013a). 

Consistency across studies regarding physical activity level needs to be addressed because when 

matched for activity level, fiber size and specific tension is not different between younger and 

older fibers ((Trappe et al., 2003; Venturelli et al., 2015). It is possible that the reduction in 

habitual physical activity that generally occurs with older age may exacerbate reductions in 

muscle mass and function, even at the cellular level. 

 Muscle strength and power are key predictors of independence, quality of life, and all 

cause mortality in older adults (Fragala et al., 2015; Metter et al., 2004), however muscle fatigue 

can greatly exacerbate declines in physical function. The acute reduction in the force and power 

generating capacity following repeated or prolonged activation (Callahan et al., 2009), i.e. 

muscle fatigue, disproportionately impacts older adults, who already experience deficits in 

strength and power. Interestingly, older adults resist fatigue better than younger adults during 

isometric contractions, however, lose more power more quickly during high velocity concentric 

contractions (Callahan & Kent-Braun, 2011). Improved isometric fatigue resistance is thought to 

be attributed to low relative area of MHC II fibers (Callahan et al., 2016) and lower 

accumulation of inorganic phosphate (Pi) and proton (H+), the main metabolic drivers of muscle 

fatigue (Debold et al., 2016). It is thought that the mechanisms behind this velocity dependence 

in muscle fatigue may arise due to contractile speed, in which case shortening velocity in single 

fibers may explain age-related differences. 

Furthermore, fatiguing exercise is accompanied by increases in catecholamines, 

epinephrine and norepinephrine, which act on β-adrenergic receptors. Downstream of adrenergic 

signaling, cyclic adenosine monophosphate (cAMP) activates protein kinase A (PKA), known to 



78 
 

phosphorylate many proteins, including myosin binding protein C (MyBP-C), which is known to 

tune contractility in skeletal muscle (Robinett et al., 2019). MyBP-C regulates crossbridge 

formation by directly interacting with both thick and thin filaments and is phosphorylated by 

PKA, resulting in enhanced velocity and power (Robinett et al., 2019). Older adults seem to have 

a reduced sensitivity to β-adrenergic agonists (Ford et al., 1995), which may explain an inability 

to maintain velocity and power during dynamic fatiguing exercise. Additionally, myosin 

regulatory light chain (RLC) is phosphorylated following transient increases in sarcoplasmic 

Ca2+ concentrations during prolonged muscle activation (Gittings et al., 2011), resulting in 

enhanced myofilament Ca2+ sensitivity (Persechini et al., 1985; Sweeney & Stull, 1986) and 

myosin kinetics (Metzger et al., 1989; Sweeney & Stull, 1990) in vitro. In vivo, RLC 

phosphorylation following a sustained maximal voluntary contraction (MVC) potentiates force 

and power in humans (Chiu et al., 2003; Houston et al., 1985; Stuart et al., 1988), and is thought 

to be the mechanism behind post-activation potentiation (PAP). RLC content has been shown to 

be lower in older males (Gelfi et al., 2006), and phosphorylation is reduced in older females (M. 

S. Miller et al., 2013a) and in aged rats (Gregorich et al., 2016). Activation-dependent increases 

in RLC and MyBP-C phosphorylation may act to limit or forestall muscle fatigue in vivo, 

improving performance during repetitive and strenuous tasks. However, it is possible that a 

reduced capacity to phosphorylate these proteins in vivo, perhaps with aging, leads to poor 

fatigue resistance during dynamic contractions. 

 Therefore, the purpose of this study was to assess the contractile performance of single 

muscle fibers of the vastus lateralis (VL) in vitro before and after in vivo dynamic fatiguing knee 

extensor contractions to task failure in young and older males and females. We also sought to 

investigate age- and fatigue-induced differences to the phosphorylation status of key sarcomeric 
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regulatory proteins, myosin regulatory light chain (RLC) and myosin binding protein C (MyBP-

C). We hypothesized that fatiguing exercise would improve contractile performance in single 

muscle fibers to a greater extent in young compared to older adults. Additionally, we 

hypothesized that RLC and MyBP-C phosphorylation would be reduced in older compared to 

younger adults, and fatiguing exercise would increase phosphorylation status, less so in older 

adults. 

 

4B. Methods 

Study Design: A total of 9 young (4 males; 5 females) and 12 older (5 males; 7 females) healthy 

adults performed an acute bout of isotonic fatiguing knee extensor contractions at 30% MVIC on 

their dominant limb. Muscle biopsies from the dominant (fatigued) and non-dominant 

(control/non-fatigued) limb were performed, and muscle samples were separated for assessment 

of in vitro cellular contractile performance and western blot to assess phosphorylation of MyBP-

C and RLC. 

 

Participants: A total of total of 9 young (4 males; 5 females) and 12 older (5 males; 7 females) 

healthy adults participated in the study. All participants completed informed consent and health 

history questionnaire, prior to inclusion in the study. To limit the potential for menstrual cycle-

dependent variation in circulating estradiol, all female participants either reported use of 

hormonal contraceptive or were tested in the pre-follicular phase of the menstrual cycle, (within 

5 days of menses onset). Participants reported no orthopedic limitations (severe osteoarthritis, 

prior joint replacement, etc.), endocrine disease (hypo/hyperthyroidism, Addison’s Disease or 

Cushing’s syndrome, etc.), uncontrolled hypertension (>140/90 mmHg), neuromuscular disorder, 
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significant heart, liver, kidney or respiratory disease, and/or diabetes. Participants were non-

smokers. Finally, participants taking medications known to affect either muscle contractility or 

beta-adrenergic signaling of neuromuscular activation (including but not limited to beta blockers, 

calcium channel blockers, and muscle relaxers) were not included. 

 

Physical Activity Monitoring: Habitual physical activity was monitored for approximately 7 days 

(including at least 1 weekend day) using an ActivPAL (PAL Technologies, UK) triaxial 

accelerometer affixed to the anterior aspect of the mid-thigh using a waterproof protective barrier 

(Tegaderm, 3M). Data was categorized according to ActivPAL Daily Summary Outcomes 

Exports as step count (steps/day) and time spent in 4 different activity categories based on step 

cadence: time in sedentary (0steps/min), light (<75steps/min), moderate (≥75steps/min, 

<125steps/min), and vigorous (≥125steps/min) activity. 

 

Knee Extensor Strength, Muscle Morphology, and Fatigue Protocol: Participants became 

familiarized with the BioDex System 3™ Dynamometer (Biodex, USA) on a previous day by 

performing 3 MVIC and a single fatiguing exercise as described below. On this same day, vastus 

lateralis (VL) muscle thickness (MT) was measured transversely using B-mode ultrasonography 

(Philips iE33; Philips, Andover, MA) and a linear-array ultrasound probe transducer (L9-3, 3-9 

MHz, 33-mm field of view; Philips, Andover, MA) as the distance between the superficial and 

deep aponeuroses. Participants were situated in the upright seated position with the hip and knee 

flexed at 90 degrees (180 degrees = full extension) with the knee joint and dynamometer axis of 

rotation aligned. Hands were placed on support handles at their side for additional support during 

exercise and to ensure no hip extension. Range of motion of the knee joint was set to 90 degrees. 
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Participants then performed 3 maximum voluntary isomeric contractions (MVIC), with one-

minute rest between contractions, for measurement of peak isometric torque and rate of torque 

development (RTD). Participants were then transferred to the bed for preparation of the muscle 

biopsy. Following administration of subcutaneous 1% lidocaine HCl injection at the planned site 

of biopsy and initial incision, the incision was closed with steri-strips (3M) and covered with 

Tegaderm (3M) to maintain a sterile field. Participants returned to the dynamometer for the 

isotonic fatiguing exercise protocol. Participants were instructed to “kick out as hard and fast as 

you can” at 30% of their MVIC along to a metronome at 40bpm with strong verbal 

encouragement as well as visual feedback of their torque trace in real time. Participants were 

considered fatigued when their range of motion became significantly reduced by more than 50% 

on subsequent contractions. Raw analog data was converted to digital using an A/D converter 

(CED, UK) and recorded using Spike2 software (CED, UK). Digital signals corresponding to 

position, torque, and velocity were exported and analyzed in a custom MATLAB code 

(MATLAB 2022a, MathWorks). Immediately following the last contraction, the volunteer was 

moved to the bed, incision opened, and the area was sterilized again before performing the 

biopsy. A biopsy was performed on the contralateral control limb immediately following the 

fatigued limb biopsy. 

 

Muscle Biopsy and Tissue Processing: Percutaneous needle muscle biopsy of the vastus lateralis 

muscle was performed as described (Privett et al., 2024). Briefly, following sterilization of the 

skin, subcutaneous and intramuscular 1% lidocaine injections were delivered. Following the 

fatiguing exercise, a scalpel blade was used to make a 5mm incision on the vastus lateralis 

muscle. A 5mm Bergström needle was inserted to the belly of the muscle and manual suction 
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applied to acquire the tissue samples. Muscle samples were then blotted and removed of fat and 

connective tissue before transfer to either cold (4°C) dissecting solution (120mM NaMS, 5mM 

EGTA, 0.1mM CaCl2, 6 mM MgCl2, 0.25mM KH2PO4, 20mM BES, 1.8mM KOH, 1mM DTT, 

and 5mM ATP-Mg; pH = 7.0) for mechanical analysis or snap frozen in liquid nitrogen (LN2) and 

stored at -80°C for isoelectric separation and immunoblot analysis. Tissue designated for 

mechanical experiments were dissected at 4°C into bundles of ~100 fibers, tied to glass rods at 

slightly stretched lengths, and placed in skinning solution (5mM EGTA, 2.5mM MgCl2, 2.5mM 

ATP-Na2H2, 10mM imidazole, 170mM potassium propionate, EDTA-free protease inhibitor; pH 

= 7.0) for 24h at 4°C. Next, bundles were transferred into a series of storage solutions (identical 

to skinning solution but containing 1 mM sodium azide and excluding the protease inhibitor 

cocktail) with increasing concentrations of glycerol (10%, 25%, 50% v/v) for 2 hours each at 

4°C. The 50% glycerol solution contained an EDTA-free protease inhibitor tablet (Thermo 

Scientific). Upon final storage in 50% glycerol solution, bundles were kept at -20°C for up to 4 

weeks until mechanical analysis. 

 

Single Fiber Mechanical Experiments: Upon day of experiments, one bundle was isolated, 

trimmed evenly in dissecting solution at 4°C and placed in an additional skinning solution 

(dissecting solution with 1% Triton-X100 v/v) for 20min at 4°C. Following skinning, the bundle 

was placed back in dissecting solution at 4°C and fibers were manually dissected at random. 

Each fiber to be used for mechanical experiments underwent an additional 20min of skinning 

(dissecting solution with 1% Triton-X100 v/v) at 4°C. Following preparation, each fiber was 

placed into a large well consisting of relaxing solution (identical to dissecting solution but with 

the addition of 15mM creating phosphate (CP), 5mM Pi, 300 units ml-1 creatine phosphokinase 
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(CPK)) and tied end to end to a force transducer and a length motor with extended troughs using 

the Moss clamp technique (Moss, 1979) on a custom apparatus (Aurora Scientific Inc., Aurora, 

ON, Canada) (Privett, et al., 2024). The glass-bottomed aluminum bath plate consists of 8 wells 

temperature controlled by a built-in thermo-electric cooler. The bath plate moves independently 

from the force transducer and length motor allowing for the transfer of the mounted fiber to 

different solutions. The bath plate and troughs are mounted to an inverted microscope (Leica 

Microsystems, Wetzlar, Germany) to track vertically. The fiber was first stretched to a sarcomere 

length (SL) of 2.65μm measured by a Fourier transformation of optical density viewed 

longitudinally (Aurora Scientific), cross sectional area (CSA) then measured assuming elliptical 

shape by taking the average of 3 measurements along the length of both the fiber top and side 

widths. Side widths are viewed through a right-angled prism mounted on the largest bath plate 

chamber. The fiber was then slacked to set zero force, re-stretched to a SL of 2.65μm, upon 

which fiber length and passive tension was measured, then force was again set to zero to ensure 

any additional force to be attributed to active contraction, not passive stretch. The fiber was then 

placed into a second bath containing pre-activating solution (identical to relaxing solution but 

with EGTA 0.5 mM) for 30sec to provide optimal Ca2+ activation upon subsequent transfer into 

the third bath containing activating solution (identical to relaxing solution but at pCa 4.5). In 

activating solution, the fiber is allowed to contract maximally until peak force plateaus. Upon 

maximal activation (force plateau), an isotonic load clamp is performed before returning to 

relaxing solution. Using the initial fiber length (Lo) and maximum force (Fmax), the fiber is 

shortened at progressively higher velocities to achieve 3 different target submaximal loads. This 

process is repeated until all 5 series of load clamps have been completed (15 load steps in total). 

The forces are plotted against their associated velocities to generate a force-velocity curve fit 



84 
 

with the Hill equation. The Hill fits derive the following parameters: maximum tension (Tmax), 

maximum velocity (Vmax), and maximum power (Pmax). Fibers were excluded for further analysis 

if tension dropped >10% from the first to last activation and/or if the SL patterns are disrupted or 

other evidence of damage is seen. All experiments are performed at 15°C. Upon completion of 

experiments, the fiber was collected and transferred to an individual tube containing sample 

preparation buffer (SPB; 2% SDS (v/v), 12.5% Tris/HCl pH 6.8 (v/v), 25% glycerol (w/v), 

0.05% β-mercaptoethanol (BME; v/v), drop of 1.0 M bromophenol blue), spun for 30sec 

@8500RPM, heated for 2min at 65°C, and stored at -80°C for SDS-PAGE. 

 

SDS-PAGE/MHC Isoform Identification: To assess MHC isoform in single muscle fibers, SDS-

PAGE was performed. The resolving gel contained 7% acrylamide/Bis (50:1; w/v), 1.5M 

Tris/HCl (pH 8.8), 1.0 M glycine, 4% SDS, 30% glycerol and the stacking gel contained 4% 

acrylamide/Bis (50:1; w/v), 0.5M Tris/HCl (pH 6.8), 0.1M EDTA (pH 7.0), 4% SDS, 5% 

glycerol. Upon polymerization, upper and lower chamber running buffers consisting of 1X SDS 

and 0.5X SDS, respectively, were poured prior to protein loading. 20μl of solution containing a 

single fiber was aliquoted into each lane, with a sample homogenate (~2.5mg; 2-5μl) from the 

same volunteer in the center lane as a standard. Gels were run for 3.5 hours at 70V followed by 

20 hours at 200V. Following completion of electrophoresis, the gels were stained using a Pierce 

Silver Stain Kit (BioRAD) and either immediately dried or stored in gel drying buffer (10% 

glycerol, 20% ethanol) at 4°C for later analysis. MHC isoforms assessed were MHC I, MH IIa, 

MHC IIx as well as hybridized MHC I/IIa and MHC IIa/IIx. A separate gel was run identical to 

above yet only including sample homogenates (~2.5mg; 2-5μl) to assess relative abundance of 

MHC I, IIA, and IIX in each individual and compare across groups. 
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Western Blot: For semi-quantitative analysis of MyBP-C phosphorylation, frozen biopsy samples 

are thawed and weighed, homogenized, and extracted in protein extraction buffer (600mM KCl, 

150mM KH2PO4, 20mM EDTA, 5mM MgCl2, 3.3mM ATP-Na2H2, EDTA-free protease 

inhibitor, pH 6.7) for 90min on ice. Protein concentration was quantified in the lysate using a 

Pierce BCA Protein Assay Kit (Thermo Fisher). The sample is then heated to 65°C, and 20µg 

protein is loaded into each well on 4-20% pre-cast SDS-PAGE in Mini-PROTEAN tetra system 

(BioRAD). Gels are run for 40min at 200V and transferred to a nitrocellulose membrane for 1 

hour at 100V in a 1X Tris-glycine buffer with 20% methanol. Ponceau staining is done to 

confirm a successful transfer, then blocked in TBS Intercept buffer (LI-COR Biosciences, USA) 

prior to overnight rocking incubation at 4°C in primary antibody. The next day, a second 

incubation with near-infrared secondary antibodies is performed for 1 hour at room temperature. 

All immunoblots are imaged on a Bio-Rad ChemiDoc MP Imaging System (Bio-Rad 

Laboratories, US) and densitometry analysis performed in Image J. 

For semi-quantitative analysis of RLC phosphorylation, frozen tissue samples were 

weighed prior to homogenization for 5 min using a glass homogenizer chilled periodically in 

liquid nitrogen.  40mL of sample preparation buffer (8M urea, 80 Tris, 488 Glycine, 0.1% 

Bromophenol blue, 100 DTT, protease inhibitor tablet (Pierce), 10ul/ml phosphatase inhibitor 

cocktails 2 and 3 (Sigma) with 50% Glycerol) was added for each milligram of tissue sample. 

Samples were then homogenized in solution for 5 min at 60°C. After centrifugation at 12000 rpm 

for 5 min, the supernatant was aliquoted and stored at -80°C for subsequent analysis. 

Phosphorylated and non-phosphorylated RLC was separated by charge using 1d isoelectric gel 

electrophoresis with urea-glycerol gels (stacking gel: 20 Tris-Glycine, 5% Acrylamide stock 
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(29.22% Acrylamide, 0.78% Bis-acrylamide), 20% Glycerol, 0.1% TEMED, 0.03% Ammonium 

persulfate; resolving gel: 20 Tris-Glycine, 10% Acrylamide, 40% Glycerol, 0.1% TEMED, 

0.02% Ammonium persulfate), 10ul per lane, using 1X running buffer (.122M Glycine, 20 

Trizma base, pH 8.6) at 400 V, 16 hours at 4°C. Gels were transferred to a nitrocellulose 

membrane for 1 hour at 100V in a 1X Tris-Glycine buffer with 20% methanol. Membranes were 

blocked in TBS intercept buffer (LI-COR Biosciences, USA), then rocked overnight at 4°C in 

primary antibody. The next day, a second incubation with near-infrared secondary antibodies is 

performed for 1 hour at room temperature. All immunoblots are imaged on a Bio-Rad 

ChemiDoc MP Imaging System (Bio-Rad Laboratories, US) and densitometry analysis 

performed in Image J. 

 

Immunohistochemistry: Muscle bundles (~100 fibers) from the vastus lateralis muscle were 

blotted and embedded in O.C.T. (Tissue-Tek®, Sakura Finetek, USA) before placed in 

isopentane precooled with LN2 and stored at -80°C. Samples were acclimated for 1hr at -20°C 

before cryo-sectioning at a thickness of 8μm on a Leica Cryostat (Leica CM 1850UV) and 

placed on glass slides. Samples were covered and dried overnight. The next day, samples were 

rehydrated for 10min in a PBS/1% BSA solution, followed by incubation in primary antibody 

overnight. Then, samples were washed twice for 5min each and incubated in secondary antibody 

for 1hr. Samples were then washed twice for 5min each before and after application of methanol 

for 10min. Lastly, one drop of SlowFade™ Diamond Antifade Mountant with DAPI (Invitrogen, 

Waltham, MA) was applied directly on the sample, followed by two drops of permount mounting 

medium (Electron Microscopy Sciences, Hatfield, PA) on the glass slide and cover slip placed on 

top. Samples were imaged on a Leica fluorescence microscope (Leica DM4000B) and Leica 
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camera (Leica DFC 360FX) at 10x magnification. Composite image generation and subsequent 

analyses were performed in ImageJ. Each fiber was carefully traced and area was measured. The 

mean area of MHC I and not MHC I (MHC II) was calculated for each individual. Area fraction 

was calculated as the percentage of total muscle area occupied by MHC I and MHC II. Fiber 

type distribution was determined as the total number MHC I or MHC II containing fibers as a 

proportion of total fiber number in the sample. 

 

Antibodies: Antibodies used for western blot include Rabbit anti-Myosin Light Chain 2 (Abcam, 

ab92721, 1:5000), Rabbit anti-MYBPC1 (Abcam, ab124196, 1:2000), Rabbit anti-PKA (Cell 

Signaling Technologies, 9621, 1:300), IRDye® 800CW donkey anti-rabbit (LI-COR, 926-32213, 

1:15000), IRDye® 680RD goat anti-rabbit (LI-COR, 926-68071, 1:15000). Antibodies used for 

histology include BA-D5 MIgG2b (DHSB, 1:100), SC-71 MIgG1 (DHSB, 1:100), 6H1 MIgGM 

(DHSB, 1:100), ab11575 IgG (Abcam, 1:100), Goat anti-mouse IgG2b AlexaFluor 647 

(Invitrogen, 1:500), Goat anti-mouse IgG1 AlexaFluor 488 (Invitrogen, 1:500), Goat anti-mouse 

IgM AlexaFluor 568 (Invitrogen, 1:500), Goat anti-rabbit IgG AlexaFluor 488 (Abcam, 

ab150077, 1:500). 

 

Statistical Analysis: Two-way ANOVA with fixed effects of Age and Sex was used to assess 

differences in anthropometrics, whole muscle function, and fatiguing exercise performance. A 

two-way Repeated Measures ANOVA with fixed effects of fatigue and age was performed for the 

comparison of RLC and MyBP-C phosphorylation. To assess differences in single fiber 

contractile properties between groups, fatigued vs. non-fatigued, and biological sex, a linear 

mixed effects model was performed within a fiber type and a random effect of Participant ID. 
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Participant ID allows for each individual participant to be weighted in accordance with the 

number of fibers they contributed to the total data set. To assess contractile function at baseline, a 

linear mixed model was performed in non-fatigued fibers with fixed effects of age and sex, and 

random effect of Participant ID, within a fiber type. To assess the effect of fatigue, a linear mixed 

model was performed within an age group, with fixed effects of condition (non-fatigue/fatigue) 

and sex, and random effect of Participant ID. In the event of a condition by sex interaction effect, 

independent samples t-test were run for the comparison between non-fatigued and fatigued fibers 

within a sex. All statical analyses were performed in SPSS (IBM, SPSS Inc.). 

 

4C. Results 

 

Table 4: Anthropometric and Activity Data of Young and Older Participants 

  n 
Height 

(cm) * 

Weight 

(kg) * 

BMI 

(kg/m2) 

Step Count 

(steps/day) * 

Light Activity 

(mins/day) 

Moderate Activity 

(mins/day) *# 

Vigorous Activity 

(mins/day) 

Young 
Female 5 162.1 ± 6.1 55.0 ± 3.2 20.9 ± 0.6 7098±2176 25 ± 8 43 ± 15 0.5 ± 0.6 

Male 4 185.3 ± 13.0 84.0 ± 10.1* 24.5 ± 1.2 10013±5001 54 ± 27 72 ± 37 0.7 ± 0.6 

Older 
Female 7 164.1 ± 6.47 74.4 ± 11.7 27.6 ± 4.1 9107±2313 42 ± 10‡ 71 ± 24 1.6 ± 3.9 

Male 5 188.59 ± 27.23 77.5 ± 13.3 23.0 ± 8.1 14937±8625 36 ± 4 115 ± 71 5.1 ± 5.7 

Symbols indicate a significant main effect of * biological sex or # age, ‡ different than younger female (p<0.05). 
Data are shown as mean ± SD. 
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Participant Characteristics, Fiber Type Distribution, and Morphology. 

 A total of 21 healthy adults participated in this study including 9 young (5 female and 4 

male) and 12 older (7 female and 5 male). Males were taller (p=0.002) and weighed more 

(p=0.004) than females but were not different in BMI (p=0.789) (Table 4). There was no effect of 

age on height (p=0.683), weight (p=0.191), or BMI (p=0.207) (Table 4). As measured via 

ActivPAL accelerometry in 18/21 participants, males had a higher step count than 

females(p=0.044) and spent more minutes per day spent in moderate-vigorous physical activity 

(p=0.042) (Table 4). Older females spent more time in light activity than younger females 

(p=0.001), and older adults spent more time in moderate activity than younger adults (p=0.048) 

(Table 4). 
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Immunohistochemical analysis was performed in 18/21 participants to assess fiber type 

distribution and fiber area. The area fraction of MHC I fibers was greater in older compared with 

younger adults (p=0.008), and was not different by sex (p=0.712) (Figure 6B). Fiber type 

distribution was also assessed as number of MHC I or II fibers as a percentage of the total 

number of fibers analyzed in cross-section. In this analysis, fiber type distribution was greater in 

older compared with young adults (p=0.020), but not different by sex (p=0.104) (Figure 6C). In a 

separate sample stored in SDS sample buffer, tissue homogenate was separated via SDS-PAGE 

and densitometry was performed to assess relative abundance of MHC I, IIA, and IIX. This 

method showed greater relative abundance of MHC I in older adults compared with young 

(p=0.022), but no difference by sex (p=0.508). No difference in MHC IIA or MHC IIX 

abundance was found by age (p=0.215, p=0.079) or sex (p=0.166, p=0.732), however, an age by 

sex interaction effect (p=0.042) followed by independent samples t-test suggest younger males 

has greater MHC IIX than older males (p=0.013), not seen in females (p=0.815) (Supplementary 

9A). In older adults, paired samples t-test revealed greater area of MHC I fibers than MHC II 

(p=0.027) but this was not seen in younger adults (p=0.908) (Figure 6A). 

Comparing the two methods fiber type abundance (IHC vs SDS-PAGE), there was an 

association between area fraction via IHC and relative abundance via SDS-PAGE (R2 = 0.515, 

p<0.001; Supplementary 10B). Relative abundance via SDS-PAGE was associated with fiber 

type distribution (R2 = 0.377, p=0.007; Supplementary 10C). Average fiber area was not different 

for neither MHC I nor MHC II by age (p=0.121, p=0.251), but males had greater MHC II area 

than females (p=0.005) (Figure 6A). 
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Table 5: Fatigue Data and Whole-Muscle Performance In Young and Older Participants 

  n 
Time to Fatigue 

(sec) 

Fatigue Ratio 

(Pf/Pi) 

Peak Power 

(W) *# 

Relative Peak Power 

(W/kg) *# 

Peak Torque 

(Nm) *# 

Relative Peak Torque 

(Nm/kg) *# 

Young 
Female 5 68±8.8 0.34±0.10 295±33 5.43±0.32 140±8 2.54±0.12 

Male 4 75±29 0.41±0.16 532±95 6.43±1.42 281±44‡ 3.34±0.34 

Older 
Female 7 70±12 0.32±0.06 198±33 2.67±0.21 124±20 1.71±0.39 

Male 5 125±101 0.40±0.11 334±59 4.3±0.07 174±33 2.24±0.15 

Symbols indicate a significant main effect of *biological sex or # age, ‡ different than older male (p<0.05). 
Data are shown as mean ± SD. 

 

Fatiguing Exercise and Whole Muscle Performance. 

Due to data loss during transfer, whole muscle power and time to fatigue are reported in 

20/21 participants. Young adults produced more isometric torque (p<0.001) and power (p<0.001) 

compared to older adults (Table 5). Males also produced more absolute torque (p<0.001) and 

power (p<0.001) than females (Table 5). Relative torque and relative power was greater in older 

compared to younger (p<0.001, p<0.001) and in males compared to females (p<0.001, p<0.001) 

(Table 5). Interestingly, neither the time to fatigue nor the fatigue ratio (representative of power 

loss) during the exercise protocol were different by age (p=0.165, p=0.149) or sex (p=0.239, 

p=0.831) (Table 5). 

Table 6: CSA and MHC Isoform Distribution of Single Fibers Analyzed in Young and Older Participants 
 

 n CSA (mm2) * 
MHC Isoform Distribution 

 I I/IIA IIA IIA/X 

Young 
Female 117 0.0045 ± 0.0013 24 5 57 31 

Male 85 0.0068 ± 0.0019 4 0 55 26 

Older 
Female 246 0.0046 ± 0.0017 96 13 83 54 

Male 173 0.0069 ± 0.0021 84 33 45 11 

Data are shown as mean ± SD. * indicates main effects of biological sex (p<0.05). 
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Single fiber contractile performance in non-trained and resistance trained males and females. 

 In single fibers analyzed for mechanical experiments, there was low number of MHC I 

(n= 28) and MHC I/IIA (n=5) containing fibers in the young cohort compared with 180 MHC I 

and 46 MHC I/IIA in the older (Table 6). In all fibers analyzed, males had a larger fiber CSA 

than females (p<0.001) but no differences were seen by age (p=0.833). In older adults, MHC I 

fibers had greater CSA (p<0.001), lower force (p=0.005), and lower tension (p<0.001) than 

MHC II fibers. Due to the low and uneven distribution of MHC I and MHC I/IIA fibers within 
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the young cohort, age comparisons of single fiber size and function are limited to MHC IIA and 

MHC IIA/IIX fibers. In MHC IIA fibers, no differences were observed by age in CSA (p=0.721), 

Fmax (p=0.166), Tmax (p=0.198), Vmax (p=0.953), or Pmax (p=0.574) (Figure 7). CSA (p<0.001) 

and Fmax (p<0.001) were greater in fibers from males compared to females (Supplementary 

10A,B). In MHC IIA/IIX fibers, CSA (p=0.574), Fmax (p=0.138), Vmax (p=0.085), and Pmax 

(p=0.108) were not different by age, yet Tmax (p=0.040) was lower in older adults compared to 

young (Figure 10). Fibers from females had lower CSA (p=0.075) and Fmax (p=0.072) along with 

greater velocity (p=0.077) than males, although not statistically significant (Supplementary 

12A,B,D). No differences by sex were observed for Tmax (p=0.442) or Pmax (p=0.334) 

(Supplementary 12C,E). 
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Effects of in vivo fatigue on permeabilized single fiber contractile performance in vitro. 

 The data concerning the effects of fatigue on single fiber function in the young cohort 

have been previously reported in Chapter 3C. In the young participants, fibers from the fatigued 

limb had no significant effect on Tmax on either fiber type (p=0.217, p=0.097; Figure 3A). A 

fatigue by sex interaction effect in MHC IIA/IIX fibers necessitated repeating the statistical 

analysis within each sex and suggests no change in females (p=0.338; Supplementary 5A) but 

increased Tmax in males (p=0.006; Supplementary 5A). Vmax was greater in fatigued MHC IIA 

fibers (p=0.008), but not MHC IIA/IIX (p=0.808) compared with non-fatigued fibers (Figure 

3B). Pmax was not different between non-fatigued and fatigued fibers in either fiber type 

(p=0.226, p=0.109; Figure 3C). 

 In the older cohort, MHC I, I/IIA, IIA, and IIA/IIX fibers were considered for analysis. In 

MHC I fibers, fatigue did not have an effect on Tmax (p=0.852), or Pmax (p=0.515), but showed a 

non-significant trend towards increased Vmax (p=0.073) (Figure 8). MHC I/IIA Tmax was not 

different by fatiguing condition (p=0.075), yet a fatigue by sex interaction (p=0.049) suggest 

females had reduced Tmax (p=0.017) not seen in males (p=0.849) (Figure 8A). Neither Vmax 

(p=0.763) nor Pmax (p=0.396) were different by fatigue in MHC I/IIA fibers (Figure 8B,C). In 

MHC IIA fibers, no differences were found by fatigue in Tmax (p=0.113), Vmax (p=0.849), or Pmax 

(p=0.171) (Figure 9). Tmax (p=0.047) and Pmax (p=0.025), but not Vmax (p=0.195) were greater in 

fatigued MHC IIA/IIX fibers compared with non-fatigued fibers (Figure 8). 
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Western Blot Analysis of MyBP-C and RLC. 

 MyBP-C and RLC phosphorylation were compared between young and older adults and 

by fatigue condition via two-way ANOVA. RLC-2s and RLC-2f phosphorylation were not 

different by fatigue (p=0.345, p=0.711) or age (p=0.243, p=0.732) (Figure 9B,C). MyBP-C was 

also not different by fatigue (p=0.321) but was lower in older compared to young adults 

(p=0.419) (Figure 9A). 

 

4D. Discussion 

 This study examined the chronic effect of age and the acute effect of muscle fatigue on 

single muscle fiber contractile function and phosphorylation of sarcomeric regulatory proteins, 
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MyBP-C and RLC from the vastus lateral muscle. In this study sample of 9 young (5F, 4M) and 

12 older (5F, 4M), height and weight, but not BMI, were greater in males than females yet no 

differences were present between young and older adults (Table 4). Interestingly, while step 

count was not different by age, older adults spent more time in moderate physical activity 

compared to young adults (Table 4). The young adults were undergraduate students at the 

University of Oregon, reported no structured physical activity yet were recreationally active and 

reported walking to and from campus, classes, etc. The older adults were local Eugene, OR 

community members who reported being physically active with tasks such as walking, 

gardening, and some reported recreational cycling. These reports were thought to have recruited 

activity-matched individuals, however we underestimated the reported physical activity of our 

older adults. Despite these differences, younger adults still exhibited greater absolute and relative 

muscle torque and power. During the fatiguing exercise task, there was no difference in time to 

fatigue or fatigue ratio. It would be anticipated that older adults would fatigue quicker than 

younger adults as has been previously reported during high velocity dynamic contractions 

(Callahan et al., 2009; Callahan & Kent-Braun, 2011). However, these studies perform fatiguing 

exercise tasks at a fixed velocity (isokinetic) for a set period of time, whereas the present study 

performed knee extensions to task failure at a fixed load (isotonic) of 30% MVIC strength. 

Isotonic contractions may be more representative of tasks of daily living, however the notion that 

truly isotonic contractions exist in a “free-living environment” is heavily contested by Callahan 

et al., 2009. Nevertheless, it is possible that because the dynamometer lever arm will rotate about 

its axis upon a knee extension meeting the set 30% torque threshold and the angular velocity is 

modulated by the “effort” the participant places on the lever arm, participants that become 

fatigued may still be able to meet the demands of the torque requirement to move the lever arm, 
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yet will do so by significantly reducing the angular velocity, thus increasing their time to fatigue. 

However, because the task involved “kicking out as hard and as fast as you can” and relative 

decline in muscle power between age groups were not different, this suggests that the fatiguing 

task was similar for both young and older and met our research goal of significantly fatiguing the 

knee extensor muscles. 

 

Single fiber morphology and fiber type distribution in young and older males and females. 

 The lack of sufficient MHC I-containing fibers (both MHC I and MHC I/IIA) in our 

current sample provides a limitation in our ability to test fiber-type dependent age-related 

differences in fiber morphology and function. Thus, our analyses for these measures are 

restricted to MHC IIA and MHC IIA/IIX fibers. As reported in Table 6, younger adults 

contributed 28 MHC I (~14%) and 5 MHC I/IIA (~2.5%) compared to 180 MHC I (~43%) and 

46 MHC I/IIA (~11%) from older adults. Figure 7 and Supplementary Figure 9 highlight the 

abundance of MHC I fibers in the younger sample as analyzed by IHC and the relative 

abundance of MHC I in tissue homogenate separated by SDS-PAGE. Despite our low MHC I 

fiber count in the sample of fibers run for mechanical experiments, we see that younger 

participants still possess ~33% MHC I compared to MHC II fibers (Figure 7C, Supplementary 

9A). This is in stark comparison to ~49% MHC I in older participants (Figure 7C, 

Supplementary 9A). However, as previously discussed in Chapter 3D, when isolating single 

muscle fibers from muscle bundles at random, the probability of isolating an MHC I is low. 

However, we have established a method to predict the MHC isoform upon initial isolation from 

the bundle based on the post-dissection fiber length, or the amount of recoil the fiber experiences 

following isolation (Privett, et al., 2024). These data were collected and published during the 
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collection of the data from the present study, however when we applied this method to 2 younger 

females, and the older adults, we were able to successfully isolate an even distribution of MHC I 

and MHC II fibers. 8/18 and 18/39 fibers from 2 younger females were MHC I-containing fibers, 

showing that our methodology in this younger cohort was successful. Therefore, we believe that 

the low MHC I fiber count in young participants is a result of difficulty to isolate these fibers at 

random, as opposed to an inherent property or low abundance of these fiber types. In both the 

total fiber data set and when limited to MHC IIA and MHC IIA/IIX, fiber CSA was not different 

by age but was larger in males than females (Table 6, Figure 8A). In older adults, CSA of MHC I 

fibers were larger than those of MHC II, which is consistent with previous literature (Lexell et 

al., 1988). This was confirmed in histological cross-sections as the average area of MHC I fibers 

was larger than MHC II fibers in the older participants, but not in the young (Figure 7A). It is 

surprising that CSA was not different by age, yet the relatively high activity level of the older 

adults may have preserved fiber size. Reduced fiber size is a hallmark of the aging muscle 

(Lexell et al., 1988), yet when matched for physical activity age-related differences in fiber size 

disappear (Trappe et al., 2003). 

 

Single fiber contractile function is not different between young and older adults. 

 Previous studies have shown that when activity level is matched between young and 

older adults, inherent contractile function of single muscle fibers is generally not different 

(Frontera et al., 2008; Korhonen et al., 2006; Trappe et al., 2003). However, the low sample size 

of MHC II containing fibers in these studies limit the interpretation. As aging is associated with 

the preferential atrophy of MHC II fibers (Hunter et al., 1999; Lexell et al., 1988) it is imperative 

that the MHC II fibers are studied as they are the most “at risk” fiber type and are correlated with 
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physical performance in older adults (Frontera et al., 2008). In the present study, tension, 

velocity, and power of both MHC IIA and MHC IIA/IIX show lower means in older compared 

with young adults (Figure 10). However, only differences in tension in MHC IIA/IIX fibers were 

statistically significant. The preservation of MHC II function in this cohort may be explained by 

the increased physical activity level. In comparison to the resistance trained cohort presented in 

Chapter 3, the older adults exhibited similar activity levels. It is interesting that for the older 

adults, in comparison to the young cohort (the NT group in Chapter 3), despite greater activity 

levels, the differences in velocity and power were non-significant, whereas they were stark in the 

RT group. It is likely that the greater activity level in older adults preserved muscle fiber size, 

which preserved contractile function. In contrast, through resistance training the muscle fiber 

size was enhanced possibly increasing lattice spacing, reducing the contractile performance as 

seen previously (D’Antona et al., 2006). 

 Regulatory proteins such as MyBP-C and RLC may influence contractile performance 

throughout the lifespan. As previously discussed in Chapter 3D, alterations to RLC 

phosphorylation in vivo are unlikely to influence single fiber mechanics in our preparation. 

However, MyBP-C phosphorylation may better explain differences in contractile function. Single 

fiber studies and in vitro motility assays suggest that phosphorylation of MyBP-C via PKA elicits 

increases in shortening velocity and actin sliding velocity, respectively (Previs et al., 2016; 

Robinett et al., 2019). MyBP-C has 2 skeletal isoforms, slow skeletal (ssMyBP-C) and fast 

skeletal (fsMyBP-C). ssMyBP-C is expressed in both slow and fast muscle, so age-differences in 

contractile function of fast fibers in the present study may be due in part to ssMyBP-C 

phosphorylation. fsMyBP-C does not have any known phosphorylation sites, however ssMyBP-

C has 3 sites near the C1 domain and 1 in the M-motif (Barefield & Sadayappan, 2010). In 
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addition to PKA, these serine residues can be phosphorylated by PKC downstream of Ca2+ 

signaling (Heling et al., 2020b). Therefore, it is possible that the ratio of PKA to MyBP-C as 

measured here does not fully reveal the phosphorylation status of MyBP-C. In soleus muscle of 

rats, aging was associated with reduced cytosolic PKC (Ishizuka et al., 1993), which may 

contribute to reduced MyBP-C phosphorylation although this was not measured in the study. The 

present study found that older adults did not have different PKA:MyBP-C than younger adults, 

which does not describe the difference in tension between young and older adults. Although non-

significant, the mean differences in velocity and power may be explained by lower MyBP-C 

phosphorylation in some of the older adults, but drawing these conclusions in the present study is 

unwarranted.  

 

Fatiguing exercise improves single fiber contractile function in an age-dependent manner. 

 We found that fatiguing exercise improved contractile velocity and power in single 

muscle fibers of younger males and females, but not older adults. The effect of fatigue in the 

younger cohort was previously discussed in Chapter 3D. Briefly, we posited that there may exist 

multiple mechanisms to improve contractile function during repeated or prolonged contractions 

that may help limit or forestall fatigue in vivo. Of such mechanisms are oxidation, which we do 

not attribute these findings to as our mechanical preparation includes the use of 1mM 

dithiothreitol (DTT), an antioxidant that removes oxidation in vitro. Thus, phosphorylation of 

key regulatory proteins remain a likely candidate, despite not capturing fatigue-induced changes 

to PKA:MyBP-C. In older adults, the lack of change to contractile velocity or power, with the 

exception of power in MHC IIA/IIX fibers, is consistent with age-related fatigability. It is 

possible that the reduced power generating capacity during muscle shortening throughout a 
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fatigue protocol may arise in part due to the inability to potentiate muscle performance in the 

face of H+ and Pi, rather than an heightened susceptibility to these metabolites. These in vitro 

experiments of permeabilized fibers remove the possibility for alterations to Ryanodine receptor 

(RyR) function and sarcoplasmic reticulum (SR) Ca2+ release, H+ and Pi, or substrate availability 

to explain contractile functional differences. Thus, the resultant changes, or lack thereof, may be 

mediated by regulatory protein modification. Additionally, aging has been associated with 

reduced resting levels of epinephrine secretion in humans (Esler et al., 1995). In this study, older 

men had a significantly lower epinephrine release response following isometric exercise 

compared to young men (Esler et al., 1995). This potential mechanism would suggest lower 

MyBP-C phosphorylation the older adults of our study, however we did not find significant 

differences. Although, the variation in MyBP-C phosphorylation could be explained by life-long 

activity level, although we are not equipped to answer this question with the current data set. 

Further, it has been shown that both Pi and H+ accumulate less in older compared to young adults 

following intermittent MVIC exercise (Lanza et al., 2007). Considering Pi is a requirement for 

protein phosphorylation, it is possible that a reduced epinephrine secretion, and by extension 

reduced β-adrenergic signaling, combined with reduced Pi accumulation within the muscle leads 

to reduced phosphorylation of regulatory proteins such as MyBP-C via PKA. However, it is not 

clear whether reductions in free-flowing Pi remain lower following dynamic exercise in older 

adults compared with young as well as a reduced β-adrenergic response, therefore this possibility 

in the context of fatiguing exercise, while interesting, should be taken with caution. 

 The lack of cellular contractile phenotypic response to acute fatigue in the older adults 

suggests the role for altered sex hormone status. Older males and females experience 

significantly reduced testosterone (T) and estrogen (E2) in old age (>65yr), respectively. This 
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decline in T and E2 has been associated with loss in muscle mass and function (Sipilä et al., 

2013). Older females typically experience greater musculoskeletal maladaptation to aging such 

as greater rates of osteoporosis and sarcopenia and as such E2 decline post-menopause should be 

taken into consideration. In the current study, T and E2 levels were not directly measured in 

young or older participants however we did attempt to control for the menstrual cycle phase by 

targeting the early follicular phase of the menstrual cycle in young females, or recruited females 

that were taking oral contraceptive. This was assumed to target days when E2 levels are 

relatively low in these females. However, chronic exposure to E2 during the menstrual cycle is 

likely more important compared to acute fluctuations in regards to regulation muscle function 

(Taylor et al., 2024). Nevertheless, chronic deficiency of E2 in female rats (Lai et al., 2016) and 

adult females post-menopause (Miller et al., 2013) has been associated with reduced RLC 

phosphorylation. While we have demonstrated that RLC phosphorylation likely is not playing a 

role in cellular contractile mechanics in our preparation, it is possible that variation in RLC 

phosphorylation at baseline and throughout fatiguing exercise impacts fatigability and the 

amount of activity experienced by the muscle. However, we did not see an effect of age or sex in 

the time to fatigue or fatigue ratio, nor did we see significant differences in RLC phosphorylation 

between groups suggesting this potential mechanism via chronic E2 deficiency may not fully 

explain the results. 

 

Limitations 

 This study is limited in its ability to test fiber-type dependent changes to contractile 

function with age. However, previous studies have investigated these outcome measures in MHC 

I fibers and suggest that in activity matched older adults, there are no reported difference in 
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tension, velocity, or power. However, our cohort was more active than the young adults, and 

likely with exercise that is low load in nature such as walking and cycling. Therefore, the fiber-

type comparisons would have greatly benefited this study as slow-twitch fibers are often 

preserved in older adults. We have shown that our method for predicting MHC isoform is 

successful and should be applied to future participants in order to increase the number of MHC I 

in young adults. Additionally, our lack in ability to detect phosphorylation changes to MyBP-C 

and RLC limits our interpretation of potential mechanisms. Future studies should aim at 

identifying these mechanisms in vitro by incubation in PKA or phosphatase to selectively 

phosphorylate and dephosphorylate downstream targets. Another option is to identify the role of 

MyBP-C in aging or fatigue, by performing these isotonic load clamps inside and outside the “c-

zone” where MyBP-C does and does not reside, respectively. 

 

Conclusion 

 Overall, this study found that in a group of active older adults compared to recreationally 

active younger adults, muscle fiber size and contractile performance was not different in MHC II 

fibers. These data provide additional insight into the effects of physical activity on preservation 

of muscle function and build upon previous studies suggesting similar results in MHC I fibers by 

including a large number of MHC II fibers. In response to fatiguing exercise, older adults did not 

have altered single muscle fiber contractile performance, in contrast to increased velocity and 

power in younger adults. We propose, in conjunction with prior literature, that differences in 

intracellular signaling downstream of β-adrenergic stress in response to exercise may contribute 

to the results presented here. 
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5. Aim 3: To investigate the role of estrogen in mediating post-activation potentiation 

independent of age. 

 

5A. Introduction 

The loss of estrogen with age has been associated with declines in physical function and 

increased risk for certain health outcomes. The age-related loss in muscle mass and function, i.e. 

sarcopenia, tends to affect females more than males which severely increases falls risk, injury, 

and loss of mobility (Kirchengast & Huber, 2009). Postmenopausal females exhibit lower muscle 

size, strength and power than younger females (Callahan & Kent-Braun, 2011), and reduced 

cellular hypertrophy following resistance training (Bamman et al., 2003a). In young 

menstruating females, circulating E2 can fluctuate up to 5-fold during each menstrual cycle, 

reaching values >500 pg/mL (Elliott-Sale et al., 2021). Following menopause, E2 levels drop 

significantly to <10pg/mL while estrone (E1), produced by adipocytes rather than the ovaries, 

becomes dominant (Coelingh Bennink, 2004). In females aged 50-57 years, those that undergo 

estrogen replacement therapy have greater muscle cross-sectional area (CSA) and strength 

(Taaffe et al., 2005). 

Less is known about how estrogen deficiency in younger females affects muscle structure 

and function. For premenopausal females, the use of hormonal contraceptives (HC) is common 

and provides an added layer of complexity regarding the effects of circulating estrogen on 

muscle-specific outcomes. HC’s contain synthetic variations of estrogen (ethinyl estradiol, EE) 

and/or progesterone (progestin) to suppress ovulation and prevent pregnancy. Combination pills 

taken orally often contain both EE and progestin, however other options, often termed “mini 

pills”, contain only progestin. Another class of HC’s include subdermal implants, Implanon™ 
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and Nexplanon®, that contain only progestin and release this hormone for an extended period, 

usually 3-5 years. Hormonal intrauterine devices (IUD) are inserted into the uterus and release 

progestins as well, however these progestins act directly on the uterus and do not have a notable 

effect on circulating estrogen (Jin et al., 2022). Combined oral contraceptives that contain both 

EE and progestin act to suppress endogenous E2 and progesterone production while providing a 

supplement of both synthetic estrogen and progesterone. Two independent systematic reviews of 

the current literature suggest that exercise performance may be trivially reduced during early 

follicular phase, when E2 is relatively low, (McNulty et al., 2020), or when taking oral combined 

EE and progestin contraceptive (Elliott-Sale et al., 2020). However, much of the literature has 

highlighted oral contraceptive use, whereas progestin only contraceptives such as subdermal 

implants may provide a unique insight into estrogen suppression in young females. 

The ability to potentiate twitch force following voluntary muscle activation, termed post-

activation potentiation (PAP), may provide better fatigue resistance or falls prevention, which 

overall can limit risk of injury. PAP has been shown to be primarily caused by increased RLC 

phosphorylation following the rise in intracellular Ca2+ during muscle contraction. Estrogen has 

been shown to play a significant role in RLC phosphorylation and subsequent twitch potentiation 

in pre-clinical models. OVX mice exhibited reduced RLC phosphorylation that was recovered 

with addition of exogenous estradiol (Lai et al., 2016). In C2C12 cells, increasing exogenous 

estradiol concentrations linearly increases RLC phosphorylation (Lai et al., 2016). Furthermore, 

post tetanic potentiation is reduced with OVX and again restored with estradiol administration, 

but interestingly not different between sham control administered with vehicle vs estrogen (Lai et 

al., 2016). However, the increase in maximal rate of force development during twitch 

potentiation is lower in OVX than OVX + estrogen, but sham animals with exogenous estrogen 
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also exhibited increased maximal rate of force development compared to vehicle administration 

(Lai et al., 2016). ERα-knockout mice have also exhibited reduced post tetanic potentiation and 

significant reductions in RLC phosphorylation (Collins et al., 2018). These studies have provided 

a mechanistic link between estrogen deficiency and twitch potentiation. It is unclear, however, if 

estrogen deficiency in postmenopausal females or estrogen suppression in younger females 

would lead to similar results. Therefore, the propose of this study was to utilize a novel study 

design of estrogen suppression in humans by comparing eumenorrheic young females (EU) 

during the mid-luteal phase of the menstrual cycle (high E2), younger females taking progestin 

only HC (low E2), and postmenopausal females (low E2) to identify the role of reduced 

circulating E2 independent of age on RLC phosphorylation and twitch potentiation. We 

hypothesized that estrogen would be lower in the HC group compared to EU and that RLC 

phosphorylation and twitch potentiation would be lower in HC and postmenopausal females 

compared to EU. 

 

5B. Methods 

Study Design: A total of 16 healthy adults participated in the study including 5 young 

eumenorrheic females, 6 young females on hormonal contraceptive, and 5 older postmenopausal 

females. Young eumenorrheic females tracked two menstrual cycles to time their laboratory visit 

for the mid-luteal phase where estrogen and progesterone are relatively high concentrations, 

while hormonal contraceptive and older postmenopausal females came to the laboratory with no 

additional time restrictions.  All study visits occurred in the morning to avoid any diurnal shifts 

in muscle function. Participants donated a blood sample for analysis of sex hormones (estrogen 

and progesterone), then performed a maximum voluntary isometric contraction (MVIC) 
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preceded and followed by an electrically evoked muscle twitch at 10% MVIC and two muscle 

biopsies of the vastus lateralis (VL), one of the experimental limb and the other of the 

contralateral control limb. Muscle samples were assessed for RLC phosphorylation and prepared 

for histology. 

 

Participants: A total of 16 healthy adults participated in the study including 5 young 

eumenorrheic females, 6 young females on hormonal contraceptive, and 5 older postmenopausal 

females. All participants completed informed consent and health history questionnaire, prior to 

inclusion in the study. Admission to the eumenorrheic group required that participants 

experienced regular menstrual cycles as defined by a cycle that lasts 21-35 days in duration with 

no more than 3 missed cycles per year (Elliott-Sale et al., 2021) and have not been taking 

hormonal contraceptives for at least 12 months. Admission to the hormonal contraceptive group 

required the use of progesterone-only contraceptives excluding intrauterine devices (IUD) for at 

least 3 months. One participant in the hormonal contraceptive group reported the use of 

combined estrogen and progesterone combination pill and will be highlighted in the data below. 

Participants reported no orthopedic limitations (severe osteoarthritis, prior joint replacement, 

etc.), endocrine disease (hypo/hyperthyroidism, Addison’s Disease or Cushing’s syndrome, etc.), 

uncontrolled hypertension (>140/90 mmHg), neuromuscular disorder, significant heart, liver, 

kidney or respiratory disease, and/or diabetes. Participants were non-smokers. Finally, 

participants taking medications known to affect either muscle contractility or beta-adrenergic 

signaling of neuromuscular activation (including but not limited to beta blockers, calcium 

channel blockers, and muscle relaxers) were not included. 
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Menstrual Cycle Tracking: All female participants in the eumenorrheic group were provided with 

ovulation test strips (Pregmate®) and instructed to track 2 menstrual cycles. Participants reported 

to the research team when their first menstrual cycle (“lead-in cycle”) began (first day of menses 

onset), took the urine-based test strip daily starting on day 5 of their cycle until a positive 

luteinizing hormone (LH) surge (ovulation expected 1-2 days following) was detected and 

confirmed via photograph by the research team, then reported when their next menstrual cycle 

began (first day of menses onset). This test was used to confirm a cycle length between 21-35 

days and used for better precision in their study visit day. Participants then began tracking a 

second cycle (“experimental cycle”) and upon positive LH surge, were then scheduled for their 

study visit 6-9 days following with exact days following determined at the research team’s 

discretion based on lead-in cycle length. 

 

Physical Activity Monitoring: Habitual physical activity was monitored for approximately 7 days 

(including at least 1 weekend day) using an ActivPAL (PAL Technologies, UK) triaxial 

accelerometer affixed to the anterior aspect of the mid-thigh using a waterproof protective barrier 

(Tegaderm, 3M). Data was categorized according to ActivPAL Daily Summary Outcomes 

Exports as step count (steps/day) and time spent in 4 different activity categories based on step 

cadence: time in sedentary (0steps/min), light (<75steps/min), moderate (≥75steps/min, 

<125steps/min), and vigorous (≥125steps/min) activity. 

 

Habituation Session and Ultrasonography: A habituation session was performed, termed “Day 

1” and was scheduled in the morning hours. Participants in the eumenorrheic group came to the 

lab during menstruation, where estrogen was presumed to be low. On the first study day, 
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participants arrived to the laboratory to assess muscle area via 2-D Ultrasonography (Philips 

EPIQ series Diagnostic Ultrasound System; Philips, Andover, MA) with a Philips eL18-4 

transducer (Philips, Andover, MA). Five panoramic images were captured at the quadriceps 

muscle group for compositional and morphological measures along with one longitudinal image 

spanning the length of the vastus lateralis. Each panoramic image was taken in a lateral-to-

medial sweep at 5 locations along the length of the thigh. Due to reliability and repeatability 

issues with images most distal and most proximal, we utilized two images at the mid-belly of the 

thigh for our analyses of VL muscle area. First, a scale was applied to the image and then using 

the polygon tool, the VL was outlined using the superficial and deep aponeuroses as boundary 

markers. Muscle area and echogenicity, the average pixel intensity of the measured area, was 

taken for each measure. Images were analyzed using ImageJ software. 

 Participants also underwent a habituation session in order to understand the twitch 

potentiation and muscle strength measures protocol. Utilizing a Grass® S48 Stimulator (Natus, 

USA), muscle twitches were performed with the use of surface stimulation electrodes on the 

quadriceps muscle group. More specifically, one electrode was placed lateral to the midline of 

the thigh and 2 inches distal to the inguinal crease, and the other placed medial to the midline of 

the thigh and one inch proximal to the patella. The participants were then seated on a BioDex 

System 3™ Dynamometer (Biodex, USA) in the upright seated position with the hip and knee 

flexed at 90 degrees (180 degrees = full extension) with the knee joint and dynamometer axis of 

rotation aligned. Hands were placed on support handles at their side for additional support during 

contractions to ensure no hip extension. The participants then performed 3 maximum voluntary 

isometric contractions (MVIC) each separated by 60s to assess muscle strength and contractile 

kinetics. The average of 3 peak toques during the MVIC’s were used as maximum strength. 
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Following strength measures, a single twitch stimulus was delivered via 400μs square pulse. 

Voltage started at 0mV and then increased on subsequent stimulations until a resultant isometric 

torque of 10% MVIC was achieved. The participants were then instructed to perform a 10s 

MVIC followed by a single twitch exactly 5s after. 

 

Experimental Study Session: On the second study visit, “Day 2”, participants came to the 

laboratory in the morning having fasted overnight and refrained from caffeine upon waking up. 

First, a venous blood draw was performed in the antecubital vein for the collection of serum and 

plasma. Total blood volume was approximately 32mL. Serum samples were collected in tubes 

with micronized silica and inverted 5 times, left to sit at room temperature for 30min while 

plasma samples collected in tubes with EDTA and were inverted 8-10 times and placed on ice for 

30min. Both samples were centrifuged at 1100RCF for 10min at 4°C, then supernatant was 

extracted and stored in cryogenic vials at -80°C until later analysis. 

Following blood draw, participants were moved to our BioDex System 3™ 

Dynamometer (Biodex, USA) and performed 3 MVIC as described above. Then, participants 

were reclined in the exercise chair where preparation of the biopsy site occurred, as described 

below. Briefly, skin was sterilized, and 1% or 2% lidocaine was delivered subcutaneously and 

intramuscularly. Participants were sat up again at the same hip and knee joint angles as before. 

The twitch potentiation protocol was performed as described above including increasing the 

stimulation voltage until 10% MVIC was reached, performing a 10s MVIC followed by a single 

electrically evoked twitch exactly 5s after. Participants were then reclined and a muscle biopsy 

was taken from the experimental VL followed by the control VL as described below. 
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Dynamometry Data Analysis: Raw analog data was converted to digital using an A/D converter 

(CED, UK) and recorded using Spike2 software (CED, UK). Digital signals corresponding to 

torque and time were exported at 500Hz sampling rate and analyzed in a custom MATLAB code 

(MATLAB 2022a, MathWorks). Maximum torque was calculated as the average of the 3 MVIC 

contraction peak torques. Rate of torque development was calculated as the greatest positive 

value of the first derivative of the torque-time curve. Relative rate of torque development was 

expressed as MVIC/s, utilizing the peak torque during that contraction. Twitch potentiation was 

measured as the percentage increase in torque from baseline. Twitch rate of torque development 

and relative rate of torque development were calculated the same as those of the MVIC. 

 

Muscle Biopsy and Tissue Processing: Percutaneous needle muscle biopsy of the vastus lateralis 

muscle was performed as described (Privett et al., 2024). Briefly, following sterilization of the 

skin, subcutaneous and intramuscular 1% or 2% lidocaine injections were delivered. Following 

the final twitch, a scalpel blade was used to make a 5mm incision on the vastus lateralis muscle. 

A 5mm Bergström needle was inserted to the belly of the muscle and manual suction applied to 

acquire the tissue samples. This was repeated on the contralateral control limb. Muscle samples 

were blotted and removed of fat and connective tissue before either flash frozen in liquid 

nitrogen (LN2) and stored at -80°C for immunoblot analysis, bundles (~100 fibers) embedded in 

O.C.T. (Tissue-Tek®, Sakura Finetek, USA) and placed in isopentane precooled with LN2 and 

stored at -80°C for immunohistochemistry, or ~2.5mg muscle sample blotted and stored in 

sample preparation buffer (SPB; 2% SDS (v/v), 12.5% Tris/HCl pH 6.8 (v/v), 25% glycerol 

(w/v), 0.05% β-mercaptoethanol (BME; v/v), drop of 1.0 M bromophenol blue), spun for 30sec 

@8500RPM, heated for 2min at 65°C, and stored at -80°C for SDS-PAGE. 
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Western Blot: For semi-quantitative analysis of RLC phosphorylation, frozen tissue samples 

were weighed prior to homogenization for 5 min using a glass homogenizer chilled periodically 

in liquid nitrogen.  40mL of sample preparation buffer (8M urea, 80 Tris, 488 Glycine, 0.1% 

Bromophenol blue, 100 DTT, protease inhibitor tablet (Pierce), 10ul/ml phosphatase inhibitor 

cocktails 2 and 3 (Sigma) with 50% Glycerol) was added for each milligram of tissue sample. 

Samples were then homogenized in solution for 5 min at 60°C. After centrifugation at 12000 rpm 

for 5 min, the supernatant was aliquoted and stored at -80°C for subsequent analysis. 

Phosphorylated and non-phosphorylated RLC was separated by charge using 1d isoelectric gel 

electrophoresis with urea-glycerol gels (stacking gel: 20 Tris-Glycine, 5% Acrylamide stock 

(29.22% Acrylamide, 0.78% Bis-acrylamide), 20% Glycerol, 0.1% TEMED, 0.03% Ammonium 

persulfate; resolving gel: 20 Tris-Glycine, 10% Acrylamide, 40% Glycerol, 0.1% TEMED, 

0.02% Ammonium persulfate), 10ul per lane, using 1X running buffer (.122M Glycine, 20 

Trizma base, pH 8.6) at 400 V, 16 hours at 4°C. Gels were transferred to a nitrocellulose 

membrane for 1 hour at 100V in a 1X Tris-Glycine buffer with 20% methanol. Membranes were 

blocked in TBS intercept buffer (LI-COR Biosciences, USA), then rocked overnight at 4°C in 

primary antibody. The next day, a second incubation with near-infrared secondary antibodies is 

performed for 1 hour at room temperature. All immunoblots are imaged on a Bio-Rad 

ChemiDoc MP Imaging System (Bio-Rad Laboratories, US) and densitometry analysis 

performed in Image J. 

 

SDS-PAGE/MHC Isoform Identification: To assess MHC isoform distribution, SDS-PAGE was 

performed. The resolving gel contained 7% acrylamide/Bis (50:1; w/v), 1.5M Tris/HCl (pH 8.8), 
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1.0 M glycine, 4% SDS, 30% glycerol and the stacking gel contained 4% acrylamide/Bis (50:1; 

w/v), 0.5M Tris/HCl (pH 6.8), 0.1M EDTA (pH 7.0), 4% SDS, 5% glycerol. Upon 

polymerization, upper and lower chamber running buffers consisting of 1X SDS and 0.5X SDS, 

respectively, were poured prior to protein loading. 2μl of solution containing a sample 

homogenate (~2.5mg + 200uL SPB). Gels were run for 3.5 hours at 70V followed by 20 hours at 

200V. Following completion of electrophoresis, the gels were stained using a Pierce Silver Stain 

Kit (BioRAD) and either immediately dried or stored in gel drying buffer (10% glycerol, 20% 

ethanol) at 4°C for later analysis. Gels were images on a Bio-Rad ChemiDoc MP Imaging 

System (Bio-Rad Laboratories, US) and densitometry analysis performed in Image J. MHC 

isoforms assessed were MHC I, MHC IIA, and MHC IIX. 

 

Immunohistochemistry: Muscle bundles (~100 fibers) from the vastus lateralis muscle were 

blotted and embedded in O.C.T. (Tissue-Tek®, Sakura Finetek, USA) before placed in 

isopentane precooled with LN2 and stored at -80°C. Samples were acclimated for 1hr at -20°C 

before cryo-sectioning at a thickness of 8μm on a Leica Cryostat (Leica CM 1850UV) and 

placed on glass slides. Samples were covered and dried overnight. The next day, samples were 

rehydrated for 10min in a PBS/1% BSA solution, followed by incubation in primary antibody 

overnight. Then, samples were washed twice for 5min each and incubated in secondary antibody 

for 1hr. Samples were then washed twice for 5min each before and after application of methanol 

for 10min. Lastly, one drop of SlowFade™ Diamond Antifade Mountant with DAPI (Invitrogen, 

Waltham, MA) was applied directly on the sample, followed by two drops of permount mounting 

medium (Electron Microscopy Sciences, Hatfield, PA) on the glass slide and cover slip placed on 

top. Samples were imaged on a Leica fluorescence microscope (Leica DM4000B) and Leica 
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camera (Leica DFC 360FX) at 10x magnification. Composite image generation and subsequent 

analyses were performed in ImageJ. Each fiber was carefully traced and area was measured. The 

mean area of MHC I and not MHC I (MHC II) was calculated for each individual. Area fraction 

was calculated as the percentage of total muscle area occupied by MHC I and MHC II. Fiber 

type distribution was determined as the total number MHC I or MHC II containing fibers as a 

proportion of total fiber number in the sample. 

 

Antibodies: Antibodies used for western blot include Rabbit anti-Myosin Light Chain 2 (Abcam, 

ab92721, 1:5000), IRDye® 800CW donkey anti-rabbit (LI-COR, 926-32213, 1:15000). 

Antibodies used for histology include BA-D5 MIgG2b (DHSB, 1:100), SC-71 MIgG1 (DHSB, 

1:100), 6H1 MIgGM (DHSB, 1:100), ab11575 IgG (Abcam, 1:100), Goat anti-mouse IgG2b 

AlexaFluor 647 (Invitrogen, 1:500), Goat anti-mouse IgG1 AlexaFluor 488 (Invitrogen, 1:500), 

Goat anti-mouse IgM AlexaFluor 568 (Invitrogen, 1:500), Goat anti-rabbit IgG AlexaFluor 488 

(Abcam, ab150077, 1:500). 

 

Statistical Analysis: A one-way ANOVA was used to assess differences in body composition, 

muscle size, muscle performance, activity level, blood hormone concentrations, and muscle fiber 

area and distribution. Where applicable, Bonferroni corrected t-tests were performed. A RM-

ANOVA was used to assess differences in twitch torque and RLC phosphorylation before and 

after 10s MVIC. All statistical analyses were performed in SPSS (IBM, SPSS Inc.). Simple linear 

regression analysis was performed to identify the association between circulating estrogen and 

measures of muscle function, potentiation, and RLC phosphorylation. 
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5C. Results 

 

Table 7: Anthropometric and Activity Data of EU, HC, and OF Participants. 

 n 
Height 

(cm) 

Weight 

(kg) 

BMI 

(kg/m2) 

Step Count 

(steps/day) 

Light Activity 

(mins/day) 

Moderate Activity 

(mins/day) 

Vigorous Activity 

(mins/day) 

EU 5 163.5 ± 4.6 63.9 ± 6.1 24.0 ± 3.17 9882 ± 1129 31.6 ± 15.0 75.4 ± 11.6 5.4 ± 6.2 

HC 6 162.0 ± 7.1 56.3 ± 10.3 21.1 ± 2.6# 8255 ± 2158 33.2 ± 4.2 63.3 ± 14.9 1.76 ± 1.6 

OF 5 164.2 ± 8.2 72.0 ± 13.0 26.7 ± 4.0 8950 ± 3250 40.8 ± 9.3 66.6 ± 26.05 1.2 ± 2.3 

*indicate a significant main effect of group (p<0.05), # different than OF (p<0.05). Data are shown as mean ± SD. 
 

Anthropometrics, Activity Level, and Whole Muscle Performance 

 The age of the EU group was 19.4±2.6, 20.3±0.8 for the HC group, and 73.2±4.0 for the 

OF group. There was no difference in height (p=0.957) or weight (p=0.073) between the three 

groups, however BMI was lower in the HC group compared to OF (p=0.041) but not EU 

(p=0.483) (Table 7). Step count (p=0.597), and time in light (p=0.401), moderate (p=0.616), or 

vigorous (p=0.253) activity was not different between the groups (Table 7). One participant in 

HC group has not yet completed their activity monitoring session and is therefore omitted from 

analysis of activity. There was no main effect of study group on maximum strength (p=0.167) or 

absolute (p=0.221) and relative (p=0.833) RTD (Table 8). Muscle CSA (p=0.317) and 

echogenicity (p=0.219) were not different by group, and strength normalized for muscle CSA 

was also not different (p=0.644). During the 10s MVIC, or conditioning contraction, peak torque 

was lower compared with during the initial 3 MVICs (p<0.001) (Table 8). Peak RTD (p<0.001) 

and relative RTD (p<0.001) were also lower during the 10s MVIC compared with the initial 3 

MVICs (table 8). However, strength (p=0.200), RTD (p=0.118), or relative RTD (p=0.577) were 

not different by group during the 10s MVIC (Table 8). 
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Table 8: Whole-Muscle Performance and Twitch Characteristics in EU, HC, and OF Participants 

 n 
MVIC 

(Nm) 

RTD 

(Nm/sec) 

Relative RTD 

(MVIC/sec) 

Baseline Twitch 

Torque (N/m) 

10s MVIC 

(Nm) 

10s RTD 

(Nm/sec) 

10s Relative 

RTD (MVIC/sec) 

Eu 5 174.1 ± 22.7 852.3 ± 305.6 4.8 ± 2.1 16.7 ± 1.9 158.3 ± 9.8 733.7 ± 109.3 4.1 ± 1.3 

HC 6 168.9 ± 63.4 628.7 ± 130.8 5.4 ± 1.1 16.4 ± 6.5 154.3 ± 62.3 725.8 ± 324.9 4.2 ± 1.3 

OF 5 124.6 ± 20.1 915.1 ± 307.8 5.0 ± 1.0 11.6 ± 1.3 114.0 ± 22.7 439.8 ± 109.3 3.5 ± 0.9 

Symbols indicate a significant main effect of group (p<0.05). Data are shown as mean ± SD. 

    

 

Table 9: Blood 17β-Estradiol (E2) and Progesterone (P4) Concentrations in EU, HC, and OF Participants 
 

n 

Serum Plasma 

 
E2* 

(pg/mL) 

P4 

(pg/mL) 

E2 

(pg/mL) 

P4 

(pg/mL) 

Eu 5 72.4 ± 46.7 13.7 ± 11.7# 66.9 ± 46.3 13.9 ± 11.0# 

HC 6 15.0 ± 6.7 1.6 ± 1.3 12.6 ± 5.8 1.0 ± 0.5 

OF 5 20.2 ± 36.2 0.5 ± 0.6 20.8 ± 38.6 0.3 ± 0.3 

*indicate a significant main effect of group (p<0.05), # different than other groups (p<0.05). 
Data are shown as mean ± SD. 

 

Serum and Plasma 17β-Estradiol and Progesterone 

 Each female in the EU group tracked 2 consecutive menstrual cycles and was targeted to 

volunteer on study Day 2 during the mid-luteal phase, when E2 and P4 are high. The average 

lead in cycle length was 26.8 days with a range of 24-31 days. For the experimental cycle, the 

average length was 28.2 days with a range of 24-37 days. 

One HC participant has not yet had their blood analyzed via ELISA and therefore is not 

included in these analyses. There was a main effect of group on serum E2 (p=0.040), and 

Bonferroni corrected independent samples t-tests suggest near significantly greater in EU 
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compared to HC (p=0.064), but not OF (p=0.101). (Table 9). Plasma E2 was not significantly 

different by group (p=0.063) (Table 9). Serum progesterone was significantly greater in EU 

compared to HC (p=0.045) and OF (p=0.028) (Table 9). Plasma progesterone was significantly 

greater in EU compared to HC (p=0.022) and OF (p=0.016) (Table 9). 
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Twitch Characteristics, Potentiation, and RLC Phosphorylation 

Twitch torque at 10% MVIC was not different between groups at baseline (p=0.137) or 

following conditioning contraction (p=0.206) (Table 8, Figure 10B). There was considerable 

variability in the HC group compared with the EU and OF group as evidenced by a significant 

test for equal variance (Levene’s test) at p=0.011. Therefore, a Welch’s test was used to assess 

differences in baseline twitch torque and found a main effect of group (p=0.004) (Figure 10B). 

Games-Howell post-hoc comparisons suggest that EU had greater baseline twitch torque than OF 
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(p=0.004) but not HC (p=0.995) (Figure 10B). HC did not have significantly different twitch 

torque compared to OF (p=0.267) (Figure 10B). Similar results were found for twitch RTD, 

therefore these statistics were repeated and found no difference by group (p=0.670). The 

conditioning contraction significantly increased twitch torque as assessed by RM-ANOVA and 

Greenhouse-Geisser correction (p<0.001) but this was not dependent on group (p=0.369) (Figure 

10B,C). When twitch potentiation was expressed as a percent change from baseline was assessed 

via one way ANOVA, there was no significant difference between the groups (p=6.33) (Figure 

11A). Twitch RTD was also greater following conditioning contraction (p<0.001) and a near 

significant interaction effect (p=0.075) (Figure 11B). Twitch potentiation was also conducted on 

Day 1 and compared to Day 2 via RM-ANOVA. Potentiation on Day 2 was greater than on Day 

1 (p=0.007) (Figure 11C). 

Simple linear regression showed a non-significant relationship between E2 and twitch 

potentiation (R2=0.195, p=0.099) (Figure 11D). Fiber area was not associated with twitch 

potentiation in either MHC I or MHC II (p=0.814, p=0.530) (Supplementary 13B,C)). Biopsy 

samples were collected in 11/16 participants but only 9/16 participants had matched samples. 

RLC phosphorylation was assessed in 8/9 participants that had matched samples due to lack of 

band separation on the gel. In those samples, there was no difference in RLC-2s or RLC-2f 

phosphorylation by group (p=0.471, p=0.214) or with potentiation (p=0.110, p=0.140) (Figure 

12). 
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5D. Discussion 

 This study utilized a novel study design to investigate the effects of low circulating E2, 

independent of age, on whole muscle function and twitch potentiation in females. Overall, we 

found that our protocol was successful in establishing a relatively low and high E2 group in 

young healthy females. Furthermore, circulating E2 levels in the HC group were not different 

than OF which allows the ability to isolate the effects of E2 from age in this population. 

 

Mechanisms Influencing Twitch Potentiation 

 There was significant variation in twitch potentiation and twitch RTD potentiation within 

groups, and no statistically significant differences between groups. In all participants, the 

conditioning contraction via 10s MVIC successfully induced potentiation of twitch force as has 

been well documented in the prior literature (Grange & Houston, 1991; Houston et al., 1985, 

1987; Houston & Grange, 1991; Stuart et al., 1988). While previous studies have shown age is 

associated with reduced twitch potentiation (Hicks et al., 1991), the current study did not identify 

differences between OF and either of the young female groups. Prior activity level, specifically 
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resistance training has been shown to improve twitch potentiation in the elderly (Hicks et al., 

1991). Additionally, post-activation performance enhancement (PAPE), a similar phenomenon 

during dynamic performance measures, has been shown to be most effective in young adults that 

are resistance trained compared to recreationally active (Chiu et al., 2003). The current study 

included individuals who ranged from recreationally to moderately active and there were no 

differences between groups in activity level as measured via ActivPAL. However, resistance 

training background was not controlled for and it is possible this may influence the results. 

Strength, muscle CSA, and specific torque were not different between the groups, indicating that 

training backgrounds not captured were unlikely to influence our results. In the biopsy samples 

collected, there were no differences in average fiber area between groups, and fiber area was not 

associated with twitch torque potentiation. It has been hypothesized previously that older adults 

have a reduced potentiation of twitch torque due to increase fatigability during the conditioning 

contraction. However, previous literature suggest older adults exhibit improved isometric fatigue 

resistance (Callahan et al., 2009; Callahan & Kent-Braun, 2011). 

 RLC is the primary mechanism that contributes to twitch potentiation and has been 

shown to be reduced in older females (M. S. Miller et al., 2013a). Proteomic analysis aged rats 

suggest lower RLC phosphorylation at Serine14/15 (Gregorich et al., 2016) and reduced RLC 

content in older males (Gelfi et al., 2006). In the current study, RLC phosphorylation was not 

different between groups, however the limited sample size limits our conclusions. In Chapter 4, 

young an older adults did not show differences in RLC phosphorylation and there was no effect 

of sex or interaction between age and sex. Chapter 3, however, did show reduced 

phosphorylation in RT participants compared to NT. 
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 Prior literature has established a relationship between estrogen and RLC phosphorylation, 

Ca2+ handling, and twitch potentiation. OVX mice have demonstrated reduced calcium 

sensitivity (Wattanapermpool & Reiser, 1999), RLC phosphorylation (Lai et al., 2016), and 

twitch potentiation (Lai et al., 2016). In culture, treatment of C2C12 cells with estrogen 

increased RLC phopshorylation in a dose-dependent manner (Lai et al., 2016). However, one 

study argues that a more representative model of menopause, chemically induced ovarian failure 

(VCD), does not replicate the findings of OVX (Mashouri et al., 2024). Specifcally, they did not 

find changes to in vitro contractile performance of single muscle fibers such as rate of tension 

redevelopment (ktr), calcium sensitivity, or specific force (Mashouri et al., 2024). However, data 

from Chapter 3 in this dissertation suggest that RLC, assumed to be the mechanism behind 

hypothesized reductions in single fiber performance, does not remain following permeabilization 

and mechanical preparation. While there has yet to be a direct mechanistic link for how estrogen 

interacts with RLC phosphorylation, it is likely influencing CaMK and its ability to interact with 

skMLCK. RLC is phosphorylated via skMLCK following Ca2+ binding to calmodulin (CaM) and 

activating CaMK. E2 can bind to membrane-bound G-protein receptors (GPER) upregulating 

signaling pathways associated with mass regulation such as phosphatidyl-3-kinase (PI3K), 

protein kinase B (AKT), mammalian target of rapamycin (mTOR), p70s6k, 4E-BP1, FOXO3, 

MuRF1, and atrogin-1 that are restored with estradiol treatment (Cho et al., 2021; Pellegrino et 

al., 2022). 

 

Updated Analysis Following Post-Study Methodological Considerations 

 In the EU group, one individual had an experimental cycle length of greater than 

35 days, which fits the criteria for exclusion. Additionally, we attempted to bring all volunteers to 
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the laboratory between 6-9 days following positive LH test, yet one individual had a luteal phase, 

as defined by time between positive LH test and onset on next cycle, of 9 days. This participant 

was bright into the lab 7 days after the positive LH test. This participant’s E2 levels were the 

lowest in the EU group at 30.1ng/mL in serum and 21.4ng/mL in plasma. Prior literature 

suggests that during the mid-luteal phase, E2 levels should range between ~60-200pg/ML 

(Elliott-Sale et al., 2021). P4 is also high during this phase with values >5ng/mL and this 

participant had P4 of 13.7ng/mL in serum and 14.4ng/mL in plasma. We likely did not capture 

the mid luteal phase for this participant as evidenced by low E2 and having the study day later 

than 3/4th of the luteal phase in total. Additionally, the participant that had an experimental cycle 

length of 37 days also had E2 lower than >60pg/mL at 46.7pg/mL in serum and 46.9pg/mL in 

plasma with P4 levels of 0.49ng/mL in serum and 0.45ng/mL in plasma. These two participants 

had the two lowest E2 values with the two lowest twitch torque potentiation and twitch RTD 

potentiation in the EU group. 

 In the HC group, one participant was taking a combined ethynyl-estradiol (EE) and 

progestin oral contraceptive (OC), highlighted in yellow in Figure 10 and Figure 11. This 

participant was brought to the lab for the experimental study day in the last two weeks of active 

pill phase, before placebo phase. E2 levels were 7.7pg/mL in serum and 6.7pg/mL in plasma, 

with P4 of 0.57ng/mL in serum and 0.53ng/mL in plasma. Although it seems as though OC 

reduces endogenous production of E2, EE has been shown to be more potent and could influence 

the results. However, the role of synthetic EE on muscle function has not been well documented 

and it is unclear whether suppression of E2 is sufficient for this study design or if progestin only 

contraceptives are more effective. Nevertheless, this participant exhibited adequately low E2 and 

low twitch torque and twitch RTD potentiation. 
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 In the OF group, one participant had extremely elevated E2 in both serum (84.4pg/mL) 

and plasma (89.5pg/mL) that was confirmed in duplicate on two separate ELISA analyses. This 

participant reported no current use or history of hormone replacement therapy, and no 

medications or supplements that would interfere with our ability to detect E2 via ELISA. To our 

knowledge, hemolysis of blood during venipuncture or in processing did not occur and was 

stored at -80°C until use. 

Given that the sample size is relatively low and that the study is in the early phase of 

completion, the following updated analyses are retrospective and serve as an investigative 

discussion (rather than forming deep conclusions) of the current findings taking consideration of 

the two participants who were outside the criteria for inclusion to the study. Supplementary 

Figure 14 shows twitch torque potentiation (A), twitch RTD potentiation (B), and the association 

between E2 and twitch torque potentiation (C). However, in panels A and B the two EU 

participants were excluded as they did  not fit the criteria for acceptance to the EU group post-

blood and cycle analysis. ANOVA suggests a trend towards significant main effect of group at 

p=0.092 for twitch torque potentiation and p=0.090 for twitch RTD potentiation. Panel C 

includes all younger participants that volunteered for the study and aims to capture the variability 

in E2 in both the EU and HC group where we expected to find the most variability. A linear 

regression analysis suggests a significant association between E2 and twitch torque potentiation 

(R2=0.471, p=0.028). It is to be clear that these retrospective analyses, although promising, are to 

be taken with extreme caution. However, when clear cut-offs are applied to the current data set 

based on prior literature suggesting acceptable ranges of E2 and cycle length (Elliott-Sale et al., 

2021) these data are more in line with our initial hypotheses and suggest a relationship between 

E2 and twitch potentiation in younger females. 
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17β-Estradiol May Impact Twitch Potentiation in Young Females 

 The participants in the current study performed the twitch potentiation protocol two 

separate times, on their first study visit day termed “Day 1” and their second study visit day 

termed “Day 2”. For nearly all participants, the amount of twitch potentiation increased on Day 1 

compared to Day 2, despite maximum strength and twitch torque (as a percent of maximum 

strength) not differing (p=0.527, p=0.367). For the EU group, all volunteers arrived to the lab for 

Day 1 in the early follicular phase (during menstruation), when E2 is presumed to be low. It was 

hypothesized, as an extension of the central hypothesis, that low E2 would be associated with 

low twitch potentiation. However, we did not collect blood samples on this Day 1 measure as it 

served as a habituation session. This becomes complex as we saw increases in potentiation on 

Day 2 in both the HC and OF groups, whose E2 values should remain relatively constant day to 

day. One potential explanation for this result may be the timing of muscle contractions on Day 1 

vs Day 2. On Day 2, the participants come to the lab and perform 3 MVIC’s to assess peak 

strength and set their 10% MVIC target twitch torque. Following this, they are reclined on the 

Biodex and lidocaine in injected to the area where the biopsy is to be taken. Following lidocaine 

administration, they are inclined to the seated position and twitches are then delivered to find the 

current required to elicit 10% MVIC. The time between the 3 MVIC’s and onset of twitch 

delivery is approximately 30min. On Day 1, less care was taken as to the timing between the 3 

MVIC’s and twitch delivery, with estimated time between to be >5min. Therefore, it is possible 

that the 3 MVIC on Day 1 potentiated twitch torque during the process of setting the current. 

Despite the twitch torque being set to 10% MVIC, the current required to elicit that amount of 

torque, if potentiated, would be lower. Additionally, the muscle that was recruited by this 
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stimulation would have already been at least partially potentiated effectively providing a ceiling 

effect on the amount of potentiation possible. Twitch potentiation is a transient phenomenon and 

decreases over time, especially within 5 minutes, but likely remains elevated long enough for this 

to have an effect. Despite these findings, if isolating Day 1, the EU group still had greater twitch 

potentiation than the HC. It is difficult to draw strong conclusions from Day 1 as the timing was 

not controlled strongly as it was in Day 2, and we did not measure circulating E2. However, it 

remains an interesting finding and is worthy of further investigation. 

 

Limitations 

 This study is not without limitations, and the biggest limitation of the current data set is 

the low sample size. It was expected that that the EU group would have high variability in E2 as 

has been previously documented (D’Souza et al., 2023). While this project is not entirely 

complete, and additional participants are required for a comprehensive analysis, these data are 

promising and track with our initial hypotheses. The time to biopsy was ~5 minutes on average, 

excluding one participant that took >17min to acquire tissue. Nevertheless, this was a great 

improvement from Chapters 3 and 4 and improves our confidence in capturing changes to RLC 

phosphorylation. However, the time course for RLC phosphorylation and dephosphorylation is 

rapid, although the exact duration of elevated phosphorylation is unknown. It is assumed that 6 

minutes is generally too long to capture significant differences in RLC phosphorylation by group 

following conditioning contraction, especially given the variability in timing between 

participants. More specifically, 7/11 biopsy samples were acquired within 5 minutes, while 2 

were <10min, and 2 >10min. 
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 Another limitation is the ability to accurately predict mid-luteal phase in EU participants 

with shorter menstrual cycles or shorter luteal phase lengths. Although our study design provides 

a rigorous approach to tracking multiple menstrual cycles for accurate timing of Day 2, between-

cycle and between-participant variation makes it difficult to discern the exact amount of days 

following LH surge. Our protocol states that participants will return to the lab 6-9 days 

following, but in once instance the luteal phase for a EU participant was 9 days in total, likely 

making the 6-9 day window too long. As the study progresses, considerations should be taken to 

adjust the return date to a more participant- and phase-specific timeline to target the middle of 

this phase. However, it can be argued that participants should be excluded from the study if their 

luteal phase does not fit within the guidelines previously suggested (Elliott-Sale et al., 2021), 

although this has the potential to exclude a significant portion of the female population who are 

often overlooked in clinical research. 

 Lastly, the largest limitation to the current study is the use of surface stimulation 

electrodes on the muscle belly as opposed to nerve stimulation. The feasibility, repeatability, and 

pain associated with nerve stimulation are typically worse in the femoral nerve compared with 

peroneal nerve. The angle of the hip makes it difficult to reliably place the electrode over the 

femoral nerve, and needle stimulation is difficult to repeat as contraction of the quadriceps also 

induces hip flexion which may act to move the needle providing difficulty in repeatability and 

increased pain for the participant. We decided to use surface stimulation to target a twitch torque 

of 10% MVIC as this has previously been shown to be near the maximal twitch torque in young 

and older adults (McNeil & Rice, 2007). The ideal method to standardize the twitch torque 

across all participants would be to elicit the maximum twitch torque, however with more adipose 

tissue and larger muscle mass, maximal twitch torque was not able to be achieved in all 
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participants due to limitations in the maximum current delivered by the stimulator. Further, it 

would be beneficial to include EMG in order to observe a relative proportion of muscle that is 

activated in comparison to either tetanic stimulation, MVIC, or superimposed twitch. 

 

Conclusions 

 Overall, this study demonstrated the ability to create three female groups based on E2 

status utilizing menstrual cycle tracking to predict the mid-luteal phase, hormonal contraceptive 

to ensure chronically low (suppressed) E2 independent of age, and post-menopausal females to 

ensure chronically E2 deficiency. We hypothesized that E2 suppression would result in lower 

RLC phosphorylation and twitch torque potentiation in females, matched for activity level. We 

were limited in our ability to test the hypotheses surrounding RLC due to low biopsy sample 

acquisition, however despite statistically insignificant, our current data track with our hypotheses 

surrounding twitch potentiation. There was a lack of difference between groups, however two 

EU individuals were likely not tested during the mid-luteal phase, and when taken into 

consideration, a main effect of group is nearing statistical significance. Our most robust finding 

is that in the young females, E2 is positively associated with twitch potentiation which supports 

our hypothesis. As this study progresses, consideration should be taken for E2 values that are 

outside the literature ranges for mid-luteal cycle phase, older females, or females on HC. Finally, 

this study begins to demonstrate a relationship between E2 and twitch potentiation that has been 

well-established in the pre-clinical literature. To our knowledge, this study is the first of it’s kind 

to assess estrogen suppression independent of age and how estrogen impacts twitch potentiation 

in humans. 
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6. Final Discussion and Conclusions 

 These set of studies aimed to investigate how chronic stressors such as resistance 

training, age, and estrogen suppression interact with acute stressors of brief and prolonged 

muscle activation to alter skeletal muscle function at the cellular and whole tissue level. The first 

study (Aims 1 & 2) utilized a dynamic knee extension exercise protocol to task failure as a tool 

to fatigue the muscle and measure changes to the phosphorylation of key regulatory proteins, 

RLC and MyBP-C, and assess the contractile function of permeabilized single muscle fibers 

under near-optimal intracellular conditions. We chose to fatigue the muscle in vivo and assess 

single fibers in vitro under near-optimal conditions, rather than studying the fibers under fatigue-

mimicking conditions, as a way to investigate changes inherent to myofilament function outside 

the influence of what is known to cause fatigue (H+ and Pi). The primary findings were that 

fatiguing exercise paradoxically improved single fiber contractile velocity and power in young 

NT and RT (Aim 1), but not older (Aim 2) males and females. We did not identify differences in 

phosphorylation of RLC or MyBP-C with fatigue, however LCMS unveiled numerous 

differentially phosphorylated residues in RT males only. 

 We chose to utilize a dynamic fatiguing protocol for two central reasons. First, the age-

related declines in physical function are velocity-specific in that isometric torque may be 

preserved in older adults yet power during dynamic contractions is greatly reduced, especially at 

high velocities (Callahan et al., 2009; Callahan & Kent-Braun, 2011). Muscle power is a stronger 

predictor of mortality than muscle strength (Araújo et al., 2025; Metter et al., 2004) in the elderly 

and is therefore an important outcome measure for improving or maintaining physical function 

and quality of life in older adults. The velocity dependence of greater fatigability in older adults 

(Callahan et al., 2009) necessitated that we employ a fatiguing exercise that most closely mimics 
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the heightened fatigability previously documented in the literature as well as investigating an 

outcome measure that is clinically relevant. We did not find any differences in the amount of 

power lost during the fatiguing exercise by group, which at first seems to suggest this protocol 

did not elicit the anticipated fatigue phenotype. However, this study design had participants 

perform knee extensions to task failure, rather than for a set amount of time or number of 

contractions. This ensured that every participant, regardless of duration of exercise, achieved the 

same level of fatigue so that any differences identified with respect to single fiber function would 

not be attributable to differences in fatigability per-se, but rather in that muscles response to the 

exercise task itself. This goal was achieved by denoting task failure as the inability to perform 

the contractions through 50% or more of the ROM and/or complete the contractions at the set 

pace of 1 contraction every 1.5 seconds. Second, isotonic contractions have been thought to 

better mimic real-world tasks as opposed to isokinetic. While it is argued that loads are rarely 

purely isotonic in tasks of a “free-living environment” (Callahan et al., 2009), during repetitive 

contractions such as walking, running, or squatting (Gash et al., 2025) the loads experienced are 

relatively constant. That is not to diminish the utility of isokinetic contractions as these allow 

researchers to control the velocity component and assess how force and power respond. In the 

current study, however, our goal was to mimic a real-world task and build upon previous 

literature that has established the force-velocity relationship with age. 

 It is important to note the possibility that differences in voluntary activation and 

motivation to complete the task between groups may have influenced the results of these studies, 

largely with respect to Aims 1 and 2. During fatiguing exercise, it has been shown that isokinetic 

force declines significantly more during voluntary activation compared with electrically 

stimulated muscle contractions (Callahan et al., 2009). This may suggest extrinsic factors such as 
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central fatigue or motivation contribute to fatigability. However much these factors contribute to 

fatigability during a voluntary dynamic knee extensor task, it is unlikely to explain differences in 

force decline between young and older adults (Callahan et al., 2009). In the recovery phase 

following low force (20% MVIC) isometric contractions, time to task failure was longer and 

voluntary activation was lower in older adults compared to younger adults suggesting that central 

fatigue plays a role in age-related differences in fatiguability (Yoon et al., 2008). This was not 

seen at 80% MVIC, however, and authors suggest that contraction intensity and duration may be 

modulated in order to induce varying levels of fatigue in target populations. In Aims 1 & 2, the 

load was set at 30% MVIC, however this was performed at maximal voluntary effort during 

isotonic contractions. Furthermore, volunteers may be more or less “motivated” to complete the 

task as fatigue sets in during the exercise. Motivation via positive feedback has been shown to 

improve function during reaching task, more so for older adults (Huang et al., 2018). During our 

studies, we used strong verbal encouragement, ensuring that each participant provided maximal 

effort during all contractions. As we did not utilize EMG to measure amount of muscle 

activation, or superimposed twitch stimulation to assess central activation ratio before or after 

dynamic exercise, it is possible that central fatigue may play a role in mediating time to fatigue 

during our study. These values, however, were not different between groups which suggest our 

task was effective at inducing similar levels of fatigue in all participants.  

 The interpretation of these study findings depend highly on the assumption that changes 

to the phosphoproteome with fatigue (or between groups) influence the contractile phenotype of 

single muscle fibers in our preparation. It was reported in Chapter 3 that MyBP-C 

phosphorylation likely remains in the fibers following mechanical preparation, but RLC does 

not. In order to more definitively propose this to be true, a repeat analysis of parallel processing 
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of tissue samples from additional participants is necessary. Regardless, future study should be 

aimed at elucidating the specific mechanisms that contribute to this altered contractile 

phenotype. Our lab has previously tested the effects of PKA and LP incubation on passive 

modulus of single muscle fibers and was unable to recapitulate the fatigued phenotype. However, 

it was unclear if PKA incubation was indeed phosphorylating the target protein, in that case the 

giant elastic protein titin. Pilot data from our laboratory has found that PKA incubation lead to a 

higher PKA:MyBP-C ratio in one middle-aged male, but reduced phosphorylation from both the 

non-fatigued and fatigued samples in one young RT female. Additionally, in the middle-aged 

male, LP incubation lead to increased PKA:MyBP-C as well, and neither of these pilot data were 

collected in tandem with sham control. Previous studies have utilized PKA and LP to 

phosphorylate and dephosphorylate MyBP-C, respectively (Robinett et al., 2019) however this 

was performed in rat skeletal muscle. Thus, careful control of PKA and LP incubation in human 

muscle samples from our lab should be first confirmed to induce phosphorylation of target 

proteins and then these analyses should be repeated in order to identify which mechanisms 

contribute to the enhanced contractile velocity and power in single fibers from the fatigued limb. 

 Aims 1 & 2 did attempt to control for menstrual cycle variation in muscle function by 

limiting young female lab visits to either the early follicular phase of the menstrual cycle if 

eumenorrheic, or allowed young females to visit the lab at any time if on hormonal 

contraceptive. Recent study into menstrual cycle variation on exercise performance have not 

uncovered significant improvements or deficits associated with a specific phase in eumenorrheic 

females (Taylor et al., 2024). However, it is possible that the exposure to circulating 17β-

estradiol during the late follicular and luteal phase may be sufficient to provide the “protective” 

benefits reported in the literature. Aim 3 may help to inform this situation as we measured 
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muscle twitch potentiation on two separate study days in EU and HC groups. For the EU group, 

Day 1 was targeted for the early follicular phase when E2 is presumed to be low, however we did 

not measure serum or plasma E2 at this visit. The HC group is also assumed to have constant 

circulating E2, but again was not measured on this day. On Day 1, despite the presumed low E2, 

the EU group still had greater twitch potentiation than the HC group, which is one index of 

muscle function. What this may suggest is that regardless of the day-to-day estrogen status, the 

significant exposure to E2 throughout a menstrual cycle may be sufficient to provide this benefit. 

However, one participant in the HC group was not on a progestin only contraceptive but rather a 

combined EE and progestin oral pill. Our pilot data, and prior literature (Rodriguez et al., 2024), 

suggest that E2 may spike to significantly high levels during the placebo (withdrawal) phase of 

the pill pack. This participant did not show twitch potentiation values greater than the remainder 

of the HC group, and in fact was the lowest value in the entire data set of young females from 

either group. Overall, this complicates the interpretation for how estrogen may be regulating 

muscle function. Although, less described in the literature is progesterone. It is unclear what 

effects progesterone may have on muscle functional outcomes, however in Aim 3 the EU group 

had significantly greater progesterone than the HC and OF group. The mid-luteal phase is the 

one time in the menstrual cycle where estrogen and progesterone are relatively high at the same 

time, which makes the isolation of estrogen vs progesterone difficult. As this study continues, it 

may be worth consideration, although the same notion that short term spikes in a given hormone 

may be sufficient to produce an certain effect will likely be at play here as well. 

 Overall, there exists a lack of support in the literature for the muscle specific mechanisms 

that may explain the greater fatigability in during high velocity contractions in older adults. This 

study aimed to address this gap and found that in younger adults, contractile velocity and power 
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was potentiated following fatiguing exercise but that this was not seen in the older adults. It is 

possible that the greater velocity and power decline seen with repeated contractions in the elderly 

may be attributed to a lack of ability to counteract fatigue through myofilament performance 

enhancement, rather than a greater susceptibility to the intracellular metabolic conditions that 

cause fatigue in vivo. Additionally, the study of highly trained young individuals allows a unique 

insight into how muscles perform at their best, and what mechanisms may be contributing to the 

inherent muscle performance benefits that are not solely explained by size. This study found that 

the fatigue-induced performance enhancements in single fibers were relatively more robust and 

that the muscle phosphoproteome changed significantly in RT males compared to other groups 

offering a training and sex-dependent perspective. Ultimately, if we can identify the intracellular 

mechanisms that explain how muscle positively adapts to chronic stimuli, coupled with those 

that explain negative adaptations, then we may be able to inform therapeutic and rehabilitative 

approaches with the goal of restoring or maintaining physical function in at-risk populations. 
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