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Abstract 

Estrogen may influence myosin regulatory light chain (RLC) phosphorylation and 

posttetanic potentiation (PTP) in mouse fast twitch muscle; although the signalling pathway 

for this effect is unknown.   The purpose of this study was to test the hypothesis that 

previously reported estrogen effects on RLC phosphorylation and PTP are mediated via 

skeletal myosin light chain kinase (skMLCK).  To this end, extensor digitorum longus 

(EDL) muscles from female wildtype and skMLCK deficient (skMLCK-/-) mice were 

divided into four groups: ovariectomized (OVX) with estrogen (E+), ovariectomized 

without estrogen (E-), sham surgery (Sham) and intact baseline (BL).  At 8 weeks of age, 

mice in the OVX groups were ovariectomized followed by pellet implantation at 9 weeks 

of age with either a 0.1 mg of 17β-Estradiol or implantation of a placebo pellet (E+ and E- 

respectively); sham surgeries were also performed at this time point for both genotypes.  

Two weeks later EDL muscles were isolated and suspended in vitro (25° C) for 

determination of RLC phosphorylation and PTP, except for BL groups which began 

contractile experiments at 9 weeks.  Our results showed that RLC phosphorylation 

measured in muscles frozen immediately after a potentiating stimulus was not different 

across conditions within either genotype although values for wildtype muscles were 

significantly (P<0.05) greater than skMLCK-/- muscles.  Consistent with these findings, the 

ratio of concentric twitch force (post-PS / pre-PS) for wildtype and skMLCK-/- muscles was 

similar between E+ and E+ groups although values for wildtype were greater than 

skMLCK-/- muscles (all data P < 0.05). However, we were unable to directly test our 

hypothesis as a result of unaltered estradiol levels following OVX.  The inability to validate 

estrogen’s beneficial influence on muscle strength and contractibility in this model could 

be a direct result of interference with further development and growth during estrogen 
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supplementation. Future studies should note the importance of both estrous cycles and 

further growth of adult mice when working with ovarian hormones.  Both of these factors 

were likely causes of our atypical findings. 
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1. Introduction 

At the molecular level, muscle is exquisitely customized to perform our daily tasks 

from intricate shifts in posture to robust movements and locomotion.  Muscles are custom-

built biological engines generating power and movement through the conversion of 

chemical energy into mechanical energy.  This conversion begins deep within the 

sarcomere as thin and thick filaments, and their respective contractile apparatus actin and 

myosin, interact with one another generating actin-myosin crossbridges (Huxley, 1957).   

A muscle contraction is triggered by an influx of intracellular calcium (Ca2+) from 

the sarcoplasmic reticulum into the sarcoplasm which activates the thin filament preparing 

the actin for myosin attachment.  This motility is fueled by myosin II and its ATPase 

activities displacing the thin filament and thus producing force (Lymn & Taylor, 1971).  A 

closer look at myosin mechanisms reveals a cascade of events that further encourage the 

coupling of actin and myosin.  With the onset of increased Ca2+ levels, the enzyme skeletal 

myosin light chain kinase (skMLCK) is activated which in turn catalyzes the 

phosphorylation of one of myosin’s light chains, the regulatory light chain (RLC) (Stull et 

al., 2011).  As a result of the increased negative charge on the RLC following 

phosphorylation, the encompassing light chain binding domain (LCBD) projects outwards 

from the thick filament backbone better positioning the globular heads of the myosin to 

facilitate actin-myosin interaction.  Subsequently, there is an increase in the number of 

crossbridges in a force generating state (αFS) alongside enhanced Ca2+ sensitivity among 

the contractile apparatus (Stull et al., 2011).  RLC phosphorylation leads to an increase in 

cross-bridge formation which increases the kinetics of force development resulting in force 

potentiation; this has been demonstrated through many studies (Klug et al., 1982; Manning 
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& Stull, 1979; 1982; Moore & Stull, 1984; 1985; Ryder et al., 2007; Stull et al., 2011; 

Vandenboom et al., 2013; Xeni et al., 2011; Zhi et al., 2005). 

One of the defining characteristics of the fast twitch muscle phenotype is the 

presence of “potentiation”.  Classically defined as the transient increase in muscle force 

following contractile stimulation (Brown & Loeb, 1999; Close & Hoh, 1968; Vandenboom 

et al., 2013), potentiation is manifest as either a progressive increase in force during low 

frequency stimulation (i.e. staircase potentiation) or as the step-like increase in force 

following brief but high frequency stimulation (post-tetanic potentiation).  These increases 

are attributed to myosin phosphorylation mediated increases in the calcium sensitivity of 

force development (Metzger et al., 1989; Patel et al., 1999; Persechini et al., 1985; Sweeney 

& Kushmerick, 1985; Sweeney & Stull, 1985;1990).  In contrast, identical stimulation of 

slow twitch muscles, which do not have the enzymatic machinery for RLC phosphorylation, 

tends to produce a posttetanic depression of force (Buller et al. 1981; Moore and Stull, 

1984).  Consistent with the idea that skMLCK catalyzed phosphorylation of myosin is 

causally related to potentiation is evidence from skMLCK knockout mice (skMLCK-/-) 

which demonstrates that PTP is eliminated and staircase potentiation is much reduced in 

the absence of RLC phosphorylation (Gittings et al. 2011; Zhi et al. 2005). Thus, although 

perhaps not the only mechanism for potentiation (Smith et al. 2013) the expression of 

skMLCK and ability to phosphorylate the myosin RLC is an important feature of fast-

twitch muscle.  

The interaction of the RLC phosphorylation mechanism with other intracellular 

signals may represent an important aspect of long term muscle health and function.  One 

potential signalling pathway involves the female hormone estradiol (i.e. estrogen).  
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Estrogen is an 18-carbon corticosteroid molecule secreted by the ovaries in females 

(Kendall & Eston, 2002).  Its primary role involves the development and maintenance of 

normal sexual and reproductive functions (Heldring et al., 2007).  However, over the past 

15 years, estrogen knowledge has progressed bringing forth a new understanding of this 

hormone (Enns & Tiidus, 2010).  Estrogen has been shown to exert a diverse range of 

biological effects on the cardiovascular, musculoskeletal, immune and central nervous 

systems (Katzenellenbogen et al., 1995).  Furthermore, a deficiency of this hormone has 

been linked to muscle dysfunction, loss of muscle mass as well as a loss of strength starting 

around the time women reach menopause (Meeuwsen et al., 2000; Phillips et al., 1993; 

Samson et al., 2000).  However, studies have shown that this loss of strength is reversible 

in skeletal muscles of post-menopausal women who have taken estrogen-based hormone 

therapy (Finni et al., 2011; Greising et al., 2009; Ronkainen et al., 2009).  Mouse models 

have demonstrated that a lack of estrogen, through the surgical removal of the ovaries, 

impairs contractile function vs mice that have been sham-operated (Greising et al., 2011; 

Moran et al., 2006; 2007; Schneider et al., 2004).  Other animal models have also reported 

that estrogen affects muscle twitch characteristics and fatigue (Hatae, 2011; McCormick et 

al., 2004; Schneider et al., 2004).  This research suggests overall that ovarian hormones, 

such as estrogen, may influence muscle strength by impacting the function of contractile 

proteins; more notably the structure and function of myosin (Moran et al., 2006; 2007). 

One mechanism by which estrogen influences muscle function has been recently 

shown to be through the phosphorylation of the RLC.  Ovariectomized and Sham-

ovariectomized mice were shown to generate low post-tetanic potentiation (PTP) which 

was reversed with estradiol supplementation (Lai et al., 2016).  17β-Estradiol modulated 
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phosphorylation of the RLC thus impacting contractile and myosin functionality as PTP 

levels and pRLC content were positively correlated.  In order to fully understand the 

mechanism involved in this phenomenon, this thesis aims to study these effects in vivo 

using the skMLCK-/- mouse model to determine the influence estrogen has on biochemical 

and mechanical properties of muscle.  By using muscles from skMLCK-/- mice, a unique 

negative-control condition is established in that muscles are stimulated yet RLC cannot be 

phosphorylated; this is not possible with wildtype models alone.  With this model, we will 

be able to assess whether estrogen utilizes the skMLCK as its signalling pathway to 

influence muscle function. 

2. Review of Literature 

2.1. Muscle Structure and Function 

“Muscle is first and foremost a machine that utilizes fuel to generate force and do work” 

(Rall, 2014). 

Muscle can be described as a machine that converts chemical energy into 

mechanical energy for its operations.  With low energy requirements and the capability of 

high output, it is no surprise that muscle is the ultimate biological engine generating 

tremendous force, speed, power and endurance; all with remarkable efficiency.  From 

posture and locomotion, to metabolic mechanisms including some of the very things that 

sustains life, diaphragmatic contractions for breathing and cardiac muscle contractions for 

propelling blood through circulation, the role of muscle is diverse and vital.  The story 

begins within embryonic development in which muscle cells are formed through 

myogenesis, specifically from the mesodermal layer of embryonic germ cells (Brand-
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Saberi, 2014).  This process is highly regulated and hierarchical in nature resulting in three 

types of muscle: cardiac, smooth and skeletal.  These three types have varying roles and 

thus characteristics with regards to regulation, appearance, contraction and fatigability.  The 

most notable difference is the range of fatigability expressed by skeletal muscle as well as 

its ability to voluntarily contract versus smooth and cardiac muscle contraction which is 

controlled by the automatic nervous system and local factors.  As the name suggests, 

skeletal muscle is attached to two bones of the skeleton, usually crossing over a joint, via 

dense regular fibrous connective tissue called tendons.  As skeletal muscle contracts 

(shortens), it causes rotation about the joint meriting its foundational role in movement and 

locomotion.  A glimpse into the animal kingdom is all it takes to recognize the diversity of 

mobility facilitated through skeletal muscle.  Whether it be evading prey through self-

propelled locomotion such as a deer running, a bee in flight, or an individual at the library 

maneuvering their fingers across a keyboard, the versatility observed within movements 

across Animalia can be attributed to the selective recruitment of motor units and thus, fiber 

types, slow- and fast- twitch respectively.   

A motor unit is simply a bundle of muscle fibers.  In mammalian skeletal muscle 

alone, 10s to 10,000s of these motor units combine together to create distinct contributions 

to function from robust to fine motor movement.  Each motor unit is unique in size and 

fiber type characteristics.  The selective recruitment of heterogeneous motor units is what 

provides specificity, enabling muscles to be functionally useful for different tasks.  From 

fiddling with something in your hands to the fine movements involved in facial expressions, 

the dexterity behind these functions are provided through small motor units.  Alternately, 

movements driven by power and strength, such as a thigh muscle shortening for a jump, 
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are expressed through larger motor units.  In mammalian skeletal muscle, these fiber types 

exhibit structural and functional differences as seen through mechanical and metabolic 

properties (Head & Arber, 2012).  Fiber types are classified as being either slow and 

oxidative (Type I) or fast and glycolytic (Type II), representing both power output and 

fatigability of the given type (Schiaffino & Reggiani, 1996).  There are four major types of 

fibers observed within the limbs and trunk, types I, IIa, IIb (reserved for animals alone), 

and IIx; minor types can be found within the head and neck such as the extra ocular and 

masseter.  Although fiber type profile is determined by multiple signalling pathways, 

including the calcineurin pathway as well as pathways regulated by several hormones, 

motor nerve-activity is the major determinant and control mechanism for fiber type 

expression in skeletal muscle (Schiaffino & Reggiani, 2011).  Within a motor unit, fibers 

tend to “cluster” with those that share similar properties suggesting distinct functions 

between type I and II fibers.  Type I fibers are generally always activated and easily 

recruited.  These traits contribute to the well-known fatigue-resistant identity that is 

associated with type I fibers; all of which affirm its role with posture and joint stability, as 

well as prolonged repetitive activity such as respiration, locomotion and chewing.  In 

contrast, type II fibers have the capacity to generate fast and powerful actions, however 

they tend to be easily-fatigued.  According to Henneman’s size principle, the smaller 

fatigue-resistant type I fibers are recruited first to minimize the amount of fatigue 

experienced followed by the larger type II fibers when needed (Henneman et al., 1965).  

Regardless of the type, it is clear that these fibers are the foundation for muscle functionality 

operating through the same molecular mechanisms. 
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2.1.1.  The Sarcomere 

To truly understand the mechanisms of muscle contraction, one must appreciate the 

intricate structure of its underpinnings and architecture; starting at the molecular level of 

the sarcomere.  Hierarchically, muscle is complex with various components forming an 

integrated network to create mechanistic function.  At the core of this network lie the 

sarcomeres; the fundamental unit of striated muscle tissue (Craig & Padron, 2004).  Known 

as a 3-dimensional contractile machine, this multi-protein complex is composed of 

longitudinal and transverse filaments known as the thick and thin filaments (Craig & 

Woodhead, 2006).  Repeating units of sarcomeres found in muscle tissue create a striated 

appearance and is a feature of cardiac and skeletal muscle; smooth muscle does not consist 

of any sarcomeres but rather a simple arrangement of thin filaments within the cytoplasm. 

Anchored by the mitter line (M-line) at the heart of the sarcomere, the thick filament 

Figure I.  Simplified representation of sarcomere structure and organization. (Pearson 

Education Inc., 2009) 
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extends outwards towards the zwischenscheibe line (Z-line), anchor of the thin filament 

(Huxley & Hanson, 1954).  Similarly, the thin filaments extend from the Z-line however 

inwards towards  

the core of the sarcomere.  See Figure I.  The isotropic band (I-band) spans the length of 

the thin filaments and is shared among adjacent sarcomeres with the Z-line as the midpoint.  

The point at which the thick and thin filaments overlap and interact with one another is 

referred to as a myosin-actin cross-bridge.  It is the anisotropic band (A-band) of the 

sarcomere that consists solely of the cross-bridge zone, multiple thick and thin filament 

interactions, making it the densest segment within this complex.  In contrast, the heller 

band (H-band) corresponds to the cross-bridge free zone, the bare zone, located on the thick 

filament in close proximity to the M-line.  Due to the systematic arrangement of myosin 

heads protruding outwards on the thick filament, the H-band remains bare with no 

possibilty of cross-bridge interactions; making it much less dense than its A-band 

counterpart.  Among these various segments of the sarcomere are distinct contractile and 

scaffold proteins that help modulate sarcomere function such as the titin, myosin binding 

protein (MyBP-C) and nebulin.  As a muscle contracts, the length of the sarcomere shortens 

and allows for the actin containing thin filament to overlap the myosin thick filament 

creating an orderly array (Huxley & Nierdergerke, 1954).  On a macroscopic scale, the 

outcome of this action is characterized as the cornerstone of muscle contraction in which 

shortening of a muscle pulls on bone via tendons causing rotation about a joint, ultimately 

generating movement. 
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2.1.2. The Thick Filament 

The thick filament contains the most important structural and enzymatic protein of 

the sarcomere, Myosin II.  Although there are other proteins that occupy this filament, such 

as binding protein C, the myosin molecules remain most eminent. 

2.1.3. Myosin 

Myosin belongs to what is referred to as a “superfamily” of motor proteins. This 

particular family is one of the three families responsible for the cellular motility 

experienced by many living organisms (Rayment et al., 1993).  Within the mammalian 

genome there are several myosin genes; each possessing a code for different myosin 

isoforms ranging from universal to specialized function.  Myosin II, a founding member of 

the myosin family, is a conventional myosin best known for its role in skeletal muscle since 

it was first isolated in the late 1930s (Engelhardt & Ljubimowa, 1939).  This highly 

asymmetrical hexameric molecule is composed of two identical heavy chains (MHC) with 

Figure II.  Myosin molecule divided into sub-fragments displaying various components 
including the light chain binding domain (LCD) and its corresponding light chains (ELC 
& RLC).  
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a molecular mass of 220 kDa; each non-covalently associated with two light chains (MLC), 

ranging from 20-25 kDa (Lutz & Lieber, 1999).  Further division of this protein includetwo 

major subunits referred to as the heavy meromyosin (HMM) and the light meromyosin 

(LMM).  The HMM spans one-third of the molecule and is located at the amidogen (NH2) 

terminus of each chain consisting of two monomers classically referred to as ‘globular 

heads’ (Figure II).  Next to this portion are the light chain binding domains (LCBD), the 

“neck”, comprised of both the essential light chain (ELC) and the regulatory light chain 

(RLC).  The LMM spans the remaining two-thirds of the molecule containing the elongated 

tail as well as forming the carboxy terminus (COOH).  Its role includes that of a 

polymerization function enabling the formation of the thick filament backbone (Krendel & 

Mooseker, 2005).  

The HMM region can be further subdivided to include two subfragments, 

subfragment 1 (S-1) and subfragment 2 (S-2).  Consisting of three domains, 25 kDa, 50 

kDa and 20 kDa, the S-1 fragment plays a considerable role in the conversion of chemical 

energy to mechanical energy.  This fragment contains the nucleotide binding sites required 

for adenosine triphosphate (ATP) hydrolysis on the 25 kDa domain as well as an actin 

binding domain found in the 50 kDa region (Figure III). 

When ATP hydrolysis occurs, the S-1 stores the released energy and later binds to 

the thin filament in order to release this energy as work.  Functioning as the lever arm, the 

LCBD within the 20 kDa α-helical neck, is able to amplify the motion creating movement 

along the filament (Sweeney & Houdusse, 2010). This will be discussed in more detail 

within the Actomyosin Crossbridge Cycle section.  Ultimately, this particular fragment is 
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responsible for the bulk of the enzymatic activity within the myosin molecule (Preller & 

Holmes, 2013).  

 

2.1.4. The Thin Filament 

The thin filament, characterized by its actin microfilament chain, is formed by the 

polymerization of two identical G-actin monomers creating a helical structure.  Each of 

these strands is comprised of spherical actin subunits; determined to be 13 per helix and 

spaced at 56.5Å (Hanson & Lowy, 1963).  For each actin monomer along the filament there 

is a subsequent myosin binding site for potential cross-bridge formations with the thick 

filament.  However, for this to occur, the thin filament is also equipped with regulatory 

proteins.  These proteins interact with one another to form the regulatory protein complex; 

the imperative gateway for cross-bridge formation. 

Figure III.  Myosin Subfragment 1 (S-1). (Rayment, 1996) 
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2.1.5. Regulatory Protein Complex 

The regulatory protein complex is comprised of four components: Troponin C 

(TnC), Tropomyosin (Tm), Troponin I (TnI) and Troponin T (TnT).  Tropomyosin forms 

a regular interval across the thin filament binding to seven actin monomers (Ebashi, 1980).  

Also bound to Tm is Troponin C whose interaction with calcium (Ca2+) determines the Tm 

position on the actin monomer.  Troponin I and T secure Ca2+ attachment to TnC 

completing the complex.  Regulation of the cross-bridge cycle was first thought to occur 

through the steric blocking model in which Tm physically blocked the myosin heads from 

accessing the actin binding sites (Huxley, 1972; Haselgrove, 1972).  This hindering motion 

was thought to generate a state of relaxation due to an absence of intracellular Ca2+.  In the 

presence of Ca2+, this condition was reversed as Tm underwent a conformational change 

on the thin filament displacing the protein to a non-blocking position.  This model employs 

a sentinel role for Tm activated solely by intracellular concentrations of Ca2+.  Although a 

plausible explanation, it was later shown that low intracellular levels of Ca2+ inhibit a 

kinetic step rather than a direct actin-myosin interaction (Chalovich & Eisenberg, 1982, 

McKillop & Geeves, 1993). 

2.2. Sliding Filament Theory 

…it is postulated that stretching of the muscle takes place, not by 

an extension of the filaments, but by a process in which the two sets 

of filaments slide past each other…one may note the possibility that 

an analogous process is involved in contraction. 

(Huxley, 1953) 
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In a May 22nd, 1954 edition of Nature, two independent papers introduced the 

“sliding filament theory”.  These separate papers by Huxley and Hanson (1954) and Huxley 

and Niedegerke (1954) described how thick and thin filaments operated within the skeletal 

sarcomere.  The key aspect of this theory accounted for how the filaments themselves did 

not lengthen or shorten per se, but rather slid past each other allowing for the sarcomere 

and muscle as a whole to shorten (Huxley & Niedergerke, 1954; Huxley & Hanson, 1954).  

As a muscle stretched, the overlap between the thick and thin filaments decreased whereas 

a contraction produced an increase in the overlap of the filaments.  This was the first 

comprehensive description of a crossbridge and provided the muscle field with a solid 

structural kinetic mechanism for muscle contraction.  

2.3. Excitation-Contraction Coupling 

Although muscle force and ATPase activity are explained through the crossbridge 

cycle, these events and their regulation represent the end result of a more complex cascade.  

Excitation-contraction coupling (ECC), a term coined by Alexander Sandow (1952), 

explains this multistep process involving the conversion of an electrical stimulus to 

mechanistic function (Figure IV).  In skeletal muscle, the electrical stimulus is an action 

potential generated in the sarcolemma whereas the mechanical response is a muscle 

contraction.  The linkage between these two events is the calcium signal known commonly 

as the intracellular calcium transient. 

After an action potential is initiated, it begins its trek along the neuron’s axon 

channeling through the muscle to the neuromuscular junction where this electrical signal is 

able to interact with individual muscle fibers.  The motor end plate on the sarcolemma of 

the muscle fiber interacts with the neuron indirectly through neurotransmitters.  These 
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neurotransmitters bind to receptors, classified as sodium channels, on the sarcolemma to 

transmit the signal.  At rest, a cell typically maintains a high concentration of Na+ outside 

of the cell while preserving a high concentration of potassium (K+) inside of the cell 

creating an electrical gradient governed by the Na+/K+ Pump ATPase (Skou, 1988).  As the 

neurotransmitters bind to the receptors, the channels become permeable to Na+ leading to 

an influx of the ion elevating its intracellular concentration and thus, provoking 

depolarization of the cell.  The depolarization flourishes throughout the sarcolemma and 

eventually enters pocket-like structures called transverse tubules (t-tubules) in the plasma 

membrane which allow depolarization to reach the inner depths of the cell’s interior 

(Franzini-Armstrong & Porter, 1964).  Forming a ‘triad’, the t-tubules and the two 

Figure IV.  Key components involved in excitation-contraction coupling. (MacIntosh et al., 2012) 
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surrounding terminal cisternae of the sarcoplasmic reticulum (SR), create a unique 

membrane system responsible for the basal structure of the ECC (Flucher, 1992).  As the 

action potential travels through the t-tubules, aligned with the z-discs of the sarcomere, the 

signal is detected by nearby voltage sensors, dihidropiridine receptors (DHPR), inducing 

the release of calcium ions (Ca2+) (Leong & MacLennan, 1998).  This release of Ca2+ from 

the surrounding SR is achieved via ryanodine receptors (RYR1 – particularly expressed in 

skeletal muscles) through a concentration gradient (Pessah, Waterhouse, & Casida, 1985).  

This massive quanta Ca+ release triggers the binding of Ca2+ to specific buffers such as TnC 

within the regulatory protein complex found on the thin filament.  With the attachment of 

Ca2+, Tm undergoes a conformational change exposing the actin for actin-myosin 

interactions and thus commencing the crossbridge cycle generating force via muscle 

contraction (Behrmann et al., 2012). 

During relaxation, a growing absence of Ca2+ in the myoplasm develops and is 

mediated by the sarco-endoplasmic reticulum Ca2+-ATPase (SERCA) pumps.  For every 

one ATP, two Ca2+
 ions are driven against a concentration gradient from the cytosol into 

the SR.  Other buffers aid in the storage of extraordinary high levels of Ca2+ such as 

Calsequestin (CSQ), operating within the ER lumen, and Parvalbumin.  As a result, Ca2+ 

unbinds from TnC deactivating the thin filament, detaching the crossbridges, and ultimately 

bringing a halt to the crossbridge cycle. 

2.3.1. Cooperativity 

Muscle contraction and relaxation are governed by intracellular levels of Ca2+.  This 

regulation in turn can promote cooperativity in which thin filament activation is increased 

without the need of more Ca2+ (Gordon et al., 2000).  As Ca2+ binds to TnC and Tm 
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undergoes a transformation, the affinity of Ca2+ increases.  As opposed to the perceived 

notion that one TnC-Ca2+ complex generates a single crossbridge cycle, Barclay (2012) 

proposed that this interaction may generate an average of 1.7 crossbridges, slightly more 

than a 1:1 ratio.  Explained through a chain-like reaction, the TnC-Ca2+ complex enables 

the attachment of a crossbridge, which itself facilitates another crossbridge independent of 

further Ca2+ binding. 

2.4. Actomyosin Crossbridge Cycle 

The structural studies in the 1950s provided the underpinnings for muscle 

contraction which, as the years progressed, were refined with various kinetic experiments 

creating the current concept of force generation in muscle re: the crossbridge ATPase cycle.  

The crossbridge cycle can be defined as a series of events in which the thick and thin 

filaments interact, more specifically their corresponding myosin and actin, to convert 

chemical energy into mechanical energy.  Although these interactions are microscopic, 

amplifying features – such as the LCBD, heighten their impact generating great force and 

subsequent muscle contractions.   

First, myosin and actin are initially considered to be in a ‘rigor’ state in terms of 

their energy stability.  As soon as ATP binds to the S-1 nucleotide binding site on the 

myosin, the myosin enters a ‘weakly bound state’ releasing any crossbridges that are 

formed with actin.  As the ATP is hydrolyzed, chemical energy is stored, a process that 

reconfigures the S-1 to “cock” the head and prepare it for another cycle of actin 

reattachment.  At this point in time, actin rebinds to the myosin creating a ‘strongly bound 

state’ activating the sequential release of products from ATP hydrolysis. Release of 

inorganic phosphate (Pi) is rate limiting for force generation while adenosine diphosphate 
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(ADP) release is rate limiting for shortening speed.  With Pi discharged, the energy stored 

in the S-1 is released allowing the S-1 to return to a lower energy state.   In the process, the 

S-1 fragment exerts a unitary force creating displacement against the thin filament; a 

discrete event known as the ‘power stroke’.   Subsequent to the power stroke, release of 

ADP and immediate rebinding of ATP is a 2-step process that reduces the affinity of the S-

1 head – actin bond thus allowing the head to detach.  The entire cycle is then repeated for 

as long as Ca2+ is available to activate the thin filament and ATP is available for energy.  

The entire crossbridge ATPase cycle is depicted in Figure V. 

  

Figure V. Crossbridge ATPase cycle. (John Wiley & Sons, 2006) 
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2.4.1. Ca2+ Regulation of Crossbridge Cycling 

Force generation and crossbridge cycling are governed by intracellular levels of 

Ca2+.  As these levels rise in response to cell depolarization via an action potential, Ca2+ 

occupancy of various binding proteins and buffers increases; particularly that of TnC, a 

regulatory protein residing on the thin filament.  Eventually triggering the activation of the 

thin filament and initiating crossbridge cycling, Ca2+ also employs a reverse role restricting 

activation and cycling with decreased intracellular levels.  Within crossbridge cycling, 

parallel to Ca2+ influence, there is a shift between weak binding and strong binding states 

(Brenner & Eisenberg, 1986).  At rest, crossbridges remain in a weakly bound state unfit to 

generate force across the thin filament.  As Ca2+ binds to TnC enabling crossbridge 

formation, a strong binding state is attained facilitating an increase in force.  Force is 

dependent on the number of crossbridges in a strongly bound state, also referred to as a 

force generating state (αFS).  Represented in terms of fapp, a rate constant describing the 

shift of crossbridges from a non-force to force generating state, and gapp, a reverse rate 

constant describing the shift from force generating to non-force generating states, αFS is 

expressed as:  

αFS = (fapp / (fapp + gapp)) 

In regards to Ca2+, force is minimal when TnC binding proteins are not fully 

occupied with Ca2+ making fapp < gapp.  However, when Ca2+ occupancy of TnC is high, fapp 

> gapp resulting in increased force and overall αFS. 
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2.5. Length-Tension Curve 

After the significant shift in muscle contraction literature in the 1950s, the 

correlation between sarcomere structure and fiber mechanics such as length tension and 

force velocity, were re-established.  As the 1950s and 1960s progressed, so did the 

corresponding technologies in the field bringing forth both ease and increased accuracy 

among measurements.  Gordon, Huxley and Julian (1966) were the forefathers of a 

particular apparatus that resulted in one of the most notable papers in muscle physiology 

history; the length tension curve.  After introducing a spot-follower technique for length-

clamping a portion of a fiber during contraction, the variation in isometric tension with 

sarcomere length could be observed (Figure VI) (Gordon et al., 1966). 

Figure VI.  Length-Tension Curve. (Gordon et al., 1966) 
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As noted, as a muscle is stretched from short to excessively long lengths, the 

generated force fluctuates, however, a plateau is maintained at what is considered an 

optimal length.  Each point on this curve represents the effect of myofilament position and 

sarcomere structure.  At relatively short sarcomere lengths, the thick and thin filaments are 

too overlapped creating a chaotic state of interference and compression in which no force 

is generated (Gordon et al., 1966).  As the sarcomere length increases, there are more 

successful actin-myosin crossbridge formations capable of generating more force.  Between 

2.00µ and 2.20µ, the H-zone, the sarcomere reaches an optimal length that allows for 

maximum tension to be achieved (Gordon et al., 1966).  Simply put, a peak number of 

crossbridges are formed between the thick and thin filaments.  As the sarcomere continues 

to increase in length, the number of crossbridges in the ‘overlap’ region declines.  This 

decline remains linear until the maximum length of 3.65µ is sustained generating zero force 

as a result of no overlap.  As was demonstrated, isometric tension is directly proportional 

to the number of crossbridge interactions from short to long lengths (Gordon et al., 1966). 

2.6. Myosin Regulatory Light Chain Phosphorylation 

Within the light chain binding domain (LCBD) of a myosin II molecule are two 

light chains known as the regulatory light chain (RLC) and the essential light chain (ELC).  

These light chains have a tremendous role in not only the molecular aspects of the myosin 

motor and contractile processes, but also the development of fast and slow muscle 

phenotypes as well as fine tuning of motor function (Greaser, Moss & Reiser, 1998; Lowey 

& Trybus, 1995; Rayment et al., 1993; Wang et al., 2001).  Phosphorylation of the myosin 

RLC, by which a phosphate group is added (Colson, Gruber & Thomas, 2012), was first 

seen in the early 1970s in rabbit skeletal muscle (Perrie, Smillie & Perry, 1973) and has 
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since been deemed a primary mechanism for modulating muscle contraction.  In an 

unphosphorylated state, the LCBD and its light chain counterparts are positioned close to 

the thick filament backbone keeping the possibility of crossbridge formation to an absolute 

minimal, if not impossible state (Alamo et al., 2008; Brito et al., 2011; Wendt et al., 1999).  

Electron microscopy studies have also shown that the two myosin heads interact 

asymmetrically while inactive; one ‘blocks’ interaction with the actin binding site whereas 

the other blocks the ATP hydrolysis site forming what is known as the interacting head 

motif (IHM) (Crowther, Padron & Craig 1985; Pinto et al., 2012).  Work on both 

permeabilized skeletal fibers and thick filament systems have shown that RLC 

phosphorylation disrupts the IHM thus facilitating crossbridge interaction (see 

Vandenboom, 2016 review). 

 After phosphorylation via the skMLCK, the LCBD undergoes a transformational 

change making it protrude outwards from the thick filament backbone better positioning 

itself for, and encouraging, myosin-actin interactions (Colson et al., 2010; Levine et al., 

1996; Metzger, Greaser & Moss, 1989).  This projection increases the number of 

crossbridges in a force-generating state (αFS) while enhancing the Ca2+ sensitivity of 

contractile proteins thus improving the kinetics of force development (Ding et al., 2009; 

Stull et al., 2011).  This is the molecular mechanism by which RLC phosphorylation 

mediates skeletal muscle force generation (Ryder et al., 2007; Stull et al., 2011; 

Vandenboom, 2016; Xeni et al., 2011). 

2.6.1. Regulation by Myosin Light Chain Kinase 

The enzyme responsible for phosphorylation of the myosin RLC is the skeletal 

isoform of myosin light chain kinase (skMLCK) (Pires, Perry & Thomas, 1974; Pires & 
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Perry, 1977).  The activation of skMLCK follows a two-step process (Figure VII) initially 

starting when four Ca2+ ions bind to CaM creating a Ca2+
4 - CaM complex.  It is this Ca2+

4- 

CaM complex that then binds to the inactive form of skMLCK activating its 

phosphotransferase action and thus, phosphorylation (Blumenthal & Stull, 1980).  CaM is 

not bound when Ca2+ is at resting levels (Stull, Kamm & Vandenboom, 2011).  The 

regulation of skMLCK activity by Ca2+ and CaM has been described by Blumenthal and 

Stull (1980; 1982) as having similar traits with the Ca2+ activation of force relating to 

activation kinetics.  The activation constants for Ca2+ binding to calmodulin (CaM) and 

then binding to this complex were ~10 pM and 0.86 nM, respectively (Stull et al., 2011; 

Kamm & Stull, 2011).  In other words, the calcium required to activate the thin filament 

and initiate the power stroke is sufficient enough to activate the skMLCK.  When a muscle 

is at rest, approximately 10% of RLCs are phosphorylated demonstrating the passive role 

Figure VII.  Sequential activation of skMLCK and subsequent RLC phosphorylation. 
(Stull, Kamm & Vandenboom, 2011)  
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of skMLCK in idle muscle.  However, as a muscle is stimulated, either high frequency 

tetanic electrical stimulation for short duration or low frequency (5-15 Hz) stimulation for 

high durations, RLC content can increase up to 7-fold (Manning & Stull, 1982).  

Furthermore, dissociation of the CaM-skMLCK bond is relatively slow which allows for 

skMLCK activity to persist beyond relaxed levels of Ca2+.  Stull et al., (2011) refer to this 

outcome as a ‘biochemical memory’ which allows RLC phosphorylation to augment 

subsequent contractions (Figure VIII). 

Work using permeabilized skeletal fibers revealed how skMLCK catalyzed 

phosphorylation of the RLC modulates contraction. Starting with the work of Persechini et 

al. (1985), these studies have consistently shown that addition of exogenous skMLCK and 

resultant phosphorylation of the RLC (to 0.70-0.80 mol pho per mol RLC) increases the 

Ca2+ sensitivity of the contractile apparatus without altering maximal Ca2+ activated force 

Figure VIII.  Activation of skMLCK by Ca2+/calmodulin (green) in relation to force 
development (black).  Although activation of skMLCK is rapid, inactivation occurs at a much 
slower rate thus creating a biochemical memory effect for RLC-p. (Stull, Kamm & Vandenboom, 2011) 
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(Fmax) (Metzger, Greaser & Moss, 1989; Stephenson & Stephenson, 1993; Sweeney & 

Kushmerick, 1985; Sweeney & Stull, 1990; Szczesna et al., 2002).  In the intact skeletal 

muscle fiber these changes are expected to increase submaximal (i.e. twitches) forces 

without altering maximal (i.e. tetanic) forces where Ca2+ is expected to be submaximal and 

maximal, respectively. 

2.6.2. Myosin Light Chain Phosphatase 

The enzyme responsible for dephosphorylation and subsequent deactivation of the 

RLC is the myosin light chain phosphatase (MLCP), first discovered by Morgan, Perry & 

Ottaway (1976). Its role is to reverse RLC phosphorylation, making it a transient state.  

Thereby, this metabolic pathway is governed by a kinase and a phosphatase, the net activity 

of which controls phosphorylation levels.  However, when comparing the two enzymes in 

terms of regulation, MLCP appears to be unregulated.  Rather than a cascade of events 

leading to activation, as was the case with skMLCK, MLCP only appears to require a 

condition that lacks Ca2+ to be catalytically active (Manning & Stull, 1979; 1982).  

Interestingly, the maximal catalytic rate obtained by skMLCK is 40-50-fold greater than 

that of MLCP which supports the variation in phosphorylation-dephosphorylation rates 

within the activation-relaxation cycle. 

2.7. RLC Phosphorylation-Mediated Force Potentiation 

Consistent with results from permeabilized fibers, myriad studies on intact skeletal 

muscle document consistent relationships between RLC phosphorylation and isometric 

twitch potentiation.  Although interactions with experimental factors such muscle length, 

temperatures, stimulation paradigms and pharmaceutical interventions exist, there are 

persistent relationships between the level of RLC phosphorylation and the extent of 
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isometric twitch force potentiation, suggesting a causal relationship  (MacIntosh et al., 

1993; Moore et al., 1990; Palmer & Moore, 1989; Rassier, MacIntosh & Herzog, 1999; 

Tubman, Rassier & MacIntosh, 1996; Vandenboom, Grange & Houston, 1995; 

Vandenboom & Houston, 1996; Xeni et al., 2011).  Classically defined as the transient 

increase in muscle force brought about by contractile stimulation or activity, potentiation 

is a defining feature of mammalian fast-twitch muscle (Brown & Loeb, 1998; Close & Hoh, 

1968).  Potentiation can be classified into two types, staircase potentiation and posttetanic 

potentiation (PTP) (Grange, Vandenboom & Houston, 1993; Manning & Stull, 1982).  PTP 

is defined as the transient increase in isometric twitch force after a high frequency tetanus 

or tetani often observed in rodent skeletal muscle models (Close and Hoh, 1968).  Staircase 

potentiation is defined as the progressive increase in force observed at lower frequency 

stimulation producing unfused twitches.  Although a characteristic feature of fast twitch 

skeletal muscle, slow twitch muscles display neither PTP nor staircase potentiation (Buller 

et al., 1981; Close & Hoh, 1969).  

2.7.1. Brief History 

The earliest studies accredited potentiation, more notably staircase potentiation, to 

low levels of unidentified organic entities in which accumulation generated fatigue (Gruber, 

1922; Guttman, Horton & Wilber, 1937).  This thought process evolved into the notion that 

perhaps there was an extracellular interference in that an accumulation of compounds, 

potassium or acetylcholine, altered membrane action potential.  However, none of these 

theories were able to fully explain the complexity of potentiation at that time.  It was not 

until the emergence of the sliding filament theory and ECC when vital knowledge became 

available and the contractile properties of muscle began to be understood.   
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2.7.2. Characteristics of Potentiation - Force Dependence, Length, Fiber Type 

Potentiation is strongly force dependent; a critical factor for understanding the 

physiological workings of skeletal muscle (Gittings et al., 2014).  This has been 

demonstrated through various pharmaceutical interventions that have documented a 

relative change in potentiation as a result of increased or decreased isometric twitch force 

stimulation (Krarup, 1981; Palmer & Moore, 1989; Rassier, Tubman & MacIntosh, 1998; 

Vandenboom & Houston, 1996).  Another defining characteristic of an isometric twitch 

force potentiation is its length dependence as seen via rodent skeletal mouse models.  

Twitch force has been shown to be greater at shorter lengths by both rat (in situ) and mice 

(in vitro) models; findings that also align with those of permeabilized skeletal fibers 

(reviewed by Rassier et al., 1999).  With fiber types, potentiation is well-established as 

being increased in fatigable fiber types, such as type IIb fast-twitch fibers found within the 

extensor digitorum longus (EDL), and to a much lesser extent in slow twitch fibers.  Even 

during prolonged high frequency stimulation, slow-twitch fibers such as those occupying 

the soleus (SOL) muscle (type I & IIa), showcased limited phosphorylation resulting in no 

potentiation (Moore & Stull, 1984; Vandenboom et al., 2013).  Furthermore, with an 

overcompensation of skMLCK expression in SOL muscles to levels found in EDL muscles, 

an absence of potentiation was still evident (Ryder et al., 2007).  These differences in fiber 

type can be attributed to the intrinsic expression of fast or slow myosin in fast- and slow-

twitch fibers respectively (Grange et al., 1993). 

2.7.3. skMLCK Knockouts 

Although much knowledge was gained within the field using intact rodent mouse 

models and skinned fibers, it was not until the development of the skMLCK knockout 
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mouse model (skMLCK-/-) in which the role of RLC phosphorylation in force potentiation 

was confirmed.  This unique model was established by removal of the MYLK2 gene 

ceasing the ability to express skMLCK and subsequently halt RLC phosphorylation (Zhi et 

al., 2005).  In isolated fast-twitch skeletal muscles of this knockout, Zhi et al. (2005) 

observed an ablation of PTP of an isometric twitch tension and RLC phosphorylation.  

Under repetitive stimulation at low frequencies however, unexpected progressive staircase 

potentiation was observed revealing the potential for alternative mechanisms of 

potentiation (Smith et al., 2013). 

2.7.4. RLC-p Independent Potentiation 

Although RLC phosphorylation-mediated increases in Ca2+ sensitivity appear to be 

the prevailing mechanism for potentiation, Smith et al. (2013) more recently documented 

the contribution of alterations in Ca2+ signalling to myofilament proteins.  By using a mouse 

lumbrical model, changes in myoplasmic free Ca2+ during PTP were quantified.  Their 

findings indicated that stimulation-induced elevations in resting Ca2+ correlated with a 

small presence of potentiation, pronouncing resting Ca2+ levels as an alternate mechanism 

for potentiation without phosphorylation. 

2.7.5. The Next Step: Estrogen 

Mechanisms of potentiation have become well-documented within the literature 

alongside its various defining features such as force dependence, length, temperature and 

fiber types.  Recently, potentiation research has advanced into the study of hormones, 

particularly that of estrogen, to investigate the possible influence estrogen may impose on 

RLC phosphorylation, muscle contractility and ultimately healthy aging among women. 

2.8. Estrogen 
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Estrogen, known primarily as a sex hormone, refers to a group of hormones 

responsible for sexual maturity in females inducing the development, maturation and 

function of various sexual characteristics and reproductive processes (Heldring et al., 

2007).  Estrone, estradiol and estriol are the three chemically similar hormones that 

comprise the estrogen group; estradiol being the most potent and abundant form (Gruber & 

Huber, 1999).  This 18-carbon corticosteroid is predominantly secreted by the female 

ovaries and, to a lesser extent, by the adrenal glands and testes in males (Kendall & Eston, 

2002) challenging its perceived exclusivity to females. 

For a woman, the type of estrogen and its accompanying levels are anything but 

stable during her lifespan.  Fluctuating levels of estrogen represent distinct stages of a 

woman’s life starting with a natural increase during puberty.  At childbearing age, defined 

by extremes as anything from age 12-49 (Tinker et al., 2015), the most common type of 

estrogen produced is estradiol, more notably 17β-estradiol (E2).  In premenopausal women, 

E2 is produced in the ovaries and excreted into circulation reaching distal target organs and 

various cells (Nilsson & Gustafsson, 2011).  Approximately 70-400 pg·ml-1 of estradiol 

and 60-175 pg·ml-1 of estrone is circulating among women that are sexually mature (Martin, 

1985).  During pregnancy, estriol is most prevalent and is produced by the placenta whereas 

after menopause, despite estrone being the dominant form, overall estrogen declines greatly 

(Hall, 2011) to levels below 20 pg·ml-1 (Tepperman and Tepperman, 1987).  Even within 

a woman’s menstrual cycle, typically 23-35 days, different phases correspond with varying 

levels of estrogen; low levels are found early in the cycle in the follicular phase (mid-

follicular) whereas high levels occur during ovulation and remain until the next menses 

period (mid-luteal) (William et al., 2015). 
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Although estrogen may have first appeared solely as an ovarian sex hormone, much 

research has revealed the substantial role estrogen plays in a variety of biological systems 

within the human body.  From physiological, including those of a cardiovascular nature, 

musculoskeletal and skeletal homeostasis, regulation of lipid and carbohydrate 

metabolisms to even the immune and central nervous systems, the impact of estrogen has 

become evident and well-documented (Katzenellenbogen et al., 1995; Nilsson & 

Gustafsson, 2011; Wahner-Roedler et al., 2014).  That being said, estrogen is to be 

perceived as much more than a female sex hormone as it is capable of influencing essential 

functions in both male and female physiology. 

2.8.1. Estrogen and Ovarian Hormonal Cycling in Mice 
 

Within mice, the estrous cycle averages 4-5 days in length.  However, this may vary 

as a result of genetic and environmental factors (i.e. strain, social environment, season, diet) 

(Fata et al., 2001).  The cycle is divided into 4 stages: proestrus, estrus, metestrus and 

diestrus.  As is the case with humans, various stages within this cycle account for 

fluctuating levels of circulating estradiol.  Prior to ovulation, serum estradiol levels peak.  

Fata et al. (2001) observed an increase of ~40% from the proestrus to the estrus phase (47.3 

± 2.1 and 66.0 ± 3.2 pg/ml respectively) which then declined after ovulation during 

metestrus.  In young female mice, Nelson et al. (1981) recorded physiological levels of 

circulating estrogen to be approximately 20 pg/ml. 

 Although sexual maturity is reached at 6-8 weeks of age, a mouse is not considered 

a ‘mature adult’ with regular estrous cycles until 3 months (Flurkey, 2007, Nelson et al., 

1982).  C57BL/6 mice encounter regular cycles at ~4 months of age which then decline at 

~12 months (Nelson et al., 1982).  With regards to physical maturity and development, it is 
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between 4-8 months of age when the functional capacity of muscle becomes constant 

(Moran et al., 2005). 

2.8.2. Estrogen Receptors  

Within the body, the effects of natural hormone E2 or synthetic renditions (either 

agonists or antagonists) are mediated by membrane localized estrogen receptors (ERs) 

known as ERα and ERβ.  More recently identified is a third ER, G-Protein coupled receptor 

30, with a unique set of genetics and structure compared to ERα and ERβ (Carmeci et al., 

1997).  ERs are transcription factors which once activated by estrogen translocate into the 

nucleus and bind to DNA regulating transcription and mediating gene expression among 

target genes (Nilsson & Gustafsson, 2011).  This process is highly organized with other 

factors such as co-regulators contributing to its effects (Lonard & O’Malley, 2006).  E2-

mediated gene transcription via ERs includes the regulation of various kinases that in turn 

regulate Glut-4, myogenin, and myosin heavy chain expression (Galluzzo et al., 2009).  

Interest surrounding estrogen and skeletal muscle stems from the discovery of muscle ERs 

in both animals and humans (Lemoine et al., 2002; Wiik et al., 2009; Wiik et al., 2003). 

2.8.3. Estrogen and Damage Attenuation 

An interesting feature of estrogen is its protective effect against inflammation and 

damage within skeletal muscle.  When an untrained muscle is worked via strenuous 

exercise, particularly work involving eccentrically biased contractions, the tissue will 

experience damage resulting in myofiber injury (Friden & Lieber, 1992).  One way to semi-

quantitatively assess the damage to muscle membrane integrity experienced through 

contraction-induced injury is to measure levels of creatine kinase (CK) in the bloodstream.  

After excessive use of muscles, CK levels will increase exponentially (Brancaccio et al., 
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2010; Circcolella et al., 2014).  However, this biochemical marker of injury has been shown 

to exhibit sex differences implying an underlying influence of sex-hormones.  For example, 

in rodent studies female rats have displayed smaller increases in serum CK activity when 

compared to age-matched male rats in response to exercise-induced injury (Bar et al., 1988, 

Kearns et al., 2005).  Furthermore, in the same condition, ovariectomized female rodents 

showed higher levels of serum CK activity when compared to those receiving an estradiol 

replacement (Bar et al., 1988; Sotiriadou et al., 2003).  It has been hypothesized that 

estrogen, due to its structural properties, may have direct membrane stabilizing effects 

which may act to limit the amount of membrane disruption caused by otherwise damaging 

muscle contractions (Enns and Tiidus, 2010). 

In response to damage as a result of injury or even through normal use, adult skeletal 

muscle has the ability to repair itself.  Research has demonstrated the potential influence of 

estrogen in post-damage repair mechanisms involving satellite cells through their activation 

and proliferation (Enns & Tiidus, 2008; Tiidus et al., 2005).  Located between the 

sarcolemma and membrane of muscle fibers often in a quiescent state, satellite cells are 

simply precursors to skeletal muscle cells providing a reserve of cells able to proliferate 

and provide regenerated muscle in response to injury (Morgan et al., 2003).  After myofiber 

injury is sustained, the body triggers a series of events prompting an influx of inflammatory 

cells to the point of injury resulting in the activation of these satellite cells (Enns & Tiidus, 

2008).  With activation, these cells can amplify skeletal muscle repair mechanisms.  This 

function itself is documented to be mediated by several factors including nitric oxide 

(Anderson, 2000) and insulin growth factor I (Machida & Booth, 2004).  However, 

circulating levels of estrogen are thought to influence these factors themselves thus 
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ultimately influencing satellite cell activation, likely via the PI3K/Akt signalling pathway 

(Mangan et al. 2014).  As seen in rodent studies, after a downhill running exercise protocol, 

estrogen-supplemented male rats revealed increased numbers of satellite cells (Tiidus et al., 

2005).  Similarly, among ovariectomized estrogen-supplemented female rats following a 

comparable exercise protocol, evidence of increased activated and proliferating satellite 

cells was observed (Enns & Tiidus, 2007).  From potential outcomes of myofiber injury to 

the site of damage itself, collectively these studies confirm estrogen’s role in exercise, 

damage attenuation and subsequent muscle repair processes. 

2.8.4. Estrogen and Muscle Dysfunction 

As the aging population becomes a niche for research, progressions have been made 

to understand the evolution of estrogen and its signalling path more notably among aging 

women but also men.  As women reach menopause, defined as the period of permanent 

cessation of menstruation naturally occurring between the ages of 45 and 55, an estrogen 

deficiency within the body occurs (Meeuwsen et al., 2000; Phillips et al., 1993; Samson et 

all., 2000).  This deficiency has been linked to muscle dysfunction as well as a loss in 

muscle strength (Greising et al., 2011; Moran et al., 2006; 2007).  Structurally, these 

changes result from a decrease in myocyte size and an increase in connective tissue which 

causes a reduction in both the force generated per unit area as well as overall muscle 

contractility quality (Roubenoff & Hughes, 2000). 

With the aid of estrogen-based hormone supplementation, studies have shown that 

this loss of strength is in fact reversible within skeletal muscle of post-menopausal women 

(Finni et al., 2011; Greising et al., 2011; Ronkainen et al., 2009).  Animal models have 

reported parallel findings with lower levels of force generation as a result of ovary 
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extraction (ovariectomization) with signs of recovery following E2 replacement (Moran et 

al., 2006; 2007). 

Even within a woman’s cycle, there are documented variations to muscle response.  

Women entering the mid-luteal phase (high estrogen), have not only been documented to 

be less susceptible to exercise-induced muscle damage and oxidative stress than their male 

counterparts (Kerksick et al., 2008), but also in comparison to women in their mid-follicular 

phase (low estrogen) (Carter et al., 2001).  Subsequently, during the follicular phase, 

women are at an advantage in response to resistance training in comparison to the luteal 

phase (Reis et al., 1995; Sung et al., 2014).  Taken together, estrogen has a beneficial role 

in muscle force production as seen within humans and animal models (Greising et al., 

2011). 

2.8.5. Alternatives to Hormone Replacement Therapy (HRT) 

With aging, skeletal muscle regeneration is very important as it combats the 

inevitable decline of muscle mass and strength resulting in frailty and injury.   As is known, 

estrogen has restorative capabilities aiding in muscle regeneration via satellite cell 

activation processes (Enns & Tiidus, 2007; 2008; Morgan et al., 2003; Tiidus et al., 2005).  

Thus, in aging populations HRT is considered a beneficial treatment to help restore a loss 

in muscle mass, strength and overall functionality.  However, despite it’s benefits among 

older females, HRT and prolonged estrogen exposure has been linked with an increased 

risk of cancer and other diseases (Yager & Davidson, 2006; Hulley et al., 2002) making the 

search for an alternative desirable.  In recent years, plant-derived alternatives for HRTs 

such as phytoestrogens (isoflavones genistein, daidzein and coumestrol) which stem from 
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soy and red clover have been shown to produce the same benefits as estrogen without the 

risks (Seidlova et al., 2013). 

Although more research is needed, some studies have demonstrated potential for 

exercise reducing muscle atrophy among postmenopausal women. Most commonly found 

in the literature is estrogen’s ability to activate ER transcriptional activity.  The process of 

ERs binding to target DNA sequences to influence transcription is referred to as an estrogen 

response element (ERE).  These EREs can in fact also be activated via muscle contraction 

which are thought to stimulate estrogen-related receptors (ERRs) (Beato et al., 1991;1995; 

Weisz & Bresciani, 1988).  This means that although estrogen is typically required to 

activate ERs, activation of ERRs can be observed via contractile activity which give similar 

effects of ER activation.  Cartoni et al. (2005) observed that activation of ERRs via acute 

exercise in humans resulted in increased muscle ERRα mRNA levels.  Similarly, in an 

animal model, Kim & Lee (2017) have recently shown with ovariectomized rats that light 

aerobic exercise can suppress skeletal muscle protein deterioration.  

2.8.6. Estrogen and Contractile Proteins: Quality vs Quantity 

A deficit in estrogen negatively impacts muscular function beginning with 

contractile proteins, distinctly the structure and function of myosin.  Moran et al. (2006) 

discovered that it was not the quantity of major contractile proteins such as myosin and 

actin content influenced by an absence of estrogen, but rather the quality of their 

interactions.  Force is dependent on the number of crossbridges in a strongly bound state 

(αFS); a state achieved when the shift from a non-force to force generating state is greater 

than the reverse (force-generating to non-force generating).  Moran et al. (2006) found that 
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with the removal of ovarian hormones, contractions were associated with a lower 

proportion of strongly-bound myosin which thereby interfered with force production. 

2.8.7. Estrogen, RLC Phosphorylation and PTP in Skeletal Muscle 

Through work with mouse skeletal muscle models, removal of the ovaries has been 

shown to reduce force and function which however recover with E2 replacement (Moran 

et al., 2007; 2006).  Within humans, similar patterns have been documented in that 

postmenopausal women without estrogen-based hormone treatment exhibit less strength 

when compared to postmenopausal women with treatment (Greising et al., 2009; 2011).  

Using monozygotic twins, Qaisar et al., (2013) demonstrated that when one of the twins 

underwent hormone replacement (estrogen), they had a greater specific force (maximal 

force produced normalized to fiber cross-sectional area) than their twin counterpart without 

hormone replacement in both type I and IIa fibers.  Further analysis showed that within 

fiber type, type II fibers exhibited more ‘stiffness’ among treatment groups which can be 

attributed to modifications in cross-bridge interactions (Qaisar et al., 2013).  Estrogen’s 

impact on contractility is thought to be the product of enhanced crossbridge formation 

(αFS) (Moran et al., 2007) as a result of estrogen’s influence on skMLCK-mediated RLC 

phosphorylation.  

The presence of E2 has the capacity to activate several kinases within cells 

including those of skeletal muscle (Rogers et al., 2009; Ronda et al., 2010).  As a result, E2 

is potentially able to alter kinase activity impacting the structure and function of myosin 

through RLC phosphorylation within skeletal muscle cells; ultimately influencing muscle 

function and contractility.  In support of this, Lai et al. (2016) showed that estrogen 

deficient mice via OVX had lower levels of RLC-p as well as PTP which were reversed 
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with E2 exposure.  This provides evidence for estrogen’s role in modulating myosin RLC-

p in skeletal muscle. 

2.8.8. ERs and Skeletal Muscle Contractility 

These effects seen in skeletal muscle are first and foremost mediated by estrogen 

receptors (Dieli-Conwright et al., 2009).  Up until recently it was suggested that skMLCK-

mediated RLC-p was mediated by estrogen receptor β and G-protein coupled estrogen 

receptors (Lai et al., 2016).  However, recent evidence suggests that ERα is the receptor 

that mediates the interaction between estradiol and skeletal muscle.  With the ablation of 

ERα, mice were shown to have impaired contractile function both in vitro as well as in vivo 

proving its fundamental role in overall contractile functionality (Collins et al., 2018). 

2.9. Putting it into Perspective 

Muscle fragility is universally experienced by aging women, especially through 

menopause.  This decline in muscle strength has been characterized by a subsequent 

reduction in the ovarian hormone, estrogen.  Previous research has suggested that this link 

is a result of estrogen directly affecting the structure and function of the myosin (Moran et 

al., 2006; 2007) in which a lack thereof leads to reduced cross-bridge kinetics and thus 

reduced physical capacity (Miller et al., 2013).  In human models, estrogen’s protective 

role has become well-documented through various studies recording increased muscle 

function, ability and size with an estrogen-based HRT relative to the placebo (Naessen et 

al., Sipila et al., 2001; Taaffe et al., 2005; Qaisar et al., 2013).  Monozygotic twin studies 

have provided convincing evidence for the use of HRTs in which the HRT user of the pair 

displayed significantly greater muscle power, function, speed and size when compared to 

their counterparts (Ronkainen et al., 2009).   Alongside damage attenuation, estrogen’s 
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protective role in skeletal muscle may be the key to offset age-associated muscle loss and 

subsiding muscle strength and function among women; thus, preserving the ability to 

sustain a prolonged functioning and healthy independent lifestyle. 

3. Statement of Problem 

The loss of skeletal muscle strength is inevitable with aging, reducing the ability to 

perform daily tasks and increasing the risks of injury among elderly individuals (Bassey et 

al., 1992).  Interestingly, although various muscle groups will have varying rates and 

magnitudes of loss, notable variations of loss are also found between sexes, males and 

females respectively (Lynch et al., 1999).  Studies have shown that women experience an 

accelerated decline of strength around the time of menopause when compared to age-

matched men (Phillips et al., 1993; Samson et al., 2000).  This difference is attributed to 

the corresponding female sex hormone estrogen (Lowe et al., 2010).  For example, rodent 

models have documented lower levels of muscle strength following ovariectomization 

when compared with sham-operated mice; levels that have been shown to recover with 17β-

estradiol hormone replacement (Moran et al., 2007; 2006; Warren et al., 2007).  In humans, 

consistent relationships have been made between postmenopausal users of estrogen-based 

hormone therapies and increased muscle strength vs age-matched postmenopausal women 

without estrogen replacement (Lowe et al., 2010).  Collectively, these studies provide 

evidence in support of estradiol and its positive impact on skeletal muscle strength.  Recent 

literature has suggested that this correlation is at least in part a result of estrogen directly 

impacting the structure and function of myosin improving the quality of myosin-actin 

interactions (Moran et al., 2006).  Thereby in its absence, as seen in estrogen deficient 

postmenopausal women, muscle dysfunction is more pronounced.  However, the molecular 
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mechanisms in which this versatile hormone influence muscle contractility in general and 

on RLC phosphorylation mediated force potentiation in specific, remain unknown. 

3.1. Purpose 

The primary goal of this study was to determine whether estrogen influenced 

skeletal muscle force generation via muscle force potentiation mediated by skMLCK.  To 

investigate this possibility, this study would examine the effects of estrogen deficiency on 

both biochemical and mechanical properties of muscle function through wildtype (WT) and 

skMLCK knockout (skMLCK-/-) mice models.  In particular, we attempted to investigate 

how ovariectomization and a subsequent estrogen deficit, alongside estrogen 

supplementation impacted both RLC phosphorylation and PTP in these models.  By using 

skMLCK void mice, an exclusive colony within our laboratory at the Centre for Bone and 

Muscle Health at Brock University, this study sought to determine if the skMLCK 

signalling pathway was responsible for any interaction between estrogen and deterioration 

in contractile function or potentiation.  By doing so, this study aimed to help fill a void in 

the literature addressing the uncertainties that exist surrounding the molecular mechanisms 

influenced by estrogen to affect skeletal muscle potential to generate force. 

3.2. Hypotheses  

We hypothesized that both RLC phosphorylation and potentiation would be reduced 

in WT muscles from estrogen deficient mice relative to age matched mice with estrogen.  

We also hypothesized that neither RLC phosphorylation nor potentiation would be 

influenced by estrogen deficiency or replacement in skMLCK-/- mice. 
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4. Methods 

4.1. Animals  

Female wildtype (C57BL/6) and female skMLCK knockout (skMLCK-/-) mice 

were used for this study.  All wildtypes (WT) were purchased from Charles River 

Laboratories International Inc (Montreal, QC, Canada) at 8-9 weeks of age.  All skMLCK 

knockout (skMLCK-/-) mice were acquired from our own established colony of skMLCK 

void mice (AUP 15-06-02) at 8-9 weeks of age.  All mice were housed in the Ventilated 

Housing Unit (VHU) of the Comparative Bioscience Facility (CBF) according to guidelines 

set by the Good Animal Practice from the Canadian Council on Animal Care (CCAC).  

Mice were kept in a 14:10 light:dark cycle maintained at 20o-22oC within an enriched 

environment.  Standard mouse chow (5015, LabDiet, Aberfoyle, ON) and water were 

provided ad libitum.  Mice from each genotype were randomly assigned to Ovariectomy 

with Estrogen (OVX(E+)), Ovariectomy without Estrogen (OVX(E-)), Intact Ovaries with 

Sham Ovariectomy (INTACT/Sham OVX), Intact Ovaries for Baseline Measurements 

(INTACT/Baseline) groups.  All procedures followed standard operating procedures (SOP) 

as per CCAC and Brock University.  This study was approved by the Brock University 

Animal Care Committee and conformed to the standards of the Canadian Council for 

Animal Care (Protocol # 16-03-03).  

4.2. Mouse Ovariectomy & Implantation of Estrogen Pellets 

A subset of skMLCK-/- mice were ovariectomized by a trained technician in our 

animal facility following all standard operating procedures (see SOP #TECH14a 

“Ovariectomy in rats and mice”) at 8 weeks of age.  After surgery, mice were monitored 

and given sufficient time to heal prior to insertion of pellets at 9 weeks of age.  Wildtype 
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mice arrived ovariectomized at 8 weeks of age and were given a week to acclimatize prior 

to pellet insertion at the 9-week mark. 

In E+ (estrogen replacement) treatment groups, mice were implanted with a 17β-

Estradiol pellet subcutaneously via a ~3mm incision on the dorsal part of the neck following 

standard protocol (see SOP #TECH1 “Subcutaneous implantation of pellets in mice and 

rats”).  These procedures and protocols for estrogen implantation have been used 

successfully in other studies involving rodents (Enns & Tiidus, 2007; Moran et al., 2007; 

Tiidus et al., 2005).  The hormone pellet had a dosage of 0.1 mg of 17β-Estradiol with a 

21-day release time, a protocol shown to re-establish the physiological levels in 

ovariectomized female mice (Karas et al., 2001; Stubbins et al., 2012), whereas the placebo 

pellet contained the same matrix yet with no hormone.  In E- groups, mice underwent the 

same procedure of implantation, however, with a placebo pellet.  Both the 17β-Estradiol 

and corresponding placebo pellets were purchased through Innovative Research of America 

(Sarasota, FL).  Animals were returned to their cages and allowed 14 days before beginning 

contractile experiments. This recovery time allowed for the pellet-implanted groups to 

receive prolonged exposure to estrogen.  Within the sham ovariectomization groups, 

skMLCK-/- mice underwent sham surgeries in house by a trained technician at 9 weeks of 

age whereas wildtypes were ordered in with a sham ovariectomy at 9 weeks.  In both 

groups, mice were singly caged for 14 days prior to contractile experiments. 
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4.3. Experimental Design – An Overview 

Figure IX outlines the experimental design. 

Wildtype (WT)  All WT mice (n=34) were ordered from our supplier; 22 of which 

were ovariectomized (OVX) and arrived at 8 weeks of age along with 6 that had their 

ovaries intact, 6 were sham OVX and arrived at 9 weeks of age.  After acclimatization, 

mice were housed in the Ventilated Housing Unit (VHU) of the Comparative Bioscience 

Facility (CBF).  At 9 weeks of age, OVX mice either received a 0.1 mg 17β-Estradiol pellet 

(n=11) or a sham pellet (n=11) whereas the ovary-intact group underwent in vitro 

experiments to provide baseline measurements (n=6).  At 11 weeks of age all remaining 

groups, OVX(+E) (n=11), OVX(-E) (n=11) and INTACT/Sham OVX (n=6) sustained final 

in vitro experiments for contractile and subsequent biochemical data.skMLCK-/- (KO) 

 All skMLCK-/- mice (n=30) were bred and derived from our specialized colony 

Figure IX. Experimental design. 
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within the CBF.  A subset of skMLCK-/- mice (n=18) underwent OVX in house at 8 weeks 

of age.  At 9 weeks, 8 mice received a 0.1 mg 17β-Estradiol pellet while 10 received a sham 

pellet.  The remaining 12 skMLCK-/- mice were split in two groups where 6 mice underwent 

sham OVX surgeries, and 6 were subjected to in vitro experiments.  At 11 weeks of age the 

remaining groups, OVX(+E) (n=8), OVX(-E) (n=10) and INTACT/Sham OVX (n=6) 

underwent final in vitro experiments for contractile and biochemical data.  Figure X 

demonstrates the allocation of isolated EDL muscles from each group. 

4.4. Contractile Experiments 

The EDL was used for this study due to optimal size, tendon definition and fiber 

orientation (Barclay, 2005; Moorwood et al., 2013).  The EDL is also comprised almost 

entirely of fast myosin isoforms making it a suitable vehicle for RLC phosphorylation and 

force potentiation (Vandenboom et al., 2013).  All procedures were done in the Center for 

Figure X.  Allocation of isolated EDL muscles to experimental groups.   
* Differences in n incurred due to difficulties among in-house OVX as well as plunging litter numbers 
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Bone and Muscle Health (Cairns 434).  On the day of an experiment a mouse of either 

genotype was transported to our lab from the CBF in a covered container (see SOP 

#SAFE06 “Transportation of Laboratory Rodents within the University”).  Following 

arrival, the mouse was weighed and then fully anaesthetized using isoflurane inhalation 

(see SOP #HEAL25 “Use of isoflurane in rodent surgeries using a vaporizer”) at a 2-5% 

delivery rate with the route of administration being inhalation.  One Extensor Digitorum 

Longus (EDL) muscle was excised from each hindleg while the mouse was under full 

anaesthesia.  This particular procedure is the same protocol used by Gittings et al. (2016), 

Smith et al. (2012) & Zhi et al. (2005).  After excision, the EDL was suspended using non-

absorbent silk sutures tied to both the proximal and distal tendons.  

 

Figure XI.  Schematic overview of apparatus in vitro muscle contractile experiments. 
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The muscle was then placed into Tyrode’s solution, an isotonic physiological saline 

solution, continually being circulated with 95% O2 and 5% CO2 using a scintillated glass 

dispersion valve (Radnoti LLC, Monrovia, CA) maintained at 25oC ± 0.1 ℃ using an 

Isotemp 4100 R20 circulator (Fisher Scientific Company, Ottawa, ON).  This solution was 

used to preserve the muscle and keep it well oxygenated and ‘alive’ by simulating an in 

vivo environment (Lannergren et al., 2000).  Final ionic concentrations within the solution 

were (in mM): 121.0 NaCl, 5.0 KCl, 24.0 NaHCO3, 0.4 NaH2PO4, 0.5 MgCl2, 1.8 CaCl2, 

5.5 D-Glucose, and 0.1 EDTA.  Within this solution, the distal end of the muscle was tied 

to a fixed support while the proximal tendon was attached to the lever arm of the 

servomotor/transducer (see Figure XI for overview).  After suspension, the second EDL 

muscle was extracted and then placed in a separate oxygenated bath (95% O2, 5% CO2) 

containing Tyrode’s solution on ice.  After mounting, muscles were allowed a 30-minute 

equilibration period after which optimal length was determined.  Muscle stimulation was 

generated through flanking electrodes, provided by a Model 701B biphasic stimulator 

(Aurora Scientific Inc., Aurora ON).     

A standard protocol was then used to determine “posttetanic potentiation” with a 

series of concentric twitches before a potentiating stimulus (PS: 4 twitches at 100Hz for 

400ms) and then a series of concentric twitches 10s after the PS.  See Figure XII for a brief 

overview of the PTP protocol.  Afterwards, the muscles were quickly frozen in liquid 

nitrogen for subsequent determination of RLC phosphorylation at rest (B - at least 20 

minutes after PS protocol) as well a stimulated state (A - frozen 10s after PS protocol) 

(similar to Caterini et al., 2011; Gittings et al. 2011; 2012; 2015; 2016; Xeni et al., 2011).  

For more details on the contractile experimental protocol, see Appendix II.  Endpoint 
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surgeries were conducted under isoflurane anaesthetic (see SOP #EUTH04 “Methods of 

euthanasia for various animals” following the surgical removal of the EDL muscles and the 

carcasses were stored in the freezer in CRN177 until disposal. 
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Figure XII.  Composite figure of PTP protocol. Length calibration 15% Lo; Force calibration is 
30 mN for pre- and post-PS records; Force calibration is 90 mN for PS; Arrows show stimulus 
pulse during ramps + stimulation; dotted lines depict ramp duration.  Pre-PS Twitches, length ramp 
without stimulation followed by 3 similar length ramps with stimulation to simulate concentric 
twitches; Potentiating Stimulus (PS), 4 twitches at 100Hz for 400ms; Post-Twitches, length ramp 
without stimulation followed by 4 length ramps with stimulation to simulate concentric twitches;  
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4.5. Isovelocity Ramps 

Isovelocity ramps were used to simulate a concentric contraction for this study 

versus the use of isometric contractions.  This protocol required a pair of identical length 

ramps, with the muscle being stimulated during the second ramp only.  This protocol 

produced a matching pair of force records with one termed “unstimulated” and the other 

“stimulated”.  The unstimulated procedure was always performed before the stimulated 

procedure and they were performed one minute apart (except for immediately after the 

potentiating stimulus (PS)).  In the interval between the end of the unstimulated procedure 

Figure XIII.  Composite figure showing length records (blue), passive force record 
(pink), total force record (red) and active force record (green) from one concentric twitch 
force protocol.  For both unstimulated and stimulated procedures the initial muscle length 
was 1.05 Lo.  The length ramp decreased muscle length to 0.90 Lo in 85ms.  Vertical 
dashed lines depict the start and end of this isovelocity ramp change in length.  Ramp speed 
was equivalent to ~ 30% of Vmax for EDL muscle at 25° C (Gittings et al. 2011).  Note 
that because the ramp in each protocol was identical they are superimposed in the figure 
and only one is visible.  The return to a muscle length of 1.05 Lo between procedures is 
not shown.  Note that during the unstimulated procedure the only muscle response was the 
decrease in elastic force caused by the ramp change in length; this response was termed the 
“passive” force where a shorter length results in reduced elastic force.  In the stimulated 
procedure, a single electrical pulse was delivered ~ 5ms after the start of the ramp as 
depicted by the vertical arrow at bottom.  This electrical pulse trigged a single pulse of 
force termed the “twitch” which was completed before the end of the ramp.  The concentric 
force produced during this twitch was termed a “total force” that was the result of both 
passive and active muscle responses.  In order to isolate “active force”, passive forces were 
digitally subtracted from total forces; this record is shown at the bottom.  This trace 
represents the ability of the contractile element to produce concentric force independent of 
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and the start of the stimulated procedure the muscle was gently returned to the starting 

muscle length of 1.05 Lo.  This protocol was performed both before and after the PS in 

order to obtain unpotentiated and potentiated forces, respectively.  See Figure XIII for a 

physical representation as well as an in-depth description on the protocol. 

4.6. Calculating Specific Tension  

Specific tension, classically defined as force per cross-sectional area (Edgerton et 

al., 1986), was used as another means of expressing force data.  First, the physiological 

cross-sectional area (PCSA) was determined by dividing the muscle volume by muscle 

fiber length (Fukunaga et al., 1992; Wickiewicz et al., 1983).  Next, the total force generated 

was divided by the total PCSA for pre-potentiating stimulus values, potentiating stimulus 

values, as well as the post-potentiating stimulus values (Table V). 

4.7.  Quantifying Force Potentiation 

Relative force potentiation was quantified as the ratio of the first active twitch 

(stimulated trace – passive trace) following the PS to the average of all three active twitches 

before the PS. 

4.6. Biochemical Experiments 

 All biochemical analyses were completed using the entire EDL muscle for sample 

preparation.  As a result, the values obtained reflect the spatially averaged change across 

all fibers present (Allen, 2008). 

4.6.1 Quantifying Myosin RLC Phosphate Content 

Myosin RLC phosphate content was quantified by Urea/Glycerol Polyacrylamide 

Gel Electrophoresis (-PAGE) followed by immunoblotting. Stimulated muscles and their 

contralateral controls were removed from -80°C storage for analysis and homogenized 
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using 3.0 mL tissue grinders with glass pestles (Wheaton Industries Inc., Millville, NJ). 

Proteins were precipitated in an acetone-based protein precipitation solution containing 

10% trichloroacetic acid (TCA) and 10 mM dithiothreitol (DTT) to denature the RLCs and 

then solubilized in a urea-based sample buffer to dissociate RLC from the myosin heavy 

chain.  Samples were then run through an ~8% polyacrylamide gel with glycerol and 

sucrose added for density at 400 V for 100 min.  Phosphorylation adds a negative charge 

to amino acid side chains thus making a protein more anionic than before (Pearlman, Serber 

& Ferrell, 2011).  With this additional negative charge, the phosphorylated RLCs migrate 

faster than non-phosphorylated RLCs through the gel.  Migrated proteins were then 

transferred to nitrocellulose membranes (0.45 µm pore size; Bio-Rad Laboratories, 

Mississauga, ON) at 25 V for 1 hr, and probed with polyclonal primary antibodies raised 

in rabbits to purified skeletal RLCs. Goat anti-rabbit horseradish peroxidase (HRP)-

conjugated secondary antibodies (sc-2004; Santa Cruz Biotechnology, Dallas, TX) were 

then used in conjunction with the Amersham ECL Western Blotting System (GE Life 

Sciences, Mississauga, ON). Blots were processed on LiCor – c digit Western Blot Imaging 

System (LI-COR Biotechnology, Lincoln, NE) and quantitative measurements (mol P/mol 

RLC) were made using Image Studio Lite software (LI-COR Biotechnology, Lincoln, NE).  

For the full process of measuring myosin RLC-p, see Appendix III. 

4.7. Estrogen Content 

 Prior to endpoint surgeries, blood samples (~5ml) were collected via intra cardiac 

puncture (SOP Tech#01 “Intracardiac blood collection in mice and rats”).  Samples were 

allowed to clot and then were centrifuged at 3,000g within a tabletop centrifuge at room 

temperature.  The serum was extracted and stored at -80oC.  A mouse estradiol ELISA was 
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conducted (Calbiotech, Spring Valley, CA) at the University of Waterloo.  The absorbance 

was read at 450nm with an absorbance microplate reader.  To calculate the concentration 

of estradiol per group, a standard curve was constructed by blotting the mean absorbance 

obtained for each reference standard against its concentration in pg/ml.  The Certificate of 

Analysis for the blood assay can be viewed in Appendix VIII. 

4.8. Statistical Analysis 

All statistical analyses were performed using the GraphPad Prism 6 program 

(GraphPad Software Inc, La Jolla, CA) with the level of significance set to P < 0.05.  All 

values are presented as means ± standard error of the mean (SEM) unless otherwise stated.   

Anthropometric data were analyzed by two-way ANOVAs followed by Tukey’s 

multiple comparisons test to look at differences within genotype across condition groups, 

as well as between genotypes per condition group.   

Estrogen data were analyzed via a two-way ANOVA followed by post hoc analyses 

using Tukey’s HSD to compare estrogen levels within genotype across condition groups, 

as well as between genotypes per condition group.   

All contractile data were collected via Aurora Scientific’s 650A software and then 

subjected to two-way ANOVAs followed by Tukey’s multiple comparisons test in order to 

observe differences within genotype across condition groups as well as between genotypes 

per condition group.   

RLC phosphorylation data were analyzed by two-way ANOVAs followed by post-

hoc analyses using Tukey’s HSD to compare the effect estrogen [BL, Sham, E-, E+] had 

on skMLCK expression [Wildtype vs skMLCK-/-] and potentiating stimulation [Rest vs 
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Stimulated] on myosin RLC phosphate content.  Comparisons were first made within 

genotype across conditions groups followed by comparisons between genotype per 

condition group. 

5. Results 

5.1. Animal Characteristics 

Characteristics of the sampled animals are displayed in Table I.  Within Wildtypes 

(WTs), significant differences were found in body mass (g) in relation to estrogen 

treatment.  Mice with estrogen (E+) developed greater body mass than baseline groups 

(P≤0.0001), sham ovariectomy groups (P≤0.0001) as well as groups with an estrogen 

deficit (P≤0.05).   

Table I. Anthropometric characterization of mice used for contractile experiments 

 n (mice) Body Mass (g) EDL Mass 
(mg) Wildtype    

BL 6 17.6 ± 0.5 8.8 ± 0.6 
Sham 6 18.9 ± 0.3 8.8 ± 0.4 

E- 11 20.9 ± 0.4ad 9.3 ± 0.3 
E+ 11 22.8 ± 0.3abc 9.8 ± 0.5 

skMLCK-/-    
BL 6 16.9 ± 0.7 7.1 ± 0.5 

Sham 6 17.8 ± 0.7 8.1 ± 0.4 
E- 10 20.3 ± 0.5ab 8.4 ± 0.4 
E+ 8 20.3 ± 0.4ab* 9.3 ± 0.3 

Values are means ± SEM; n, number of mice; values at 11 weeks of age except for baselines which are at 9 
weeks; means with different letters are significantly different from each other (comparisons made within 
genotype), * marks significant difference between genotypes (Tukey’s HSD, P < 0.05, BL = a, Sham = b, E- 
= c, E+ = d). 

However, skMLCK -/- mice did not display the same interaction as WT mice.  

Although E- and E+ groups were larger in body mass than BL and Sham groups, (P≤0.001 

and P≤0.05 respectively), there was no significant difference found between groups.  

Overall, WTs with estrogen were significantly larger than skMLCK-/- with estrogen 
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(P≤0.01).  In relation to muscle mass, no other significant differences were found between 

conditions of both genotypes.  

5.2. Effectiveness of the Model – Estrogen 

 In both WT and skMLCK-/- groups, mice with estrogen supplementation had 

significantly higher levels of estradiol (pg/ml) than mice ovariectomized without estrogen 

(P≤0.05) (Table II).  Furthermore, BL, Sham and E- groups were not significantly different 

from each other in either genotype suggesting that perhaps the ovariectomization surgery 

was not successful.  However, E+ supplementation made estradiol levels 

supraphysiological (over 20 pg/ml as per Nelson et al. 1981) and variable suggesting that 

the estradiol pellets used did not have a consistent release.   

Table II. Estradiol levels determined with blood serum and uterine measurements 

 n (mice) E2 (pg/ml) Uterine Weight (mg) 

Wildtype    
BL 6 2.4 ± 0.3 77.4 ±7.2 

Sham 6 3.0 ± 0.6 96.5 ± 12.8 
E- 11 2.5 ± 0.3d 23.7 ± 3.3 
E+ 11 51.3 ± 12.2c 208.9 ± 42.1abc 

skMLCK-/-    
BL 6 2.6 ± 0.4 81.5 ± 11.6 

Sham 6 3.1 ± 0.7 109.7 ± 15.8 
E- 9 2.1 ± 0.2d 21.5 ± 1.6 
E+ 8 56.5 ± 30.8c 184.9 ± 31.7c 

Values are means ± SEM; n, number of mice; E2, estradiol levels (pg/ml); means with different letters are 
significantly different from each other (Tukey’s HSD, P < 0.05, BL = a, Sham = b, E- = c, E+ = d, comparisons 
made within genotype). No genotype differences. 
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As an additional marker of estrogen presence, the uterus was collected post-

endpoint and measured (Marzieh et al., 2015) (Table II).  Within the WTs, significant 

differences were found between E+ and BL, Sham and E- groups whereas the only 

significant difference in skMLCK-/- mice was found between E- and E+ groups.  Note that 

there are no differences between BL, Sham and E- groups.  Figure XIV demonstrates a 

physical depiction of the uterine changes imposed by an estrogen deficiency as well as 

estrogen supplementation. 

5.3. Contractile Data  

First, absolute twitch force data are displayed and analyzed across all conditions 

pre- and post-potentiating stimulus followed by the relative PTP observed.  Relative PTP 

is a simple calculation consisting of division between post-PS and pre-PS values.  The ratio 

given represents, in this case, an increase in comparison to unpotentiated levels by the 

tetanic PS.  Following relative force potentiation various contractile characteristics and 

twitch kinetics are summarized.  Next, RLC phosphorylation data are summarized and 

analyzed.  Lastly, representative tetanic PS traces will be provided along with peak PS and 

mean PS data. 

A B 

Figure XIV. A comparison between uterine without estrogen and with estrogen 
supplementation. (A) Uterus of mouse “WT-5” belonging to E- group; total estradiol level 
measured at 1.7 pg/ml. (B) Uterus of mouse “WT-15” belonging to E+ group; total 
estradiol level measured at 52.2 pg/ml. 
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5.3.1. Absolute Twitch Force 

A summary of concentric force production across all conditions and genotypes is 

provided in Table III and displayed in Figure XV.   

Table III. The effect of a potentiating stimulus on concentric force production 

 Pre-PS (mN) Post-PS (mN) Relative PTP 

Wildtype     

BL 17.9 ± 0.8 24.0 ± 1.1⸸ 1.34 ± 0.03 

Sham 17.9 ± 0.5 26.1 ± 1.0⸸ 1.45 ± 0.02 

E- 17.5 ± 0.9 24.7 ± 1.1⸸ 1.43 ± 0.03 

E+ 17.6 ± 1.1 25.0 ± 1.3⸸ 1.45 ± 0.05 

skMLCK-/-    

BL 15.9 ± 1.0 20.0 ± 1.0 1.26 ± 0.04 
Sham 12.6 ± 0.6* 16.5 ± 0.8* 1.32 ± 0.05 

E- 15.9 ± 1.0 19.8 ± 1.0⸸* 1.26 ± 0.02* 
E+ 15.0 ± 0.6 19.1 ± 0.6⸸* 1.28 ± 0.02* 

Values are means ± SEM; Lo, optimal length; pre-PS, pre-potentiating stimulus (mN); post-PS, post-
potentiating stimulus (mN); ⸸ represents significant difference between pre- and post-PS values within 
genotype, * marks significant difference between genotypes (Tukey’s HSD, P < 0.05). 

As expected, significant changes were observed between WT pre- and post-PS 

values for each of the conditions (BL: P≤0.05, Sham: P≤0.01, E-: P≤0.0001, E+: P≤0.0001), 

however, among condition groups, there were no significant differences in force regardless 

of estrogen treatment.  skMLCK-/- mice displayed similar trends although only the E- and 

E+ groups differed between pre- and post-PS values (P≤0.05 and P≤0.05 respectively).  As 

expected, no significant differences with skMLCK-/- force production was observed among 

treatment groups. 
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Figure XV.  Presence of skMLCK potentiates twitch force after potentiating stimulus.  The 
interaction between the effects of a potentiating stimulus and skMLCK content on absolute twitch 
force in skMLCK-/- and Wildtype mice, (A) Baseline, (B) Sham OVX, intact ovaries, (C) OVX, 
without estrogen, (D) OVX, with estrogen; * indicates P ≤ 0.05, ** indicates P ≤ 0.01, *** indicates 
P ≤ 0.001 (vs skMLCK-/- pre-PS), **** indicates P ≤ 0.001, comparisons made vs skMLCK-/- post-
PS unless otherwise noted. 

 

5.3.2. Relative Force Potentiation 

 It was hypothesized that WT muscles would display greater concentric force 

potentiation (post-PS/pre-PS) with the presence of estrogen when compared to estrogen 

deficient groups.  However, WT muscles did not display greater concentric force 

potentiation within E+ groups, in fact, across all conditions there were no significant 

distinctions (Figure XVI).  Within the skMLCK-/- model, no significant changes were 

detected across condition groups for relative force potentiation which coincides with the 

hypothesis. 
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Figure XVI. Potentiation of 
relative twitch force (post-
PS/pre-PS) resulting from 
potentiating stimulus; * 
indicates P ≤ 0.05 and ** 
indicates P ≤ 0.01 vs 
skMLCK-/- 

 

 

 

 

 

5.3.3. Representative Twitch Force Traces 

The next two figures are representative traces displaying both pre- (black) and 

post-PS (red) concentric twitch force for each condition.  Figure XVII consists of 

representative traces for wildtype muscles followed by Figure XVIII with skMLCK-/- 

muscles. 
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Figure XVII. Representative force traces of WT muscles for each condition.  
Pre-PS force trace in black; Post-PS force trace in red; PTP expressed as a 
percentage increase. (A) Baseline WTBL6, PTP = 39%; (B) Sham WTS4, PTP 
= 50%; (C) E- WT9, PTP = 43%; (D) E+ WT21, PTP = 39%. 
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Figure XVIII. Representative force traces of skMLCK-/- muscles for each 
condition.  Pre-PS force trace in black; Post-PS force trace in red; PTP expressed 
as a percentage increase. (A) Baseline KOBL3, PTP = 29%; (B) Sham KOS3, 
PTP = 36%; (C) E- KO11, PTP = 30%; (D) E+ KO13, PTP = 24%. 



58 
 

5.3.4. Contractile Characteristics and Twitch Kinetics 

Various contractile and kinetic measurements were collected and analyzed at the 

pre-PS and post-PS time points.  Analyses included time to peak tension (TPT), half 

relaxation time (1/2 RT), specific tension, rate of force development (+df/dt), and rate of 

relaxation (-df/dt).  Means ± SEM as well as the results of these tests are summarized in 

Table IV, Table V and Table VI. 

 

Table IV. Contractile characteristics of concentric twitches across different conditions 

               TPT (ms)                      1/2 RT (ms) PS (mN) 
  Pre-PS Post-PS Pre-PS Post-PS Peak 

Wildtype  
BL 9.0 ± 0.3 10.9 ± 0.5⸸ 13.6 ± 0.4 15.1 ± 

0.5⸸ 
173.3 ± 12.5 

Sham 10.7 ± 0.2a 13.3 ± 0.2⸸a 13.3 ± 0.3 14.1 ± 0.2 212.1 ± 12.9 
E- 10.1 ± 0.2 12.4 ± 0.2⸸a 13.5 ± 0.2 14.4 ± 0.3 211.2 ± 9.5 
E+ 10.9 ± 0.3a 13.1 ± 0.3⸸a 13.7 ± 0.2 14.7 ± 0.2 212.3 ± 12.1 

skMLCK-/-      
BL 9.2 ± 0.2 10.7 ± 0.3 13.4 ± 0.5 13.5 ± 0.5 188.1 ± 14.9 

Sham 9.2 ± 0.4 10.9 ± 0.6* 14.2 ± 0.6 14.4 ± 0.5 188.4 ± 13.8 
E- 9.4 ± 0.3 11.1 ± 0.3⸸ 14.0 ± 0.4 13.7 ± 0.4 189.4 ± 11.1 
E+ 9.1 ± 0.4* 10.8 ± 0.5⸸* 14.4 ± 0.2 14.5 ± 0.2 203.3 ± 7.8 

Values are means ± SEM; TPT, time to peak tension in ms; ½ RT, half-relaxation time in ms; PS, potentiating 
stimulus; ⸸ represents significant difference between pre- and post-PS values within genotype, means with 
different letters are significantly different from each other within grouping within genotype, * marks 
significant difference between genotypes (Tukey’s HSD, P < 0.05, BL = a, Sham = b, E- = c, E+ = d). 
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Table V. Specific Tension of isolated EDL muscles across conditions 

 Specific Tension (mN/mm2) 
 Pre-PS Post-PS PS 

Wildtype     

BL 10.7 ± 0.7 14.3 ± 0.9 106.5 ± 10.7 
Sham 10.5 ± 0.6 15.3 ± 0.9⸸ 125.4 ± 10.4 

E- 10.1 ± 0.6 14.3 ± 0.8⸸ 123.0 ± 7.5 
E+ 9.6 ± 0.7 13.7 ± 0.9⸸ 118.3 ± 8.9 

skMLCK-/-    

BL 11.6 ± 0.8 14.5 ± 0.9 137.2 ± 12.8 
Sham 7.9 ± 0.6a 10.3 ± 0.7 118.4 ± 11.4 

E- 9.7 ± 0.7 12.1 ± 0.8 116.0 ± 7.9 
E+ 8.4 ± 0.4 10.8 ± 0.5a 114.9 ± 5.6 

Values are means ± SEM; specific tension, maximum muscle force normalized with respect to muscle cross 
sectional area; PS, potentiating stimulus; ⸸ represents significant difference between pre- and post-PS values 
within genotype, means with different letters are significantly different from each other (comparisons made 
within genotype) (Tukey’s HSD, P < 0.05, BL = a, Sham = b, E- = c, E+ = d). No genotype differences. 

 

 

Table VI. Twitch kinetics of concentric twitches across different conditions 

 +df/dt (mN s-1s) -dfdt (mN s-1s) 
 Relative Relative 

Wildtype    

BL 1659.5 ± 66.0 1085.6 ± 25.3 
Sham 1644.5 ± 49.6 1164.7 ± 22.2 

E- 1749.2 ± 61.1 1117.8 ± 14.2 
E+ 1728.2 ± 107.4 1129.4 ± 13.1 

skMLCK-/-   

BL 1469.3 ± 59.0 1134.1 ± 19.5 
Sham 1538.1 ± 87.3 1101.7 ± 22.4 

E- 1581.5 ± 55.7 1099.5 ± 13.9 
E+ 1601.5 ± 54.7 1248.0 ± 154.1 

Values are means ± SEM; +df/dt (mN●s-1), rate of force development; -df/dt (mN●s-1), rate of relaxation.  
No significant differences within or between genotypes for +dt/dt or -df/dt as per Tukey’s HSD, P < 0.05. 
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5.4. RLC Phosphorylation 

 Results of the two-ANOVA rejected the WT hypothesis as there were no significant 

differences between E- and E+ groups (Table VII).  Similarly, skMLCK-/- mice across all 

conditions did not have any significant differences which confirmed the corresponding 

hypothesis.  A visual representation is provided in Figure XIX alongside example blots. 

Table VII. RLC phosphate content of EDL muscles from Wildtype and skMLCK-/- mice  

 Resting Stimulated 

Wildtype   
BL 0.12 ± 0.03 0.22 ± 0.02 

Sham 0.18 ± 0.06 0.42 ± 0.06⸸ 
E- 0.15 ± 0.04 0.34 ± 0.03⸸ 
E+ 0.10 ± 0.03 0.38 ± 0.04⸸ 

skMLCK-/-    
BL 0.04 ± 0.01 0.05 ± 0.01 

Sham 0.04 ± 0.01 0.17 ± 0.10* 
E- 0.06 ± 0.01 0.06 ± 0.01* 
E+ 0.05 ± 0.02 0.06 ± 0.02* 

Values are means ± SEM, n= 6 for each group (except for Shams, in which n=5) Values given in mol P/mol 
RLC.  Resting and stimulated muscles were frozen and RLC phosphate content was analyzed using 
urea/glycerol PAGE with immunoblotting. ⸸ represents significant differences between rest and stimulated 
values within genotype, means with different letters are significantly different from each other within 
grouping within genotype, * marks significant difference between genotypes (Tukey’s HSD, P < 0.05, BL = 
a, Sham = b, E- = c, E+ = d).  
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Figure XIX. (A) Representative urea/glycerol PAGE blot of non-phosphorylated and 
monophosphorylated myosin RLC of isolated EDL muscles from Wildtype and skMLCK-/- 
mice. One muscle was frozen after a 40-minute equilibration period (Rest) while the 
contralateral muscle from the same animal was frozen after 10s of potentiating stimulation 
(Stimulated) to determine the effects of skMLCK expression on myosin RLC phosphate 
content.   (B) Two-way ANOVA of RLC phosphate content, values expressed as means ± SEM; 
n = 46. * indicates P ≤ 0.05, *** indicates P ≤ 0.001, comparisons made between genotypes as 
no significances were found within. 

A 
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5.5. Representative Tetanic Force Traces 

The tetanic potentiating stimulus is what was used to manipulate the concentric 

twitches inducing muscle potentiation.  The PS consisted of 4 twitches at 100 Hz for a 

duration of 400 ms.  Table VIII displays the peak force for all tetanic twitches, the mean 

PS force, as well as the fatigue index.  Fatigue index is a ratio between the 4th and 1st tetanus 

of the potentiating stimulus and in this case, represents a slight decrease in force over the 

400 ms duration.  Representative PS force traces for wildtype muscles for each condition 

are shown in Figure XX whereas skMLCK-/- muscles are displayed in Figure XXI. 

Representative PS Traces 

Table VIII. Potentiating stimulus means and fatigue index 

 Peak PS Force (mN) Mean PS Force (mN) Fatigue Index 

Wildtype    
BL 173.3 ± 12.5 160.8 ± 11.7 0.89 

Sham 212.1 ± 12.9 198.0 ± 12.2 0.89 
E- 211.2 ± 9.5 195.3 ± 9.2 0.88 
E+ 212.3 ± 12.1 199.6 ± 11.5 0.90 

skMLCK-/-    
BL 188.1 ± 14.9 171.3 ± 13.5 0.86 

Sham 188.4 ± 13.8 172.7 ± 12.8 0.86 
E- 189.4 ± 11.1 173.7 ± 10.4 0.86 
E+ 203.3 ± 7.8 186.3 ± 7.3 0.86 

Values are means ± SEM; PS, Potentiating Stimulus; Mean PS Force, mean Po for tetanus 1, 2, 3 & 4; Fatigue 
Index, tetanus 4 / tetanus 1. No statistical differences between conditions within genotype or between 
genotype. 
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Figure XXI. Representative PS force traces of skMLCK-/- muscles for each condition. 
(A) Baseline KOBL3 (R.EDL) (B) Sham KOS3 (L.EDL) (C) E- KO11 (L.EDL) (D) E+ 
KO13 (L.EDL). 
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Figure XX. Representative PS force traces of WT muscles for each condition.  (A) 
Baseline WTBL6 (L.EDL) (B) Sham WTS4 (L.EDL) (C) E- WT9 (R.EDL) (D) E+ 
WT21 (L.EDL). 
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6. Discussion 

6.1. General Overview  

The purpose of this study was to investigate the effects that estrogen had on both 

myosin RLC phosphorylation and posttetanic potentiation (PTP) in fast twitch muscles 

from mice with and without the skMLCK enzyme (wildtype and skMLCK-/- mice, 

respectively).  Consistent with previous studies (e.g. Lai et al. 2016) we hypothesized that 

the absence of estrogen would reduce both RLC-p and PTP in wildtype, but not in 

skMLCK-/-, muscles.  To this end, we attempted to reduce estradiol levels by 

ovariectomizing mice of both genotypes followed by implantation of a sham pellet.  

However, our biochemical data showing that ovariectomy was not successful in 

significantly reducing estradiol levels in either genotype means that we did not actually test 

our hypothesis.  This would perhaps account for why neither RLC-p nor PTP were altered 

in either genotype with OVX and why we are unable to accept the (original) null hypothesis. 

It should be pointed out that the outcome of ovariectomy on estrogen was not dependent 

on whether the procedure was performed in house (skMLCK-/-) or by the supplier 

(wildtype), indicating that the problem is neither genotype nor site specific.  On the other 

hand, some mice from both genotypes displayed supraphysiological levels for estradiol 

after ovariectomy and estradiol pellet implantation.  In hindsight, although unintended, our 

experiments did test the hypothesis that supraphysiological levels for estradiol influenced 

RLC-p and PTP in mice with and without skMLCK.  In this case, our results showing no 

influence of supraphysiological estrogen levels on PTP in either genotype does allow us to 

accept (posthoc) the null hypothesis that supraphysiological estrogen levels do not 

influence contractility in the murine model we used.  This discussion will address the 
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methodological issues related to our unsuccessful attempts to reduce circulating estrogen 

levels and provide recommendations for future studies in this area.  

6.2. Ovariectomization 

skMLCK-/- mice were ovariectomized in house whereas WT mice were ordered in 

ovariectomized.  This in itself has the potential to cause variability when comparing 

between genotypes as multiple technicians performed the surgery overall. However, our 

blood assay data showed no difference with circulating estrogen levels between genotypes 

(for each condition) leading us to believe that both skMLCK-/- and WT ovariectomies were 

in fact comparable. 

Aside from an estrogen deficit, we did not account for other changes that may 

manifest as a result of ovariectomy.  One change in particular is the decrease in voluntary 

physical activity associated with OVX-induced low levels of estrogen (Fonseca et al., 2012; 

Greising et al., 2011; Gorzek et al., 2007).  Studies have documented that mice are less 

inclined to voluntarily engage in physical activity, such as wheel running, after 

experiencing reduced estrogen levels (Gorzek et al., 2007).  Greising and colleagues (2011) 

noted that OVX mice were 19-46% less active than mice with an E2 replacement.  

Furthermore, similar behaviours have been observed within rats after undergoing 

ovariectomization (Giles et al., 2010).  Collectively these data suggest that any changes 

associated with decreases in skeletal muscle mass or strength following a drop in circulating 

estrogen (OVX) may not be directly linked to the effects of estrogen on skeletal muscle per 

se but could at least in part be accounted for by the disuse of muscle itself. 

Another documented change is an increase in body mass following OVX.  Moran 

et al. (2006) observed that body mass for OVX mice was 13% greater than their Sham 
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counterparts; even muscle mass appeared to be affected as EDL and soleus muscles of OVX 

mice were 20 and 16% greater than Sham mice respectively (Moran et al., 2006).  Even in 

comparison to estradiol supplemented groups, Moran et al. (2007) observed that OVX mice 

had 12% greater body mass.  In these examples, protein content between OVX and Sham 

muscles were not different suggesting that OVX-induced weight gain is not an anabolic 

response but simply an increase in nonprotein mass.  Other studies have concluded similar 

findings in which OVX rodents displayed larger body masses when compared to their 

control models (Fontana et al., 2014; Giles et al., 2010; McCormick et al., 2004).  In studies 

involving contractile data, this increase in nonprotein mass post-OVX potentially 

introduces new variables.  Contractile data is often normalized and expressed as specific 

tension, defined as force per cross-sectional area (Edgerton et al., 1986).  However, the 

subsequent increase in nonprotein mass following OVX affects overall cross-sectional area 

thus specific tension expression (Moran et al., 2006; 2007).  To mitigate the effects of this, 

Moran et al. (2006; 2007) suggested expressing force as a function of contractile protein 

content (defined as the sum of myosin heavy chain and actin contents in mg).   

Overall, although we did not account for these OVX-induced secondary responses, 

our data does not seem to fully reflect the suggested outcomes.  Regardless of genotype, 

our force data (twitch and tetani) along with other contractile measures, show no changes 

between condition groups (BL, Sham, E- & E+).  Across conditions and between genotypes 

no significant differences were detected with EDL muscle mass.  In regards to body mass, 

we observed a slight mass increase by OVX (E-) mice in comparison to Sham mice in 

skMLCK-/- only.  Interestingly, within WTs estrogen supplemented mice had a significantly 

greater mass over OVX (E-).  Combined, these unorthodox responses to the surgery alone 
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lead us to believe that the ovariectomization may not have had the intended effect.  In order 

to elaborate on this statement, we must analyze the primary response to OVX and thus 

corresponding estrogen levels. 

6.3. Estrogen Levels 

Uterine  Measurements As mentioned previously, another indicator and bioassay for 

estrogenic effects is weighing the uterus (Cohen & Milligan, 1993) as uterine weights have 

been shown to demonstrate a dose-dependent effect with estradiol (Levin-Allerhand et al., 

2003).  Significant differences were found when comparing E+ groups with BL, Sham and 

E- groups within WTs (only E- and E+ were significantly different in skMLCK-/-), however, 

BL, Sham and E- groups did not differ among themselves in any genotype.  Although not 

all differences are significant, our uterine weights are inline with those from Lai et al. 

(2016) & Greising et al. (2011) and display a similar trend (Table IX). 

Table IX. Comparison of uterine measurements 

 

 

 

 

Lai et al. (2016) & Greising et al. (2011) values are means ± SD; All others expressed as mean ± SEM.  
Uterine measurements are expressed in mg.  This table is only meant to act as a comparison table to show 
trends in data between various conditions. 

Serum Concentrations  It is becoming alarmingly evident that the expected primary 

response of OVX was not exhibited within this study.  Our blood assay data reinforces this 

notion as E- groups did not differ from BL and Sham groups in either genotype.  

Nonetheless, E+ groups had not only an increase in estradiol levels, but in some cases a 

supraphysiological level.  In young female mice, physiological levels of circulating 

 Sham OVX (E-) OVX + E2 
Lai et al. (2016) 107 ± 37.2 14.0 ± 3.7 136.3 ± 83.6 
Greising et al. (2011) -- 25.5 ± 3.4 148.1 ± 21.7 
WT 96.5 ± 12.8 23.7 ± 3.3 208.9 ± 42.1 
skMLCK-/- 109.7 ± 15.8 21.5 ± 1.6 184.9 ± 31.7 
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estrogen should be approximately 20 pg/ml (Nelson et al., 1981); a ~2.5-fold difference 

between our E+ groups (51.3 ± 12.2 pg/ml and 56.5 ± 30.8 pg/ml for WT and skMLCK-/- 

respectively). Studies employing a 0.18mg 17β-Estradiol 60-day release pellet have 

observed levels at 39.9 ± 12.6 pg/ml (Moran et al., 2007), 46.4 ± 4.0 pg/ml (Gorzek et al., 

2007), and 38.9 ± 7.4 pg/ml.  Although the same dosage was used, our timeframe was much 

shorter (2 weeks) and resulted in slightly higher values.  We had a lot of variability within 

the E+ group alone (Appendix VII) which reflects on our choice of estrogen 

supplementation.  Next, we look at pellet administration and future recommendations for a 

reliable treatment. 

E2 Administration Pellets are a popular means of estradiol administration for long-term 

application in animal experiments (e.g., Babiker et al., 2007; Dabrosin et al., 2003; Lai et 

al., 2016; Levin-Allerhand et al., 2003; Moran et al., 2007); however, short-term treatment 

poses an increase risk of variability with initial supraphysiological concentrations that 

decline over time (Ingberg et al., 2012).  As expected, the E+ group possessed a lot of 

variability with the highest value peaking at 258.2 pg/ml, an approximate 140-fold 

difference between the lowest value.  The unreliability exhibited among estradiol data may 

have had an overall impact on the contractile data.  Future studies should seek alternative 

administration for short-term application of estradiol such as silastic capsules and peroral 

treatments which have been shown to demonstrate steady serum concentrations within a 

physiological range throughout the course of an experiment (Cohen & Milligan, 1993; 

Ingberg et al., 2012).   

Estrogen Agonists and Antagonists  Other means of estrogen treatment include 

estrogen agonists and antagonists that interact with ERs to produce similar or mitigate, 
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respectively, the effects of estradiol.  As the natural ligand, estradiol, binds to and triggers 

receptor dimerization, the ERs only two activation sites (AF1 and AF2) become activated 

(Robertson, 2001).  This dimer complex then binds to specific DNA sequences within the 

nucleus – estrogen response elements (EREs) – which in turn recruit particular transcription 

factors ultimately resulting in gene expression (Nadal, Diaz & Valverde et al., 2001).   

Agonists mimic estradiol’s ability to bind to its receptor inducing a conformational 

change triggering dimerization and the same series of events to follow.  A plant-based 

hormone used to resemble and act as an estrogen agonist, Genistein, was used by Velders 

Figure XXII.  Mechanisms of action – estradiol, tamoxifen and ICI 182,780. ER, estrogen 
receptor; ERE, oestrogen-response elements; AF, activation function; RNA POL II, RNA 
polymerase II; E, estradiol; N, Nolvadex (tamoxifen); F, Fulvestrant (ICI 182,780).  Each differs 
in the mode of action at the level of the estrogen receptor (ER). Molecular events that normally 
occur include receptor dimerization and binding to specific EREs in estrogen-regulated genes, 
followed by recruitment of other proteins to form a transcriptional complex, leading to either 
transcriptional activation or repression. (Robertson, 2001) 
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et al. (2010) in rats to demonstrate the similarities that exist with estradiol in its affect on 

myosin heavy chain expression with exercise in skeletal muscle.  In contrast, when an 

estrogen antagonist is used, such as ICI 182,780 (Faslodex®), receptor binding remains the 

same, however, dimerization is impaired upon binding leaving AF1 and AF2 inactive thus 

halting all downstream sequence of events (Robertson, 2001).  Used by Baltgalvis et al. 

(2010) as an antagonist, Faslodex®, was shown to significantly reduce uterine masses as 

well as reduce physical activity by 40% in mice when compared to control models; both 

being responses to OVX or low estrogen levels.   

As a side note, some substances are able to act as both an estrogen agonist and 

antagonist to get the benefits and protective factors of estradiol, but without the risk; this is 

commonly seen in cases with tamoxifen (NolvadexTM) being used as a selective agonist for 

Breast Cancer treatment (Chakraborty & Biswas, 2014).  Tamoxifen can both bind to and 

dimerize with the receptor, however, it is unable to activate both domains of the estrogen 

receptor. Although tamoxifen is able to exude partial estrogenic effects via activation of 

AF1, the inactive AF2 inhibits some transcription and gene expression.  Tamoxifen is 

classified as a selective estrogen receptor modulator as it acts as an antagonist in breast 

tissue only (Osborne, 1998).  A visual representation of these three agonist, antagonist and 

selective agonist examples can be found in Figure XXII. 

All of these methods, from ovariectomy and E2 administration to estrogen receptor 

modulators, have been used successfully to manipulate estradiol levels, however, they do 

so with their own set of limitations.  Although the OVX model is widely used to reduce and 

influence estrogen levels, ovariectomized animals are still capable of estrogen synthesis via 

aromatase – key enzyme expressed in many tissues responsible for the conversion of 
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androstenedione and testosterone to estrogens (Brodie, 1991; Graddy et al. 2000).  

Similarly, while estrogen receptor modulators can halt (or simulate) ERs accordingly, the 

complex interactions as described, varies with cell type and does not always provide 

complete deficiency of the hormone in vivo (McDonnell, 2000). 

6.4. Confirmation of Model 

Our data showing that estradiol levels were not altered by ovariectomy in 

comparison to baseline and sham levels in either genotype indicates that we did not actually 

test our original hypothesis.  Therefore, as expected, with OVX we did not observe any 

differences in PTP and RLC-p.  However, due to supraphysiological levels of estradiol as 

a result of pellet administration, conclusions can be drawn in relation to increasing levels 

of estrogen beyond a physiological state.     

6.5. Effect of OVX on Wildtype Muscle 

Force data In some instances an estrogen deficit has been shown to reduce the force 

generated in mouse muscles as seen in the case of Moran and colleagues (2006; 2007) with 

both soleus and EDL muscles when comparing OVX mice to Sham.   In contrast, a study 

by Wohlers et al. (2009) using mouse tibialis anterior showed no significant difference 

between OVX and Sham groups with normalized tetanic force production (19.73 ± 1.85 

g/mm2 and 19.83 ± 1.73 g/mm2 respectively).  Unfortunately, we are unable to address 

either case appropriately as our ovariectomization had no effect in altering estradiol levels.  

As a result of this, it is not surprising we observed no significant differences in specific 

tension for twitches and tetani across conditions.  As previously discussed, it is important 

to note that when dealing with contractility and ovarian hormones, specific tension is not 

considered an accurate representation of normalized force as a result of OVX-induced 
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increases in nonprotein mass which affect the cross-sectional area of muscle (Moran et al., 

2006; 2007).  Thus, future contractile studies involving estrogen should seek alternative 

ways of expressing force such as per contractile protein content as recommended by Moran 

et al., 2006; 2007). 

RLC phosphorylation and PTP Unlike previous investigations, our OVX was unable 

to reduce estradiol levels making it difficult to compare data.  As expected, there were no 

differences in PTP and RLC-p across conditions with our OVX.  With a successful OVX 

in mice, RLC-p in EDL muscles has been shown to be 35% lower than muscles of mice 

with intact ovaries via Sham OVX (Lai et al., 2016, Figure 2B).  With estrogen 

supplementation, these diminished levels of RLC-p were restored to baseline levels (Lai et 

al., 2016).  Consistent with these changes, PTP of isometric twitch force was also 

influenced by an estrogen presence as Sham vehicle-incubated EDL muscles produced 2x 

greater PTP than OVX muscles (Lai et al., 2016).  Indeed, these findings by Lai et al. (2016) 

confirm the notion by Moran et al. (2006; 2007) that estradiol, and a lack thereof, influence 

the quality of myosin-actin interactions as seen via increases and decreases respectively in 

skMLCK-mediated PTP and RLC-p.  Although it was our intent to add to this archive, we 

unfortunately are unable to do so at this time.  

6.6. Effect of OVX on skMLCK-/- Muscle 

A novel aspect of this study was that it was the first to directly examine the effects 

of estrogen on RLC phosphorylation and PTP by using skMLCK-/- mice as a negative 

control as muscles can be stimulated, yet the RLC cannot be phosphorylated as the gene 

for the kinase responsible for this action, skMLCK, has been ablated.   
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Regulation of skMLCK Summary In wildtype skeletal muscle skMLCK activity is 

regulated by the same Ca2+ signal that regulates contraction (Blumenthal and Stull, 1984; 

Ryder et al., 2007; Zhi et al., 2005).  As a result, skMLCK catalyzed phosphorylation of 

the RLC tends to track contractile activity with little if any delay in most rodent fast twitch 

skeletal muscle types (Klug et al., 1982; Manning et al., 1982).  Although activated rapidly, 

skMLCK inactivates very slowly in the absence of contraction (i.e. seconds as opposed to 

minutes, respectively); as a result, skMLCK catalyzed phosphorylation of the RLC has been 

termed a “molecular memory” of contractile activity that serves to enhance subsequent or 

intermittent contractile activity (Stull et al., 2011).  A population of phosphorylated cross-

bridges modulates force by increasing the Ca2+ sensitivity of the contractile apparatus 

(Sweeney et al., 1993) an effect which, in turn, potentiates force under many conditions.  

In contrast to wildtype muscles, skMLCK-/- which lack the enzymatic machinery for 

phosphorylating the RLC, display much reduced potentiation or even a posttetanic 

depression of force under many of the same contractile conditions in which wildtype 

muscles display potentiation (Blumenthal & Stull, 1980; Gittings et al., 2014; Zhi et al., 

2005).   

RLC Phosphorylation and PTP If the pathway by which estradiol influences skeletal 

muscle morphology or mechanics involves the skMLCK activation cascade or skMLCK 

activity directly, no significant differences in contractile data or RLC phosphorylation 

would be expected across conditions (BL, Sham, E- and E+) regardless of treatment.  

Although we did not see any significant differences between conditions for PTP or RLC-p 

data, we are unable to conclude estradiol works through this pathway as our OVX failed to 
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alter estrogen levels as intended.; our mice were not truly estrogen deficient and due to this 

we are unable to compare groups effectively. 

Genotype-Dependent Differences in PTP  Many recent studies from our 

laboratory have shown strong genotype-dependent associations between RLC 

phosphorylation and PTP of concentric twitch force (e.g., Bowslaugh et al. 2016; Bunda et 

al. 2018; Gittings et al. 2017; 2018; Morris et al. 2018) and this study adds to these data.  

The fact that some PTP of concentric twitch force was observed in skMLCK-/- muscles, 

despite almost the complete absence of stimulation-induced elevations in RLC 

phosphorylation, is not surprising even across conditions. Although RLC phosphorylation 

appears to be the primary mechanism, alternate mechanisms for PTP clearly exist in the 

skMLCK genotype and presumably also the wildtype genotype.  The persistent PTP we 

observed in skMLCK muscles is consistent with the idea of an RLC phosphorylation 

independent pathway for PTP that may involve alterations to Ca2+ handling (Smith et al. 

2013).  This pathway accounts for not only the high level of PTP observed in skMLCK-/- 

muscles in the present study but also staircase potentiation in previous studies employing 

denervated rat muscles or the equivalent (Rassier et al. 1999; Tubman et al. 1996). 

6.7. PTP and Isovelocity Ramps   

Relatively high levels of PTP were observed across all conditions in both genotypes.  

For example, the magnitude of PTP we observed in WTs expressed as a percentage increase 

was ~34 ̶ 45% (~26-32% in skMLCK-/-) which is identical to previous reports for concentric 

force at ~35% (Gittings et al., 2014) and greater than reports for isometric force ~22% and 

~23% (Bunda et al., 2015 & Smith et al., 2010 respectively).  This is in agreement with the 

use of isovelocity ramps over isometric contractions.  We used isovelocity ramps at 30-
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40% Vmax, during which muscles were stimulated to produce a twitch. This was done in 

order to increase the physiological significance of our mechanical data.  Compared to 

isometric twitches, previous work from our lab has shown that dynamic forces produced 

under these conditions display much more potentiation (Caterini et al. 2011; Xeni et al. 

2011; Gittings et al. 2012).  Indeed, even when only dynamic twitches are studied, faster 

isovelocity ramps produce more potentiation than slower isovelocity ramps in both 

wildtype and skMLCK-/- muscles (Bowslaugh et al. 2016; Gittings et al. 2012; 2017).  This 

general finding can also be extended to human skeletal muscle (e.g. Fukatani et al. 2014).  

This is due to an apparent speed-dependence for force that seems to apply to both twitches 

and tetani as well as voluntary contractions.  Interestingly, despite this evidence, Lai et al., 

2016 with the use of isometric twitches at 25oC had PTP range from a ~30% increase to a 

~50% increase (see their Fig 3C) which was inline with our concentric data. 

6.8. Myosin RLC-phosphorylation  

Wildtype vs skMLCK-/- Muscle  Values for RLC phosphorylation in resting 

muscles of both genotypes are on par with what has been seen recently in literature, for 

example, 0.16 ± 0.01 and 0.08 ± 0.02 mol P/mol RLC in WT and skMLCK-/- respectively 

in Gittings et al. (2010) along with others (Gittings et al. 2016; 2018).  Values for RLC 

phosphorylation in stimulated wildtype muscles, although ~ 2x higher than rest in most 

conditions, were much lower than expected and much lower than that observed in previous 

studies such as Smith et al. (2010) at 0.7 mol P/mol RLC and others (Zhi et al. 2005; 

Gittings et al. 2011; 2014; 2016; 2017; 2018; Bowslaugh et al. 2016). The reason for this 

deficit is not known but probably due to methodological issues which will be discussed 

shortly.  On the other hand, values for RLC phosphorylation in stimulated skMLCK-/- 
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muscles were similar to rest and in accord with previous studies (Zhi et al. 2005; Gittings 

et al. 2011; 2014; 2016; 2017; 2018; Bowslaugh et al. 2016).  Despite the absence of 

skMLCK (Gittings et al. 2014; Zhi et al. 2005) a small fraction of phosphorylated RLC at 

rest is commonly observed in skMLCK-/- muscles, probably due to the presence of a non-

specific kinase displaying constituent activity.  Interestingly, despite this low constituent 

resting RLC phosphorylation, skMLCK-/- muscles do not display stimulation-induced 

elevations in RLC phosphorylation (Zhi et al. 2005; Gittings et al. 2011; 2015; 2016; 2017; 

2018).  This is consistent with the larger potentiation of force displayed by wildtype than 

skMLCK-/- muscles. 

Potential Procedural Errors  All protocols were standard, in particular the PS 

protocol, and have been used by our lab successfully in the past to produce robust increases 

in RLC-p levels with little or no fatigue (Bowslaugh et al. 2016; Bunda et al. 2018; Caterini 

et al., 2011; Gittings et al. 2011; 2012; 2015-2018; Morris et al. 2018; Xeni et al.,2011).   

As mentioned, RLC-p content in resting muscles of both genotypes are both typical and 

expected when compared to the literature.  However, although doubled from rest, our 

stimulated values in wildtype mice were much lower than what is typically observed.  Our 

resting values being inline with previous work indicates our Urea/Glyercol-PAGE and 

immunoblotting was successfully implemented while the consistently lower values in 

stimulated wildtype muscles implies that there may have been a discrepancy in preserving 

phosphorylation, perhaps during sample preparation. 

 The first step in sample preparation as described in detail in Appendix III, is 

introducing the frozen muscle sample to a cold acetone-based protein precipitation solution 

slurry consisting of trichloroacetic acid (TCA) and dithiothreitol (DTT).  The combined 
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role of TCA and DTT in this solution is to precipitate and denature all myosin RLCs.  If 

the ‘slurry’ of precipitation is not cold enough it is possible for phosphorylation levels to 

change which may have been the case here.  It is possible that the solution was not cold 

enough allowing some time for de-phosphorylation to occur which resulted in our lower 

stimulated RLC-p content values.   

6.9. Effects of Supraphysiological Levels of E2 on PTP and RLC-p 

Although we were unable to study the effects of estradiol on PTP and RLC-p as a 

result of our ineffective OVX, we are able to comment on supraphysiological levels (E++).  

As mentioned, in young female mice physiological levels of circulating estradiol should be 

approximately ~20 pg/ml (Nelson et al, 1982).  After eliminating any mice and 

corresponding muscles with levels lower than 30 pg/ml in our E+ categories for both 

genotypes, PTP and RLC-p have been recalculated (Table X).   New circulating estradiol 

levels defined by the exclusion criteria are now 3.7x higher than physiological levels in 

WTs (n=7) and 5.2x higher in skMLCK mice (n=4).  See Appendix VIII for recalculations 

of PTP and RLC-p based on mice with estradiol levels higher than 50 pg/ml. 
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Table X. Recalculated values based on supraphysiological levels of estradiol (<30 
pg/ml) 

 n Relative PTP PS n RLC-p Content 

Wildtype      Rest Stim 
E++ 12 1.39 ± 0.06** 189.0 ± 14.5 7 0.13 ± 0.03 0.43 ± 0.07** 

skMLCK-/-     Rest Stim 
E++ 5 1.29 ± 0.02 200.0 ± 16.2 4 0.01 ± 0.001 0.05 ± 0.03 

Values are means ± SEM; n = number of muscles; Relative PTP, post-PS (mN) value divided by the pre-PS 
value (mN); PS, potentiating stimulus (mN); RLC-p, regulatory light chain phosphorylation content 
expressed as mol P/mol RLC.  Excludes all data from mice with circulating estradiol levels under 30 pg/ml. 
** marks significant difference between genotype (Tukey’s HSD, P ≤ 0.01) 

Referring to Lai et al. (2016), with acute exposure to E2, EDL muscles experienced 

an isometric PTP increase of ~42% vs the OVX control at ~28% (Figure 3C of Lai et al., 

2016).  The modified data show WT concentric PTP as having a 39% increase or being 

1.39 ± 0.06 of unpotentiated levels by the tetanic PS. This value is fairly universal in 

comparison to concentric force PTP of C57BL/6 mice without any type of ovarian hormone 

alteration; ~35% increase (Gittings et al., 2014) & ~38% increase (Gittings et al., 2016).  

Although the same genotype dependent trend is observed with PTP in that WT values are 

significantly greater than skMLCK-/-, it would appear that PTP remains unaffected with 

supraphysiological levels of estradiol.  These data may suggest the possibility of a threshold 

in which once reached, E2 no longer exhibits effects on muscle contractility.   

With the phosphorylation of RLC, complimentary to their PTP data, Lai et al. 

(2016) noticed a concentration dependent increase such that rising levels of E2 caused 

increased RLC-p content within C2C12 cells.  Although more than doubled from rest, the 

stimulated muscles of WT mice have lower levels of RLC-p content in comparison to recent 

data without ovarian manipulations (i.e. ~0.62 mol P/mol RLC-p content in stimulated WT 

muscles in Bowslaugh et al. 2016).  As discussed, this may potentially be due to 

methodological errors thus limiting the ability to make comparisons.  When looking at our 
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baseline data alone (Table VII), recalculated E+ stimulated values of RLC-p content are 

2x higher than stimulated BL values, providing evidence that supraphysiological levels 

indeed increase RLC-p content in WT muscles.  However, more research is needed to 

confirm this relationship. 

6.10. Is Age a Factor? 

Although our ineffective OVX makes it rather difficult to compare to existing 

literature, it is still important to discuss other possibilities and confounding factors that may 

have influenced our data such as age.  For example, mice are considered “mature adults” 

when they reach 3 months of age and it is not till 10 months in which mice are classed as 

“middle aged” (Flurkey et al., 2007).  Most of the mice used in this study were 

ovariectomized at 9 weeks of age with all contractile experiments following at 11weeks, 

with the exception of the baseline group at 9 weeks.  Although these mice are considered 

fully-grown adult mice sexually, functional capacity of muscle becomes constant between 

4 and 8 months of age (Moran et al., 2005), and this may account for some of the differences 

observed.  For example, the mice used by Lai et al., (2016) and Moran et al., (2006; 2007) 

ranged from 4 months to 8 months of age.  Interestingly, Suzuki (1985) treated 3-week old 

rats with estradiol for 10 weeks and found no effect on Po.  Similarly, McCormick et al. 

(2004) applied estradiol treatment at 7 weeks of age for 4 weeks and found no change on 

Po between groups (BL, Sham, E- & E+).  Thus, it is possible that studies utilizing rodents 

that were just shy of the mature adult marker provided by Flurkey et al. (2007) are not 

susceptible to estradiol effects.  In other words, the inability to validate estrogen’s 

beneficial influence on muscle strength and contractibility in these models could be a direct 

result of interference with further development and growth during estrogen 
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supplementation. However, this is not the case with all models that have used younger mice.  

For example, Warren et al., (1996) showed that ovariectomized mice at 6 weeks followed 

by 21 days of E2 treatment were able to preserve contractile function in the EDL, 

supporting estrogen’s role in modulating strength and contractility during development.   

Abnormal Estradiol Levels  Although the discrepancies faced with estrogen 

manipulation in this study have been attributed to unsuccessful ovariectomies thus far, it is 

important to note that perhaps the more likely issue is that the observed circulating estradiol 

concentrations for BL and Sham groups were abnormally low, regardless of genotype.  

Table XI showcases our estradiol serum concentration data (pg/ml) for BL, Sham, E- and 

E+ groups alongside other studies. 

Table XI: Comparison of estradiol serum concentration levels in various mouse models. 

 Age Assay BL Sham OVX (E-) OVX + E2 
Wildtype 2-2.5 mo. ELISA 

[ES180S-
100] 

2.4 3.0 2.5 51.3 

skMLCK-/- 2-2.5 mo. ELISA 
[ES180S-
100] 

2.6 3.1 2.1 56.5 

Cao, J. J. & 
Gregoire, B. R. 
(2016) 

7 mo.   ~34 .0 ~25.0  

Fata et al. 
(2001) 

~13 mo. Estradiol EIA 
kit 

~53.7    

Gorzek et al. 
(2007) 

~6 mo. Estradiol 
EIA, DSL-10-
4300 

  7.0 47.0 

Greising et al. 
(2010) 

3-5 mo. ELISA 
[RE50241] 

  13.8 38.9 

3-5 mo. ELISA kit 
(KA0234) 

 30.7 4/6 : <10.0 
2/6: 18.5 

 

3-5 mo. ELISA kit 
(KA0234) 

  7/10: <10.0 
3/10: 23.0 

220.0 

Greising et al. 
(2011) 

18-19 
mo. 

ELISA 
(KA0234) 

38/40: 
<10.0 
2/40: 15.2 

   

Ingberg et al. 
(2012) 

~2 mo. E2 double 
antibody, 
KE2D 

~33.3    
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Moran et al. 
(2007) 

3-4 mo. Estradiol EIA 
kit, DSL-10-
4300; ELISA, 
RE50241 

 19.8 9.96 39.9 

Wood et al. 
(2007) 

~13 mo. Estradiol EIA 
kit 

~50    

All values estradiol serum concentration values are expressed as pg/ml. BL, Baseline; Sham, Sham 
ovariecomy; OVX (E-), Ovariectomy without estrogen replacement; OVX + E2, Ovariectomy with estrogen 
replacement. 

 Control mice exhibiting higher serum concentration levels of estradiol in 

comparison to our BL and Sham conditions were notably older, except in the case of 

Ingberg et al. (2012).  When working with ovarian hormones, such as estrogen, not only 

should the further growth of adult mice be considered but also their estrous cycles.  Both 

of these factors were likely causes of our atypical findings. The estrous cycle of C57BL/6 

of mice becomes regular between 3 and 14 months of age (Nelson et al., 1981) and peaks 

at 4 months of age (Turgeon et al., 2006); our mice ranged from 2-2.5 months in which 

mice, although considered adults, are still in crucial phases of development and growth. 

7. Conclusions & Significance 

7.1. Major Findings  

As a result of the estradiol levels not being altered with OVX alone (in both 

genotypes), we are unable to accept the original null hypothesis as we did not actually test 

what was intended.  Clearly, more work is needed both to determine why ovariectomization 

did not produce the expected reduction in estradiol and also, why increasing levels of this 

hormone do not produce commensurate increases in RLC phosphorylation and PTP in 

either genotype.  
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7.2. Significance 

Although much is known about estrogen’s protective role in skeletal muscle, there 

still exists a gap in understanding the particular molecular mechanisms that drive it.  

Although we were unable to test estradiol’s influence on skeletal muscle contractility and 

RLC phosphorylation as a result of unsuccessful ovariectomies, we were able to observe 

that PTP was unaffected with supraphysiological concentrations of estradiol.  This may 

possibly suggest a threshold in which once reached, estradiol no longer influences 

contractile and biochemical properties of muscle.  It is also important to consider both the 

age and estrous cycles of mice when manipulating ovarian hormones in such studies to 

avoid interference with development and growth during estrogen supplementation. 

7.3. Assumptions 

 There are no phenotypic variations between the WT and skMLCK-/- except for the 

skMLCK gene knockout and coat colour difference among knockouts (Gittings et 

al., 2011; 2015). 

 There are no cellular adaptations in skMLCK-/- mice as a result of skMLCK 

ablation. 

7.4. Limitations 

Although used frequently in research, the in vitro EDL model is only an 

approximation of muscle function in vivo.  Naturally, environmental factors heavily 

influence enzymatic function, i.e. temperature differences, absence of hormonal and neural 

feedback, conditions that cannot be fully fulfilled in an in vitro setting.  As a result, data 
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from this study may be of a purely mechanistic nature limiting extrapolations to in vivo 

function. Another limitation is the use of fast-twitch muscles only. 

The use of ovarian hormones can impose various limitations due to its complexities 

and influence on a variety of biological systems.  An estrogen deficit may affect animal 

feeding behaviour.  If not controlled for, eating behaviours may be influenced by estradiol 

levels affecting energy balance and thus skeletal muscle mass (McCormick et al., 2014).  If 

changes to skeletal muscle mass had occurred, it could not be attributed directly to receptor-

mediated estrogenic effects.  

Alongside eating behaviours, the type of rodent chow consumed may introduce 

additional variables. Any chow using phytoestrogens, such as those formulated with soy 

protein, can act as an exogenous source of estrogen (Brown & Setchell, 2001).  The 

standard mouse chow used in this study, LabDiet 5015 (Aberfoyle, ON), does contain 

soybean meal and soybean oil.  It is recommended to use a phytoestrogen-free diet when 

manipulating ovarian hormones to avoid exogenous estrogen-like compounds (Moran et 

al., 2006). 

Another potential limitation is estrogen’s influence on voluntary physical activity.  

Low levels of estrogen have been associated with a decrease in voluntary physical activity 

(Fonseca et al., 2012; Greising et al., 2011; Gorzek et al., 2007) meaning that any decreases 

in skeletal muscle mass following a drop in circulating estrogen (OVX) may not be directly 

linked to the effects of estrogen on skeletal muscle per se but rather the disuse of muscle 

itself.  



84 
 

8. References 

Alamo, L., Wriggers, W., Pinto, A., Bartoli, F., Salazar, L., Zhao, F. Q., . . . Padron, R. 
(2008). Three-dimensional reconstruction of tarantula myosin filaments suggests how 
phosphorylation may regulate myosin activity. Journal of Molecular Biology, 384(4), 
780–797. 

Allen, D. G., Lamb, G. D., & Westerblad, H. (2008). Skeletal Muscle Fatigue: Cellular 
Mechanisms. Physiological Reviews, 88(1), 287–332.  

Allen, D. G., & Westerblad, H. (2007). Understanding muscle from its length. The 
Journal of Physiology, 583(1), 3-4. 

Anderson, J. E. (2000). A role for nitric oxide in muscle repair: nitric oxidemediated 
activation of muscle satellite cells. Molecular Biology of the Cell, 11, 1859– 1874. 

Babiker, F. A., Lips, D. J., Delvaux, E., Zandberg, P., Janssen, B. J., Prinzen, F., van Eys, 
G., Grohé, C., Doevendans, P. A. (2007). Osestrogen modulates cardiac ischaemic 
remodelling through oestrogen receptor-specific mechanisms. Acta Physiologica, 
189(1), 23-31. 

Baltgalvis, K. A., Greising. S. M., Warren, G. L. & Lowe, D. A. (2010). Estrogen 
Regulates Estrogen Receptors and Antioxidant Gene Expression in Mouse Skeletal 
Muscle. PLOS ONE, 5(4), e10164. 

Bar, P. R., Amelink, G. J., Oldenburg, B., & Blankenstein, M. A. (1988). Prevention of 
exercise-induced muscle membrane damage by oestradiol. Life Sciences, 42(26), 
2677–81. 

Barclay, C. J. (2005). Modelling diffusive O2 supply to isolated preparations of 
mammalian skeletal and cardiac muscle. Journal of Muscle Research and Cell 
Motility, 26, 225–235. 

Bassey, E. J., Fiatarone, M. A., O’Neill, E. F., Kelly, M., Evans, W. J., & Lipsitz, L. A. 
(1992). Leg extensor power and functional performance in very old men and 
women. Clinical Science (Colch.) 82, 321–327. 

Beato, M. (1991) Transcriptional control by nuclear receptors. FASEB Journal 5, 2044-
2051. 

Beato, M., Herrlich, P. & Schütz, G. (1995) Steroid hormone receptors: many actors in 
search of a plot. Cell 83, 851-857. 

Behrmann, E., Müller, M., Penczek, P. A., Mannherz, H. G., Manstein, D. J., & Raunser, 
S. (2012). Structure of the rigor actin-tropomyosin-myosin complex. Cell, 150(2), 
327–338. 

Blumenthal, D.K., & Stull, J.T. (1980). Activation of skeletal muscle myosin light chain 
kinase by calcium (2+) and calmodulin. Biochemistry, 19(24), 5608-5614. 



85 
 

Blumenthal, D.K., & Stull, J.T. (1982). Effects of pH, ionic strength, and temperature on 
activation by calmodulin and catalytic activity of myosin light chain kinase.  
Biochemistry, 21(10), 2386-2391. 

Bowslaugh, J., Gittings, W. & Vandenboom, R. (2016). Myosin light chain 
phosphorylation is required for peak power output of mouse fast skeletal muscle in 
vitro. Pflugers Archiv – European Journal of Physiology, 468(11-12), 2007-2016. 

Brancaccio, P., Lippi, G., & Maffulli, N. (2010). Biochemical markers of muscular 
damage. Clinical Chemistry and Laboratory Medicine, 48, 757-767. 

Brand-Saberi, B. (2014). Vertebrate myogenesis: Stem cells and precursors. Heidelberg: 
Springer. 

Brenner, B., & Eisenberg, E. (1986). Rate of force generation in muscle: correlation with 
actomyosin ATPase activity in solution. Proceedings of the National Academy of 
Sciences USA, 83(10), 3542–3546. 

Brito, R., Alamo, L., Lundberg, U., Guerrero, J. R., Pinto, A., Sulbaran, G., . . . Padron, 
R. A. (2011). Molecular model of phosphorylation-based activation and potentiation 
of tarantula muscle thick filaments. Journal of Molecular Biology, 414(1), 44–61. 

Brodie, A. (1991). Aromatase and its inhibitors –an overview. Journal of Steroid 
Biochemistry and Molecule Biology, 40, 255-261. 

Bronson, F. H., Dagg, C. P. & Snell, G. D. (1966). Reproduction In. Coleman, D. L., 
Kaliss, N., Dagg, C. P., Russel, E. S., Fuller, J. L., Staats, J. & Green, M. C. (2nd), 
Biology of the Laboratory Mouse. New York: Dover Publications Inc.  

Brown, I. E., & Loeb, G. E. (1998). Post-activation potentiation: A clue for simplifying 
models of muscle dynamics. American Zoologist, 38(4), 743–754. 

Brown, N. M. & Setchell, K. D. (2001). Animal models impacted by phytoestrogens in 
commercial chow: implications for pathways influenced by hormones. Laboratory 
Investigations, 81(5), 735-47. 

Buller, A. J., Kean, C. J., Ranatunga, K. W., & Smith, J. M. (1981). Post-tetanic 
depression of twitch tension in the cat soleus muscle. Experimental Neurology, 73(1), 
78–89. 

Cao, J. J. & Gregoire, B. R. (2016). A high-fat diet increases body weight and 
circulating estradiolconcentrations but does not improve bone structural properties in 
ovariectomized mice. Nutrition Research, 36(4), 320-327). 

Carmeci, C., Thompson, D. A, Ring, H. Z., Francke, U., & Weigel, R. J. (1997). 
Identification of a 560 gene (GPR30) with homology to the G-protein-coupled 
receptor superfamily associated with 561 estrogen receptor expression in breast 
cancer. Genomics 45, 607-617. 



86 
 

Carter, A., Dobridge, J. & Hackney, A.C. (2001) Influence of estrogen on markers of 
muscle tissue damage following eccentric exercise. Fiziologii Cheloveka 27, 133-
137. 

Cartoni, R., Leger, B., Hock, M. B., Praz, M., Crettenand, A., Pich, S., … Russell, A. 
P. (2005). Mitofusins 1/2 and ERRalpha expression are increased in human skeletal 
muscle after physical exercise. Journal of Physiology, 567, 349–358. 

Chakraborty, S. & Biswas, P. K. (2014). Structural insights into selective agonist actions 
of tamoxifen on human Estrogen Receptor alpha. Journal of Molecular Modeling, 
20(8), 2338. 

Chalovich, J. M. & Eisenberg, E. (1982). Inhibition of actomyosin ATPase activity by 
troponin-tropomyosin without blocking the binding of myosin to actin. Journal of 
Biological Chemistry, 257(5), 2432-2437. 

Ciccolella, M. E., Moore, B., VanNess, J. M., & Wyant, J. (2014). Exertional 
rhabdomyolysis and the law: a brief review. Journal of Exercise Physiology Online, 
17.1, 19. 

Close, R., & Hoh, J. F. (1968). The after-effects of repetitive stimulation on the isometric 
twitch contraction of rat fast skeletal muscle. The Journal of Physiology, 197, 461–
477. 

Close, R., & Hoh, J. F. (1969). Post-tetanic potentiation of twitch contractions of cross-
innervated rat fast and slow muscles. Nature, 221(5176), 179–181. 

Cohen, P. E. & Milligan, S. R. (1993). Silastic implants for delivery of oestradiol to mice. 
Jounal of Reproductive Fertility, 99(1), 219-23. 

Collins, B. C., Mader, T. L., Cabelka, C.A., Iñigo, M. R., Spangenburg, E. E., & Lowe, 
D. A. (2018). Deletion of estrogen receptor alpha in skeletal muscle results in 
impaired contractility in female mice. Journal of Applied Physiology, 124(4), 980-
992. 

Colson, B. A., Gruber, S. J., & Thomas, D. D. (2012). Structural dynamics of muscle 
protein phosphorylation. Journal of Muscle Research and Cell Motility, 33(6), 419-
429. 

Colson, B.A., Locher, M. R., Bekyarova, T., Patel, J. R., Fitzsimons, D. P., Irving, T. C., 
& Moss, R. L. (2010). Differential roles of regulatory light chain and myosin binding 
protein-C 564 phosphorylations in the modulation of cardiac force development. 
Journal of Physiology, 588, 981-993. 

Craig, R., & Padron, R. (2004). Molecular structure of the sarcomere. In Engel, A. G., & 
Franzini-Armstrong, C. (3rd ed.), Myology (129-166). New York, NY: McGraw-Hill. 

Craig, R., & Woodhead, J. L. (2006). Structure and function of myosin filaments. Current 
Opinion in Structural Biology, 16(2), 204–212.  



87 
 

Crow, M. T., & Kushmerick, M. J. (1982b). Myosin light chain phosphorylation is 
associated with a decrease in the energy cost for contraction in fast twitch mouse 
muscle. Journal of Biological Chemistry, 257(5), 2121–2124. 

Crowther, R. A., Padrón, R., & Craig, R. (1985). Arrangement of the heads of myosin in 
relaxed thick filaments from tarantula muscle. Journal of Molecular Biology, 184(3), 
429-439. 

Dabrosin, C., Palmer, K., Muller, W. J., Gauldie, J. (2003). Estradiol promotes growth 
and angiogenesis in polyoma middle T transgenic mouse mammary tumor explants. 
Breast Cancer Research and Treatment, 78, 1–6. 

Dieli-Conwright, C. M., Spektor, T. M., Rice, J.C., & Todd Schroeder, E. (2009). 
Oestradiol and serum treatments influence oestrogen receptor coregulator gene 
expression in human skeletal muscle cells. Acta Physiologica (Oxford), 197, 187-
196. 

Ding, H. L., Ryder, J. W., Stull., J. T., & Kamm, K. E. (2009). Signaling processes for 
initiating smooth muscle contraction upon neural stimulation. The Journal of 
Biological Chemistry, 284(23), 15541-15548. 

Ebashi, S. (1980). Regulation of muscle contraction. Proceedings of the Royal Society of 
London B: Biological Sciences, 207, 259-286. 

Edgerton, V. R., Roy, R. R., Apor, P. (1986) Specific tension of human elbow flexor 
muscles. In: Saltin B (ed) Biochemistry of exercise VI. Human Kinetics, Champaign, 
Ill., pp 487-500. 

Edman, K.A. (1979). The velocity of unloaded shortening and its relation to sarcomere 
length and isometric force in vertebrate muscle fibres. Journal of Physiology, 291, 
143–159. 

Engelhardt, W. A., & Ljubimowa, M. N. (1939) Myosine and adenosinetriphosphatase. 
Nature 144, 668−669. 

Enns, D. L., & Tiidus, P. M. (2008). Estrogen influences satellite cell activation and 
proliferation following downhill running in rats. Journal of Applied Physiology, 104, 
347-353. 

Enns, D. L., & Tiidus, P. M. (2010). The influence of estrogen of skeletal muscle: sex 
matters. Sports Medicine, 40(1), 41-58. 

Fata, J. E., Chaudhary, V. & Khokha, R. (2001). Cellular turnover in the mammary gland 
is correlated with systemic levels of progesterone and not 17beta-estradiol during the 
estrous cycle. Biological Reproduction, 65(3), 680-8. 

Finni, T., Noorkoiv, M., Pollanen, E., Ronkainen, P., Alen, M., Kaprio, J., . . . Sipila, S. 
(2011). Muscle function in monozygotic female twin pairs discordant for hormone 
replacement therapy. Muscle Nerve, 44(5), 769-775. 



88 
 

Flucher, B. E. (1992). Structural analysis of muscle development: transverse tubules, 
sarcoplasmic reticulum, and the triad. Developmental Biology, 154, 245–260. 

Flurkey, K., Currer, J. M., & Harrison, D. E. (2007). The Mouse in Aging Research. In 
James G. Fox (2 Eds.) American College of Laboratory Animal Medicine series, The 
mouse in biomedical research (637-672). Boston: Elsevier, Academic Press. 

Fonseca, H., Powers, S. K., Gonçalves, D., Santos, A., Mota, M. P., & Duarte, J. A. 
(2012). Physical inactivity is a major contributor to ovariectomy-induced sarcopenia. 
International Journal of Sports Medicine, 33(4), 268-78. 

Fontana, R., Della, T. S., Meda, C., Longo, A., Eva, C. & Maggi, A. C. (2014). Estrogen 
replacement therapy regulation of energy metabolism in female mouse 
hypothalamus. Endocrinology, 155(6), 2213-21. 

Franzini-Armstrong, C., & Porter, K. R. (1964). Sarcolemmal invaginations constituting 
the T system in fish muscle fibers. The Journal of Cell Biology, 22(3), 675–696. 

Friden, J., & Lieber, R. L. (1992). Structural and mechanical basis of exercise-induced 
muscle injury. Medicine & Science in Sports & Exercise, 24, 521–530. 

Fukunaga, T., Roy, R. R., Schellock, F. G., Hodgson, J. A., Day, M. K., Lee, P.L, 
Kwong-Fu, H., Edgerton, V. R. (1992) Physiological crosssectional area of human 
leg muscles based on magnetic resonance imaging. Journal of Orthopaedic Research, 
10, 926-934. 

Galluzzo, P., Rastelli, C., Bulzomi, P., Acconcia, F., Pallottini, V., & Marino, M. (2009). 
17beta-Estradiol regulates the first steps of skeletal muscle cell differentiation via 
ER-alpha-mediated signals. American Journal of Cell Physiology, 297, C1249-1262. 

Giles, E. D., Jackman, M. R., Johnson, G. C., Schedin, P. J., Houser, J. L., & MacLean, P. 
S. (2010). Effect of the estrous cycle and surgical ovariectomy on energy balance, 
fuel utilization, and physical activity in lean and obese female rats. American Journal 
of Physiology – Regulatory, Integrative and Comparative Physiology, 299(6), 1634-
42. 

Gittings, W., Aggarwal, H., Stull, J. T., & Vandenboom, R. (2014). The force dependence 
of isometric and concentric potentiation in mouse muscle with and without skeletal 
myosin light chain kinase. Canadian Journal of Physiology and Pharmacology, 
93(1), 23–32. 

Gittings, W., Bunda, J., Stull, J. T. & Vandenboom, R. (2016). Interaction of posttetanic 
potentiation and the catchlike property in mouse skeletal muscle. Muscle & Nerve, 
54(2), 308-16. 

Gittings, W., Huang, J. & Vandenboom, R. (2012). Tetanic force potentiation of mouse 
fast muscle is shortening speed dependent. Journal of Muscle Research and Cell 
Motility, 33, 359-368. 



89 
 

Gittings, W., Huang, J., Smith, I. C., Quadrilatero, J., & Vandenboom, R. (2011). The 
effect of skeletal myosin light chain kinase gene ablation on the fatigability of mouse 
fast muscle. Journal of Muscle Research and Cell Motility, 31(5-6), 337–348.  

Gordon, A. M., Huxley, A.F., & Julian, F.J. (1966). The variation in isometric tension 
with sarcomere length in vertebrate muscle fibres. Journal of Physiology, 184(1), 
170-192. 

Gorzek, J. F., Hendrickson, K. C., Forstner, J. P., Rixen, J. L., Moran, A. L., & Lowe, D. 
A. (2007). Estradiol and tamoxifen reverse ovariectomy-induced physical activity in 
mice. Medicine & Science in Sport & Exercise, 39(2), 248-56. 

Graddy, L. G., Kowalski, A. A., Simmen, F. A., Davis, S. L., Baumgartner, W. W., & 
Simmen, R. C. 2000. Multiple isoforms of porcine aromatase are encoded by three 
distinct genes. Journal of Steroid Biochemistry and Molecular Biology, 73(1-2), 49-
57. 

Grange, R. W., Vandenboom, R., & Houston, M. E. (1993). Physiological Significance of 
Myosin Phosphorylation in Skeletal Muscle. Canadian Journal of Applied 
Physiology, 18(3), 229–242. 

Greaser, M. L., Moss, R. L., & Reiser, P. J. (1998). Variations in contractile properties of 
rabbit single muscle fibres in relation to troponin T isoforms and myosin light chains. 
Journal of Physiology, 406, 85-98. 

Greising, S. M., Baltgalvis, K. A., Kosir, A. M., Moran, A. L., Warren, G. L., & Lowe, D. 
A. (2011). Estradiol's beneficial effect on murine muscle function is independent of 
muscle activity. Journal of Applied Physiology, 110(1), 109-115.  

Greising, S. M., Baltgalvis, K. A., Lowe, D. A., & Warren, G. L. (2009). Hormone 
therapy and skeletal muscle strength: a meta-analysis. Journal of Gerontology Series 
A: Biological Sciences and Medical Sciences, 64, 1071–1081. 

Gruber, C. M. (1922). Studies in fatigue: The staircase phenomenon in mammalian 
skeletal muscle. Journal of Physiology, 332-349. 

Gruber, D. M., & Huber, J. C. (1999). Conjugated estrogens: the natural SERMs. 
Gynecological Endocrinology, 13(6), 9-12. 

Guttman, S. A., Horton, R. G., & Wilber, D. T. (1937). Enhancement of muscle 
contraction after tetanus. American Journal of Physiology, 119(3), 463–473. 

Haines, M., McKinley-Barnard, S. K., Andre, T. L., Gann, J. J., Hwang, P. S., & 
Willoughby, D. S. (2018). Skeletal Muscle Estrogen Receptor Activation in 
Response to Eccentric Exercise Up-Regulates Myogenic-Related Gene Expression 
Independent of Differing Serum Estradiol Levels Occurring during 
the Human Menstrual Cycle. Journal of Sports, Science and Medicine, 17(1), 31-39. 



90 
 

Hall, J. E. (2011). Guyton and Hall textbook of medical physiology. (12th ed.). 
Philadelphia, PA: Saunders/Elsevier. 

Hanson, J., & Lowy, J. (1963) The structure of F-actin and actin filaments isolated from 
muscle. Journal of Molecular Biology, 6, 46–60. 

Haselgrove, J. C. (1972). X-ray evidence for a conformational change in the actin-
containing filaments of vertebrate striated muscle. Cold Spring Harbor Symposia on 
Quantitative Biology, 37, 341-352. 

Hatae, J. (2001). Effects of 17β-Estradiol on Tension Responses and Fatigue in the 
Skeletal Twitch Muscle Fibers of Frog. Japanese Journal of Physiology, 51, 753-759. 

Head, S. I., & Arber, M. B. (2012). An active learning mammalian skeletal muscle lab 
demonstrating contractile and kinetic properties of fast- and slow-twitch muscle. 
Advances in Physiology Education, 37(4), 405-414. 

Heldring, N., Pike, A., Andersson, S., Matthews, J., Cheng, G., Hartman, J., . . . 
Gustafsson, J. (2006). Estrogen receptors: how do they signal and what are their 
targets. Physiological Reviews, 87(3), 905-931. 

Henneman, E., Wuerker, R. & McPhedran, A. (1965). Properties of motor units in a 
heterogeneous pale muscle (m. gastrocnemius) of the cat. Journal of 
Neurophysiology, 28, 85-99 

Hulley, S., Furberg, C., Barrett-Connor, E., Cauley, J., Grady, D., Haskell, W., . . 
. Hunninghake D. (2002). Noncardiovascular disease outcomes during 6.8 years of 
hormone therapy: Heart and Estrogen/progestin Replacement Study follow-up 
(HERS II). JAMA, 288(1), 58-66. 

Huxley, H. E. (1953). Electron microscope studies of the organization of the filaments in 
striated muscle. Biochima et Biophysica Acta, 12, 387-394. 

Huxley, A. F., & Niedergerke, R. (1954). Structural changes in muscle during 
contraction; interference microscopy of living muscle fibres. Nature, 173(4412), 971-
3. 

Huxley, H. E. (1972). Structural changes in the actin and myosin containing filaments 
during contraction. Cold Spring Harbor Symposia on Quantitative Biology, 37, 361-
376. 

Huxley, H., & Hanson, J. (1954). Changes in the cross-striations of muscle during 
contraction and stretch and their structural interpretation. Nature, 173, 973–976.  

Ingberg, E., Theodorsson, A., Theodorsson, E., & Strom, J. O. (2012). Methods for long-
term 17β-estradiol administration to mice. General and Comparative Endocrinology, 
175(1), 188-93. 



91 
 

Kamm, K. E., & Stull, J. T. (2011). Signaling to myosin regulatory light chain in 
sarcomeres. Journal of Biological Chemistry, 286(12), 9941-9947. 

Karas, R. H., Schulten, H., Pare, G., Aronovitz, M. J., Ohlsson, C., Gustaffson, J., & 
Mendelsohn, M. E. (2001). Effects of Estrogen on the Vascular Injury Response in 
Estrogen Receptor α,β (Double) Knockout Mice. Circulation Research, 89, 534-539. 

Katzenellenbogen, B. S., Montano, M. M., Le Goff, P., Schodin, D. J., Kraus, W. L., 
Bhardwaj, B., & Fujimoto, N. (1995). Antiestrogens: mechanisms and actions in 
target cells. Journal of Steroid Biochemistry and Molecular Biology, 53, 387-93. 

Kendall, B., & Eston, R. (2002). Exercise-induced muscle damage and the potential 
protective role of estrogen. Sports Medicine, 32, 103-23. 

Kerksick. C., Taylor, L., Harvey, A. & Willoughby, D. (2008) Gender-related differences 
in muscle injury, oxidative stress, and apoptosis. Medicine and Science in Sports and 
Exercise 40, 1772-80. 

Kim, H. J. & Lee, W. J. (2017). Low-intensity aerobic exercise training: inhibition of 
skeletal muscle atrophy in high-fat-diet-induced ovariectomized rats. Journal of 
Exercise Nutrition & Biochemistry, 21(3), 19-25. 

Klug, P. P., Kaye, N., & Jensen, W. N. (1982). Endothelial cell and vascular damage in 
the sickle cell disorders. Blood Cells, 8(1), 175-84. 

Krarup, C. (1981). The effect of dantrolene on the enhancement and diminution of tension 
evoked by staircase and by tetanus in rat muscle. Journal of Physiology, 311, 389–
400. 

Krendel, M., & Mooseker, M. S. (2005). Myosins: tails (and heads) of functional 
diversity. Physiology (Bethesda), 20, 239-251. 

Kruger N.J. (1994) Detection of Polypeptides on Immunoblots Using Secondary 
Antibodies or Protein A. In: Walker J.M. (eds) Basic Protein and Peptide Protocols. 
Methods in Molecular Biology™, vol 32. New York City, New York: Humana Press. 

Lai, S., Collins, B. C., Colson, B. A., Kararigas, G., & Lowe, D. A. (2016). Estradiol 
modulates myosin regulatory light chain phosphorylation and contractility in skeletal 
muscle of female mice. American Journal of Endocrinology Metabolism. 

Lemoine, S., Granier, P., Tiffoche, C., Berthon, P. M., Rannou-Bekono, F., Thieulant, M. 
L., Carré, F., & Delamarche, P. (2002). Effect of endurance training on oestrogen 
receptor alpha transcripts in rat skeletal muscle. Acta Physiologica Scandinavica, 
174(3), 283-289. 

Leong, P., & MacLennan, D. H. (1998). Complex interactions between skeletal muscle 
ryanodine receptor and dihydropyridine receptor proteins. Biochemistry and Cell 
Biology, 76(5), 681–694.  



92 
 

Levin-Allerhand, J. A., Sokol, K., Smith, J.D. (2003). Safe and effective method for 
chronic 17-beta-estradiol administration to mice. Contemporary Topics in Laboratory 
Animal Science, 42, 33–35. 

Levine, R. J., Kensler, R. W., Yang, Z., Stull, J. T., & Sweeney, H. L. (1996). Myosin 
light chain phosphorylation affects the structure of rabbit skeletal muscle thick 
filaments. Biophysical Journal, 71, 898-907. 

Lonard, D. M. & O'Malley, B. W. (2006). The expanding cosmos of nuclear receptor 
coactivators. Cell 125, 411–414. 

Lowe, D. A., Baltgalvis, K. A., & Greising, S. M. (2010). Mechanisms behind estrogenʼs 
beneficial effect on muscle strength in females. Exercise and Sport Sciences 
Reviews, 38(2), 61-7. 

Lowey, S., & Trybus, K. M. (1995). Role of skeletal and smooth muscle myosin light 
chains. Biophysical Journal, 68(4), 120S-126S. 

Lymn, R. W., & Taylor, E. W. (1971). Mechanism of adenosine triphosphate hydrolysis 
by actomyosin. Biochemistry, 10(25), 4617–4624.  

Lynch, N. A., Metter, E. J., Lindle, R. S., Fozard, J. L., Tobin, J. D., Roy, T. A., . . . 
Hurley, B. F. (1999). Muscle quality. I. Age-associated differences between arm and 
leg muscle groups. Journal of Applied Physiology, 86(1), 188-94. 

Machida, S., & Booth, F. W. (2004). Insulin-like growth factor 1 and muscle growth: 
implication for satellite cell proliferation. Proceedings of the Nutrition Society, 63, 
337–340. 

MacIntosh, B. R., Grange, R. W., Cory, C. R., & Houston, M. E. (1993). Myosin light 
chain phosphorylation during staircase in fatigued skeletal muscle. Pflugers Archiv: 
European Journal of Physiology, 425, 9–15. 

MacIntosh, B. R., Holash, R. J. & Renaud, J. (2012). Skeletal muscle fatigue – regulation 
of excitation-contraction coupling to avoid metabolic catastrophe. Journal of Cell 
Science, 125, 2105-2114. 

Mangan, G., Bombardier, E., Mitchell, A., Quadrilatero, J. & Tiidus, P. M. (2014). 
Estrogen-dependent satellite cell activation and proliferation following a running 
exercise occurs via the P13K signalling pathway and not IGF-1. Acta Physiological 
212, 75085. 

Manning, D. R., & Stull, J. T. (1979). Myosin light chain phosphorylation and 
phosphorylase activity in rat extensor digitorum longus muscle. Biochemical and 
Biophysical Research Communications, 90(1), 164–170. 

Manning, D. R., & Stull, J. T. (1982). Myosin light chain 
phosphorylationdephosphorylation in mammalian skeletal muscle. American Journal 
of Physiology, 242, C234–C241. 



93 
 

Martin, C. (1985). Endocrine Physiology. New York: Oxford University Press. 

Marzieh, D., Saeed, Z., Mohammad, T, G., & Hadi, H. (2015). Effects of steroid 
hormones on uterine tissue remodeling of mouse menopause model. Journal of 
Paramedical Sciences, 6(1), 65-71. 

McCormick, K. M., Burns, K. L., Piccone, C.M., Gosselin, L. E., & Brazeau, G. A. 
(2004). Effects of ovariectomy and estrogen on skeletal muscle function in growing 
rats. Journal of Muscle Research and Cell Motility, 25(1), 21-7. 

McDonnell, D. P. 2000. Selective estrogen receptor modulators (SERMs): a first step in 
the development of perfect hormone replacement regimen. Journal of the Society of 
Gynecologic Investigation, 7(1), 10-5. 

Mckillop, D. F., & Geeves, M. A. (1993). Regulation of the interaction between actin and 
myosin subfragment 1: evidence for three states of the thin filament. Biophysical 
Journal, 65(2), 693–701. 

Meeuwsen, I. B., Samson, M. M., & Verhaar, H. J. (2000). Evaluation of the applicability 
of HRT as a preservative of muscle strength in women. Maturitas, 36, 49–61. 

Metzger, J. M., Greaser, M. L., & Moss, R. L. (1989). Variations in cross-bridge 
attachment rate and tension with phosphorylation of myosin in mammalian skinned 
skeletal muscle fibers. Implications for twitch potentiation in intact muscle. Journal 
of General Physiology, 93, 855-883. 

Moore, R. L., Palmer, B. L., Williams, S. L., Tanabe, H., Grange, R. W., & Houston, M. 
E. (1990). Effect of temperature on myosin phosphorylation in mouse skeletal 
muscle. American Journal of Physiology, 259, C432–C438. 

Moore, R. L., & Stull, J. T. (1984). Myosin light chain phosphorylation in fast and slow 
skeletal muscles in situ. American Journal of Physiology: Cell Physiology, 247(5), 
C462–C471. 

Moorwood, C., Liu, M., Tian, Z., & Barton, E. R. (2013). Isometric and Eccentric Force 
Generation Assessment of Skeletal Muscles Isolated from Murine Models of 
Muscular Dystrophies. Journal of Visualized Experiments, 71. 

Moran, A. L., Nelson, S. A., Landisch, R. M., Warren, G. L., & Lowe, D. A. (2007). 
Estradiol replacement reverses ovariectomy-induced muscle contractile and myosin 
dysfunction in mature female mice. Journal of Applied Physiology, 102(4), 1387-
1393. 

Moran, A. L., Warren, G. L., & Lowe, D. A. (2005). Soleus and EDL muscle contractility 
across the lifespan of female C57BL/6 mice. Experimental Gerontology, 40(12), 966-
75. 



94 
 

Moran, A. L., Warren, G. L., & Lowe, D. A. (2006). Removal of ovarian hormones from 
mature mice detrimentally affects muscle contractile function and myosin structural 
distribution. Journal of Applied Physiology, 100, 548–559. 

Morgan, J. E., & Partridge, T. A. (2003). Muscle satellite cells. International Journal of 
Biochemistry & Cell Biology, 35(8), 1151-6. 

Morgan, M. S., Perry, S. V., & Ottaway, J. (1976). Myosin light chain phosphatase. 
Biochemical Journal, 157, 687- 697. 

Nadal, A., Diaz, M. & Valverde, M. A. (2001). Review - The estrogen trinity: membrane, 
cytosolic and nuclear effects. News in Physiological Sciences, 16, 251-5. 

Nelson, J. F., Felicio, L. S., Osterburg, H. H & Finch, C. E. (1981). Altered profiles of 
estradiol and progesterone associated with prolonged estrous cycles and persistent 
vaginal cornification in aging C57BL/6J mice. Biology of Reproduction, 24, 784-794. 

Nelson, J. F., Felicio, L. S., Randall, P. K., Sims, C., Finch, C. E. (1982). A longitudinal 
study of estrous cyclicity in aging C57BL/6J mice: I. Cycle frequency, length and 
vaginal cytology. Biology of Reproduction, 27(2), 327-39. 

Nilsson, S., & Gustafsson, J. (2011). Estrogen receptors: therapies targeted to receptor 
subtypes. Clinical Pharmacology Therapeutics, 89, 44–55. 

Osborne, C. K. (1988). Review – Tamoxifen in the treatment of breast cancer. New 
England Journal of Medicine, 339(22), 1609-18. 

Palmer, B. M., & Moore, R. L. (1989). Myosin light chain phosphorylation and tension 
potentiation in mouse skeletal muscle. American Journal of Physiology, 257, C1012–
C1019. 

Patel, S., Pazianas, M., Tobias, J., Chambers, T. J., Fox, S., & Chow, J. (1999). Bone, 
24(3), 245-8. 

Pearlman, S. M., Serber, M. & Ferrell, J. E. (2011). A Mechanism for the Evolution of 
Phosphorylated Sites. Cell, 147(4), 934-946. 

Perrie, W. T., Smillie, L. B., & Perry, S. V. (1973). A phosphorylated light-chain 
component of myosin from skeletal muscle. Biochemical Journal. 

Persechini, A., Stull, J. T., Cooke, R. (1985). The effect of myosin phosphorylation on the 
contractile properties of skinned rabbit skeletal muscle fibers. Journal of Biological 
Chemistry, 260, 7951–7954. 

Pessah, I. N., Waterhouse, A. L., & Casida, J. E. (1985). The calcium-ryanodine receptor 
complex of skeletal and cardiac muscle. Biochemical and Biophysical Research 
Communications, 128(1), 449–456. 



95 
 

Phillips, S. K., Rook, K. M., Siddle, N. C., Bruce, S. A., & Woledge, R. C. (1993). 
Muscle weakness in women occurs at an earlier age than in men, but strength is 
preserved by hormone replacement therapy. Clinical Science (London), 84, 95–8. 

Pinto, A., Sanchez, F., Alamo L. & Padron, R. (2012). The myosin interacting-heads 
motif is present in the relaxed filament of the striated muscle of a scorpion. Journal 
of Structural Biology, 180(3), 469-78. 

Pires, E., Perry, S. V., & Thomas, M. A. (1974). Myosin light-chain kinase, a new 
enzyme from striated muscle. FEBS Letters, 41, 292-296.  

Pires, E. M., & Perry, S. V. (1977). Purification and properties of myosin light-chain 
kinase from fast skeletal muscle. Biochemical Journal, 167(1), 137-146. 

Preller, M., & Holmes, K. C. (2013). The myosin start-of-power stroke state and how 
actin binding drives the power stroke. Cytoskeleton, 70(10), 651–660. 

Qaisar, R., Renaud, G., Hedstrom, Y., Pöllänen, E., Ronkainen, P., Kaprio, J., … Larsson, 
L. (2013). Length dependence of active force production in skeletal muscle. Journal 
of Applied Physiology, 591(9),2333-2444.  

Rall, J. A. (2014) Mechanism of Muscular Contraction: Mechanics and energetics of 
muscular contraction: before sliding filaments and into the modern era. New York: 
Springer. 

Rassier, D. E., Tubman, L. A., & MacIntosh, B. R. (1998). Caffeine and length 
dependence of staircase potentiation in skeletal muscle. Canadian Journal of 
Physiology and Pharmacology, 76(10–11), 975–982. 

Rayment, I. (1996). The Structural Basis of the Myosin ATPase Activity. The Journal of 
Biological Chemistry, 271(27), 15850-15853. 

Rayment, I., Holden, H. M., Whittaker, M., Yohn, C. B., Lorenz, M., Holmes, K. C., & 
Milligan, R. A. (1993). Structure of the actin-myosin complex and its implications 
for muscle contraction. Science, 261(5117), 58–65. 

Reggiani, C. (2007). When fibres go slack and cross bridges are free to run: a brilliant 
method to study kinetic properties of acto-myosin interaction. Journal of Physiology, 
583(1), 5–7. 

Reis, E, Frick, U. and Schmidtbleicher, D. (1995) Frequency variation of strength training 
sessions triggered by the phases of the menstrual cycle. International Journal of 
Sports Medicine 16, 545- 550. 

Rogers, N. H., Witczak, C. A., Hirshman, M. F., Goodyear, L. J., & Greenberg, A. S. 
(2009). Estradiol stimulates Akt, AMP-activated protein kinase (AMPK) and 
TBC1D1/4, but not glucose uptake in rat soleus. Biochemical and Biophysical 
Research Communications, 382, 646-650. 



96 
 

Ronda, A. C., Buitrago, C., & Boland, R. (2010). Role of estrogen receptors, PKC and 
Src in 683 ERK2 and p38 MAPK signaling triggered by 17beta-estradiol in skeletal 
muscle cells. Journal of Steroid Biochemistry and Molecular Biology, 122, 287-294. 

Ronkainen, P. H., Kovanen, V., Alen, M., Pollanen, E. M., Ankarberg-Lindgren, C., 
Hamalainen, E., . . . Sipila, S. (2009). Postmenopausal hormone replacement therapy 
modifies skeletal muscle composition and function: a study with monozygotic twin 
pairs. Journal of Applied Physiology, 107, 25-33. 

Roubenoff, R. & Hughes, V. A. (2000). Sarcopenia: current concepts. Journal of 
Gerontology Series A: Biological and Medical Sciences, 55(12), 16-24. 

Ryder, J. W., Lau, K. S., Kamm, K. E., & Stull, J. T. (2007). Enhanced skeletal muscle 
contraction with myosin light chain phosphorylation by a calmodulin-sensing kinase. 
Journal of Biological Chemistry, 282, 20447–20454. 

Samson, M. M., Meeuwsen, I. B., Crowe, A., Dessens, J. A., Duursma, S. A., & Verhaar, 
H. J. (2000). Relationships between physical performance measures, age, height and 
body weight in healthy adults. Age Aging, 29, 235–42. 

Sandow, A. (1952). Excitation-contraction coupling in muscular response. The Yale 
Journal of Biology and Medicine, 25(3), 176–201. 

Schiaffino, S., & Reggiani, C. (1996). Molecular diversity of myofibrillar proteins: gene 
regulation and functional significance. Physiological Reviews, 76(2): 371–423. 

Schiaffino, S., & Reggiani, C. (2011). Fiber types in mammalian skeletal 
muscles. Physiological Reviews, 91(4), 1447-531. 

Schneider, B., Fine, J. P., Nadolski, T., & Tiidus, P. M. (2004). The Effects of Estradiol 
and Progesterone on Plantarflexor Muscle Fatigue in Ovariectomized Mice. 
Biological Research for Nursing, 5, 265-275. 

Seidlova-Wuttke, D., Jarry, H. & Wuttke, W. (2013). Plant derived alternatives for 
hormone replacement therapy (HRT). Hormone Molecular Biology and Clinical 
Ingestigation, 16(1), 35-45. 

Sipila, S., Taaffe, D. R., Cheng, S., Puolakka, J., Toivanen, J., & Suominen, H. (2001). 
Effects of hormone replacement therapy and high impact physical exercise on 
skeletal muscle in post-menopausal women: a randomized control trial. Clinical 
Science (London), 101(2), 147-57. 

Skou, J. C. (1988). Overview: The Na,K-pump. Methods in Enzymology, 156, 1-25. 

Smith, I. C., Gittings, W., Huang, J., McMillan, E. M., Quadrilatero, J., Tupling, A. R., & 
Vandenboom, R. (2013). Potentiation in mouse lumbrical muscle without myosin 
light chain phosphorylation: Is resting calcium responsible? The Journal of General 
Physiology, 141(3), 297–308.  



97 
 

Smith, I. C., Huang, J., Quadrilatero, J., Tupling, A. R. & Vandenboom, R. (2010). 
Posttetanic potentiation in mdx muscle. Journal of Muscle Research and Cell 
Motility, 31(4), 267-77. 

Smith, I. C., Vandenboom, R., & Tupling, R. (2014). Juxtaposition of the changes in 
intracellular calcium and force during staircase potentiation at 30 and 37oC. Journal 
of General Physiology, 144(6), 561-70. 

Sotiriadou, S., Kyparos, A., Mougios, V., Trontzos, C., Sidiras, G., & Matziari, C. (2003). 
Estrogen effect on some enzymes in female rats after downhill running. 
Physiological Research, 52(6), 743–8. 

Stephenson, G. M., & Stephenson, D. G. (1993). Endogenous MLC2 phosphorylation and 
Ca(2+)-activated force in mechanically skinned skeletal muscle fibres of the rat. 
Pflugers Archiv: European Journal of Physiology, 424(1): 30–38. 

Stubbins, R. E., Holcomb, V. B., Hong, J., & Nunez, N. P. (2012). Estrogen modulates 
abdominal adiposity and protects female mice from obesity and impaired glucose 
tolerance. European Journal of Nutrition, 51(7), 861-870. 

Stull, J. T., Kamm, K. E., & Vandenboom, R. (2011). Myosin light chain kinase and the 
role of myosin light chain phosphorylation in skeletal muscle. Archives of 
Biochemistry and Biophysics, 510(2), 120–128. 

Stupka, N., & Tiidus, P. M. (2001). Effects of ovariectomy and estrogen on 
ischemiareperfusion injury in hindlimbs of female rats. Journal of Applied 
Physiology, 91, 1828– 1835. 

Sung, E., Han, A., Hinrichs, T., Vorgerd, M., Manchado, C. & Platen, P. (2014) Effects of 
follicular versus luteal phase-based strength training in young women. SpringerPlus 
3, 668. 

Sweeney, H. L., & Houdusse, A. (2004). Mammalian muscle myosin. In Engel, A. G., 
Franzini-Armstrong, C. (3rd ed.), Myology (167-186). New York, NY: McGraw-Hill. 

Sweeney, H. L., & Houdusse, A. (2010). Structural and functional insights into the 
myosin motor mechanism. Annual Review of Biophysics, 39(1), 539–557. 

Sweeney, H. L., & Kushmerick, M. J. (1985). Myosin phosphorylation in permeabilized 
rabbit psoas fibers. American Journal of Physiology, 249, C362–C365. 

Sweeney, H. L., & Stull, J. T. (1986). Phosphorylation of myosin in permeabilized 
mammalian cardiac and skeletal muscle cells. American Journal of Physiology, 
250(4), 657–660. 

Sweeney, H. L., & Stull, J. T. (1990). Alteration of cross-bridge kinetics by myosin light 
chain phosphorylation in rabbit skeletal muscle: Implications for regulation of actin-
myosin interaction. Proceedings of the National Academy of Sciences USA, 87, 414–
418. 



98 
 

Szczesna, D., Zhao, J., Jones, M., Zhi, G., Stull, J., & Potter, J. D. (2002). 
Phosphorylation of the regulatory light chains of myosin affects Ca2+ sensitivity of 
skeletal muscle contraction. Journal of Applied Physiology 92(4), 1661–1670. 

Taaffe, D. R., Sipila, S., Cheng, S., Puolakka, J., Toivanen, J., & Suominen, H. (2005). 
The effect of hormone replacement therapy and/or exercise on skeletal muscle 
attenuation in postmenopausal women: a yearlong intervention. Clinical Physiology 
and Functional Imaging, 25(5), 297-304. 

Tepperman, J., & Tepperman, H. (1987). Metabolic and Endocrine Physiology (5th ed.). 
Chicago: Year Book Medical Publishers. 

Tiidus, P. M. (1995). Can estrogens diminish exercise induced muscle damage? Canadian 
Journal of Applied Physiology, 20, 26–38. 

Tiidus, P. M., Deller, M., & Liu, X. L. (2005). Oestrogen influence on myogenic satellite 
cells following downhill running in male rats: a preliminary study. Acta 
Physiologica: Scandinavian Physiological Society, 184, 67–72. 

Tinker, S. C., Hamner, H. C., Qi, Y. P., & Crider, K. S. (2015). U.S. women of 
childbearing age who are at possible increased risk of a neural tube defect-affected 
pregnancy due to suboptimal red blood cell folate concentrations, National Health 
and Nutrition Examination Survey 2007 to 2012. Birth Defects Research Part A: 
Clinical And Molecular Teratology, 103(6), 517-526. 

Tubman, L. A., MacIntosh, B. R., & Maki, W. A. (1996). Myosin light chain 
phosphorylation and posttetanic potentiation in fatigued skeletal muscle. Pflugers 
Archiv: European Journal of Physiology, 431(6), 882–887. 

Tubman, L. A., Rassier, D. E., & MacIntosh, B. R. (1996). Absence of myosin light chain 
phosphorylation and twitch potentiation in atrophied skeletal muscle. Canadian 
Journal of Physiology and Pharmacology, 74(6), 723-8. 

Turgeon, J. L., Carr, M. C., Maki, P. M., Mendelsohn, M. E., Wise, P. M. (2006). 
Complex actions of sex steroids in adipose tissue, the cardiovascular system, and 
brain: Insights from basic science and clinical studies. Endocrine Reviews,27, 575–
605. 

Vandenboom, R. (2016). Modulation of Skeletal Muscle Contraction by Myosin 
Phosphorylation. Comprehensive Physiology, 7(1), 171-212. 

Vandenboom, R., Gittings, W., Smith, I. C., Grange, R. W., & Stull, J. T. (2013). Myosin 
phosphorylation and force potentiation in skeletal muscle: Evidence from animal 
models. Journal of Muscle Research and Cell Motility, 34(5-6), 317-332. 

Vandenboom, R., Grange, R. W., & Houston, M. E. (1995). Myosin phosphorylation 
enhances rate of force development in fast-twitch skeletal muscle. American Journal 
of Physiology, 268, 596–603. 



99 
 

Vandenboom, R., & Houston, M. E. (1996). Phosphorylation of myosin and twitch 
potentiation in fatigued skeletal muscle. Canadian Journal of Physiology and 
Pharmacology, 74(12), 1315–1321 

Velders, M., Solzbacher, M., Schleipen, B., Laudenbach, U., Fritzemeier, K. H, & Diel, 
P. (2010). Estradiol and genistein antagonize the ovariectomy effects of skeletal 
muscle myosin heavy chain expression via ER-beta mediated pathways. Journal of 
Steroid Biochemistry and Molecular Biology, 120(1), 53-9. 

Wang, Y., Szczesna-Cordary, D., Craig, R., Diaz-Perez, Z., Guzman, G., Miller, T., & 
Potter, J. D. (2007). Fast skeletal muscle regulatory light chain is required for fast 
and slow skeletal muscle development. The FASEB Journal, 21(9), 2205-2214. 

Warren, G. L., Moran, A. L., Hogan, H. A., Lin, A. S., Guldberg, R. E., & Lowe, D. A. 
(2015). Voluntary run training but not estradiol deficiency alters the tibial bone-
soleus muscle functional relationship in mice. American Journal of Physiology: 
Regulatory, Integrative and Comparative Physiology, 293, R2015-26.  

Weisz, A. & Bresciani, F. (1988) Estrogen induces expression of c-fos and c-myc 
protooncogenes in rat uterus. Molecular Endocrinology 2, 816-824. 

Wendt, T., Taylor, D., Messier, T., Trybus, K. M., & Taylor, K. A. (1999). Visualization 
of head-head interactions in the inhibited state of smooth muscle myosin. Journal of 
Cell Biology, 147, 1385-1390. 

Wickiewicz, T. L., Roy, R. R., Powell, P. L., Edgerton, V. R. (1983) Muscle architecture 
of the human lower limb. Clinical Orthopaedics Related Research, 179, 275-283. 

Wiik, A., Ekman, M., Johansson, O., Jansson, E., & Esbjörnsson, M. (2009). Expression 
of both oestrogen receptor alpha and beta in human skeletal muscle tissue. 
Histochemistry Cell Biology 131(2), 181-189. 

Wiik, A., Glenmark, B., Ekman, M., Esbjörnsson-Liljedahl, M., Johansson, O., Bodin, 
K., Enmark, E., & Jansson, E. (2003). Oestrogen receptor beta is expressed in adult 
human skeletal muscle both at the mRNA and protein level. Acta Physiologica 
Scandinavica 179(4), 381-387. 

Williams, T., Walz, E., Lane, A. R., Pebole, M., & Hackney, A. C. (2015). The effect of 
estrogen on muscle damage biomarkers following prolonged aerobic exercise in 
eumenorrheic women. Biology of Sport, 32(3), 193-8. 

Wohlers, L. M., Sweeney, S. M., Ward, C. W., Lovering, R. M. & Spangenburg, E. E. 
(2009). Changes in contraction-induced phosphorylation of AMP-activated protein 
kinase and mitogen-activated protein kinases in skeletal muscle after ovariectomy. 
Journal of Cell Biochemistry, 107(1), 171-8. 



100 
 

Wood, G. A., Fata, J. E., Watson, K. L. & Khokha, R. (2007). Circulating hormones and 
estrous stage predict cellular and stromal remodeling in murine uterus. Reproduction, 
133(5), 1035-44. 

Xeni, J., Gittings, W. B, Caterini, D., Huang, J., Houston, M. E., Grange, R. W., & 
Vandenboom, R. (2011). Myosin light-chain phosphorylation and potentiation of 
dynamic function in mouse fast muscle. Pflugers Archiv: European Journal of 
Physiology, 462, 349-358. 

Yager, J. D. & Davidson, N. E. (2006). Estrogen carcinogenesis in breast cancer. New 
England Journal of Medicine, 354(3), 270-82. 

Zhi, G., Ryder, J. W., Huang, J., Ding, P., Chen, Y., Zhao, Y., . . . Stull, J. T. (2005). 
Myosin light chain kinase and myosin phosphorylation effect frequency-dependent 
potentiation of skeletal muscle contraction. Proceedings of the National Academy of 
Sciences, 102(48), 17519–17524. 

  



101 
 

Appendix I: Preliminary Procedures for Contractile Experiments 

Setting Up the In Vitro Apparatus  

1. After turning on the computer, open the single channel data collection program 
(Linux systems only require a single click, as opposed to the Windows or Mac OS 
X double-click)  

2. Open ‘Set Up’, ‘Protocol’ and ‘Scope’ windows  
3. Switch ASI stimulator and servomotor/force transducer control units ON  
4. Zero the force in signal by clicking ‘Record Fin’ in ‘Set Up’ window periodically 

until the value stabilizes around a given number (usually 27-32 mV) - servomotor 
arm needs voltage to stabilize in resting position  

5. Turn Circulator ON – compressor should stay ON, set to LOW  
6. Pack ice around auxiliary organ bath if necessary  
7. Insert closed needle valve into vertical jacketed organ bath  
8. Pour fresh Tyrode’s solution into both baths  
9. Open master value on mixed gas cylinder, followed by secondary black valve 

located on the regulator  
10. Open cut off valves on tubing that feed the organ baths required for the 

experiment  
11. Fine tune the oxygen flow to each bath with fine black adjustment knobs on the 

gas dispersal units to obtain a steady stream of bubbles  
12. Turn tank off until experiment begins to conserve oxygen  

Surgical Procedures  

1. Weigh mouse 
2. Fully anaesthetize mouse using isoflurane inhalation  
3. Begin procedures once the pedal reflex is absent  
4. Remove skin to expose hind limb musculature  
5. Pin foot down  
6. Remove fascia from TA and relieve tendons held under the tensor ligament  
7. Isolate TA tendon, and remove TA  
8. Stop bleeding associated with rupture of TA blood supply using Tyrode’s soaked 

gauze  
9. Tie non-absorbable silk sutures to the proximal and distal tendons of the EDL  
10. Cut tendons and mount muscle  

Mounting Isolated Muscles  

1. Zero Fin  
2. Open bottom clamp  
3. Loop top suture onto servomotor lever arm  
4. Straighten bottom suture and insert into bottom clamp 
5. Tighten bottom clamp  
6. Adjust muscle length with coarse adjustment knob until just taut length is reached  
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7. Tighten white screw behind apparatus to lock in place  
8. Use fine adjustment knob to obtain 3-5 mN resting tension.  
9. Measure muscle length using digital vernier calipers   
10. Input value as ‘Reference Length’ in Set Up window, hit Enter, then record Lin  
11. Check boxes for Lo=Lref and Lf=Lo  
12. Click ‘Verify Sequence’, and ‘Save'  
13. Flip stimulator to Gated Trigger Mode (from Follow)  
14. Leave voltage knob as maximal, and adjust the current to achieve maximal twitch 

force through manual triggering (usually around 7-8 mA)  

Equilibration and Determining Lo  

1. Load equilibration sequence in Sequencer view of Protocol window  
2. Enable Slip Tetanus and Equilibration protocols  
3. Manually stimulate muscle at various lengths to determine Lo - from 0 mN to 20 

mN resting tension is a good range  
4. Allow muscle to rest ~30 s between twitches   
5. Determine the resting tension at which the largest active force is produced (i.e. 

total tension – passive tension)  
6. Set muscle length to resting tension that best represents Lo, and if there are 2 

similar results then pick the lower value  
7. Use digital vernier calipers to measure the new length, input as Reference Length 

and record Lin   
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Appendix II: Contractile Experimental Design 

 

 

 

 

 

 

Figure XXII: Contractile experimental timeline 

 

Lo – Optimal Length; length that produces the maximum force. 

P – “Passive” component: Lengthening ramp that stretches muscle to 1.05 Lo in 1s then 
shortens muscle to 0.9 Lo in 85ms.  Total duration: 2.5s.  

A – “Active” component: Lengthening ramp that stretches muscle to 1.05 Lo in 1s, 
stimulates the muscle at 1 Hz for 100ms and then shortens muscle to 0.9 Lo in 85ms.  
Total duration: 2.5s. 

A – P = simulation of a concentric twitch. 

PS – Potentiating Stimulus; sufficient stimulus to potentiate the muscle, 4 twitches, 
100Hz for 400ms each.  Total duration: 10.25s 

Pre-PS Twitches – At time 0 a passive component commences with 3 active components 
starting at 60s separated by 5s each. 

Post-PS Twitches – Begins 5s after the potentiating stimulus with a passive component 
followed by 4 active components and another passive separated by ~2.5s. 

 A – Muscle is subjected to liquid nitrogen to freeze 10s after PS; represents 
stimulated muscle frozen in time. 

 B – Muscle is subjected to liquid nitrogen to freeze at least 20 minutes after the 
PS; represents muscle at rest. 

  

Time (s) 

P A A A P 

A 

A A 

A P 

Pre-PS Twitches Potentiating Stimulus (PS) Post-PS Twitches 
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Appendix III: Measurement of Myosin Regulatory Light Chain Phosphorylation by 

Urea/Glycerol-PAGE with Immunoblotting 

 

Myosin regulatory light chains (RLCs) are small (18 − 20 𝑘𝐷𝑎) acidic (pI about 
4.8 with net charge of -18) proteins that migrate easily in polyacrylamide gels containing 
glycerol for density. RLCs are denatured with trichloroacetic acid (TCA) and solubilized 
in urea to dissociate the RLCs from the myosin heavy chains. The addition of a single 
phosphate introduces two additional negative charges at pH 8.6 (the pH of the running 
buffer) so the phosphorylated protein migrates faster than the non-phosphorylated RLC. 
Thus, the phosphorylation measurements are quantitative (mol per mol), not relative 
(degree of change) after measurements of the protein band density by immunoblotting. 

Sample Preparation 

Prepare Stock Solutions 
Acetone-Based Protein Precipitation Solution (5 mL) 

10% Trichloroacetic acid (TCA), 10 mM DTT in ice-cold acetone (-20 C) 

TCA (T8657) 0.5 g 

DTT (D0632) 7.71 mg 

Acetone 2.5 mL 

Dissolve  

Acetone Q.S. to 5 mL 

N.B. Make fresh on day of sample preparation, and store in -20 C until use. 

 
Water-Based Protein Precipitation Solution (5 mL) 

10% Trichloroacetic acid (TCA), 10 mM DTT in  

TCA (T8657) 0.5 g 

DTT (D0632) 7.71 mg 

dH2O 2.5 mL 

Dissolve  

dH2O Q.S. to 5 mL 

N.B. Make fresh on day of sample preparation, and store in -20 C until use. 
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Prepare Buffers 
Gel Buffer (500 mL) 

Trizma base 13.7 g 

Glycine 10.0 g 

dH2O 250 mL 

Dissolve  

dH2O Q.S. to 500 mL 

N.B. Store at 2-8 C.  

 
Sample Buffer 

8 M Urea 1.83 mL 

Urea Gel Buffer 167.0 uL 

0.5 M DTT 40.0 uL 

Saturated Sucrose 100 uL 

0.2% Bromophenol Blue 40.00 uL 

0.4 M EDTA 1.00 uL 

N.B. Make fresh on day of sample prep. 

 

Sample Denaturation 

1. Pipet 0.5 mL Acetone-Based Protein Precipitation Solution into as many 
microcentrifuge tubes as you have muscle samples (pre-labeled), and freeze in 
liquid N2 

2. Measure frozen weight of muscle sample (~10 mg for EDLs) and record 
3. Remove microcentrifuge tube from N2, open lid and place on ice 
4. Introduce muscle preparation (with sutures removed) to the microcentrifuge tube 

of frozen Acetone-Based Protein Precipitation Solution slurry, as it forms a slurry 
when warming up to about -35°C on ice 

5. Remove the tubes from ice and allow them to come to room temperature 
 

Sample Homogenization 

1. Transfer each denatured muscle sample (tissue only, no liquid) to a ground glass 
homogenizing tube, and pipet in 0.5 mL Water-Based Protein Precipitation 
Solution  

2. Homogenize muscle sample thoroughly 
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3. Transfer the homogenate to a microcentrifuge tube by pouring – samples may sit 
on ice for 10 mins or more 

4. Centrifuge at 2000 RPM for 3 minutes at room temperature – do not over pack the 
protein pellet or resuspension will be difficult 

5. Discard the supernatant by pouring off into a waste beaker 
6. Wash pellet with 0.5 mL of ether, 3 times for 5 minutes each to remove TCA 
7. Let residual ether evaporate from the tube for 5 minutes in the hood or blow 

gently into the tube if you are impatient 
8. DO NOT let the pellet go totally dry or resuspension will be difficult 

 

Resuspension 

1. Add 30 μL of urea sample buffer per mg frozen tissue weight  
2. Vortex and manually disperse the pellet if necessary 
3. pH should be around 9, check by confirming blue colour of the sample – if 

yellow/green at 2 M Tris base (pH 11) 1 μL at a time until colour becomes 
uniform between samples 

4. Add ~15 pellets of urea to microcentrifuge tube that contains 300 μL of sample 
buffer 

5. Shake samples for 15 minutes at room temperature, adding more urea if the others 
have dissolved 

6. Repeat until sample is saturated by urea – do NOT oversaturate or the sample will 
become solid and unusable 

7. Store at -80°C if you do not use immediately.  
8. Thaw samples on day of use in an ice bath, and mix after 1 hr of thawing 
9. Do not heat urea samples on thawing – this can lead to breakdown of urea at high 

pH to cyanide with carbamylation of protein, which changes charge.  
 

Hand Casting of Polyacrylamide Gels 

10% (w/v) APS 

Ammonium persulfate (A3574) 0.10 g 

dH2O 1.0 mL 

N.B. Make fresh when casting gels. 

 
Urea/Glycerol Polyacrylamide Gels (2) 

dH2O 4.2 mL 

Glycerol (G5516) 9.0 mL 

30% Acrylamide/Bis 29:1 7.5 mL 

Urea Gel Buffer 1.9 mL 
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Stir 10 mins under vacuum to de-gas  

10% APS 100 uL 

TEMED 10 uL 

Mix by Swirling  

Quickly pour into minigel apparatus & insert combs 

N.B. Make just prior to pouring. Gel starts polymerizing immediately after APS and 
TEMED are introduced to the solution – have everything ready to cast before adding 
these and move quickly. 

 

1. Place magnetic stir bar in small vacuum flask   
2. Mix dH2O, glycerol, acrylamide, and urea gel buffer in flask 
3. Close flask and turn on vacuum 
4. Stir for 10-15 minutes under vacuum to de-gas the solution 
5. Prepare plates/combs for casting 
6. Pour degassed solution into 50 mL falcon tube 
7. Draw 100 uL of 10% APS and 10 μL TEMED in pipettes 
8. Quickly add the APS and TEMED, mix by swirling – do NOT shake or you will 

re-gas the solution you just spent 10 minutes degassing 
9. Cast gels using a disposable transfer pipet, pouring only into the centre of the 

plates – the solution will naturally spread, you do not need to move the pipet, as 
you may risk formation of bubbles 

10. Insert newly cleaned combs, and wipe up any spillage before polymerization - this 
protocol does not use a stacking gel 

11. Mix upper and lower buffers while gels polymerize (~45 mins) 
 

Lower Buffer (1 L) 

Urea Gel Buffer 83.0 mL 

dH2O Q.S. to 1000 mL 

N.B. this buffer is poured into the electrophoresis tank. 

 

Upper Buffer (200 mL) 

DTT 73.3 mg 

Thioglycolate 53.3 mg 

Lower Buffer 200 mL 

N.B. this buffer is poured into the electrode assembly. 
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Electrophoretic Separation of Proteins 

Pre-Electrophoresis 
1. Carefully remove combs from polymerized gel – it must be removed while 

remaining parallel to the gel to prevent damage to any wells 
2. Rinse wells with dH2O to remove any debris 
3. Rinse wells with Upper Buffer immediately before pre-electrophoresis 
4. Place gels into electrode assembly after wetting the gasket, ensuring that the plates 

are fully inserted into the brackets 
5. Check seal for leak using dH2O 
6. Pre-electrophorese at 400 V for 1 hour to force thioglycolate into the gel – this 

reduces any residual APS that was used to initiate polymerization, preventing 
protein oxidation which will affect protein migration 
 

Electrophoretic Separation of Proteins 
1. Load 5-20 μL of each sample – this gel system does not have a stacking gel, so the 

tip of the pipet should be close to the gel in the well with slow addition of the 
sample. Urea and sucrose were added for increased density, so the sample should 
layer in the well as a sharp band 

2. Amount to load depends on tissue source so optimal amount needs to be 
determined - Load at least 5 μL to get good bands – if protein is too concentrated, 
sample can be diluted with urea sample buffer 

3. Do NOT use the end wells, as samples in the end wells tend to distort 
4. Electrophorese at 400 V for 100 minutes - Dye will run off gel but you can look at 

it during electrophoresis to make sure migration is normal 
5. Prepare 1X Transfer Buffer from 10X Transfer Buffer stock during 

electrophoresis – 1 L is enough for 1-2 gels 
 

10X Transfer Buffer (1 L) 

1.9 M Glycine, 250 mM Tris, 0.5% (w/v) SDS 

Glycine  144.12 g 

Tris  30.29 g 

SDS 5.0 g 

dH2O 500 mL 

Dissolve  

dH2O Q.S. to 1 L 

N.B. Store at 2-8 C. 
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Transfer Buffer (1 L) 

192 mM Glycine, 25 mM Tris, 0.05% (w/v) SDS 

10X Transfer Buffer  100 mL 

100% Methanol 200 mL 

dH2O 700 mL 

N.B. Make from concentrated stock on the day of transfer. 

 

Transferring Protein from Polyacrylamide Gel to the Nitrocellulose Membrane 

1. Cut ~8.5 x 7.0 cm pieces of nitrocellulose paper (0.45 mm pore size) 
2. Pour 1x Transfer Buffer into trays in preparation for blotting sandwich 
3. Disassemble electrode assembly, and remove gel cassettes 
4. Separate plates using green plastic wedge  
5. Cut off approximately one quarter of the upper part of gel 
6. Notch the upper left corner of the gel to aid in discerning orientation later 
7. Rinse gels gently in transfer buffer for 5 minutes to equilibrate 
8. Place a magnetic stir bar into the transfer tank, half fill with cooled 1X Transfer 

Buffer and position on stirrer 
9. Immerse nitrocellulose membrane in transfer buffer for 1 minute to wet it – it 

should be pre-notched in the upper left corner of the membrane to match the 
orientation of the gel 

10. With the black (cathode) side of the gel holder cassette submerged in Transfer 
Buffer, assemble the blotting sandwich in the following order, wetting each layer 
before its addition: sponge, blotting paper, gel, nitrocellulose membrane, blotting 
paper and sponge 

11. Roll after adding each layer to remove any air bubbles – having enough Transfer 
Buffer in the tray to cover all layers will help when removing bubbles 

12. Close the cassette, slide white latch to lock, and place into blotting module with 
the latch side up, and the black side of the cassette facing the black side of the 
blotting module 

13. Repeat for any additional blots, then place the blotting module with the gel holder 
cassettes into the tank 

14. Insert icepack into tank, add transfer buffer to the tank until the fill line is reached, 
and begin stirring 

15. Place lid on top of the cell, connect cables to power supply, turn on power supply 
and transfer membrane at 25 V for 1 hour by selecting the pre-set method titled 
“Transfer” 
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Immunobloting 

Blocking of Non-Specific Sites 
1. Remove the nitrocellulose membrane from the blotting sandwich, and transfer to a 

square petri dish, ensuring that only the corner of the membrane is touched by 
tweezers and that the membrane remains protein-side up 

2. Wash the membrane in TBST three times for 10 minutes each 
3. Incubate with Blocking Buffer for 1 hour at room temperature to prevent non-

specific binding in a clean tray 
 

Primary Antibody Incubation 
1. Wash membrane in TBST twice, 5-10 min per wash 
2. Add 1:7,500 skMLCK polyclonal primary antibodies to fresh blocking buffer (i.e. 

1.5 μL in 10 mL) in a clean tray and incubate with rocking overnight at 4°C 
 

Secondary Antibody Incubation 
1. Remove primary antibody and wash the membrane with TBST, six times for 10 

minutes in a clean tray 
2. Incubate with secondary antibody, 1:10,000 dilution of Goat Anti-Rabbit IgG-

HRP in TBST (i.e 1 μL in 10 mL) for 1 hour in a clean tray 
 

Detection of Target Proteins 
1. Wash the membrane in TBST six times for 10 minutes 
2. Transfer membrane to a clean tray after rinsing with dH2O, and drip drying onto 

Kim Wipe 
3. Make detection buffer using equal volumes of ECL Prime luminol and oxidizing 

reagents 
4. Incubate the membrane in detection buffer for 2 minutes, constantly pipetting to 

cover entire membrane 
5. Decant the ECL Prime, lift membrane with tweezers and blot all excess reagent 

from the corner of the membrane using a Kim Wipe 
6. Cover membrane with sheet protector, and roll to remove air bubbles and/or 

excess liquid 
7. Turn on the CCD imaging machine – flip the power switches at the back of the 

unit (bottom right) and on the shelf 
8. Open the FluorChem application 
9. Place blot on imager platform and center on the screen, zoom if necessary 
10. Imager should be on setting 1 for chemiluminescence 
11. Select “Chemidisplay”, “Normal Sensitivity/Resolution”, and check “UV” for 

“Transluminator” and “Reflective” settings 
12. Select exposure time of 30-60 seconds, and select ‘Acquire Image’  
13. Save image to appropriate folder 
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Appendix IV: Reconstitution of lyophilized RLC antibody 

 

Goat anti-RLC lyophilized antibody reconstituted in 0.02% NaN3/H2O (4% antibody w/v).  
Sodium azide (NaN3) is often added to an antibody preparation to prevent microbial 
contamination in storage (Kruger, 1994). 

0.02% NaN3 / H2O  

NaN3  20 mg 

H2O  100 ml 

Mix thoroughly 

4% AB w/v 

Goat-anti-RLC 1o AB (dry stock)  4 g 

0.02% NaN3 sol’n  100 ml 

 
Aliquot mixture into 10ul microtubes and freeze at -20oC. 
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Appendix V: Raw Data – Force 

BL 

 Muscle (L/R) 
EDL Weight 

(mg) 

Peak Force 
(mN) 

Average 
Peak PS (mN) 

Peak Force 
(mN) 

10s after PS 

Peak Force 
Relative 

(Post/Pre) 
KOBL2 L 5.4000 13.1098 217.1033 17.6750 1.3482 

 R 7.0000 16.0922 109.2845 18.8253 1.1698 
KOBL3 R 5.9000 14.0799 171.7581 17.9573 1.2754 
KOBL4 L 7.2000 17.7250 228.1168 22.0089 1.2417 

 R 10.2000 20.0817 211.5140 23.4895 1.1697 
KOBL5 R 7.2000 10.6300 139.7960 14.0078 1.3178 
KOBL 6 L 6.1000 19.6862 159.7415 21.3631 1.0852 
KOBL 7 L 7.3000 15.5165 218.4849 21.0568 1.3571 

 R 7.7000 16.5717 237.1059 23.3994 1.4120 
  

       
MEAN   7.1111 15.9437 188.1005 19.9759 1.2641 
SD  1.3860 3.0545 44.6262 3.1145 0.1066 
SEM  0.4620 1.0182 14.8754 1.0382 0.0355 

  
       

              
WTBL1 L 9.8000 20.5112 204.4110 25.8472 1.2602 

 R 13.1000 13.8356 78.5267 18.3718 1.3279 
WTBL2 L 6.5000 16.5527 197.0647 23.0631 1.3933 

 R 8.0000 13.4422 153.6476 19.3599 1.4402 
WTBL3 L 8.9000 18.4809 190.5683 26.4299 1.4301 

 R 12.2000 22.5355 136.3361 31.3374 1.3906 
WTBL4 L 8.6000 20.5072 224.0682 26.6161 1.2979 

 R 9.4000 20.6253 203.2246 26.8533 1.3020 
WTBL5 L 6.8000 16.0631 154.7469 19.8735 1.2372 

 R 8.0000 17.2355 170.9502 20.4922 1.1890 
WTBL6 L 7.4000 19.3809 227.7714 27.0366 1.3950 

 R 6.8000 15.8469 138.2642 22.7868 1.4379 
  

         
MEAN   8.7917 17.9181 173.2983 24.0056 1.3418 
SD  2.0887 2.8809 43.2568 3.9572 0.0849 
SEM  0.6030 0.8316 12.4872 1.1423 0.0245 
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Sham 
 

 Muscle (L/R) 
EDL Weight 

(mg) 

Peak Force 
(mN) 

Average 
Peak PS (mN) 

Peak Force 
(mN) 

10s after PS 

Peak Force 
Relative 

(Post/Pre) 
KOS1 R 7.7000 13.1148 146.5626 15.8940 1.2119 
KOS2 R 8.8000 10.3647 157.4529 13.9448 1.3454 
KOS3 L 8.0000 13.8657 230.6757 17.6479 1.2728 

 R 9.7000 11.2447 210.1685 15.3534 1.3654 
KOS4 L 6.7000 13.7445 215.8740 17.9753 1.3078 

 R 6.3000 11.7703 200.2873 15.0800 1.2812 
KOS5 R 7.5000 11.0134 129.2090 13.2179 1.2002 
KOS6 L 9.3000 12.1898 246.5997 20.7505 1.7023 

 R 8.6000 16.4256 158.8195 18.9364 1.1529 
        

MEAN   8.0667 12.6371 188.4055 16.5333 1.3155 
SD  1.1435 1.8711 41.2782 2.4619 0.1607 
SEM  0.3812 0.6237 13.7594 0.8206 0.0536 

         

              
WTS1 R 9.7000 18.3247 214.7667 27.2708 1.4882 
WTS2 L 9.5000 19.1587 181.4741 27.6192 1.4416 
WTS3 R 7.0000 18.1425 177.0381 24.3816 1.3439 
WTS4 L 8.1000 19.0545 274.1978 27.8985 1.4641 

 R 8.4000 17.1374 225.4768 24.5888 1.4348 
WTS5 L 9.1000 18.8974 227.3299 28.9317 1.5310 

 R 10.4000 14.8568 145.5535 20.0206 1.3476 
WTS6 L 8.0000 16.5837 216.2203 24.2975 1.4651 

 R 9.8000 19.2317 246.4225 29.8868 1.5540 
  

       
MEAN   8.7750 17.9319 212.0533 26.0995 1.4523 
SD  1.1003 1.4786 38.8344 3.0561 0.0718 
SEM  0.3668 0.4929 12.9448 1.0187 0.0239 
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E- 
 

 Muscle (L/R) 
EDL Weight 

(mg) 

Peak Force 
(mN) 

Average 
Peak PS (mN) 

Peak Force 
(mN) 

10s after PS 

Peak Force 
Relative 

(Post/Pre) 

KO5 L 8.6000 11.9865 193.0461 16.4856 1.3753 
KO6 L 9.3000 14.7777 192.9320 17.7591 1.2017 

 R 8.5000 17.9903 231.6157 22.8078 1.2678 
KO8 L 5.7000 10.8022 180.5580 15.1371 1.4013 

 R 5.7000 16.3263 175.0528 20.8526 1.2772 
KO9 L 9.7000 12.5952 88.6091 14.8788 1.1813 

 R 10.9900 11.0585 167.9167 14.3382 1.2966 
KO10 L 8.8000 12.5171 151.1428 17.3686 1.3876 

 R 8.5000 18.6571 169.2412 22.5104 1.2065 
KO11 L 8.1000 16.4726 204.7173 21.0568 1.2783 

 R 7.4000 19.5411 215.9200 24.1563 1.2362 
KO15 L 8.9000 12.2108 183.9729 17.3506 1.4209 
KO19 L 9.9000 19.6482 229.9579 24.6639 1.2553 

 R 9.8000 17.8101 159.2520 20.4711 1.1494 
KO20 R 6.1000 10.8943 143.2108 13.9478 1.2803 
KO21 L 8.5000 23.2663 290.5183 27.2498 1.1712 

 R 9.0000 23.8119 242.9505 25.3817 1.0659 
  

       

MEAN   8.4406 15.9039 189.4479 19.7892 1.2619 
SD  1.4830 4.2377 45.6409 4.2273 0.0964 
SEM  0.3597 1.0278 11.0695 1.0253 0.0234 

  
       

              
WT4 L 9.4000 12.0206 186.9553 19.7053 1.6393 
WT5 L 8.7000 12.6964 185.8140 19.1917 1.5116 

 R 6.7000 20.4912 266.7194 31.3434 1.5296 
WT6 R 8.0000 13.5173 183.0659 19.9185 1.4736 
WT9 L 10.1000 20.6013 239.1302 29.0668 1.4109 

 R 10.6000 18.6150 223.6387 26.3878 1.4176 
WT10 R 9.3000 15.3503 183.8017 21.7296 1.4156 
WT12 L 9.2000 16.8460 153.3593 23.7388 1.4092 

 R 10.2000 23.3904 230.0960 31.0881 1.3291 
WT13 L 7.4000 19.9736 208.2884 27.3639 1.3700 

 R 8.9000 19.0956 196.5601 28.7665 1.5064 
WT17 L 9.7000 25.5308 251.0807 34.2717 1.3424 

 R 10.2000 22.1941 173.1276 23.9881 1.0808 
WT18 L 8.9000 15.8910 224.9001 22.3332 1.4054 

 R 11.4000 10.3056 117.0182 15.7738 1.5306 
WT19 L 8.0000 14.1880 201.6749 20.6363 1.4545 

 R 9.8000 17.3336 260.6135 21.8437 1.2602 
WT20 L 10.1000 14.2982 273.3389 23.9040 1.6718 

 R 10.6000 20.4311 252.7026 27.7423 1.3578 
  

      

MEAN   9.3263 17.5142 211.1519 24.6734 1.4272 
SD  1.1911 4.1358 41.4535 4.8896 0.1326 
SEM  0.2733 0.9488 9.5101 1.1217 0.0304 
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E+ 
 

 Muscle (L/R) 
EDL Weight 

(mg) 

Peak Force 
(mN) 

Average 
Peak PS (mN) 

Peak Force 
(mN) 

10s after PS 

Peak Force 
Relative 

(Post/Pre) 
KO7 L 9.8000 14.1840 194.2835 19.0475 1.3429 
 R 8.2000 12.5282 182.9277 16.2123 1.2941 
KO12 R 10.8000 15.2933 167.9167 19.7503 1.2914 
KO13 L 9.4800 15.8299 209.9072 19.2097 1.2135 
 R 10.8000 17.1173 217.9413 19.6903 1.1503 
KO14 L 9.6000 15.7928 238.6166 21.0478 1.3327 
 R 8.7000 18.2466 230.9460 22.2371 1.2187 
KO16 L 8.2000 12.9436 178.5788 16.6598 1.2871 
KO17 L 9.4000 13.4782 204.5732 18.1795 1.3488 
 R 7.5000 12.7164 158.1647 16.0201 1.2598 
KO18 L 8.0000 11.9936 190.3821 17.1344 1.4286 
KO22 L 9.2000 18.3768 254.7959 23.1922 1.2620 
 R 10.9000 16.4125 213.3070 19.4830 1.1871 
  

       
MEAN   9.2754 14.9933 203.2570 19.0665 1.2782 
SD  1.0572 2.1870 28.2646 2.2321 0.0754 
SEM  0.2932 0.6066 7.8392 0.6191 0.0209 
  

       
              
WT1 L 9.3000 12.4200 209.2074 22.6336 1.8223 
WT2 R 7.8000 12.1157 121.0127 16.0952 1.3285 
WT3 L 7.7000 10.5990 224.0862 20.4081 1.9255 
 R 8.4000 16.8551 229.2581 22.8288 1.3544 
WT7 L 8.3000 12.6083 150.2568 19.3268 1.5329 
 R 10.9000 14.6896 146.6077 19.0295 1.2954 
WT11 L 8.6000 13.7015 165.0065 19.3839 1.4147 
 R 7.9000 21.0638 220.0286 26.5020 1.2582 
WT14 L 7.7000 26.9475 288.4610 36.7135 1.3624 
 R 9.9000 24.0882 254.8079 30.8809 1.2820 
WT15 L 9.3000 20.9417 200.1852 27.9646 1.3354 
 R 16.8000 17.1784 114.9609 20.4171 1.1885 
WT16 L 11.1000 17.3626 286.5658 34.2117 1.9704 
 R 9.4000 26.6149 236.4692 31.0461 1.1665 
WT21 L 8.9000 16.4596 263.1634 24.0542 1.4614 
 R 12.5000 16.5607 188.2858 23.7809 1.4360 
WT22 L 9.5000 14.8448 260.3101 23.0691 1.5540 
 R 10.4000 20.7846 246.0470 28.2439 1.3589 
WT23 L 12.2000 20.5242 278.2464 31.0791 1.5143 
 R 10.1000 14.8898 162.9011 21.8407 1.4668 
  

       

MEAN   9.8350 17.5625 212.2934 24.9755 1.4514 
SD  2.1646 4.7306 54.2684 5.6142 0.2236 
SEM  0.4840 1.0578 12.1348 1.2554 0.0500 
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Appendix VI: Raw Data – +df/dt & -df/dt 

BL 

 +df/dt -df/dt 

 Muscle 
(L/R) 

Un-
potentiate

d 
Average 

Potentiated 
10s after 

PS 
Relative 

Un-
potentiate

d 
Average 

Potentiated 
10s after 

PS 
Relative 

KOBL2 L 1.8975 3.2990 1.7386 -1.2091 -1.3514 1.1177 
  R 2.7023 3.6711 1.3585 -1.1391 -1.3905 1.2207 
KOBL3 R 2.0762 3.1103 1.4981 -1.0500 -1.1712 1.1154 
KOBL4 L 2.9580 4.3241 1.4618 -1.3113 -1.4745 1.1245 
  R 3.6877 4.6104 1.2502 -1.4317 -1.5526 1.0845 
KOBL5 R 1.5796 2.2493 1.4240 -0.9139 -1.0959 1.1992 
KOBL 6 L 3.1644 3.9814 1.2582 -1.5074 -1.5526 1.0300 
KOBL 7 L 2.3241 4.0269 1.7326 -1.4755 -1.6845 1.1416 
 R 2.7760 4.1689 1.5017 -1.4205 -1.6669 1.1734 
            

MEAN       1469.3095     1134.1063 
SD      0.1770    0.0585 
SEM      59.0083    19.4847 
            

                
WTBL1 L 3.0764 4.5714 1.4860 -1.3093 -1.5434 1.1788 
  R 1.8654 2.5978 1.3926 -1.3123 -1.2763 0.9725 
WTBL2 L 2.5055 4.6998 1.8758 -1.3934 -1.4955 1.0733 
  R 1.8364 3.8997 2.1236 -1.1132 -1.2282 1.1033 
WTBL3 L 2.9838 4.7325 1.5861 -1.3693 -1.6126 1.1776 
  R 2.6125 3.8427 1.4709 -1.4895 -1.9102 1.2824 
WTBL4 L 2.5504 4.4474 1.7438 -1.5210 -1.6097 1.0583 
  R 3.2144 4.6162 1.4361 -1.5556 -1.5795 1.0154 
WTBL5 L 2.2701 3.4477 1.5187 -1.2377 -1.2489 1.0091 
  R 1.9808 3.6148 1.8249 -1.3133 -1.3665 1.0405 
WTBL6 L 2.6499 5.0233 1.8956 -1.5677 -1.6576 1.0574 
  R 2.4221 3.7783 1.5599 -1.3413 -1.4204 1.0590 
             

MEAN       1659.5017     1085.6315 
SD      0.2285    0.0875 
SEM      65.9654    25.2586 
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Sham 
 

 +df/dt -df/dt 

 Muscle (L/R) 
Un-

potentiated 
Average 

Potentiated 
10s after 

PS 
Relative 

Un-
potentiated 

Average 

Potentiated 
10s after 

PS 
Relative 

KOS1 R 1.5992 2.1320 1.3332 -1.0069 -1.1242 1.1165 
KOS2 R 1.1248 1.9817 1.7618 -0.9895 -1.1530 1.1653 
KOS3 L 2.0654 2.8232 1.3669 -1.2587 -1.3654 1.0848 
 R 1.6991 2.5810 1.5190 -1.0477 -1.2670 1.2093 
KOS4 L 1.9437 2.7451 1.4123 -1.2168 -1.3563 1.1147 
 R 1.5622 2.4046 1.5393 -1.1099 -1.2374 1.1149 
KOS5 R 1.3059 2.0483 1.5685 -1.0190 -1.0955 1.0751 
KOS6 L 1.3261 2.7904 2.1043 -1.6327 -1.5822 0.9691 
 R 3.0142 3.7313 1.2379 -1.2002 -1.2794 1.0660 
               

MEAN       1538.1272     1101.7295 
SD      0.2620     0.0671 
SEM      87.3299     22.3676 
           

                
WTS1 R 2.2215 3.6419 1.6394 -1.5443 -1.7960 1.1630 
WTS2 L 2.1680 3.4839 1.6070 -1.4753 -1.5911 1.0785 
WTS3 R 2.7469 3.8821 1.4133 -1.4645 -1.6601 1.1336 
WTS4 L 2.5568 4.1447 1.6211 -1.6015 -1.7930 1.1196 
  R 2.2444 3.7012 1.6491 -1.4034 -1.5910 1.1336 
WTS5 L 2.1422 4.0073 1.8706 -1.3812 -1.8020 1.3047 
  R 2.0364 3.0334 1.4896 -1.0738 -1.2219 1.1378 
WTS6 L 2.6483 4.3704 1.6502 -1.3005 -1.5494 1.1914 
  R 2.5846 4.8080 1.8603 -1.5496 -1.8910 1.2203 
            

MEAN       1644.4937     1164.7232 
SD      0.1488    0.0666 
SEM      49.6090    22.2141 
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E- 
 

 +df/dt -df/dt 

 Muscle 
(L/R) 

Un-
potentiate

d 
Average 

Potentiated 
10s after 

PS 
Relative 

Un-
potentiate

d 
Average 

Potentiated 
10s after 

PS 
Relative 

KO5 L 1.3120 2.4623 1.8768 -1.0640 -1.2070 1.1344 
KO6 L 1.9020 2.8021 1.4733 -1.1930 -1.2734 1.0674 
  R 2.2321 3.7088 1.6616 -1.4542 -1.7087 1.1750 
KO8 L 1.4387 2.5909 1.8009 -1.0261 -1.1319 1.1032 
  R 1.8433 3.2610 1.7691 -1.3761 -1.4563 1.0582 
KO9 L 2.0737 2.3126 1.1152 -1.0077 -1.1831 1.1740 
  R 1.1718 2.0752 1.7710 -1.0961 -1.1378 1.0381 
KO10 L 1.8747 3.4869 1.8599 -1.1542 -1.2764 1.1058 
  R 2.7805 4.0673 1.4628 -1.2954 -1.4536 1.1221 
KO11 L 2.0851 3.7829 1.8143 -1.4045 -1.5167 1.0799 
  R 2.8524 4.5860 1.6078 -1.5424 -1.6605 1.0766 
KO15 L 1.8319 3.1595 1.7247 -1.0780 -1.2763 1.1839 
KO19 L 3.2319 5.0630 1.5666 -1.4174 -1.6516 1.1652 
  R 3.1796 4.2738 1.3442 -1.3942 -1.4897 1.0685 
KO20 R 1.2040 1.7268 1.4342 -1.0140 -1.0902 1.0751 
KO21 L 3.7575 4.9496 1.3173 -1.8064 -1.7388 0.9626 
  R 3.5764 4.6012 1.2865 -1.5684 -1.7265 1.1008 
             

MEAN       1581.5281     1099.4638 
SD      0.2297    0.0571 
SEM      55.7044    13.8547 
             

                
WT4 L 1.3729 3.1738 2.3117 -1.1496 -1.3333 1.1597 
WT5 L 1.6467 3.1643 1.9216 -1.1259 -1.3123 1.1655 
  R 2.6459 4.8114 1.8185 -1.6477 -1.9220 1.1665 
WT6 R 1.4567 2.8985 1.9898 -1.1912 -1.3274 1.1143 
WT9 L 2.9092 5.4301 1.8666 -1.6425 -1.8349 1.1171 
  R 2.4864 4.9969 2.0097 -1.5495 -1.6969 1.0951 
WT10 R 1.8191 3.4058 1.8723 -1.2002 -1.3365 1.1135 
WT12 L 2.4696 3.7744 1.5284 -1.2932 -1.4596 1.1286 
  R 2.8763 4.7702 1.6584 -1.6588 -1.8530 1.1171 
WT13 L 2.7396 4.8702 1.7777 -1.5085 -1.6399 1.0871 
  R 3.1072 5.1418 1.6548 -1.4682 -1.8345 1.2495 
WT17 L 4.0638 6.5955 1.6230 -1.8239 -1.9822 1.0868 
  R 3.6255 4.4293 1.2217 -1.5623 -1.5195 0.9726 
WT18 L 2.0704 3.3865 1.6357 -1.4086 -1.4472 1.0274 
  R 1.2720 2.0328 1.5981 -1.0858 -1.2373 1.1395 
WT19 L 1.6897 2.9643 1.7544 -1.2973 -1.4293 1.1018 
  R 2.5998 3.2341 1.2440 -1.2790 -1.3572 1.0611 
WT20 L 1.7177 3.5761 2.0819 -1.2134 -1.4714 1.2126 
  R 2.3920 3.9850 1.6659 -1.5126 -1.6969 1.1218 
                
MEAN       1749.1617     1117.7815 
SD      0.2662    0.0617 
SEM      61.0623    14.1542 
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E+ 
 

 +df/dt -df/dt 

 Muscle 
(L/R) 

Un-
potentiate

d 
Average 

Potentiated 
10s after 

PS 
Relative 

Un-
potentiate

d 
Average 

Potentiated 
10s after 

PS 
Relative 

KO7 L 1.8123 3.0967 1.7087 -1.1528 -1.2920 1.1207 
  R 2.0148 2.8882 1.4335 -1.0351 -1.1318 1.0934 
KO12 R 2.6870 4.2996 1.6001 -1.2369 -1.3604 1.0998 
KO13 L 1.9450 2.9326 1.5078 -1.2560 -1.3633 1.0854 
  R 1.8846 2.6620 1.4125 -0.4305 -1.3329 3.0962 
KO14 L 2.4054 4.1755 1.7359 -1.5432 -1.6699 1.0821 
  R 2.8614 4.5238 1.5809 -1.4913 -1.5976 1.0713 
KO16 L 1.9076 2.9004 1.5204 -1.1007 -1.1772 1.0695 
KO17 L 1.7868 2.9868 1.6716 -1.2242 -1.3512 1.1037 
  R 1.8439 2.8196 1.5291 -1.0628 -1.1984 1.1275 
KO18 L 1.6468 3.5582 2.1607 -1.2072 -1.3274 1.0996 
KO22 L 3.0706 4.6999 1.5306 -1.4823 -1.6062 1.0836 
  R 2.2000 3.1399 1.4273 -1.2477 -1.3623 1.0918 
            

MEAN       1601.4727     1248.0449 
SD      0.1974    0.5556 
SEM      54.7427    154.0884 
            

                
WT1 L 1.3803 2.7121 1.9649 -1.4157 -1.5918 1.1244 
WT2 R 1.5556 2.6311 1.6913 -1.0200 -1.0751 1.0541 
WT3 L 1.2732 2.9581 2.3234 -0.9887 -1.2943 1.3091 
  R 1.1117 3.7214 3.3474 -1.3431 -1.4413 1.0731 
WT7 L 1.5992 3.1547 1.9727 -1.0469 -1.2311 1.1759 
  R 1.9391 2.5904 1.3359 -0.9310 -1.1352 1.2194 
WT11 L 1.8720 3.3576 1.7936 -1.1041 -1.2101 1.0961 
  R 2.9388 3.9603 1.3476 -1.4473 -1.6187 1.1184 
WT14 L 4.0645 5.9343 1.4600 -1.6898 -1.9933 1.1796 
  R 3.8010 5.1821 1.3633 -1.5778 -1.8080 1.1459 
WT15 L 3.4068 5.2972 1.5549 -1.4585 -1.6335 1.1200 
  R 2.6962 3.3940 1.2588 -1.2069 -1.2972 1.0748 
WT16 L 4.0868 6.2516 1.5297 -1.7889 -2.0271 1.1332 
  R 3.8578 5.0264 1.3029 -1.7567 -1.9251 1.0958 
WT21 L 1.6698 3.1773 1.9028 -1.4875 -1.6094 1.0819 
  R 2.2213 3.2795 1.4764 -1.3741 -1.5497 1.1278 
WT22 L 1.5340 3.2614 2.1261 -1.4354 -1.6245 1.1317 
 R 2.4154 3.7330 1.5455 -1.5607 -1.6729 1.0719 
WT23 L 2.6548 4.4777 1.6866 -1.6777 -1.8771 1.1189 
 R 1.8910 2.9880 1.5801 -1.2651 -1.4384 1.1370 
           

MEAN       1.7282     1.1294 
SD       0.4802    0.0587 
SEM      107.3762    13.1183 
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Appendix VII: Raw Data – Estradiol Analysis 

Estradiol levels (pg/ml) 

 BL Sham E- E+ 

Wildtype 
(WT) 

WTBL1 2.328 WTS1 3.476 WT4 1.568 WT1 90.505 

 WTBL2 3.224 WTS2 3.088 WT5 1.652 WT2 103.776 
 WTBL3 1.337 WTS3 2.596 WT6 2.483 WT3 28.454 
 WTBL4 3.207 WTS4 5.198 WT9 2.709 WT7 102.805 
 WTBL5 2.405 WTS5 2.320 WT10 2.972 WT11 97.156 
 WTBL6 1.768 WTS6 1.021 WT12 2.337 WT14 12.636 
         WT13 1.374 WT15 52.165 
         WT17 1.740 WT16 4.583 
         WT18 4.373 WT21 40.558 
         WT19 2.901 WT22 30.292 
         WT20 3.292 WT23 1.773 
                 

MEAN   2.378   2.950   2.491   51.337 

SD   0.757   1.385   0.896   40.319 

SEM   0.309   0.565   0.270   12.157 

           

 BL Sham E- E+ 

skMLCK
-/- 

KOBL2 1.439 KOS1 1.403 KO5 2.499 KO7 2.783 

 KOBL3 2.725 KOS2 3.896 KO6 1.996 KO12 258.173 
 KOBL4 2.872 KOS3 1.570 KO8 1.721 KO13 5.083 
 KOBL5 3.913 KOS4 3.097 KO9 1.759 KO14 38.410 
 KOBL6 1.653 KOS5 5.750 KO11 1.263 KO16 7.514 
 KOBL7 3.197 KOS6 2.692 KO15 2.521 KO17 96.618 
        KO19 2.867 KO18 18.635 
        KO20 1.738 KO22 24.686 
        KO21 2.090    

             
                 

MEAN   2.633   3.068   2.050  56.488 

SD   0.939   1.615   0.501  87.000 

SEM   0.383   0.659   0.167   30.759 
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Appendix VIII: Effects of supraphysiological levels of E2 on PTP and RLC-p (<50 
pg/ml) 

 Although Nelson et al. (1981) described physiological levels of circulating estradiol 
in young mice to be ~20 pg/ml, some studies have shown unmodified circulating estradiol 
to be higher.  Both Fata et al. (2001) and Wood et al. (2007) observed an average of 
approximately ~50 pg/ml between all stages of the estrous cycle within mice aged 12-14 
weeks.  We recalculated our results to reflect these higher baseline values by eliminating 
mice with estradiol serum concentrations less than 50 pg/ml.  In WT mice, the recalculated 
average E2 level was 89.3 ± 9.6 pg/ml (n=5) whereas skMLCK-/- mice (n=2) reached levels 
on average of 177.4 ± 80.8 pg/ml.  Table XII reflects the corresponding recalculated PTP 
and RLC-p content values alongside original baseline data. 

Table XII. Recalculated values based on supraphysiological levels of estradiol (>50 
pg/ml) 

 n Relative PTP n RLC-p Content 

Wildtype     Rest Stim 

BL 12 1.34 ± 0.03 12 0.12 ± 0.03 0.22 ± 0.02 
E+ 8 1.39 ± 0.07 5 0.13 ± 0.04 0.49 ± 0.02⸸a 

skMLCK-/-    Rest Stim 

BL 9 1.26 ± 0.04 12 0.04 ± 0.01 0.05 ± 0.01* 
E+ 3 1.30 ± 0.02 2 0.01 0.02* 

Values are means ± SEM; n = number of muscles; Relative PTP, post-PS (mN) value divided by the pre-PS 
value (mN); PS, potentiating stimulus (mN); RLC-p, regulatory light chain phosphorylation content 
expressed as mol P/mol RLC.  Excludes all data from mice with circulating estradiol levels under 50 pg/ml. 
⸸ represents significant differences between rest and stimulated values within genotype, means with 
different letters are significantly different from each other within grouping within genotype, * marks 
significant difference between genotypes (Tukey’s HSD, P < 0.05, BL = a). No significant difference 
between BL and E+ groups within or between genotype for PTP data. 

Even with these recalculations, our results remain the same in that PTP is not 
influenced by supraphysiological levels of circulating estradiol.  However, with RLC-p 
content, the recalculated values of E+ are 2.2x higher than BL levels demonstrating a 
significant difference and providing evidence that RLC-p content is influenced by 
supraphysiological levels of E2.  With skMLCK-/-, as expected, there are no differences 
between rest and stimulated muscles from BL or E+ mice.   However, the possibility of a 
procedural error in quantifying RLC-p content has been made aware and as a result, more 
research is needed to affirm this interaction. 
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Appendix IX: Blood Assay – Certificate of Analysis 

 


