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Abstract  

Prolonged microgravity exposure causes muscle atrophy and fiber type transformations 

from a slow oxidative to the fast glycolytic phenotype. Glycogen synthase kinase-3 (GSK3) 

is a serine/threonine kinase and known negative regulator of NFAT and Wnt/β-catenin 

signaling. Together, NFAT and Wnt/β-catenin signaling pathways can activate the slow-

oxidative myogenic program and muscle regeneration. Part 1 of this thesis examined 

soleus muscles from male and female C57BL/6 mice from three separate missions (NASA 

RR9 [male, n=10 per group, 35 days in space], NASA RR1[female, n=4 per group, 37 days 

in space], BION-M1 [male, n=4 per group, 30 days in space]) to examine GSK3 activation 

via western blotting. I examined total and inhibitory serine9 phosphorylated GSK3 and β-

catenin content in Flight, Ground Control (GC) and Vivarium control (VIV) soleus 

muscles. I found that ~1 month of spaceflight led to significant reductions in total GSK3. 

Changes in serine9 phosphorylated GSK3 varied across missions. When examining β-

catenin, we found that the RR9 group showed a significant reduction in the flight group 

compared with GC and VIV. We also showed a collective slow-to-fast fibre type shift via 

MHC analysis.  Part 2 of this thesis examined the effects of muscle-specific GSK3 

knockdown (GSK3mKD) in male mice during hindlimb suspension (HLS) – a simulated 

model of microgravity. Through western blot analysis we showed a 50% reduction of 

GSK3 in soleus muscles from GSK3mKD mice. After subjecting the mice to 7 days of HLS, 

DXA analysis showed that GSK3mKD mice maintained body weight throughout the 7 days 

and had more lean mass compared to GSK3flox control mice. Additionally, soleus muscles 

from GSK3mKD mice had greater soleus muscle mass and cross-sectional area after HLS 

compared with GSK3flox HLS mice; and force production was not different from mobile 



 

control GSK3flox mice. Together my thesis found that GSK3 content was consistently 

reduced in soleus muscles from spaceflight, and that muscle specific GSK3 knockdown 

can increase soleus muscle size and force production.  
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1.0  Introduction 
 

Our curiosity of what lies beyond Earth began with astronomers and ‘simple’ 

telescopes. In the 20th century, international competitions during the cold war between 

United States of America and the Soviet Union encouraged and expedited advancements 

in space exploration. From the first manned flight into space to sending humans to the 

surface of the moon, we gained a better appreciation and understanding of the complexities 

of space travel. Now, current efforts are aimed at human deep space exploration to Mars 

and beyond to investigate the potential of other lifeforms and to ensure the survival of 

humanity.  However, as space exploration advances into new environmental domains, the 

complications with basic human survival and physiology become even more evident. 

Extreme temperatures, radiation, and psychological pressures all pose health risks to the 

human body and the mission at hand. For example, as humans evolved on Earth with the 

pressures and pull of gravity, the exposure to microgravity with spaceflight continues to be 

an important physiological risk causing fluid shifts and losses in muscle and bone mass and 

strength. As a result, Space Agencies across the world have focused their attention on 

developing mitigation strategies to preserve musculoskeletal health during space travel. 

Daily exercise has been championed the best strategy to counteract muscle and bone 

deteriorations. As a result, multiple space agencies have allotted up to 2.5 hours a day to 

exercise; and while this may be sufficient on earth, is unfortunately not sufficient in space 

as despite these efforts decrements in muscle strength and performance still persist [1, 2] 

Compromises to the musculoskeletal system is not exclusive to space travel, in fact 

we see many populations on Earth that will experience drastic muscle and bone loss. One 

of particular importance is the aging population. It is estimated that by 2030, a quarter of 
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the Canadian population will be 65 years or older, and this will only continue to rise with 

the aging baby boomers. Aging is associated with reductions in muscle mass and strength 

(i.e., sarcopenia), and though the etiology is not fully understood [3], physical inactivity 

rates are known to be higher in the aged population by up to 20% [4]. This is important as 

sarcopenia can lower mobility and independence, negatively impacting physical activity 

and ultimately leading to a vicious cycle of inactivity. As space travel has been established 

as a rapid model of aging, it is possible that interventions aimed at improving muscle health 

in space may work for the aging population on Earth. 

Glycogen synthase kinase 3 (GSK3) is a key enzyme with several hundred 

substrates that are vital to regulating metabolic pathways in skeletal muscle. However, 

GSK3 overactivation has been implicated in several age-related disorders including 

obesity, diabetes, and Alzheimer’s disease [5]. With respect to muscle, GSK3 

overactivation is known to lower muscle mass and strength by inhibiting the signals that 

cue the growth and development of these tissues, and by activating the signals that promote 

their degradation [6, 7]. The overarching goal of this thesis is to explore the role of GSK3 

in muscle unloading that occurs with spaceflight and its relevant Earth-based analog, 

hindlimb suspension, in hopes of revealing a viable therapeutic target. 

 

1.1 Skeletal muscle  

 

Skeletal muscle accounts for 40-50% of mammalian body weight and contains 50-

75% of all bodily proteins. Skeletal muscle is composed of 75% water, 20% protein and 

5% other substances such as, fats, carbohydrates, minerals and salts [8]. Skeletal muscle is 

an important contributor to a variety of daily bodily functions such as maintaining posture, 
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producing, and supporting movement and offering protection for internal organs and bones 

by acting as shock absorbers [9]. Further, skeletal muscle is critical in maintaining whole 

body metabolism, glucose regulation and disease prevention, which is equally as important 

as its role in movement and posture maintenance [10, 11]. Thus, a loss in muscle mass and 

strength can have drastic implications to human health. Generally, muscle mass is a balance 

between protein synthesis and protein degradation. Essentially, a greater protein synthesis 

will result in muscle gain, whereas a greater muscle degradation will result in muscle 

atrophy [12]. In conditions of muscle wasting such as aging, disuse and disease, several 

factors can contribute to enhanced protein degradation and a negative protein balance 

leading to muscle loss and this includes but is not limited to calcium (Ca2+) dysregulation 

[13], oxidative stress [14], and inflammation are all strong promoters of protein degradation 

[14]. 

 

1.2 Excitation contraction coupling 

 

  Excitation contraction coupling is the physiological phenomena whereby 

electrically induced action potentials (AP) ultimately lead to increases in cytoplasmic Ca2+. 

In skeletal muscle, initiation of an AP originates at the neuromuscular junction, where the 

motor neuron that innervates the muscle will propagate this electrical signal along the 

plasma membrane surface in the muscle. The AP will reach the sarcolemma, specifically 

the transverse tubules (t-tubules) where its purpose is to spread potential from the surface 

to the longitudinal components and the interior region of the muscle fiber causing 

depolarization of the t-tubule surface. In skeletal muscle, the t-tubules are flanked from 

their two sides by the terminal cisternae of the sarcoplasmic reticulum, forming a junction 

known as the triad [15]. The change in potential in the t-tubule membrane is sensed by 
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voltage gated L-type Ca2+ channels embedded in the sarcolemma known as 

dihydropyridine receptors (DHPR). DHPR receptors communicate via mechanical protein-

protein interaction with ryanodine receptors (RYR1) that are embedded in the SR [16, 17]. 

This interaction causes RYR1 to open and release large amounts of calcium from the 

sarcoplasmic reticulum (SR) into the sarcoplasm and intracellular space. The rise in free 

Ca2+ allows for its binding to troponin C (TnC) which displaces tropomyosin from the 

myosin binding pockets on actin developing the cross-bridge [18]. As a result, cross-bridge 

cycling and force production can occur [18]. Inversely, when Ca2+ is low, it prevents the 

relocation of tropomyosin thereby hindering myosin attachment and crossbridge formation 

[18]. To elicit relaxation, the Ca2+ must be removed from the cytosol and its levels returned 

to resting state. The sarco(endo)plasmic reticulum Ca2+-ATPase (SERCA) pump is 

imperative to muscle relaxation as it removes the free calcium from the cytosol back into 

the SR via active transport. This step not only allows for muscle relaxation but also ensures 

a sufficient SR Ca2+ load for the subsequent muscle contractions that  follow [19].  

 

1.3 Muscle plasticity  

 

Skeletal muscle is heterogeneous in nature and comprised of different fibre types 

that are categorized by their contractile and metabolic properties (Table 1) [20]. In general, 

there are two main muscle fibre classifications: slow-oxidative (type I) fibres that are 

intended  for longer duration low-intensity/force generating contractions and fast glycolytic 

(type II) fibres that are used for shorter duration high-intensity/force generating 

contractions [21]. Glycolytic muscle fibres primarily rely on anaerobic metabolism as their 

primary source of ATP and can use ATP much quicker than oxidative fibres because of the 
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faster myosin ATPase activity and greater SERCA and sodium/potassium-ATPase (Na+/K+ 

pump) density. In contrast, oxidative muscle fibers rely on  aerobic metabolism for a much 

slower yet more abundant ATP production where most of the ATP is generated via 

oxidative phosphorylation within the mitochondria [21]. This in part contributes to their 

fatigue resistant phenotype.  

 Skeletal muscle is further characterized into 4 different metabolic categories and 

are related/identified primarily via the expression of various myosin heavy chain (MHC) 

isoforms. These isoforms consist of type I (slow oxidative/fatigue resistant), type IIa (fast 

oxidative), type IIx (fast glycolytic) and type IIb (fast glycolytic), however, type IIb is not 

found in humans but can be found in rodent skeletal muscle [22]. The selective recruitment 

of the motor units that innervate these muscle fibers regulate optimal contractions to match 

functional and environmental demands.  

Muscle plasticity suggests that a fibre’s characteristics can be altered depending on 

functional, physiological and metabolic demands. These changes in phenotype are 

reversible and can affect both the contractile and metabolic properties of the muscle fibre 

[22]. Muscle plasticity occurs on a continuum, where fibres can switch from slow to fast-

like phenotypes, non-fatigable to fatigable or vice versa. This can also increase the presence 

of hybrid fibers, which are fibers that appear to be in the act of transitioning from one type 

to another and therefore co-express MHC isoforms. The continuum of muscle fiber type 

changing is as follows: type I →I/IIa→IIa →IIa/IIx→IIx→IIx/IIb→IIb. 

 Perhaps the most potent stimulus of muscle plasticity is a change in motorneuron 

activation. That is, skeletal muscle alters its contractile and metabolic properties based on 

motor unit activation patterns to meet the physiological demands [20]. A classic example 
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of this was provided by Buller et al., whereby cross-innervation of flexor digitorum 

longus nerve in the soleus muscle enhanced isometric twitch contraction and relaxation 

speeds. Conversely, neuronal input from soleus into the extensor digitorum longus 

muscle caused a slightly slower contraction/relaxation speed, overall suggesting that 

neuronal input is a primary determinant for contractile kinetics    [23, 24].  Further, 

chronic low-frequency stimulation in fast type muscles provides this muscle with a more 

slow-type activation pattern. In turn, the extended and persistent periods of tonic motor 

nerve activity causes a transition to a more slow-oxidative fibre phenotype [25, 26].  

Finally, another example of muscle plasticity can be seen with the mechanical overload 

stimulus. In this protocol, synergist ablation or tendon transection of the soleus and 

gastrocnemius muscles, functionally overloads the plantaris. That is, in the absence of the 

postural soleus and gastrocnemius muscles, the plantaris becomes overloaded – taking on 

a weight bearing load and a more tonic activity pattern. As a result, the plantaris 

hypertrophies and its fibres transition from fast-glycolytic to slow-oxidative [27].     
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Table 1 Metabolic and Biochemical Properties of Skeletal Muscle. 

Myosin Heavy Chain 

(MHC) 

MHC I MHC IIa MHC IIx/MHC IIb 

mATPase activity  Slow Fast Fastest 

Cross-sectional area  Low Medium Large 

Max force Low  Intermediate  High 

Max shortening 

velocity  

Slow Fast Fastest 

Power  Weak Intermediate  Strong  

Appearance  Red Pink White 

Capillaries/fiber* 4.2  4  3.2 

Dominant energy 

source  

Fat Fat / Glycogen Glycogen / PCr 

Main ATP producing 

mechanism 

Oxidative  Oxidative / 

Glycolytic  

Glycolytic  

Mitochondrial density  High  High (rodents) 

Medium  

Low 

Endurance  High High (rodents) 

Medium  

Low  

*Numbers obtained from ref [28]. 

 

1.4 Muscle unloading 

 

Muscle atrophy may occur in a variety of diseased states such as diabetes, muscular 

dystrophy, chronic obstructive pulmonary disease, cancer, and neurodegenerative disorders 

[29-31]. Opposite to mechanical overloading, prolonged periods of skeletal muscle 

inactivity or mechanical unloading (i.e., bed rest, hindlimb suspension, immobilization, 

tenotomy, and spaceflight) can also result in significant loss of muscle mass and strength 

as well as changes in fibre type composition (i.e., slow-to-fast fibre type shift) [32, 33]. 

This thesis specifically focuses on the muscle atrophy and remodelling that occurs with 

muscle unloading via real (spaceflight) and simulated (hindlimb suspension) microgravity 

exposure. Therefore, these models will be discussed in more detail below. 

Previous research has established that spaceflight causes reductions in skeletal 

muscle size, cross-sectional area, and strength as a consequence of mechanical unloading 
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from prolonged microgravity exposure [34]. Longer durations in space are correlated with 

exacerbated muscle atrophy. During <17-day microgravity endeavours can lead to 3-10% 

muscle volume loss [35, 36], whereas 112-196 days of microgravity exposure can further 

lead to 5-17% declines in muscle volume with the postural soleus and gastrocnemius 

muscles being most affected [35, 37]. At the single fibre level, it was discovered that 

prolonged weightlessness resulted in a loss in power, force, and fibre size with an evident 

hierarchical effect with type I fibres from the soleus and gastrocnemius type I being more 

affected than the type II fibres [38]. At this time, muscle atrophy was considered the main 

cause of peak power loss [38]. However, a recent study has highlighted that the decreases 

in muscle strength occur faster than the decreases in muscle size [37], suggesting that the 

muscle weakness from unloading may not be solely due to decreased muscle size, and that 

other mechanisms may be at play. Some have suggested reactive oxygen/nitrogen species 

(RONS) and Ca2+ dysregulation could play a central role in this etiology [37, 39]. In support 

of this, our lab has recently shown that 35-37 days of spaceflight drastically reduces 

SERCA function in the murine soleus, and this result was associated with elevated markers 

of RONS [40]. 

In order to investigate the cellular mechanisms and potential mitigation strategies 

against spaceflight-induced atrophy and weakness, models of simulated microgravity have 

been developed including parabolic flights, prolonged bedrest and immobilization 

specifically being applied to human subjects [41]. Rodents have also been commonly used 

as subjects when examining the effects of mechanical unloading. In our lab, we commonly 

use a tenotomy technique to unload the soleus. By severing the gastrocnemius and soleus 

tendons, the soleus becomes unloaded, which results in muscle atrophy and a slow-to-fast 



 9 

fibre type shift [33]. While this was the first model employed to cause muscle disuse in 

rodents [25] and phenotypically mimics the effects of spaceflight in the soleus, it has not 

been accepted as a model for spaceflight. This is primarily due to the lack of change in 

electrical activity detected via electromyography (EMG) where Elder et al., (1998) found 

that  after 10 days of tenotomy the rat soleus had similar EMG activity when compared to 

sham controls [42], which apparently does not mimic spaceflight where EMG activity is 

dramatically reduced [43]. 

Like tenotomy, soleus unloading via hindlimb/tail suspension causes muscle 

atrophy and a slow-to-fast fibre type shift [44]. However, in contrast with tenotomy, 

previous EMG analyses found significantly reduced (-60%) activity in the soleus [45]. As 

such the hindlimb suspension (HLS) via tail suspension has become the well accepted 

spaceflight analog by scientists and NASA. In addition to muscle loss and weakness [46], 

the HLS technique is unique as it mimics fluid shift in the body similarly seen in astronauts 

[47]. HLS decreases rat soleus muscle weight by 34-50% and undergoes a slow-to-fast 

fibre type transition [48]. Altogether, HLS share similar muscular adaptations in postural 

muscles seen in spaceflight making it a viable model to study the cellular mechanisms and 

potential mitigation strategies. This thesis will utilize both spaceflight and HLS models to 

examine the role of GSK3 in the ensuing muscle atrophy and remodelling. 

 

1.5 Glycogen Synthase Kinase-3 

 

GSK3 is a ubiquitously expressed and evolutionally conserved serine/threonine 

kinase that has two known isoforms: GSK3α and GSK3β. In skeletal muscle, GSK3β is the 

predominant isoform [5] and was primarily identified as a regulator of glycogen synthase 
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in response to insulin signalling [49]. Although structurally similar, GSK and GSK3β 

may play different roles in skeletal muscle. Studies have shown GSK3 is highly involved 

with insulin action [50]. However, the full effects of GSK are yet to be fully elucidated, 

and most studies investigating the role of GSK3 in skeletal muscle have focused solely on 

the GSK3β isoform.  Further, GSK3 inactivates glycogen synthase via phosphorylation of 

serine residues thereby inhibiting glycogen production [51] Briefly, insulin and insulin-like 

growth factor activation of phosphoinositide 3-kinase (PI3K) initiates a signalling cascade 

allowing for activation of protein kinase B (Akt). Active Akt is then able to inactivate 

GSK3 through the inhibitory phosphorylation of Ser21 or Ser9 on GSK3a or GSK3β, 

respectively. Most GSK3 substrates are pre-phosphorylated, creating a “primed” substrate 

allowing for recognition and binding to GSK3. The inhibitory phosphorylation of GSK3 

on its serine residues acts as a “pseudo substrate” and ultimately prevents substrate 

recognition on through blocking binding pocket [5]. In addition to serine phosphorylation, 

when phosphorylated at its Tyr216 residue, GSK3β’s activity is heightened although 

mechanisms contributing to this phosphorylation remain less clear [52].  

With its role in regulating glycogen synthase, GSK3 has been highly implicated in 

glucose homeostasis and metabolism. In fact, individuals living with type II diabetes have 

elevated GSK3 expression and activity [53]. In mice, muscle specific overexpression of 

GSK3 increases fat mass and reduces glucose tolerance. On the contrary, muscle specific 

knockdown of GSK3 has shown to improve glucose tolerance [54].  Moreover, with more 

than 100 identified substrates, and potentially more undiscovered, GSK3 regulation is 

critical to maintain homeostasis of many cellular mechanisms and signalling cascades. 

Recent work has implicated GSK3 overactivation in many disease states including 
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Alzheimer’s disease, cancer, diabetes, and muscular dystrophy [55-57]. As a result, the 

development of novel and potent GSK3 inhibitors is an active field of research. In the 

context of muscle wasting and performance, the work proposed in this thesis could reveal 

GSK3 as a viable target for muscle unloading and disuse – setting the stage for future 

studies that will test novel pharmacological interventions. 

 
 

1.6 GSK3: negative regulator of muscle mass  

 

  Literature suggests that GSK3 may negatively regulate muscle hypertrophy by 

inhibiting protein synthesis [58]. For example, insulin-like growth factor (IGF-1) is a well-

known anabolic agent and can stimulate muscle protein synthesis, however, its anabolic 

effect inherently requires GSK3 inhibition [59]. This is because GSK3 has shown to inhibit 

a key regulator of protein synthesis and cell growth, mechanistic target of rapamycin 

complex-1 (mTORC1) via tuberous sclerosis complex-2 (TSC2) phosphorylation and 

activation (TSC2 is a known negative regulator of mTORC1). GSK3β serine 

phosphorylation of insulin-like growth factor 1 (IGF-1) and insulin receptor substrate 1 

(IRS-1) also leads to suppression of the anabolic IGF-1/IRS-1/PI3K/AKT signalling 

pathway that activates mTOR mediated protein synthesis [58, 60].  

In addition to its effects on protein synthesis, GSK3 may also regulate muscle mass 

via nuclear accretion. Skeletal muscle is composed of multinucleated muscle fibres that 

arise from the fusion of individual myoblasts [61]. The myonuclear domain theory suggests 

that each myonuclei is responsible for a finite amount of the muscle cell, and that increasing 

the amount of nuclei per fibre area (via myoblast fusion) can increase muscle size [62, 63], 

however, whether myonuclear accretion is actually required for muscle hypertrophy has 
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been recently challenged [64]. Nevertheless, myonuclear accretion is still important in 

response to injury. Of the thousands of nuclei that surround a muscle fibre, 3-5% of them 

are satellite cells. Normally these cells are quiescent but become active in response to injury 

leading to their proliferation, differentiation and then fusion with one another to begin 

myofiber recovery [65]. Thus, myoblast fusion is not only important for muscle 

development, but also muscle repair and regeneration in adulthood [66]. Recent work from 

our lab has shown that GSK3 inhibition with lithium chloride significantly enhanced 

myoblast fusion and myogenic differentiation in C2C12 cells [7]. In the context of 

spaceflight, this may be important since impairments in myogenic differentiation are 

thought to play a large role in the ensuing muscle atrophy [1]. Mechanistically, the 

enhancement in myogenic differentiation and myoblast fusion were attributed to be due to 

an activation of the Wnt/-catenin signalling pathway – a pathway known to regulate 

satellite cell activation and myogenic differentiation [67, 68]. β-catenin is a known 

identifier of Wnt signalling capacity whereby dephosphorylated β-catenin can enter the 

nucleus and activate growth control genes such as myelocytomatosis oncogene (c-Myc) 

during overload induced muscle hypotrophy [68]. In the absence of Wnt or impaired Wnt 

signaling, activated GSK3 can phosphorylate β-catenin tagging it for proteasomal 

degradation and preventing nuclear translocation [68, 69]. Interestingly, GSK3β can also 

directly phosphorylate c-Myc on Thr58 leading to ubiquitination and subsequently 

proteasomal degradation [58]. Conversely, GSK3β inactivation via Ser 9 phosphorylation 

results in accumulated free β-catenin for nuclear translocation [70]. 

 Along with its role in negatively regulating muscle growth, GSK3 can activate 

muscle proteolysis. In fact, GSK3 is required for the induction of muscle atrophy via its 
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promotion of ubiquitin E3 ligases muscle RING finger 1 (MuRF1) and Atrogin-1 [71]. 

These E3 ligases catalyze the ubiquitination of proteins on their lysine residues, thereby 

marking them for proteolytic degradation by the 26S proteasome [72]. This may be 

important in the context of muscle unloading, as hindlimb suspension is well known to 

activate GSK3 and upregulate MuRF1 and Atrogin-1 [43, 58, 73, 74]. Importantly, recent 

studies have shown that MuRF1 deletion does not attenuate spaceflight induced muscle 

atrophy in the murine soleus, which highlights a key difference between Earth-based and 

space-based unloading. As mentioned above, other pathways such as impaired myogenesis 

may be involved [1]. In any case or pathway, the literature suggests that GSK3 

overactivation could have a critical role in muscle unloading induced atrophy 

Finally, and in addition to the promotion of muscle E3 ligases, GSK3β has also 

been associated with the Ca2+ dependent proteolytic enzyme calpain-1, leading to myofibril 

loss and disassembly of desmin filaments during muscle atrophy. Desmin is a muscle 

specific intermediate filament that is primarily located in the Z-disk of striated muscle [75] 

and is one of the earliest muscle-specific proteins to appear during myogenesis [75]. 

Desmin defects have led to cardiomyopathy [76], skeletal myopathy [76] and smooth 

muscle defects [77]. Specifically, in skeletal muscle desmin helps with structural support 

by anchoring myofibrils to the plasma membrane [75]. Additionally, mice lacking desmin 

have shown to be weaker and fatigue much quicker in slow contractile, weightbearing 

muscles such as the soleus and frequently used muscles such as the diaphragm [78]. 

Aweida et al. (2018) has uncovered that GSK3β phosphorylates desmin initiating 

depolymerization by calpain-1, subsequently leading to myofibril damage and muscle 
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atrophy, thereby providing another mechanism in which GSK3β may contribute to muscle 

loss and weakness [79]. 

 

1.7 GSK3 and muscle fibre type composition 

 

 GSK3β is a repressor of the oxidative fibre type. It does so by inhibiting calcineurin 

which is a Ca2+ dependent phosphatase best known for its role in promoting the oxidative 

fibre type [80]. As described in section 1.3, skeletal muscle is highly plastic and can adapt 

to match functional demands applied on each muscle [80]. One classic example is that of 

chronic low frequency stimulation that alters a fast-glycolytic muscle into a more slow-

oxidative muscle. During this stimulation, chronic depolarization of the sarcolemma in 

response to neuronal firing causes a persistent release and influx of calcium into the cytosol 

from the sarcoplasmic reticulum resulting in muscle contraction [81]. This pattern of 

depolarizations also influences muscle remodeling of skeletal muscle through low yet 

sustained elevations in intracellular Ca2+. This elevation in Ca2+ in turn activates 

calcineurin, allowing for the fast-to-slow fibre type transition [80, 82]. 

 To activate calcineurin, our muscle cells require CaM, which is a monomeric 

globular protein with high aspartate and glutamate promoting its acidity. CaM’s structure 

has remained highly conserved throughout evolution, suggesting its importance of the 

molecule for its role in calcium binding. CaM responds to wide ranges of calcium 

concentrations (10−12 M – 10−6 M) [83] in transducing signals in response to increases in 

intracellular Ca2+ in a variety of tissues in the body, including skeletal muscle. CaM is 

comprised of four helix-loop-helix protein folding motifs called EF hands, two located at 

the CaM N terminus (N lobe) and two at the C terminus (C lobe) that can bind up to 4 total 
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Ca2+ [84]. Upon Ca2+ binding, CaM undergoes a conformational change that renders the 

protein ‘open’, whereby its hydrophobic surfaces are exposed within the N- and C- lobe 

for Ca-dependant downstream interactions to ultimately promote activation of downstream 

targets such as calcineurin [84]. Calcineurin is a heterodimer consisting of a larger CaM 

binding catalytic subunit A, which consists of a CaM-binding domain, autoinhibitory 

domain and a smaller NH2 terminus, Ca2+ - binding subunit B [85]. Upon Ca2+/CaM 

binding, the autoinhibitory domain of calcineurin is displaced and the catalytic core is 

exposed for optimal activation [86]. 

Nuclear factor of activated T cells (NFAT) is a family of transcription factors and 

are the main targets of calcineurin, namely NFATc1-c4 [87-90]. Calcineurin 

dephosphorylates serine residues on NFAT that mask its nuclear localization signal thereby 

allowing for nuclear entry [91] Upon entry, NFAT interacts synergistically with other 

transcription factors within the nucleus such as myocyte enhancer factor 2 (MEF2) 

ultimately turning on muscle specific genes such as MHC I, myoglobin, slow troponin and 

peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1) to 

promote slow oxidative muscle phenotypes [91-96]. Chronic low frequency activation 

results in steady calcineurin activation therefore increasing muscles oxidative capacity 

[97]. Moreover, genetically modified mice that overexpress a constitutively active form of 

calcineurin (no autoinhibitory domain) have greater MHC I and IIa in their soleus and EDL 

muscles leading to enhanced fatigue resistance [80]. Conversely, rodents treated with 

cyclosporin (calcineurin inhibitor) have less MHC I and more fast glycolytic MHC 

isoforms [98, 99].  
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GSK3 counteracts calcineurin signalling by phosphorylating serine residues on 

NFAT leading resulting in both nuclear export of NFAT and a prevention of its nuclear 

entry [100]. Recent findings from our lab has shown that low dose lithium supplementation 

inhibits GSK3 in soleus muscles from mice leading lowered NFAT phosphorylation, 

increased MHC I and enhanced fatigue resistance [6]. This was likely mediated through 

lithium’s insulin-mimicking effects that lead to Akt activation and thus Ser GSK3 

phosphorylation, as well as lithium’s indirect effect of competing with Mg – a GSK3 co-

factor. In addition to Akt, GSK3 serine phosphorylation can also occur through protein 

kinase G (PKG). This enzyme is regulated cyclic guanosine monophosphate (cGMP) 

levels, which can be controlled by guanylyl cyclase. Guanylyl cyclase is sensitive to nitric 

oxide levels, and Martins et al., (2012) showed that inhibition of nitric oxide synthase 

(NOS) during chronic low-frequency stimulation prevented the expected fast-to-slow fibre 

transition and MHC I translation in skeletal muscle by an overactivation of GSK3 [101]. 

Interestingly, like calcineurin, NOS in muscle is Ca2+/CaM dependent, and thus chronic 

muscle activation (with stimulation and/or regular exercise) and ensuing elevations in 

intracellular Ca2+ could lead to increased NO levels thereby inhibiting GSK3 (Figure 1).  
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Figure 1 Ca2+/CaM regulation of calcineurin and GSK3. Ca2+/CaM regulation of fibre 

type plasticity. Neural activation leads to calcium release into the cytosol where it can then 

bind to CaM. Ca2+/CaM can then 1) bind to Calcineurin and subsequent activation leading 

to NFAT dephosphorylation and nuclear entry to interact with transcriptional factors 

(MEF2) for slow gene production. 2) Ca2+/CaM activates NOS and subsequent activation 

of cGMP. Activated cGMP inhibits GSK3 activity, permitting dephosphorylated NFAT 

into the nucleus. 

 

1.8 GSK3 and soleus muscle unloading 

 

 With its negative role in regulating muscle mass and the oxidative fibre type, it is 

plausible to suggest that GSK3 may have a role in the muscle remodelling (i.e., atrophy 

and slow-to-fast fibre type shift) that occurs with real and simulated microgravity exposure. 

Though the role of GSK3 in spaceflight has not yet been investigated, and is a primary 
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purpose of this thesis, previous studies have examined the role of GSK3 in the HLS 

model. The literature suggests that short term HLS in rodents can lead to increased 

activation of GSK3 as revealed through lowered serine GSK3β phosphorylation as early as 

1 and 3 days after HLS  [44, 102, 103]. Pilot work from our lab is in support of this showing 

diminished Ser9 GSK3β phosphorylation after 7 days of HLS in the murine soleus (Figure 

2). Worth noting as well, longer durations of HLS (28-38 days) have been shown to 

decrease total GSK3β content and the ratio of serine9 phosphorylated GSK3β/total GSK3β, 

possibly indicating higher enzyme activity [104]. Thus, though total GSK3 content was 

lower, its activation appeared to be higher. The reduction in total GSK3 may be reflective 

of the slow-to-fast fibre type shift that occurs with muscle unloading, as we have previously 

shown that fast muscles have less GSK3 content compared with slow muscles [7]. 

  

  
Figure 2 Total and Phosphorylated (Ser9) GSK3 levels after 7 days of hindlimb 

suspension. Western blot analysis of total GSK3β (A), phosphorylated GSK3β (B) and a 

phosphorylated/total GSK3β ratio (C) in the soleus muscle in our mobile control group 

(Control) and 7-day hindlimb-suspended group (HLS). 
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The mechanisms behind this reduction in inhibitory serine9 GSK3 phosphorylation 

is likely a result of reduced muscle activation. In support of this, Sharlo et al., established 

a model that involved stimulating the soleus muscle during the unloading period via plantar 

mechanical stimulation (PMS, 4 hour sessions per day) and saw that GSK3 inhibition was 

restored [44]. The proposed mechanism for inhibiting GSK3β is potentially due to muscle 

stimulation increasing Akt expression [44] as the mechanisms for decreased GSK3β Ser9 

phosphorylation were initially thought to be from downregulated Akt signalling in the 

unloaded soleus [73, 102, 105]. However, recent research suggests that GSK3β 

phosphorylation acts independently from Akt during acute unloading [105] and that the 

effects of PMS in the unloaded muscle are primarily driven by a stimulation of NOS and 

PKG [44].  

 Collectively, these results showcasing the early and persistent overactivation of 

GSK3 in HLS could hint at its role in mediating the muscle atrophy and slow-to-fast fibre 

type shift. This was investigated more directly by Pansters et al. (2015), who subjected 

wild-type (WT) and muscle-specific GSK3β knockdown (KD) mice to 14-day HLS with 

subsequent 1, 2, 3, or 5 days of reloading [106]. While the authors found that mice lacking 

GSK3β saw more rapid muscle mass recovery compared to the WT mice, their results 

during the HLS period produced what may seem contradictory results. The authors 

discovered that GSK3β ablation did not prevent muscle atrophy in the soleus after 14 days 

of unloading[106]. Although this may suggest that GSK3β may not play a significant role 

in soleus atrophy after unloading, it is important to note that while GSK3β was reduced by 

50% in the soleus, GSK3α was elevated by ~25% (Figure 3), which could be a 

compensatory response as both isoforms do share some functional redundancy [106]. 
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Furthermore, the effect of GSK3 inhibition/deletion on preserving muscle strength in the 

face of HLS has not yet been investigated. This may be important as the declines in muscle 

mass and strength during muscle unloading do not occur at the same rate, with declines in 

muscle strength occurring relatively quicker. Interestingly, Pansters and colleagues were 

able to show that GSK3β knockdown mice maintained more oxidative fibres after HLS 

[106]. Thus, it would be of interest to determine what happens to muscle size, fibre type 

composition and strength in response to HLS using a mouse model where both GSK3 

isoforms were knocked down in muscle.  

 

 
Figure 3 Disuse-induced muscle atrophy unaffected by GSK3β deficiency. Pansters et 

al., A) Western blot analysis of GSK3β and GSK3α expression levels. B) Soleus weight is 

unaffected pre-post reloading [106].  
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2.0 Statement of problem  
 

GSK3 is a negative regulator of muscle mass, strength, and the slow-oxidative fibre 

type. During muscle unloading on Earth, GSK3 has been shown to be more active in the 

soleus suggesting that it may contribute to the ensuing muscle atrophy and slow-to-fast 

fibre type shift. However, whether GSK3 is more active after unloading with spaceflight 

remains unknown. Furthermore, inhibiting GSK3 via PMS attenuated the slow-to-fast fibre 

shift observed in the unloaded soleus However, GSK3 muscle-specific deletion did not 

affect muscle size or fibre type composition, which may be due to a compensatory increase 

in GSK3. The effects of knocking down both GSK3 isoforms during muscle unloading 

on muscle size, strength and fibre type composition in mice remain unknown.  

3.0 Purpose 
 

The purpose of this study is twofold. First, this thesis will characterize GSK3 

expression and activation in soleus, EDL, and tibialis anterior muscles from male and 

female space flown mice. Second, this thesis will examine the effects of GSK3/ muscle-

specific knockdown on soleus muscle size and muscle strength after 7 days of hindlimb 

suspension as the soleus is highly affected by unloading, similarly to spaceflight. 

4.0  Hypotheses  
 

It was hypothesized that mice exposed to microgravity via spaceflight will have 

enhanced GSK3 signalling particularly in the soleus, as this postural muscle is most 

affected by spaceflight. It was also hypothesized that knockdown of both GSK3 isoforms 

will help preserve muscle mass, strength, and oxidative fibre type composition in response 

to 7 days of hindlimb suspension in mice. 
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5.0  Methods  
 

5.1 Spaceflown mice  

 

Muscle samples (soleus and EDL and tibialis anterior) were obtained from our 

collaborator Dr. Fabrice Bertile (Université de Strasbourg, Strasbourg, France) and through 

the NASA Life Sciences Data Archive Institutional Scientific Collection Biospecimen 

Sharing Program. We were specifically provided with soleus and EDL muscle samples 

from the BION-M1 mission (n = 5 per group) [107]; soleus and TA samples from male 

C57BL/6J mice from the RR9 mission (n = 10 per group); and soleus samples from female 

C57BL/6J mice from the RR1 mission (n = 4 per group). For all missions, we were 

provided with 3 experimental groups: 1) Flight group housed in specialized mission 

hardware; 2) Ground control (GC) housed in specialized mission hardware here on Earth; 

and 3) Vivarium (VIV) control housed in standard laboratory cages and conditions. 

Absolute muscle mass data for the RR9 (soleus and TA) and RR1 (soleus) were reported 

in a recent study published by our group showing significant muscle atrophy [40]. Muscle 

mass data for the BION-M1 mission (soleus and EDL) were also reported previously [107]. 

 For the BION-M1 mission specifically, male (19-20 week old) C57BL/6 mice were 

maintained in high-orbit (~550 km) for 30 days in special flight modules. Approximately 

13-16 hours after landing, flown animals were sacrificed by cervical dislocation and their 

tissues collected. Soleus and EDL were dissected and stored a -80C until proteomic 

analysis [107]. Lysates were then sent to us from F. Bertile. All experimental procedures 

of the BION-M1 project were approved by the Biomedical Ethics Committee of the 

Russian Federation State Research Center-Institute for Biomedical Problems, the Russian 



 23 

Academy of Sciences (protocol # 319) and conformed to the Guide for the Care and Use 

of Laboratory Animals publish by the U.S. National Institutes of Health.  

 For the NASA missions, male (RR9, 10 weeks of age at time of launch) and female 

(RR1, 16 weeks of age at time of launch) mice were acclimated and then launched in a 

specialized transporter and finally transferred to Rodent Habitats [108] on board the 

International Space Station (ISS). All F mice were provided ad libitum access to food 

(NASA Type 12 Nutrient upgraded rodent food bars [109]) and water. The rodent habitat 

was modified from heritage flight hardware to provide long-term housing for rodents 

aboard the ISS (see supplementary figure 4 from Ref [108]) and was programmed on a 

12:12 hr light/dark cycle with enough food and water provided so that replenishment was 

not required for the mission. Temperature, humidity and carbon dioxide levels were 

matched for flight and ground control groups [108, 110]. Mice in the VIV group were 

housed in standard laboratory cages. For RR9, we received TA muscles that were snap 

frozen in liquid nitrogen and stored at -80°C, and soleus muscles that were stored in 

RNALater (ThermoFisher Scientific) at -80°C. For RR1, we received soleus muscles that 

were snap frozen in liquid nitrogen and stored at -80°C. For all NASA samples, we 

homogenized the muscles in homogenizing buffer (250 mM Sucrose, 5 mM HEPES, 0.2 

mM PMSF, 0.2% NaN3, pH 7.5) prior to storing them at -80°C. 

 In addition to the Flight, GC and VIV groups, we also received two cohort control 

groups from the RR9 mission. Due to Hurricane Irma (September 2017), the original RR9 

GC and VIV experiments were terminated early. GC and VIV experiments were replicated 

in May 2018 using the same strain of mice used for the flight experiment. Along with the 

new GC and VIV groups, an additional set of mice were used as cohort controls to 
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normalize the variation due to differences in cohorts. That is, the mice originally dedicated 

to serve as the VIV group in 2017 were labeled as cohort 1, and another set of similarly 

matched (both in age, sex and treatment) mice were run as cohort 2 in 2018. Thus, 

differences in GSK3 expression and activation were first examined in R9 cohort controls 

to determine if a normalizing factor would be required.  Importantly, we found no 

differences in GSK3 phosphorylation in the TA muscles from Cohort Control 1 (CC1) and 

Cohort Control 2 (CC2) (Appendix I).  

 

5.2 GSK3 knockdown (KD) mice 

 

C57BL/6J skeletal muscle-specific GSK-3 knockdown (m-GSK3KD) mice were 

generated using the Cre-lox breeding system. The GSK-3alpha/beta-floxed mouse model 

were kindly donated to us from Dr. Virginia Lee from the University of Pennsylvania in 

the form of cryopreserved sperm. Jackson laboratories cryorecovery services then 

generated a GSK-3α/β-floxed breeding colony at Brock University. From this colony we 

identified founders that were homozygous GSK-3/ double floxed (GSK-3fl/flfl/fl). 

These mice were then crossed with heterozygous ACTA-1 Cre (ACTA Cre+/-) mice from 

Jackson Laboratories (stock number: 006149) producing pups that were 100% 

heterozygously floxed for GSK3 and GSK3 (GSK-3fl/-fl/-). However, 50% of the 

offspring heterozygously expressed ACTA Cre+/- and these mice were denoted as the 

partial muscle-specific GSK3 KD mice (GSK3mKD, genotype:GSK-3fl/-fl/-: ACTA Cre+/-

) mice that were used for this study. The other 50% of the mice were the littermate floxed 

controls that did not express Cre (GSK3floxed, genotype:GSK-3fl/-fl/-: ACTA Cre-/-). 

Floxed mice are those that have the GSK3 gene trapped by a flox sequence, but the GSK3 

gene has not been removed. 
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Figure 4 Generating Muscle Specific GSK-3 KD. Each stage of breeding pairs to produce 

GSK-3fl/flfl/fl/Cre+/-, m-GSK3KD or flox control (WT) mice. 

 

5.3 Hindlimb Suspension 

 

This project was approved under AUP 21-06-02 and was conducted using male mice 

coming from AUP 20-07-01. All mice had access to fresh water and standard lab chow ad 
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libitum. For our GSK3 muscle-specific double knockdown mice there were 3 experimental 

groups: 1) GSK3floxed mobile control, 2) GSK3floxed hindlimb suspended (HLS), and 3) 

GSK3mKD HLS. At the time of this study, we did not have sufficient animal numbers, 

particularly with GSK3mKD mice, and thus this study did not have a GSK3mKD mobile 

control group. To attach tape and steel ring on the mouse tail to be hooked onto the cage 

apparatus, all mice were first anesthetized under vaporized isoflurane and eye lubrication 

applied. The tail was then fed through a piece of leukotape (4 inches) with a 3 cm hole at 

the base of the tape until the 5th or 6th vertebra of the tail. Then surgical glue was applied 

on the tail and the tape was folded over on one end. A custom-built ring (4 cm diameter 

made off copper) was made and was secured with the other end of the tape with a fishing 

snap hook on the exposed side. To begin HLS, the fishing hook was clasped onto a sewing 

bobbin hanging at the appropriate height from the ground in order suspend the hindlimbs. 

Adjustments were made so neither hindlimb was weightbearing and the mice could not 

climb onto water bottle. After 7-days of HLS, all mice were sacrificed via cervical 

dislocation (under isoflurane) and their soleus muscles were collected.  

 

5.4 Muscle contractility  

 

For muscle contractility, intact soleus muscles were dissected from the hindlimb 

and equilibrated in Tyrode’s solution containing 121 mM NaCl2, 5 mM KCl, 24 mM 

NaHCO3, 1.8 mM CaCl2, 0.4 mM NaH2PO4, 5.5 mM glucose, 0.1 mM EDTA, and 0.5 mM 

MgCl2, pH 7.3, that was maintained at 25°C while gassed with 95% O2 and 5% CO2. 

Contractile experiments have been described in detail elsewhere [111]. Soleus muscles 

were mounted at optimal length between two platinum electrodes with one tendon tied to 
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the arm of a dual servomotor (model 300C-LR Aurora Scientific) and other tendon tied to 

a static post. Optimal length was determined with manual twitch contractions, lengthening 

the muscle after each stimulation. A rest period of 30s was allowed in between contractions 

and the point in which the twitch force peaked was determined as optimal length. The 

contractile experiments were conducted under custom software control (604A Aurora 

Scientific Inc., Aurora, ON) [111]. Flanking platinum electrodes were used for muscle 

stimulation at a voltage 1.25 times the threshold to elicit maximal twitch force with all data 

sampled at 1 kHz and saved for further analysis (ASI 615A LabBook software). Soleus 

muscles were subjected to a force frequency (1,  20, 40, 80 and 160) with a sampling rate 

of 1000 Hz [112]. Isometric force normalized to CSA along with maximum rates of 

relaxation (-dF/dt) and contraction (+dF/dt) were measured across submaximal and 

maximal frequencies. Area-under-the-curve analysis was also conducted for the force 

frequency curves by plotting maximal isometric force at each frequency in GraphPad 

Prism. 

 

5.5 Western blotting 

 

Western blotting was performed to determine GSK3β, phosphorylated (p)-GSK3β, 

GSK3, (p)-GSK3, β catenin (p)-β catenin, MHC I, MHC IIx. Antibodies from pGSK3 

(8452 and 9336) and total (t)-GSK3- (4337 and 9315) were obtained from Cell Signaling 

Technology (Danvers, MA, USA). All Western blots used BioRad TGX gels (4-15% 

gradient) and PVDF membranes. Samples were then prepped and equally loaded for gel 

electrophoresis. Transfer was conducted via BioRad Transblot Turbo. Following transfer, 

membranes were blocked in 5% milk in TBST for 60 minutes or BioRad Every Blot 
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blocking buffer (#12010020) for 5 minutes. Following blocking, the appropriate primary 

antibody was appropriately diluted and added during an overnight incubation at 4 degrees 

C. Once primary incubation was finished, membranes were washed 3 times for 5 minutes 

with TBST then incubated for 60 minutes with the analogous secondary anti-mouse or anti- 

rabbit antibody both conjugated to horseradish peroxidase. Upon secondary incubation, 

membranes were washed another 3 times with TBST for 5-minutes each. Millipore 

Immobilon (#WBKLSO500) chemiluminescent substrate was added and then visualized 

using a BioRad ChemiDoc MP for protein detection. Ponceau staining was used for protein 

normalization. 

 

5.7 Body Composition 

 

Whole body composition including body mass, lean mass, fat mass and bone 

mineral density/content were measured at baseline and 7 days post HLS using an InSIGHT 

Dual-X-Ray Absorptiometry (DXA) scanner obtained from Scintica Instrumentation Inc. 

(London, ON). Mice were anesthetized via isoflurane prior to being placed into the 

scanning bed where they were fitted with a nosecone attached to a separate isoflurane 

vaporizer. The mice were then maintained in a prone position with limbs splayed for 

scanning, and eye lubrication was applied for protection against dry-eye. 

 

5.8 Statistical comparisons 

 

 For the first part of this study, a one-way ANOVA or non-parametric Kruskal 

Wallis test with a Dunnet’s post-hoc test was used to strictly compare GC vs Flight and 

VIV vs Flight. This method was chosen since no significant differences between GC and 
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VIV for any outcome measure were detected for any mission. To examine the combined 

effect of spaceflight on GSK3 content and phosphorylation, fold-change values were 

calculated for each mission relative to the average of both GC and VIV controls. The fold-

change and 95% confidence intervals were then converted to z-scores and p-values as 

previously described [113]. For the hindlimb suspension study, a two-way ANOVA was 

used to test the main effects of unloading, genotype and their potential interaction using a 

Sidak’s post-hoc test for body composition. A one-way ANOVA with a Tukey’s post-hoc 

test was used to detect potential differences in muscle mass, force frequency-curves and 

contractile kinetics across GSK3floxed mobile control, GSK3floxed HLS, and GSK3mKD HLS 

groups. All data are presented as mean +/- standard error unless stated otherwise. A 

Shapiro-Wilk test was used to test for normality for both studies. Statistical tests were 

conducted through GraphPad Prism 8 Software. Any statistical outliers detected using the 

ROUT test (Q = 5%) on GraphPad Prism were removed prior to analysis. A p < 0.05 was 

used to determine statistical significance.   
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6.0 Results  
 

6.1 Spaceflight  

 

 To determine the effects of spaceflight on GSK3 activation, western blot analysis 

was performed to measure the levels of GSK3 (Ser9) and GSK3 (Ser21) inhibitory 

serine phosphorylation in murine soleus, TA, and EDL from three separate spaceflight 

missions (NASA RR1, NASA RR9, BION-M1). Additionally, -catenin, a downstream 

marker of GSK3 activation was examined to further investigate the effects of spaceflight 

on GSK3 activity. For the RR9 soleus, there were significant differences detected in both 

total and Ser9 phosphorylated GSK3 content with the flight group having less than both 

VIV and GC (Figure 5A and B). This led to no significant changes in phosphorylated Ser9 

GSK3 relative to total GSK3 (Figure 5C). There were no significant differences detected 

for GSK3 (Figure 5D-F). For -catenin, western blot analysis showed a significant 

decrease in total -catenin content in the flight group compared to GC and VIV (Figure 

5G).  
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Figure 5. GSK3 content, phosphorylation status and β catenin content in soleus 

muscles from GC, VIV and Flight mice from the RR9 soleus A-C) Total, 

phosphorylated, and the phosphorylated:total GSK3β ratio in Flight and control groups. B) 

Phosphorylated GSK3β (Ser9) content. D-F) Total, phosphorylated, and the 

phosphorylated:total GSK3 ratio in Flight and control groups. G) β catenin content in 

Flight and control groups. Data are presented as means ± SEM, **p<0.01,****p<0.0001, 

using a one-way ANOVA or Kruskal-Wallis (for D and F) test with Dunnett’s post-hoc 

test (n=8-10 per group). For D and E, the representative blots were loaded in GC, VIV, 

Flight on the same gel, and displayed here as VIV, GC, and Flight. 

 

 

For the RR1 mission which included soleus muscles from spaceflown and control 

(GC and VIV) female mice, a one-way ANOVA found a significant difference between 

groups for total GSK3 content where the flight group had the lowest levels compared to 

both GC and VIV (Figure 6A). There were no differences detected for phosphorylated Ser9 
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GSK3 in either absolute or relative (to total) terms (Figure 6B and C). There were also no 

differences detected for total or phosphorylated GSK3 (Figure 6-D-F), nor were there 

differences detected for  -catenin content (Figure 6F). 

 
 

Figure 6. GSK3 content, phosphorylation status and β catenin content in soleus 

muscles from GC, VIV and Flight mice from the RR1 mission. A-C) Total, 

phosphorylated, and the phosphorylated:total GSK3β ratio in Flight and control groups. B) 

Phosphorylated GSK3β (Ser9) content. D-F) Total, phosphorylated, and the 

phosphorylated:total GSK3 ratio in Flight and control groups. G) β catenin content in 

Flight and control groups. Data are presented as means ± SEM, Data are presented as means 

± SEM, *p<0.05, using a one-way ANOVA or Kruskal-Wallis (for B and C) test with 

Dunnett’s post-hoc test, n = 4 per group 

 

For the BION-M1 mission, western blot analysis revealed a significant difference 

between groups for GSK3 content in the soleus, with the flight group having significantly 
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lower content compared with GC (Figure 7A).  There were no significant changes in 

phosphorylated Ser9 GSK3 content across all groups (Figure 7B), however, when 

calculating the ratio of phosphorylated to total GSK3, one-way ANOVA analysis detected 

a significant difference where the flight group had a significantly higher ratio compared 

with GC (Figure 7C). Similar findings were found for GSK3, where total content was 

lower in the Flight group, but the relative phosphorylation status was higher compared with 

GC (Figure 7D-F). For -Catenin, western blot analysis found no significant changes in 

total -catenin content across all groups (Figure 7G). 

 
 

Figure 7. GSK3 content, phosphorylation status and β catenin content in soleus 

muscles from GC, VIV and Flight mice from the BION-M1 mission. A-C) Total, 

phosphorylated, and the phosphorylated:total GSK3β ratio in Flight and control groups. B) 

Phosphorylated GSK3β (Ser9) content. D-F) Total, phosphorylated, and the 
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phosphorylated:total GSK3 ratio in Flight and control groups. G) β catenin content in 

Flight and control groups. Data are presented as means ± SEM, *p<0.05, **p<0.01, using 

a one-way ANOVA with Dunnett’s post-hoc test, n = 3-4 per group 

 

Across RR9, RR1 and BION-M1 missions, one universal result that was observed 

was that the flight group had the lowest levels of total GSK3. To further showcase this 

effect, data were presented as fold-change relative to the average of the combined GC and 

VIV controls since there were no differences found between GC and VIV. Fold-change 

data and their 95% confidence intervals are reported along with the calculated z-score and 

p-value (Figure 8). Figure 8A shows that the combined effect of all missions was 0.70-fold 

change in total GSK3 in the flight group vs GCVIV, which was found to be statistically 

significant. However, there appeared to be no effect of spaceflight on Ser9 phosphorylation 

status of GSK3 with this combined approach (Figure 8B). Similar to GSK3, combined 

analysis revealed a 0.70-fold change in total GSK3 in the flight group vs GCVIV that 

approached statistical significance (p value??), whereas there was no effect on Ser21 

phosphorylation (Figure 8C and D). Finally, using the same statistical approach for -

catenin, we found a significant 0.52 fold change in the flight group compared with the 

combined GCVIV control groups that was statistically significant (Figure 8E). 
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Figure 8. Exploring the combined effect of spaceflight across all missions on GSK3 

content, phosphorylation status and β catenin content in soleus muscles. A) Total 

GSK3β content. B) Phosphorylated GSK3β (Ser9) relative to total GSK3β content. C) 

Total GSK3 content. D) Phosphorylated GSK3 (Ser21) relative to total GSK3β content. 

E) Total β catenin content. Fold-change (FC) data were calculated for each mission by 

dividing the Flight group by the average of the combined GC and VIV groups. The 

combined dataset represents the 95% confidence interval, z-score, and calculated p-value 

for all FC data (RR1, RR9, and BION-M1). 
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To explain the reduction in total GSK3 content observed with spaceflight, western 

blot analysis for myosin heavy chain (MHC) isoform was conducted. It is well-established 

that soleus unloading with spaceflight leads to a slow-to-fast fibre type shift. Findings from 

this thesis are in support of this shift. In the RR9 mission, there were significant increases 

in both MHC IIx and IIb isoforms in the flight group compared with GC and VIV controls 

(Figure 9A-B). For the RR1 mission, there was a similar and significant increase in MHC 

IIx in the flight group compared with GC and VIV controls (Figure 9C-D), however, MHC 

IIb could not be detected. Likewise, MHC IIb could not be detected in soleus muscles from 

the BION-M1 mission, and while MHC IIx appeared to be elevated in the flight group, this 

was not statistically significant (Figure 9E-F). However, a significant difference was 

detected with MHC IIa being lower in the flight group compared with VIV. 
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Figure 9 Western blot analysis of MHC isoforms across RR9, RR1, and BION-M1 

missions. A-B) MHC isoform analysis in soleus muscles from the RR9 mission (n=8-10 

per group). C-D) MHC isoform analysis in soleus muscles from the RR1 mission (n=3-4 

per group). E-F) MHC isoform analysis in soleus muscles from the BION-M1 mission 

(n=4 per group). Data are presented as means ± SEM, *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001 using a one-way ANOVA or Kruskal-Wallis (D, MHCI) with Dunnett’s 

post-hoc test. 
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In addition to the predominantly oxidative soleus muscles, GSK3 content and 

activation status were also examined in glycolytic muscles obtained from the RR9 mission 

(TA) and BION-M1 mission (EDL). For the RR9 TA there were no significant differences 

detected for GSK3, phosphorylated GSK3, or -catenin (Figure 10). Similarly, there were 

no significant differences detected for GSK3 or phosphorylated GSK3 for the EDL muscles 

from the BION-M1 mission (Figure 11). 

 

Figure 10 GSK3 content and phosphorylation status in TA muscles from GC, VIV 

and Flight mice from the RR9 mission. A-C) Total, phosphorylated, and the 

phosphorylated:total GSK3β ratio in Flight and control groups. B) Phosphorylated GSK3β 

(Ser9) content. D-F) Total, phosphorylated, and the phosphorylated:total GSK3 ratio in 

Flight and control groups. Data are presented as means ± SEM, n = 8-10 per group. 
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Figure 11 GSK3 content and phosphorylation status in EDL muscles from GC, VIV 

and Flight mice from the BION-M1 mission A-C) Total, phosphorylated, and the 

phosphorylated:total GSK3β ratio in Flight and control groups. B) Phosphorylated GSK3β 

(Ser9) content. D-F) Total, phosphorylated, and the phosphorylated:total GSK3 ratio in 

Flight and control groups. Data are presented as means ± SEM, n = 4-5 per group. 
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6.2 Hindlimb suspension  

 

In the second part of this thesis, heterozygous GSK3 KD (GSK-3fl/-fl/-: ACTA 

Cre+/-, “GSK3mKD”) and their floxed control littermates (GSK-3fl/-fl/-: ACTA Cre-/-, 

“GSK3floxed”) underwent 7 days of hindlimb suspension to determine whether partial GSK3 

KD could preserve muscle mass and contractility in response to soleus muscle unloading. 

Figure 12 shows a near 50% reduction in GSK3 and GSK3 content in soleus muscles 

from GSK3mKD mice vs those from GSK3floxed mice. In a basal state (loaded and otherwise 

healthy), soleus:body mass ratio was significantly greater in GSK3mKD mice vs GSK3floxed 

mice.  

 

Figure 12 GSK3 content and soleus to body mass ratio at basal conditions. A-B) Total 

GSK3a and GSK3b content for GSK3flox and GSK3mKD mice. C) Soleus to body mass ratio 

for GSK3flox and GSK3mKD mice. *p<0.05, **p<0.01 using a Student’s t-test (n=4 

pergroup). 

 

Throughout the 7-day hindlimb suspension protocol, both GSK3floxed and GSK3mKD 

mice experienced a decline in body mass but no more than 10% (Figure 13A and B). Two-

way ANOVA analysis of body mass at baseline and 7-days post hindlimb suspension 

revealed a significant interaction between hindlimb suspension and genotype, where only 

GSK3floxed experienced a significant decline in body mass (Figure 13C). A significant main 



 41 

effect of hindlimb suspension was found with lean mass, both absolute and as a percent of 

body mass (Figure 13D and E). A significant main effect of genotype also indicates that 

GSK3mKD mice have more lean mass compared to GSK3floxed mice (Figure 13D and E). 

Along with this, GSK3mKD mice had less fat mass (absolute and relative) compared to 

GSK3floxed mice with a significant main effect of genotype (Figure 13F and G). A 

significant main effect of hindlimb suspension indicates that both GSK3floxed and GSK3mKD 

mice lost absolute fat mass (g) after 7 days of hindlimb suspension (Figure 13F). Whole 

body bone mineral density (BMD) was also assessed pre and post hindlimb suspension, 

and the results indicate that both GSK3floxed and GSK3mKD mice lost BMD (-3%) after 7 

days of hindlimb suspension (Figure 13H). 
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Figure 13 Body composition in GSK3floxed and GSK3mKD mice A-B) Body mass and 

percentage change in body mass across 7 days of HLS for GSKfloxed and GSK3mKD mice. 

Two-way ANOVA analysis of body mass (C), lean mass (D), percent lean mass (E), fat 

mass (F), percent fat mass (G), and bone mineral density (BMD, H). ***p<0.0001 using a 

Tukey’s post-hoc test. All values are means ± SEM. 
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Soleus:body mass ratio and soleus muscle CSA were significantly reduced in both 

GSK3floxed and GSK3mKD HLS groups vs GSK3floxed mobile control (Figure 14A and B). A 

significant difference between GSK3floxed and GSK3mKD HLS groups for both soleus:body 

mass ratio and soleus CSA were also detected indicating that GSK3mKD HLS mice had 

larger soleus muscles.  Further, there were significant differences in specific force 

generation at 50, 100, and 160Hz of stimulation between the GSK3floxed control and the 

GSK3floxed HLS mice (Figure 14 C). There were no differences detected when comparing 

to the GSK3mKD mice. Force-frequency area-under-the-curve (AUC) analysis reported a 

similar finding whereby GSK3floxed control had a larger AUC of specific force compared 

with GSK3floxed HLS mice, however, this did not reach statistical significance (Figure 14D). 

We next assessed twitch and tetanic (160 Hz) contractile kinetics (Figure 14E-J). 

Our analysis detected a significant reduction in the rate of force development in both twitch 

and tetanic contractions in the GSK3floxed HLS soleus vs GSK3floxed control (Figure 14F 

and I). A similar reduction was found in the rate of relaxation; however, this was only 

statistically significant under tetanic conditions (Figure 14J).  
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Figure 14 Force-frequency curve and contractile kinetics analysis in soleus muscles 

from GSK3floxed HLS, GSK3mKD HLS and GSK3floxed control groups after 7 days 

of hindlimb suspension (HLS). A)  Soleus to body mass ratio. B) Muscle cross sectional 

area (CSA). C) Specific force production across submaximal and maximal stimulation 

frequencies (1-160 Hz). D) Area-under-the-curve analysis for specific force generation. E-

G) Representative twitch force tracings and maximal rates of force development and 

relaxation. H-J) Representative tetanic (160Hz) force tracings and maximal rates of force 

development and relaxation. *p<0.05, **p<0.01 using a one-way ANOVA and Tukey’s 

post-hoc test (n=4-5 per group). 
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7.0 Discussion  
 

 Prolonged spaceflight leads to muscle unloading causing muscle atrophy and a 

slow-to-fast fibre type transition in both mice and humans, particularly in the postural 

soleus muscle [35, 114]. This thesis investigated the role of GSK3 in mediating these 

maladaptations to muscle observed with spaceflight and muscle unloading. The first part 

of this thesis characterized the effects of  30-37 days of spaceflight on GSK3 content and 

inhibitory serine phosphorylation status in the postural soleus and fast-twitch TA and EDL 

muscles from male and female mice. The second part of this thesis utilized the commonly 

utilized Earth-based analog of spaceflight, HLS, and a novel GSK3/ muscle specific 

knockdown model to investigate whether GSK3 deletion (both isoforms) could preserve 

soleus muscle mass and strength in mice in response to 7 days of unloading via HLS. 

Overall, the results of this thesis show that while GSK3 content is consistently 

downregulated in soleus muscles after at least 30 days of spaceflight, its activation as 

indicated by -catenin may be elevated; however, this last result was only found in the RR9 

mission. On Earth, muscle-specific deletion of GSK3 led to larger muscles and force 

production in soleus muscles from the GSK3mKD group was not statistically different from 

that of GSK3flox control group. 

 

7.1 Spaceflown missions  

 To characterize GSK3 activation in spaceflown mice, western blots analysis was 

done for total and serine phosphorylated GSK3 isoforms. Across all missions, it 

consistently found that spaceflight (at least 30 days exposure to microgravity) significantly 

reduced total GSK3 content with an overall reduction of 30% compared with GCVIV 
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controls. A similar finding was found with total GSK3 content in both RR9 and BION-

M1 missions, however, we did not find any changes in the RR1 mission. Though it is 

possible that biological sex can play a role in this. Estrogen has shown to antioxidant 

properties, act as a synergist to Wnt signalling, and increase Akt phosphorylation 

potentially serving as a protective mechanism to muscle unloading [115]. However, it is 

important to note that only 4 samples per group were obtained from NASA thereby limiting 

statistical power.  

While the reduction in GSK3 with spaceflight may alternatively suggest that this 

enzyme does not play a role in the muscle atrophy observed with spaceflight, it is important 

to consider the temporal nature on this intervention as the muscles from this study were 

obtained from missions >30 days.  Thus, the reduction in GSK3 may be more of a reflection 

of the fibre type changes that occurred after spaceflight. The data presented in this thesis 

shows a consistent shift toward the glycolytic phenotype in the spaceflight soleus, and our 

lab has recently shown that oxidative fibres have higher GSK3 expression compared to 

glycolytic fibres [7].  However, a previous study has shown that GSK3β phosphorylation 

status was lowered in as little as 1 and 3 days of simulated microgravity with hindlimb 

suspension [44]. Assuming that spaceflight and hindlimb suspension are analogous models, 

it is possible that GSK3 may be more active in the early stages of unloading observed with 

spaceflight and our study is limited in the time with which the samples were collected. 

Finally, it is also possible that the reduction in GSK3 may represent a compensatory event 

aimed to preserve muscle mass and function. 

 For the most part, there were no changes in relative serine phosphorylation status 

for GSK3 across all missions individually and in our combined analytical approach, with 
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the exception of the BION-M1 mission, where there was a significant upregulation in serine 

phosphorylation of both isoforms. One potential explanation could be the difference in 

housing during the intervention. The BION-M1 mice were housed in a single satellite, 

whereas the RR1 and RR9 animals were housed on the international space station where 

differences in housing conditions such as temperature, humidity, nutrition among other 

factors could have contributed to these changes possibly affecting GSK3 phosphorylation 

status. 

 -catenin is a downstream marker of GSK3 activation since GSK3 phosphorylates 

-catenin marking it for proteasomal degradation by the ubiquitin proteasomal pathway 

[68, 69, 116]. Both isoforms can exert this effect thereby showcasing some of their 

functional redundancies. In fact, knocking out both GSK3 isoforms leads to 

hyperactivation of Wnt/-catenin signalling [116]. In all, a reduction in -catenin can be 

perceived as an increase in GSK3 activation; and this was found specifically in the soleus 

muscles obtained from the RR9 mission and in our combined analytical approach (near 

50% reduction vs GCVIV). This suggests that while spaceflight downregulates GSK3 

content it may still be hyperactive. However, it is worth noting that the significant reduction 

in -catenin in the combined fold-change model is primarily driven by the RR9 mission - 

the mission with the largest sample size and therefore power. When looking closely at the 

data, the RR1 fold-change shows an increase in -catenin content with spaceflight. Though 

this was not statistically significant, this could represent a potential effect of biological sex, 

however, additional samples are required.  

The reduction in -catenin content in the spaceflown soleus could also be reflective 

of impaired Wnt activation, which normally prevents GSK3 and -catenin from interacting 
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with one another, ultimately reducing GSK3-mediated phosphorylation of -catenin. In 

this context, sclerostin is a potent negative regulator of Wnt signalling [117] and its role in 

spaceflight mediated loss in bone mass and strength is currently under investigation, where 

Dr. Virginia Ferguson is determining whether treating female mice with a sclerostin 

blocking antibody can preserve bone mass and strength in female mice flown in space. 

Similar treatments have shown benefits using the ground-based model of HLS [118]. 

Whether these antibody treatments can preserve muscle mass and strength in response to 

real and simulated microgravity remains unknown, but the results of this thesis could point 

towards the importance of answering such a question. Furthermore, and as a supplement to 

this thesis, GSK3 content and phosphorylation status was also measured in the femur 

samples obtained from the RR9 mission (Appendix II). Though a one-way ANOVA could 

not detect any differences (data not shown), when comparing the flight group vs the 

combined GCVIV groups to increase statistical power, it was found that GSK3 

phosphorylation was significantly lower in the flight group, leading to a reduction in the 

pGSK3:GSK3 ratio that approached statistical significance p value?. This data could 

highlight a role for GSK3 hyperactivity in the bone loss associated with spaceflight. Indeed, 

DXA scanning and CT analysis showed decrements in femur bone mineral 

density/content and tibia cortical thickness and area in the flight group vs GCVIV 

(Appendix II). Altogether, the data from the first part of this thesis suggests that overactive 

GSK3 may contribute to musculoskeletal impairments associated with spaceflight. 

 

7.1 HLS and muscle-specific GSK3 deletion  
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While the reduction in GSK3 content with spaceflight may alternatively suggest 

that this enzyme does not play a role in the muscle atrophy and weakness observed with 

spaceflight, it is important to consider the timing with which the samples were obtained (> 

30 days exposure to microgravity). As mentioned previously, the reduction in GSK3 may 

be more of a reflection of the fibre type changes that occurred after at least 30 days of 

spaceflight. However, a previous study has shown that GSK3β phosphorylation status was 

lowered in as little as 1 and 3 days of simulated microgravity with hindlimb suspension 

[44]. This shows that GSK3β is more active early on during simulated microgravity 

exposure. Pilot results from this thesis are also in support of this where GSK3β 

phosphorylation status was lower after 7 days of hindlimb suspension (Figure 2). Thus, 

GSK3 may also be more active at the onset of muscle unloading and its inhibition at an 

earlier time point could potentially preserve muscle mass and strength. 

To test this possibility, the second part of this thesis utilized a novel muscle-specific 

GSK3 (both isoforms) knockdown mouse model to determine whether muscle-specific 

GSK3 deletion could preserve muscle mass and strength in the face of soleus unloading 

via HLS. GSK3 deletion was achieved via heterozygous expression of a flox sequence that 

flanks the gsk3 genes. When combined with heterozygous ACTA1-Cre recombinase 

expression that drives muscle-specific Cre expression, deletion of the floxed sequences and 

thus gsk3, specifically in skeletal muscle, can be obtained. This model system led to a 50% 

reduction in soleus GSK3 content and an increase in the soleus:body mass ratio when 

compared to the GSK3 floxed controls, which is consistent with the negative role that 

GSK3 plays in maintaining muscle mass [73] 



 50 

In response to HLS, both GSK3floxed and GSK3mKD mice experienced a decline in 

body mass that did not exceed 10%. This is in line with results from a previous study [119]. 

Results from a small animal DXA scanner shows that body mass was only significantly 

reduced in GSK3floxed mice but not GSK3mKD mice. Furthermore, a significant main effect 

of genotype was detected for absolute and relative lean mass composition, where GSK3mKD 

mice had more compared with GSK3floxed mice, which is again consistent with the role of 

GSK3 in negatively regulating muscle mass. A significant main effect of genotype was 

also found for absolute and relative fat mass composition, where GSK3mKD mice had less 

compared with GSK3floxed mice, which may be due to an increase in muscle-based 

thermogenic mechanisms. Recent results from our lab showed that GSK3 inhibition via 

lithium supplementation and muscle specific deletion was able to increase thermogenic 

mechanisms in the soleus through increased SERCA uncoupling (Mia Geromella MSc 

thesis 2021). It should also be noted that both absolute lean and fat mass were lost during 

the 7 days of HLS as indicated by significant main effects of HLS, highlighting the 

catabolic nature of this protocol. 

 When examining soleus muscle size and contractility, the results suggest that 

muscle-specific GSK3 deletion can help attenuate the decline in muscle mass and the CSA 

after 7 days of unloading, with GSK3mKD mice having larger soleus muscles after 7 days of 

HLS compared with GSK3floxed mice. Additionally, only GSK3floxed mice showed 

decrements in specific force production compared with GSK3floxed mobile control mice, 

whereas there were no statistical differences detected with GSK3mKD HLS mice. 

Contractile kinetics were also attenuated  in GSK3mKD mice after HLS as only GSK3floxed 

HLS mice saw reductions in the rates of relaxation and force development when compared 
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to GSK3floxed mobile control mice. Though the mechanisms behind this remain unclear, it 

is possibly related to the preservation of force since increased force production is associated 

with faster rates of force development and relaxation. Other cellular mechanism may also 

be at play and should be investigated in the future. In a recent study, we showed that 

prolonged spaceflight raised levels of RONS in the murine soleus [40]. An increase in 

oxidative/nitrosative stress can damage the myofibrillar proteins potentially leading to 

weakness and decrements in contractile kinetics. In a recent study from our lab, we have 

shown that pharmacological inhibition of GSK3 in a mouse model of Duchenne muscular 

dystrophy, a severe muscle wasting disease also characterized by enhanced RONS 

production, reduced the level of RONS in the EDL, diaphragm and heart [120] Whether an 

increase in oxidative/nitrosative stress is also present in the unloaded soleus but to a lesser 

extent when GSK3 is knocked down should be investigated further. 

 Overall, the results of this thesis show that GSK3 inhibition can preserve muscle 

mass and strength in the face of muscle unloading. These results are strongly consistent 

with those reported in the literature showing that GSK3 can be targeted for other muscle 

wasting conditions. Diseases such as myotonic dystrophy, which is a form of muscular 

dystrophy that occurs later in life and characterized by prolonged muscle contraction 

without the ability to relax. In the affected skeletal muscle, it often leads to muscle atrophy, 

weakness, myotonia and in cardiac muscle it can lead to arrythmias and cardiomyopathy 

[121]. In a previous study, it was determined that inhibiting GSK3 using lithium chloride 

or TDZD-8 as GSK3 improved grip strength and myofiber size in a preclinical mouse 

model of myotonic dystrophy called the HSALR mouse model [121]. Limb girdle muscle 

dystrophy is a calpain 3-related muscular dystrophy that causes degeneration of the 
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proximal muscles of the pelvis and shoulder girdle causing muscle weakness and muscle 

atrophy [122, 123]. It was reported that GSK3 inhibition via lithium supplementation was 

able to enhance Wnt and mTOR signalling ultimately improving muscle strength and size 

in mice [124]. As alluded to above, Duchenne muscular dystrophy is an X-linked severe 

muscle wasting disorder that is caused by a single point mutation in the dystrophin gene 

that results in the absence of functional dystrophin. Without functional dystrophin, this 

leads to muscle wasting and weakness [125]. Work from our lab has targeted GSK3 as a 

therapeutic target for prolonging and improving the severity of this pathology. We found 

that treating (D2) mdx mice with tideglusib, a clinically relevant GSK3 inhibitor being 

used in clinical trials for many other diseases, increased muscle mass, strength, and fatigue 

resistance [120] Finally, a progressive neurodegenerative disorder known as amyotrophic 

lateral sclerosis (ALS) has been associated the degeneration of motor neurons preventing 

voluntary movement [126]. Results have shown ALS is associated with increased 

activation of GSK3 which is directly related to the degradation of motor neuron [127]. 

Studies have also shown a neuroprotective effect of lithium supplementation by 

significantly delaying the onset on limb abduction, gait impairments and paralysis along 

with maintaining more neurons compared to the saline groups [128]. Altogether, this thesis 

adds to the growing body of evidence highlighting the therapeutic potential of targeting 

GSK3 for a number of muscle wasting conditions and diseases. 

 

7.2 Strengths, Limitations, and Future Directions 
 

 This thesis aimed to characterize GSK3 content and activation status in murine 

muscle after at least 30 days of spaceflight as well as the effects of muscle-specific GSK3 

deletion on muscle mass and strength in the face of HLS. By combining real and simulated 
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microgravity models, this thesis offers a complimentary and comprehensive look at the role 

of GSK3 in governing the adaptations that occurs with muscle unloading. Whilst the 

spaceflight samples allowed for the characterization of muscle composition, GSK3 content 

and phosphorylation, the HLS model provided a model for which to test the effects of 

muscle-specific GSK3 inhibition on muscle size and strength. This is important as the 

effects of GSK3 deletion on muscle strength has not yet been determined.   

 Having three individual missions was also considered as a strength of this study. 

Seeing similarities with our results, particularly with GSK3 content, across different 

missions provided us a more comprehensive view of what microgravity does to skeletal 

muscle GSK3. Additionally, we were given the soleus, EDL, and TA muscles from these 

mice which allowed for comparisons between postural oxidative muscles (soleus) that are 

more affected by microgravity exposure compared with glycolytic muscles (TA and EDL). 

Though it was a secondary aim of this thesis, the addition of the femurs and tibia from 

NASA RR9 was also strength because of the known effects of bone loss and weakness in 

unloaded conditions [129]. Another noted strength of this thesis is the inclusion of female 

mice in the first part of this thesis. However, the very limited sample and our restriction of 

the HLS to only male mice are noted as limitations to our study as it does not allow for full 

investigation on the potential role of biological sex. Further, this study and other studies 

found that female rats experience less muscle deconditioning during hindlimb suspension 

than male rats due to lower initial muscle mass, thus emphasizing the importance for 

optimizing effective counter measures for all astronauts [130]. Future studies should 

determine whether muscles from female rodents exhibit less GSK3 activation compared 

with male rodents, as this could provide mechanistic insight. 
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 The use of hindlimb suspension model coupled with the GSK3 double knockdown 

mice was an added strength to this study. Not only could we use the most relevant form of 

mechanical unloading to mimic spaceflight [131], but we were able to fill gaps from 

previous literature by eliminating potential compensatory mechanism from GSK3. 

GSK3β is the most predominant isoform in skeletal muscle, however, much research 

neglects the idea that its less abundant isoform GSK3 may still be just as active or more 

active to compensate. In the future, it would be interesting to determine which of the two 

isoforms, if any, is more important in mediating the effects of muscle unloading. 

 The use of a partial GSK3 knockdown model may appear as a limitation from a 

mechanistic standpoint, where a full GSK3 knockdown model could better determine the 

effects of GSK3 deletion on muscle mass and strength with HLS. Alternatively, it may 

appear as a strength from a translatability standpoint. Gene therapy is still in its infancy in 

humans, and thus genetic intervention/deletion may not be possible for some time. 

However, reductions in GSK3 content, similar to what was observed in this study can be 

obtained pharmacologically. Tideglusib has emerged as the most clinically advanced 

inhibitor for GSK3 and have been used to treat multiple GSK3 overactivation related 

diseases [132, 133]. In our lab, we have shown that tideglusib treatment was able to not 

only increase Ser9 phosphorylation but also lower GSK3 content in the D2 mdx mouse 

[120]. Further, this led to increased proportions of oxidative fibres while muscle necrosis 

and oxidative stress were reduced. Thus, the use of a partial GSK3 knockdown may be 

beneficial in terms of translatability and may perhaps limit compensatory events that could 

be unveiled with a full knockdown model. 
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 As noted with the female RR1 mission, there were sample size limitations for the 

space flown section of this thesis. The RR1 and the BION-M1 each consisted of only n = 

4 per group, which resulted in an underpowered study design with relatively large variation 

between samples. Secondly, each mission had slight differences in time spent in orbit and 

housing. Future studies comparing both male and female mice and the potential effect of 

genetic or pharmacological GSK3 inhibition within the same mission in space would be of 

use. 

 For GSK3 and GSK3 activity we measured the phosphorylation status  at Ser21 

and Ser9, respectively, which provides an indication of its activation status. However, there 

are caveats that need to be considered. First, serine phosphorylation of GSK3 does not 

necessarily lead to its inhibition. For example, Wnt signalling is impervious to GSK3 

phosphorylation, GSK3 phosphorylation is competing with substrate availability and not 

all GSK3 substrates need to be primed to be phosphorylated [5, 134]. Secondly, GSK3 is 

known to be phosphorylated at Tyr279 (GSK3) and Tyr216 (GSK3) sites [135], which 

promotes activation, and thus future experiments should examine these sites as well as they 

could provide a more comprehensive understanding of GSK3 activation Finally, the GSK3 

activity assay would be a valuable tool in establishing the GSK3 activity [7]. However, our 

limited sample volumes prevented us from using this method. Future experiments should 

include the GSK3 activity assay coupled with Ser and Tyr phosphorylation for a complete 

view of GSK3 activity. 
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8.0 Conclusion 
 

 To conclude, the first part of my thesis demonstrated the effects of spaceflight on 

GSK3 activation and content. 30-37 days of microgravity exposure reduced GSK3 content 

in the soleus likely due to the glycolytic fibre type transition. Additionally, we have 

provided evidence that GSK3 activity was perhaps elevated due to the significant 

reductions in β-catenin content mainly in the RR9 mission – our dataset with the largest 

number of samples. The latter part of my thesis has shown that muscle-specific GSK3 

partial ablation was able to increase muscle mass in a basal state and show relative 

improvements in muscle size and contractile integrity when exposed to 7 days of hindlimb 

suspension. The results from this thesis highlight GSK3 as a potential therapeutic target for 

spaceflight induced muscle loss and adds further support to targetting GSK3 for various 

muscle-wasting conditions. Future studies should test whether genetic and/or 

pharmacological inhibition of GSk3 can preserve muscle mass and function in spaceflown 

male and female mice. 
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9.0 Appendix  
 

Appendix I: GSK3 phosphorylation ratio for cohort control groups the RR9 soleus. 

 
Figure 15 Phosphorylated GSK content in CC1 and CC2. 

No statistical differences in pGSK3/tGSK3 content in TA muscles from CC1 and CC2 

mice. 
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Appendix II: GSK3 content, phosphorylation, and bone microarchitecture from the 

femur and tibia RR9 samples 

 

 

 

 
 

Figure A1. GSK3 phosphorylation and content in femur samples obtained from 

male RR9 mice. GC and VIV controls were combined to increase statistical power. 

There were no differences detected between groups. *p<0.05, using a Student’s t-test (n = 

6 for flight and n = 12 for GCVIV). 
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Table A1. Femur and Tibia structural analysis measured through DXA and CT, respectively. 

DXA, dual X-ray absorption; CT, micro-computed tomography, BV/TV, bone volume as a fraction of 

total volume. For DXA scans, GCVIV n = 12, Flight n = 6; for CT GCVIV n = 10, Flight n = 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 GCVIV (mean  

SEM) 

Flight (mean  SEM) p-value (t-test) 

DXA scan (femur)    

   BMC (mg) 24.8  1.1 18.8  0.57 0.0023 

   BMD (mg/cm2) 93.2  1.7 80.7  1.8 0.0003 

    

CT (tibia) trabecular outcomes    

   Total volume (mm3) 1.4  0.04 1.3  0.04 0.20 

   Bone volume (mm3) 0.23  0.02 0.17  0.01 0.12 

   BV/TV (%) 16.5  1.1 13.5  1.1 0.17 

   Trabecular thickness (mm) 0.053  0.003   0.048  0.003 0.23 

   Trabecular separation (mm) 0.19  0.004  0.20  0.003 0.27 

   Trabecular number (1/mm) 3.0  0.1  2.8  0.1 0.30 

   Degree of anisotropy  2.1  0.05 1.9  0.06 0.21 

   Connectivity density (1/mm3)  0.0003  0.00001 0.0004  0.00003 0.14 

    

CT (tibia) cortical outcomes    

   Total cross-sectional area 

(mm2) 
1.4  0.03 1.2  0.02 0.005 

   Cortical area (mm2) 0.8  0.03 0.6  0.01 0.003 

   Cortical area fraction (%) 57.4  0.8 53.7  0.7 0.01 

   Periosteal perimeter (mm) 7.8  0.1 7.3  0.1 0.01 

   Total perimeter (mm) 4.9  0.1 4.5  0.0 0.005 

   Endocortical perimeter (mm) 2.9  0.1 2.8  0.0 0.09 

   Medullary area (mm2) 0.61  0.01 0.55  0.01 0.24 

   Eccentricity 0.67  0.01  0.64  0.00 0.19 

   Cortical thickness (mm) 0.21  0.00  0.18  0.00 0.01 
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Appendix III: Animal Use Protocol (AUP) 
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