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ABSTRACT 

 

JOSHUA ROBERT HUOT. Notch Serves as a Molecular Brake on Myogenesis, Protein 

Synthesis, and Growth in Skeletal Muscle. (Under the direction of Dr. SUSAN 

TSIVITSE ARTHUR) 

 

 Aging can be accompanied by aggressive loss of muscle mass (sarcopenia) and is 

a primary prognosticator for the reduced capacity of the elderly to accomplish basic 

activities of daily living.  Several mechanisms within skeletal muscle lead to 

development of sarcopenia, including a faulty myogenic response (i.e. repair) and 

suppressed muscle protein synthesis (MPS) following a physiological stressor (e.g. bout 

of exercise).  Notch has been identified as a key regulatory signaling pathway over the 

myogenic response, however exact roles of Notch signaling remain controversial.  

Moreover, regulation of MPS by Notch signaling is an unexplored area.  We conducted a 

myriad of experiments to further elucidate Notch’s regulatory role over the myogenic 

response as well as to determine if Notch has a regulatory role over MPS and skeletal 

muscle growth.  Notch1 shRNA lentiviral (LV) particles (Notch1 knockdown) and an 

empty LV vector were injected into the left and right gastrocnemius of C57BL/6 mice, 

respectively (Chapter 2).  Following LV administration mice, were separated in 

exercising (downhill running (DHR)) and non-exercising groups.  Notch1 knockdown 

elevated myogenic regulatory factors and increased embryonic myosin heavy chain 

positive fibers following DHR.  Moreover, Notch1 knockdown elevated MPS rate, albeit 

through an unknown mechanism.  Follow-up experiments conducted on C2C12 cells 

confirmed that chemical inhibition of Notch, via Ɣ-secretase inhibitor (GSI) treatment 

elevated myotube hypertrophy and MPS (Chapter 3).  In chapter 3, we also demonstrated 
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that GSI-mediated increases in MPS may occur via modulation of the Phosphatase and 

Tensin Homolog/Protein Kinase B/Mechanistic Target of Rapamycin signaling pathway.  

In chapter 4, we demonstrated that GSI treatment is also sufficient to increase MPS 

independent of AKT and mTOR, likely via Glycogen Synthase Kinase 3β.  This work 

collectively demonstrates that Notch serves as a molecular brake on skeletal muscle and 

targeting of Notch may be a useful tactic in combatting muscle wasting conditions.  
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CHAPTER 1: PROPOSED RESEARCH 

 

1.1 Background and Significance  

 Aging can be accompanied by aggressive loss of skeletal muscle mass 

(sarcopenia), and is a primary factor to a reduced ability of the elderly to accomplish 

basic activities of daily living [1; 2].  From age 20 to 80 years old, there is approximately 

a 40% reduction in muscle mass and a 20% decline in muscle cross-sectional area [2]. 

Moreover, these losses preferentially affect fast-twitch fibers leading to lower muscular 

Figure 1.1. Overview of Myogenesis. Notch and mechanistic target of rapamycin (mTOR) 

signaling during skeletal muscle repair/myogenesis.  The process of myogenesis consists of 

quiescent satellite cells (SCs) (express Paired box 7 (Pax7)), which activate (express MyoD) upon 

insult.  Activated cells will then proliferate, differentiate (express Myogenin), and subsequently 

fuse to form multinucleated myofibers (express myosin heavy chain (MHC)).  Notch (shown in 

red) negatively regulates the activation of SCs by maintaining quiescence.  Some level of Notch 

signaling may be necessary for proliferation, though this remains a controversial topic. Elevated 

Notch signaling prevents differentiation and may also prevent fusion and maturation of 

myofibers, though the latter is an understudied area.  mTOR (shown in blue) is necessary for SC 

activation and has also shown to be pivotal for differentiation and late stage fusion of mature 

myofibers.  We hypothesize that Notch negatively regulates mTOR during myogenesis.  Morever, 

we hypothesize that Notch also serves as a molecular brake on muscle protein synthesis. 
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strength and power resulting in slower movement patterns, increases frailty of aging 

individuals and increases in the risk of injury, primarily by falling [3].  In 2004, there 

were an estimated 656 million individuals 60 years and older and estimated healthcare 

costs that attributed to sarcopenia were as high as 18 billion dollars [4] (Census Bureau). 

By the year 2025 it is expected that 1.2 billion people will be at least 60 years or older, a 

~83% increase from 2004 [5].  If the rise in healthcare costs parallels the rise in the aging 

population, they will reach roughly 33 billion dollars in the year 2025.   

 Skeletal muscle accounts for nearly 50% of total body mass in young individuals 

[6] and serves to secrete  cytokines that play a pivotal role in other body tissues making 

muscle mass and function extremely important to the onset of other diseases as aging 

progresses [7-9].  When muscle mass is lost over time the effects it has on bone mass 

maintenance and cardiorespiratory fitness also diminishes, increasing the likelihood of 

osteoporosis, coronary heart disease, and Alzheimer’s disease [10-12].  Furthermore, as 

skeletal muscle mass decreases; basal metabolic rate declines (~30% between age 20 and 

70) and the body loses its efficiency in glucose regulation bringing an increased risk for 

metabolic disorders such as diabetes [10; 13; 14].  Finding countermeasures to combat 

sarcopenia would serve significant to improving quality of life to the aging population 

and reducing the financial burden on the healthcare system. 

 Several mechanisms within skeletal muscle are thought drive the development of 

sarcopenia.  These include, but are not limited to: a decrease in skeletal muscle protein 

synthesis (MPS), a reduction in hormone levels, a decline in neural functioning, an 

elevation in fat cell deposits within skeletal muscle, and an increase of cellular 

senescence and death [10; 15-18].  Another problematic issue and contributor to the 
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development of sarcopenia is the abrogated myogenic response in aged skeletal muscle 

[10; 19], which is considered to have a pivotal role in developing sarcopenia.  Known 

interventions are relatively ineffective in resolving this problem, demanding the 

advancement in our understanding of the myogenic program during aging.  

 The process of myogenesis is comprised of activation of adult skeletal muscle 

stem cells (satellite cells (SCs)), proliferation, differentiation, and fusion of these cells 

leading to formation of multinucleated myotubes [10].  Aging is associated with 

deleterious modifications to the intrinsic properties of SCs and the signaling pathways 

that regulate myogenesis.  Two regulatory pathways of the myogenic program are Notch 

and mechanistic target of rapamycin (mTOR), both of which are thought to weaken with 

age (Figure 1.1) [10; 20; 21].  

 Notch signaling is a highly conserved cell-to-cell communication pathway and a 

key determinant of cellular differentiation and fate (including that of skeletal muscle 

development) [10; 22].  Signaling of the Notch family transmembrane receptors (Notch 

1-4) occurs when ligands (Delta-like protein [DDL] 1, DDL 3, DDL 4, Jagged 1, and 

Jagged 2) bind and initiate a series of cleavages drive by metalloproteases and λ-

secretases resulting cleavage of the Notch intracellular domain (NICD).  NICD 

canonically translocates to the nucleus and initiates transcription and suppression of 

several target genes including hairy and enhancer of split1 (Hes1) Hey1, and avian 

myelocytomatosis viral oncogene homolog (Myc) [10; 22-25].  In addition to its pivotal 

roles during development, Notch signaling is also crucial for a successful myogenic 

response following injury.  It is well established that Notch plays a key role in the 

maintenance of SC quiescence, thus preventing SC activation [10; 26; 27].  Recently, 
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context-specific roles of Notch during myogenesis have been postulated: Notch signaling 

will remain elevated in muscle cells serving to replenish the SC population, whereas 

Notch signaling will be downregulated in cells pushing towards differentiation and fusion 

[22].  Other research had previously brought context-roles to light for Notch signaling, 

albeit with different terminology.  Brack et al demonstrated a temporal switch of Notch 

and Wnt signaling during myogenesis, while others have demonstrated that constitutively 

active Notch prevents cells venturing down the myogenic lineage [25; 28; 29].  However, 

the impact of Notch on other regulators of the myogenic program are not well 

understood.  It is possible that down-regulation of Notch in cells traveling down the 

myogenic lineage allows for upregulation of other regulators of the myogenic program 

such as mTOR.  Gathering a better understanding of the context-specific roles of Notch 

signaling during myogenesis and regulation by Notch on other signaling cascades such as 

mTOR may hold crucial information to resolving sarcopenia and other muscle wasting 

diseases. 

 mTOR is a known to be a key regulator of a wide range of biological process 

including cell growth and metabolism and its regulation of protein synthesis is an 

attractive topic to muscle physiologists.  One area in which the role of mTOR is less 

understood is its regulation of the myogenic program, though research in this area is 

expanding.  It is currently postulated that mTOR plays a prominent role in regulating the 

latter stages of myogenesis, specifically the onset of differentiation and maturation of 

myotubes.  It is thought that mTOR regulation of differentiation occurs at two separate 

stages.  First, mTOR may control initiation of myoblast differentiation via regulation of 

IGF-II [30-32].  Second, mTOR is thought to act in positively regulating follistatin to aid 
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in late-stage fusion and maturation of myotubes into muscle fibers [33].  Treatment of 

C2C12 cells with rapamycin (a commonly used inhibitor of mTOR), prevents 

differentiation of myoblasts into myotubes.  Furthermore, use of a rapamycin-resistant 

mutant of mTOR demonstrated that C2C12 cells properly differentiated in the presence 

of rapamycin [34].  Additionally, evidence suggests that mTOR may stabilize and 

maintain MyoD activity, though this mechanism is unknown.  The possible mTOR-

MyoD regulatory interaction is of interest as Notch signaling and its downstream 

effectors have shown to inhibit MyoD expression, though this is not fully understood [35; 

36].  Though still unclear as to the exact role of mTOR during the earlier stages of 

myogenesis, there is evidence demonstrating that mTOR signaling is necessary for SC 

activation [37].  Furthermore, treatment of rapamycin in vivo has demonstrated to impair 

myofiber formation and myofiber growth following injury [34].  Despite what is known 

about mTOR thus far, its interaction or regulation by or on other pathways (i.e. Notch) 

during the myogenic program has yet to be examined. 

In addition to their regulatory roles during the myogenic program, it is also known 

that these two pathways are impacted by age.  Notch signaling is greatly reduced in aged 

skeletal muscle repair.  This is reflective of reduced Notch receptors (e.g. Notch1) and 

ligands (e.g. Delta1) expressed in aged SCs of mouse muscle [10; 38].  These reductions 

in Notch receptors and ligands lead to reductions in the myogenic program and 

subsequent inability of aged muscle to repair itself compared to young muscle.  Increased 

inhibitors of Notch signaling (e.g. TNFα & TGFβ) may also be upregulated in aged 

skeletal muscle, further reducing the regenerative capabilities of aged muscle [10].  

Additionally aged skeletal muscle is known to have blunted anabolic signaling and 
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heightened catabolic signaling leading to a net loss in muscle protein and a pivotal 

contributor to the sarcopenic state [39; 40].  One of the main drivers of MPS and anabolic 

signaling is mTOR.  mTOR signaling is weakened in aged skeletal muscle compared to 

young skeletal muscle.  Phosphorylated mTOR and P70S6K (key downstream target of 

mTOR signaling) have been found to be significantly reduced by 28% and 57% 

respectively in aged compared to young rodent muscle [20; 21].  These reductions in 

Figure 1.2. Overview of Potential MPS Regulation by Notch. Overview of potential regulation 

of the phosphatase and tensin homolog (PTEN)/ protein kinase B (AKT)/ mechanistic target of 

rapamycin (mTOR) [PTEN/AKT/mTOR] signaling cascade by Notch signaling. PTEN is an 

upstream negative regulator of AKT signaling. PTEN prevents the conversion of 

Phosphatidylinositol (4,5) –bisphosphate (PIP2) to Phosphatidylinositol (3,4,5)-trisphosphate 

(PIP3), thereby preventing subsequent phosphorylation of AKT on Threonine 308 by 

Phosphoinositide-dependent kinase-1 (PDK1). Fully activated AKT (via phosphorylation of 

Serine 473 by mTORC2) phosphorylates tuberous sclerosis complex (TSC1/2) on multiple sites, 

thus alleviating the inhibitory effect of the TSC complex on mTORC1. Potential cross-talk sites 

between Notch signaling and this signaling cascade are depicted above and include: hairy and 

enhancer of split-1 (HES1)-PTEN; avian myelocytomatosis viral oncogene homolog (C-Myc)-

TSC; and Notch intracellular domain (NICD)-mTORC1/2. 
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phosphorylated mTOR and 70S6K likely contribute to the blunted MPS response to 

exercise seen in aged skeletal muscle further contributing to a sarcopenic state [41].  

 Despite what is known regarding their myogenic roles, it is not established if 

Notch and mTOR communicate during the myogenic program, though cancer models 

suggest that Notch may regulate mTOR in cancer progression [42; 43].  One suggested 

mechanism (oncogenic and drosophila models) by which Notch precedes mTOR is 

through regulation of phosphatase and tensin homolog (PTEN), by a downstream target 

gene of Notch, hairy and enhancer of split1 (Hes1) [42].  PTEN (upstream of mTOR) 

serves to inhibit the phosphorylation (p) of protein kinase B (AKT) at Threonine (Thr) 

308 (see Figure 1.2) [44].  When AKT is phosphorylated on Thr308 it will phosphorylate 

and inhibit tuberous sclerosis complex 2 (TSC2) (a regulator of mTOR) on multiple sites, 

resulting in increased mTOR signaling [44].  Thus, elevated PTEN results in inhibition of 

the AKT/mTOR pathway.  If Hes1 regulates PTEN, this would provide a link between 

Notch and the PTEN/AKT/mTOR pathway.  In addition to the Hes1-PTEN interface, 

there is support for two additional links between Notch and the PTEN/AKT/mTOR 

pathway.  The first is the regulation of TSC2, by the downstream effector of Notch, avian 

myelocytomatosis viral oncogene homolog (c-Myc) [45].  The second is interaction 

between Notch intracellular domain (NICD) and mTOR directly as postulated within 

HeLa cells [46].  Furthermore, research within cardiac muscle has identified signal 

transducer and activator of transcription 3 [STAT3]) as a plausible link between Notch 

and mTOR [47].  

 It is plausible that post-injury down regulation of Notch is necessary for both 

activation of SCs and activation of mTOR leading to cellular fusion and myotube 
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formation.  We postulate that Notch serves as a multifaceted myogenic brake; preventing 

SC activation, myotube formation, and possibly muscle growth. The latter is evidenced 

by rescued muscle mass seen in tumor bearing mice treated with Ɣ-secretase inhibitor 

(GSI) [48].  If Notch does serve as a myogenic brake and if Notch does precede mTOR, 

discovering the specific interface between these two pathways could possess the key to 

rejuvenating repair capacity and MPS in aging skeletal muscle.  Furthermore, this 

research has the potential to alleviate skeletal atrophy seen not only in sarcopenia, but 

other wasting diseases such as cachexia.  

1.2 Innovation 

 This proposal is novel in that this is the first time a research paradigm will be 

investigated regarding the influence of Notch signaling on muscle injury, repair, and 

protein synthesis using a physiological modality of injury.  Furthermore, despite other 

fields indicating possible regulation of the PTEN/AKT/mTOR signaling cascade by 

Notch signaling, it is unknown if this regulation exists during myogenesis or in relation to 

MPS.   

 The initial and common injury models used to study skeletal muscle repair utilize 

artificial techniques (e.g. toxin-induced, freeze-induced) which are focal, lack practicality 

(to everyday living) and do not incorporate other biological systems.  A more practical 

approach to induce muscle injury is to physiologically stimulate muscle contractions (i.e. 

exercise), specifically eccentric muscle contractions.  In our lab we have established 

downhill running as a successful model to induce skeletal muscle injury in mice and 

study the repair process. 
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 One advantage of using a physiological stimulus (i.e. downhill running (DHR)) is 

its inclusiveness of other biological systems.  Artificial and focal models of muscle injury 

affect a local region of the skeletal muscle, excluding potential immunological, 

neurological, and systemic responses that are considered via a physiological stimulus 

[49].   

 It is understood that the skeletal muscle repair mechanism becomes faulty with 

age contributing to extreme muscle atrophy and large losses of skeletal muscle function. 

Additionally, it is recognized that both Notch and mTOR contribute to and are essential 

for the myogenic program, yet modulation of mTOR by Notch is an uninvestigated area. 

This will be the first study to examine the potential multi-braking effect that Notch has on 

skeletal muscle repair and MPS.  The results of this project will provide novel insight on 

potential therapeutic targets towards rescuing skeletal muscle mass in aged and diseased 

populations. 

1.3 Specific Aims 

 In adult skeletal muscle Notch signaling is known to halt SC activation, yet the 

specific role of Notch signaling with regards to skeletal muscle repair remains 

controversial.  Some groups have indicated Notch activation is essential for SC 

activation, proliferation, and successful repair [26; 50; 51].  Furthermore, research 

suggests that reducing Notch impairs skeletal muscle regeneration of young mice 

following injury, while activation of Notch is capable of rescuing the impaired ability of 

aged skeletal muscle to repair itself.  Conversely, other findings show that Notch is 

significantly lowered upon injury and this reduction of Notch is what allows for SCs to 
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proliferate and subsequently differentiate 

[22; 29; 52; 53].  These same studies 

stress the importance of Notch for 

maintaining SC quiescence and show that 

with inhibition of Notch, muscle stem 

cells differentiate early leading to 

significant hypertrophy.  More recently, 

myogenic stage-specific effects of Notch 

have been examined revealing differing 

roles for Notch activation.  For example, 

elevated Notch will dedifferentiate 

myocytes (committed myogenic cells not 

yet fused) to increase the SC pool leading to 

defective myogenesis.  In contrast, elevated 

Notch in post fusion myotubes/myofibers 

enhances function and repair capacity of skeletal 

muscle [25; 54].  Dysregulation of Notch during 

the myogenic program disrupts SC function 

ultimately impairing the repair response to 

stimuli: If Notch is inhibited too early following 

insult SCs prematurely activate and differentiate, 

do not self-renew, and repair is impaired.  If 

Notch is elevated too early following SC 

Figure 1.4. MyoD Expression in 

Aged Mice Following DHR. 

Quantification of percent (%) MyoD/ 

+ ve nuclei sections of aged 

gastrocnemius 96 hours post downhill 

running (DHR) treated with either 

phosphate buffered saline (PBS) or Ɣ-

secretase inhibitor (GSI). * P = 0.05 

vs. PBS (n = 4). 

Figure 1.3. Muscle Injury in Aged Mice 

Following DHR.  H&E quantification of 

muscle injury on cross sections of 

gastrocnemius muscle in aged mice exposed 

to downhill running (DHR) and/or Notch 

inhibition. *P < 0.01 vs. all PBS treatment. # 

P ≤ 0.01 vs. CT and PBS-treated 6D post-

exercise. ¥ P < 0.05 vs. CT and PBS-treated 

6D post-exercise. § P < 0.01 vs. inhibition 

treated 6D post-exercise (n = 4). 
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activation self-renewal aberrantly increases, 

myocyte fusion diminishes, and repair is 

impaired.  The Arthur lab has generated pilot 

data supporting the former.  Our preliminary 

data demonstrates that Notch inhibition (via 

GSI) increases gastrocnemius muscle injury in 

the days following DHR (Figure 1.3).  This 

indicates an impaired resolution of injury.  

Furthermore, Notch inhibition reduces the 

amount of MyoD+ nuclei 96-hours following 

DHR (Figure 1.4) indicating an early (likely 

premature) myogenic response.  It is plausible 

that knockdown down of Notch in skeletal 

muscle induces a faulty myogenic response in 

response to exercise, but these studies have 

yet to be carried out.   

 It has been previously postulated that 

Notch may have context-specific roles with 

regard to muscle cells.  The Arthur lab has 

data indicating differential effects of Notch 

Figure 1.5. Percent Change in 

Myoblast Proliferation.  Percent 

change from control in 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl 

tetrazolium bromide (MTT; Sigma) 

proliferation assay  of  proliferating 

C2C12 cells at 24 and 48 hours treated 

with or without Ɣ-secretase inhibitor 

(GSI).    * P < 0.05 vs. Control (Con); 

# P < 0.01 vs. Con (n = 3).  

Figure 1.6. Percent Change in Fusion 

Indices of Day 4 Myotubes.   A) 

Percent change in fusion index (nuclei 

fused into myotubes/total nuclei) in 96 

hour myotubes treated with or without 

Ɣ-secretase inhibitor (GSI). B) Percent 

change in nuclei per myotube in 96 

hour myotubes treated with or without 

GSI.* P < 0.001 vs. Control (Con); # P 

< 0.05 vs. Con (n = 3).  
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inhibition on myoblasts and myotubes: Where 

Notch inhibition via GSI treatment lowers 

proliferation of C2C12 myoblasts (Figure 1.5) 

while enhancing the fusion of C2C12s into 

myotubes (Figure 1.6).  It is currently unknown 

to what extent key myogenic factors and MPS 

pathways interact during the myogenic response.  

It could be true that Notch has context-specific 

interactions with other signaling pathways, like 

mTOR.    

 In fact, given our differing results on 

myoblast proliferation and myotube fusion, our 

lab had initially postulated that Notch and mTOR 

may have a context-specific interaction.  We 

thought it plausible that mTOR signling would be 

reduced in proliferating C2C12 cells given the 

negative impact that GSI treatment has shown on 

proliferation.  However, recent data from our lab 

indicates otherwise.  We now have data indicating 

that Notch inhibition enhances p-mTORser228 

(Figure 1.7) and elevates protein synthesis (Figure 

1.8) in proliferating C2C12 cells, despite lowering proliferation.  Furthermore, our data 

indicates that GSI treatment also increases p-mTORSer2448 in C2C12 myotubes (Figure 

Figure 1.7. Percent Change of 

mTOR in C2C12 Myoblasts.  Percent 

change in phosphorylated (p)-mTOR 

(Ser2448) expression relative to total 

(t)-mTOR in 48 hour myoblasts 

treated with or without Ɣ-secretase 

inhibitor (GSI). * P < 0.05 vs. Control 

(Con) (n = 2).  

Figure 1.8. Percent Change of 

Protein Synthesis in C2C12 

Myoblasts.  Percent change in 

Puromycin expression relative to β 

Actin in 48 hour myoblasts treated 

with or without Ɣ-secretase 

inhibitor (GSI) # P = 0.05 vs. 

Control  (Con) (n = 2).  
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1.9), though the mechanism by which Notch may 

modulate mTOR remains to be elucidated.  

However, findings from our laboratory and 

interactions between Notch and mTOR pathways 

indicated by other fields, strongly suggest that 

Notch and mTOR communicate, and may even 

physically interact in skeletal muscle [42; 45; 

46].  Despite what is known, research has not 

been carried out that investigates the regulation 

of Notch on mTOR and muscle growth.  Thus 

the present study addressed the following aims: 

Specific Aim 1:  To examine the effect of Notch 

signaling on skeletal muscle injury and repair following physiological insult.  

Hypothesis 1: Knocking down Notch1 using lentiviral shRNA will result in increased 

skeletal muscle injury and abrogate muscle repair in young male mice following injurious 

downhill running. 

Specific Aim 2a: To examine the effect of Notch signaling on mTOR and protein 

synthesis in proliferating and differentiating C2C12 cells.  

Hypothesis 2a: Inhibition of Notch signaling via GSI-treatment will elevate mTOR 

signaling and protein synthesis in both proliferating and differentiating C2C12 cells. 

Specific Aim 2b: To determine if Notch acts through mTOR to influence protein 

synthesis and hypertrophy in C2C12 myotubes. 

Figure 1.9. Percent Change of 

mTOR in C2C12 Myotubes.  Percent 

change in phosphorylated (p)-mTOR 

(Ser2448) expression relative to total 

(t)-mTOR in 96 hour myotubes treated 

with or without Ɣ-secretase inhibitor 

(GSI). # P < 0.05 vs. Control (Con) (n 

= 3).  
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Hypothesis 2b: Inhibition of Notch signaling via GSI-treatment will elevate C2C12 

protein synthesis and hypertrophy in a mTOR-dependent manner. 

1.4 Approach  

We performed a myriad of experiments in order 

to test Specific Aims 1 and 2.  In the first 

experimental set (Chapter 2) we intramusculary 

injected an empty lentiviral vector (pLKO.1-

puro-CMV-tGFP, right hindlimb) or 

Notch1shRNA lentiviral vector (pLKO.1-puro-

Notch1shRNA-CMV-tGFP, left hindlimb) into 

the gastrocnemius prior to a bout of downhill 

running and examined the subsquent muscle 

remodeling response.  In the second set of 

experiments (Chapter 3) we treated proliferating 

(myoblasts) and differentiating (myotubes) 

C2C12 cells with a GSI to determine if Notch 

signaling regulates mTOR signaling during the 

myogenic program.  In a third set of experiments (Chapter 4) we introduced both GSI and 

rapamycin (an mTOR inhibitor) to C2C12 myotubes in order to determine if Notch 

signaling acts through mTOR in its regulation of the myogenic program.  We completed 

pilot experiments for in vivo knockdown of Notch1.  Our preliminary work demonstrated 

that intramuscular injection of Notch1 shRNA was sufficient to reduce Notch1 

expression (Figure 1.10).   

Figure 1.10. Knockdown of Notch1 

Receptor.  (Left) Percent change in 

Notch1 protein expression relative to β 

Actin expression in gastrocnemius 

muscles injected with lentiviral (LV) 

green fluorescent protein (GFP) vector 

(right [R] limb) or LV GFP 

Notch1shRNA (left [L] limb). (Right) 

Two representative images from the 

same left gastrocnemius (LV GFP 

Notch1shRNA injected) co-stained for 

GFP/green and Notch1/red. The area 

lacking LV incorporation shows higher 

Notch1 compared to the area 

expressing GFP. * P < 0.05 vs. R limb 

(n = 4). 
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CHAPTER 2: EFFECTS OF NOTCH1 KNOCKDOWN ON SKELETAL MUSCLE 

REMODELING FOLLOWING DOWNHILL RUNNING 

 

 

2.1 Introduction 

 The age-induced loss of skeletal muscle mass (i.e. sarcopenia) and function 

significantly impedes quality of life of elderly individuals, resulting in heightened 

susceptibility to injury, morbidity, and mortality [1; 2; 5; 55-59].  The onset of sarcopenic 

muscle has several prognosticators including anabolic and insulin resistance, 

mitochondrial dysfunction, elevated pro-inflammatory cytokines, and dysfunctional 

satellite cell (SC) mediated remodeling of aged muscle upon insult [10; 58; 60-68].  

Known interventions are relatively ineffective at combatting the multifaceted 

development of sarcopenia, however physical activity may provide an inexpensive relief 

and a practical model to examine sarcopenia, in particular the muscle remodeling 

response following activity.   

 Aged skeletal muscle displays an impaired regenerative response following 

injury, however, a majority of these studies utilize artificial models (such as cardiotoxin 

injection and freeze injury) to induce extensive muscle injury, while simultaneously 

ignoring other biological systems which may influence the regenerative response [19; 26; 

28; 69-71].  Physiological stimulus models (i.e. aerobic and resistance exercise) are 

inclusive of other biological systems and are ideal in determining SC dynamics and the 

regenerative response to insult. 
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 Our laboratory has previously established downhill running (DHR) as an effective 

model to stimulate and examine the muscle regeneration response [10; 49; 72].  In 

particular, we have demonstrated that DHR induces changes in key signaling pathways 

that influence SC fate and subsequent regeneration, including Notch and Wnt.  The role 

of Notch signaling with respect to muscle regeneration remains controversial.  With 

evidence of both inhibitory and stimulatory roles of Notch regulation of muscle 

regeneration, further research of this fascinating cell to cell communicating pathway is 

necessary [19; 22; 26; 27; 29; 35; 50; 52]. 

 Interestingly, a majority of the studies examining Notch signaling’s role to the 

regenerative capacity or response to insult of skeletal muscle utilize the artificial models 

mentioned above.  Few studies outside of our lab have utilized physiological models to 

examine Notch signaling in skeletal muscle [73-78].  Furthermore, manipulation of Notch 

signaling to examine muscle regeneration following insult is constrained to artificial 

models.  To better understand how Notch impacts muscle regeneration, studies using both 

physiological models of insult and manipulation (knockdown, knockout, knock-in) of 

Notch need to be conducted.  In the present study we examined the effect of Notch1 

knockdown on skeletal muscle remodeling following a bout of DHR.  Here we show that 

reduced Notch signaling elevates muscle regeneration and remodeling. 

2.2 Experimental Design and Methods 

2.2.1 Experimental Animals 

Young (2-4 months) male C57BL/6 mice (n = 6/group, 30 total) were purchased from 

Charles River Laboratories (Wilmington, MA), randomly allocated into exercising or 

non-exercising (CT) groups (Figure 2.5.1) and group housed in the vivarium at the 



17 
 

University of North Carolina at Charlotte, an AAALAC accredited facility.  The mice 

were kept on a reverse 12-hour light cycle, with room temperatures set to 18-22˚C and 

relative humidity set at 20-40%.  Mice were allowed to consume food and water ad 

libitum.  All procedures were approved by the University of North Carolina at Charlotte 

Animal Care and Use Committee.  

2.2.2 Lentiviral Knockdown 

Notch1 shRNA (Knockdown) and control (Vector) Lentiviral particles (pLKO.1-puro-

CMV-tGFP) were purchased from Sigma (Sigma MissionTM shRNA).  Per the 

manufacturers’ recommendation, four separate clones against Notch1 were obtained in 

order to optimize knockdown.  The four clones (GCAGATGATCTTCCCGTACTA; 

GCCCTTTGAGTCTTCATACAT; GCCAGGTTATGAAGGTGTATA; 

CCCACATTCCAGAGGCATTTA) were pooled together summing 100,000 transducing 

units (TUs) (25,000 TUs/clone/injection) and injected (50µls) into the left gastrocnemius 

on five consecutive days (modified from Carlson et al) [79].  Control (Vector) particles 

totaling 100,000 TUs were injected (50µls) into the right gastrocnemius on five 

consecutive days.  Injections were administered using a 27-guage syringe needle and 

evenly distributed along the longitudinal axis of the gastrocnemius while slowly 

withdrawing the syringe [80]. 

2.2.3 Treadmill Familiarization and Downhill Run Exercise Bout 

Animals randomly allocated to the exercise groups underwent 5 days of treadmill 

familiarization (Table 2.6.1) as to optimize exercise behavior for the downhill bout.  The 

exercise bout consisted of running downhill (-15% grade) at a speed of 22 m min-1 

(modified from Boppart et al 2006 and Tsivitse et al 2009) until exhaustion (Columbus 
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Instruments, 6 lane treadmill, 33 x 50.8 x 50.8cm) [72; 81].  The exercise bout took place 

on the same day as the last lentiviral injection.  Animals were encouraged to run using an 

electrical shock grid (1.0mA at 163V) and all treadmill exposure was conducted in the 

dark. 

2.2.4 SUnSET Technique and Muscle Tissue Harvesting 

Mice were euthanized 24, 48, 72, and 96 hours following the downhill running bout.  CT 

animals were euthanized on the same day as the exercise bout.  All animals were fasted 5 

hours prior to terminal surgery as to remove any potential feeding influence over MPS. 

Animals underwent anesthesia with 2-4% inhaled isoflurane supplemented with oxygen. 

30 minutes prior to euthanasia and while under anesthesia, mice received an 

intraperitoneal injection of 0.040 μmol puromycin/g body weight dissolved in PBS [82].  

At exactly 30 minutes post-injection, the left (Knockdown) and right (Vector) 

gastrocnemius muscles were immediately harvested, trimmed of any fat and connective 

tissue, weighed, and subsequently frozen in one of two fashions: 1) the top third of the 

muscle was cut and snap frozen in liquid N2 for western blot analyses.  2) The remaining 

muscle was frozen in liquid N2-chilled isopentane for immunohistochemistry.  All 

samples were stored at -80˚C until analyses were performed. 

2.2.5 Tissue Homogenization and Protein Concentration Assay 

Homogenization was performed as previously described [83].  Briefly, the gastrocnemius 

muscles were bead blast homogenized (BeadBlasterTM 24 Microtube, Sigma) in 10 

volumes of ice-cold Radioimmunoprecipitation assay (RIPA) buffer (sc-24948; Santa 

Cruz, supplemented with 1% Triton-x, 2% SDS, protease cocktail inhibitor).  Bead blast 

homogenization consisted of two separate rounds of 2-30 second cycles at a speed of 6 
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meters/second with a 1-minute rest interval between cycles.  Samples were removed from 

the bead blaster, put on ice for 5 minutes, and then underwent the second round of 

homogenization.  Following the second round of homogenization, samples were 

transferred to a clean ice-cold tube and placed on ice for 30 minutes with periodic 

vortexing.  Protein concentration was determined by Pierce BCA kit (23225; 

ThermoFisher). 

2.2.6 SDS-Page and Western Blotting 

30ug of protein/sample was loaded onto a 4-12% Bis-Tris gel (3450125; Bio-Rad) and 

run (XT MES running buffer; 1610789; Bio-Rad) at 125V for 2 hours.  Following 

electrophoresis, proteins were transferred (Towbin Buffer; 10% methanol) onto a .22uM 

Polyvinylidene difluoride (PVDF) membrane for 1 hour at 100V.  Membranes were 

washed 1x in Tris-buffered saline (TBS) and blocked for 1 hour in Odyssey blocking 

buffer 1:1 in TBS.  Following blocking, membranes were incubated overnight (16 hours) 

in primary antibodies (Table 2.6.2).  The next day membranes were washed 3 x 5 minutes 

in TBST (TBS: 0.1% Tween 20) and then incubated in secondary antibodies directed to 

primary antibodies (1:10,000 in TBST) for 1 hour.  Following 3 x 5 minute washes in 

TBST and 1 x 5 min wash in TBS, membranes were imaged and bands were quantified 

using the Odyssey® Licor CLx System.  Integrated optical density (IOD) was then 

finalized by normalizing phosphorylated proteins (p-mTORSer 2448) to respective total 

proteins (total mTOR) and total proteins (Notch1, Hes1, Pax7, MyoD, Myogenin, mTOR, 

Puromycin) to β-actin. 
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2.2.7 Immunofluorescent Staining 

In preparation for immunofluourescent staining, the gastrocnemius muscle was cross-

sectioned at 10-µm beginning at the mid-belly on a cryostat (Microm HM505E).  Upon 

sectioning, samples were left out to air-dry for 1 hour and then stored in -80˚C until 

staining.  Immunofluorescent staining was carried out as previously described in 

modified fashion [49; 72; 84].  Sections were fixed in 4% paraformeldahyde for 10 

minutes, serially washed with phosphate buffered saline (PBS), blocked for endogenous 

peroxidase activity with 3% hydrogen peroxide in PBS for 7 minutes, and again serially 

washed in PBS.  Epitope retrieval was then performed using sodium citrate (2.94g/L, pH 

6.8 in deionized water) at 92˚C for 11 minutes.  Following epitope retrieval, sections 

were serially washed in PBS, and underwent a 45-minute blocking step in Mouse-on-

Mouse Blocking Reagent (#MKB-2213, Vector laboratories) in PBS and an additional 1-

hour blocking step in 1% bovine serum albumin (BSA) in PBS.  Primary antibodies for 

GFP, Laminin, embryonic Myosin Heavy Chain (eMHC), Pax7, MyoD, and Myogenin 

(in 1% BSA in PBS) (Table 2.6.3) were incubated at room temperature for 1 hour 

followed by an overnight incubation (16 hours) at 4˚C.  The next day, signal 

amplification was performed in order to visualize Pax7, MyoD, and Myogenin.  Briefly, 

sections were serially washed in PBS, incubated with a biotin-conjugated secondary 

antibody (#115-065-205, Jackson Immunoresearch) for 70 minutes, serially washed in 

PBS and incubated in streptavidin-HRP (#B40935, ThermoFisher) for 1 hour all at room 

temperature.  Secondary antibodies (Table 2.6.3) for Laminin, GFP, and eMHC were 

applied in concert during the streptavidin-HRP incubation as well as 4',6-Diamidino-2-

Phenylindole, Dihydrochloride (DAPI: 10nM).  TSA-Alexa Fluor 594 (#B40935, 
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ThermoFisher) was used to visualize antibody binding for Pax7, MyoD, and Myogenin.  

Sections were again serially washed in PBS and mounted with Vectashield fluorescent 

mounting media (#H-1000, Vector Labs). 

2.2.8 Immunofluorescent Quantification  

For immunofluorescence, images were captured as previously done by our lab [49; 72].  

Briefly, sections were captured in their entirety with 10x (GFP and eMHC quantification) 

and 20x (Pax7,MyoD, Myogenin quantification) images using a IX71 inverted 

fluorescence microscope (OlympusTM).  For GFP and eMHC, entire cross sections were 

formulated using Microsoft’s Image Composite Editor.  Total fiber number as well as 

GFP+ and eMHC+ fibers were manually counted by 2 blinded individuals using ImageJ 

software (cell counter plugin).  Pax7+ cells were determined using ImageJ software 

(particle analyzer) excluding Pax7+ staining outside of nuclei.  MyoD and Myogenin 

staining was analyzed using FIJI software (COLOC2) and the Pearson r value was used 

for data reporting. 

2.2.9 Hematoxylin and Eosin Staining and Quantification 

Hematoxylin and eosin (H&E) staining was performed for muscle injury and cross-

sectional area quantification following Mayer’s protocol (Sigma).  Muscle sections were 

imaged in their entirety at 10x under standard light microscopy and images were stitched 

together using Microsoft’s Image Composite Editor.  For muscle injury quantification, 2 

blinded individuals quantified the number injured fibers (pale cytoplasm, centrally 

located nuclei, and infiltrated muscle fibers) and total fiber number using ImageJ 

software (cell counter plugin).  500 random fibers throughout each muscle sample were 

manually traced using ImageJ software (freehand tool) to determine cross-sectional area. 
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2.2.10 Statistical Analysis 

A two-way analysis of variance was used (Experimental Group x Limb (Knockdown vs 

Vector), with repeated measures between contralateral limbs).  Post-hoc comparisons 

were accomplished via a Tukey’s test, with statistical significance set apriori at p ≤ 0.05.  

All statistical analyses and graphs were made using Graphpad Prism 7.03 (GraphPad, San 

Diego, CA, USA).  All data are presented as means ± SD. 

2.3 Results 

2.3.1 Lentiviral incorporation and knockdown of Notch1 receptor and signaling 

Lentiviral percent incorporation as measured by GFP staining was ~ 20% across all 

animals with no significant differences in incorporation by limb (p > 0.05) or group (p > 

0.05) (Figure 2.5.2 A&B).  There was a main effect in concentration of Notch1 receptor 

expression (p ≤ 0.05) with Knockdown reduced compared Vector (Figure 2.5.3).  

Additionally, within the 96-hour group Notch1 expression was significantly reduced in 

Knockdown compared to Vector (p ≤ 0.05).  There was no change in Notch1 expression 

between experimental groups: CT, 24, 48, 72, 96 (p > 0.05).  There was also a main 

effect of Knockdown (p ≤ 0.05) in Hes1 expression compared to Vector (Figure 2.5.4).  

Just as in Notch1 expression, there was significant reduction in Hes1 expression within 

the 96-hour group in Knockdown compared to Vector (p ≤ 0.05).  There were no 

significant differences in Hes1 expression between experimental groups (p > 0.05). 

2.3.2 Skeletal muscle injury 

Muscle injury of the gastrocnemius quantified via hematoxylin and eosin staining was 

reduced with Knockdown compared to Vector (main effect; p ≤ 0.05).  There were no 

significant differences (p > 0.05) between or within any of the experimental groups, 
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although within the 24-hour group Knockdown was trending down compared to Vector 

(p = 0.07). 

2.3.3 Pax7 expression  

Western blot analysis revealed a significant reduction in Pax7 expression in Knockdown 

compared to Vector (main effect; p ≤ 0.05) (Figure 2.5.6) independent of group.  Pax7 

expression also differed between experimental groups (main effect, p ≤ 0.05).  Within 

Vector, Pax7 expression was significantly elevated at 96-hours compared to both 24 (p ≤ 

0.05) and 48-hours (p ≤ 0.05).  Within Knockdown, Pax7 expression was significantly 

elevated at 96-hours compared to 24-hours (p ≤ 0.05).  Immunofluorescence staining 

demonstrated similar changes in Pax7/Fiber.  Pax7/Fiber was significantly reduced in 

Knockdown (main effect, p ≤ 0.05) independent of group (Figure 2.5.7).  Pax7/Fiber 

differed significantly between experimental groups (main effect, p ≤ 0.05).  Within 

Vector, Pax7/Fiber was significantly elevated at 96-hours compared to 24 (p ≤ 0.05) and 

48-hours (p ≤ 0.05).  Within Knockdown, Pax7/Fiber was significantly elevated at 96-

hours compared to 24-hours (p ≤ 0.05). 

2.3.4 MyoD expression  

MyoD expression (as determined by western blot) was significantly elevated in 

Knockdown compared to Vector (main effect, p ≤ 0.05) (Figure 2.5.8).  MyoD expression 

was also significantly increased (p ≤ 0.05) in Knockdown within the 24-hour group.  

There were no significant differences within Vector between any experimental groups (p 

> 0.05).  However within Knockdown, MyoD expression at 24-hours was significantly 

elevated compared to both the 72 (p ≤ 0.05) and 96-hour (p ≤ 0.05) group.  

Colocalization analysis revealed significant elevations in MyoD+/DAPI+ in Knockdown 
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compared to Vector (main effect, p ≤ 0.05) (Figure 2.5.9).  There was also a significant 

elevation in MyoD+/DAPI+ in Knockdown compared to Vector within the 24-hour 

group.  There were no significant differences within the Vector between experimental 

groups (p > 0.05).  Within Knockdown, MyoD+/DAPI+ was significantly elevated at 24-

hours compared to the 96-hour group (p ≤ 0.05). 

2.3.5 Myogenin expression  

Myogenin expression (as determined by western blot) was significantly elevated in 

Knockdown compared to Vector (main effect, p ≤ 0.05) (Figure 2.5.10).  Within the 24-

hour group there was also a significant elevation of Myogenin expression in Knockdown 

compared to Vector (p ≤ 0.05).  There were no significant differences between 

experimental groups in either Knockdown or Vector (p > 0.05).  Colocalization analysis 

revealed significantly increased Myogenin+/DAPI+ in Knockdown compared to Vector 

(main effect, p ≤ 0.05) (Figure 2.5.11).  Within the 24-hour group, there was a significant 

increase of Myogenin+/DAPI+ in Knockdown compared to Vector (p ≤ 0.05).  Within 

Vector, there was no significant differences between any experimental groups (p > 0.05).  

Within Knockdown, Myogenin+/DAPI+ was significantly elevated at 24-hours compared 

to CT. 

2.3.6 eHMC fibers  

eMHC stained fibers were significantly elevated in Knockdown following DHR 

(interaction, p ≤ 0.05) (Figure 2.5.12).  Within the 96-hour group there was a significant 

increase in the percentage of eMHC fibers in Knockdown compared to Vector (p ≤ 0.05).  

There were no differences in the percentage of eMHC fibers between experimental 

groups within Vector (p > 0.05).  Within Knockdown, the percentage of eMHC fibers 
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was significantly elevated in the 96-hour group compared to both CT (p ≤ 0.05) and 24-

hours (p ≤ 0.05). 

2.3.7 Muscle wet weight and cross-sectional area 

There was no significant difference in muscle wet weight in Knockdown compared to 

Vector (p > 0.05) (Table 2.6.4).  Interestingly, there was a significant difference between 

experimental groups (main effect, p ≤ 0.05).  Within Vector, muscle wet weight was 

elevated 24-hours following DHR compared to the 72 (p ≤ 0.05) and 96-hour (p ≤ 0.05) 

groups.  Within Knockdown, muscle wet weight was elevated in the control group 

compared to 96-hours following DHR (p ≤ 0.05).  There were no significant differences 

(p > 0.05) in cross-sectional area (CSA) frequency distribution between Knockdown and 

Vector within in any of the experimental groups (Figure 2.5.13A-E).  Similar to muscle 

wet weight, average CSA was elevated within Vector at 24-hours compared to 96-hours 

(p ≤ 0.05; Figure 2.5.14).  There were no other significant differences (p > 0.05) in 

average CSA, however within Vector, 24-hour vs 72-hour was trending (p = 0.09).  

Additionally within Knockdown, 24-hour vs 96-hour was trending (p = 0.08). 

2.3.8 Phosphorylation and total mTOR expression 

Phosphorylation of mTOR on Ser 2448 was significantly elevated in Knockdown 

compared to Vector (main effect, p ≤ 0.05) independent of experimental group (Figure 

2.5.15A).  Phosphorylation on Ser2448 did not differ between experimental groups (p > 

0.05).  Total mTOR expression did not differ between Knockdown and Vector or 

between experimental groups (p > 0.05) (Figure 2.5.15B). 
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2.3.9 Mixed muscle protein synthesis  

Mixed MPS was determined using the non-radioactive SUnSET method as indicated 

above [82; 85].  MPS was significantly increased in Knockdown compared Vector (main 

effect, p ≤ 0.05) (Figure 2.5.16).  Additionally, Knockdown increased MPS within both 

the CT (p ≤ 0.05) and 72- hour groups (p ≤ 0.05).  There was no significant difference in 

MPS between experimental groups (p > 0.05).  

2.4 Discussion and Conclusion 

 Notch signaling has been widely characterized during skeletal muscle 

regeneration, however, most of these studies have neglected to use physiological models 

[19; 26-28].  Additionally, of the studies in which physiological models were employed, 

none have yet to manipulate Notch signaling in order to examine its impact of muscle 

remodeling [73-78].  In this study, using both manipulation of Notch signaling and a 

physiological model, we demonstrated that knockdown of Notch1 elevates skeletal 

muscle regeneration, remodeling, and MPS. 

 Upon insult, skeletal muscle undergoes a tightly regulated and dynamic 

remodeling response which is tied directly to the function of SCs.  In young healthy 

muscle, SCs will activate upon injury, and choose a fate of proliferating myoblasts.  

Myoblasts will then begin to differentiate (termed myocytes), ultimately aligning and 

fusing together to form immature muscle fibers (termed myotubes).  These myotubes will 

ultimately maturate into myofibers, thus resolving the remodeling response [59; 86].  At 

the forefront of the regenerative response is Notch, a widely studied, yet controversial 

signaling pathway whose regenerative role requires further interrogation.  
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 Notch signaling occurs when one of its transmembrane receptors (Notch1-4) 

binds to a ligand (Delta-like protein (DLL) 1, DLL 3, DLL4, Jagged1, and Jagged2) on 

an adjacent cell.  The receptor-ligand interface initiates a series of cleavages by 

metalloproteinases and Ɣ-secretases, thereby releasing Notch intracellular domain 

(NICD).  NICD canonically translocates to the nucleus where it will induce expression of 

target genes including Hes1, hairy/enhancer-of-split related with YRPW motif protein 1 

(Hey1), and avian myelocytomatosis viral oncogene homolog (Myc) [10; 22].  In the 

present study our model was sufficient to reduce both the Notch1 receptor as well as 

Hes1 expression indicating a reduction in Notch signaling (Figures 2.5.3 & 2.5.4).  

 The early studies examining Notch in skeletal muscle demonstrated its extreme 

importance in regulating the early stages of myogenesis thereby determining the outcome 

of regeneration.  In particular, inhibition of Notch signaling in young muscle was shown 

to impair regeneration while activation of Notch signaling in aged muscle was shown to 

rescue regeneration [26; 27].  In fact, our lab has unpublished preliminary data (Figure 

1.4, Chapter 1) demonstrating that Notch inhibition reduces MyoD expression 96-hours 

following DHR in aged mice, which was foundational to our hypothesis that Notch1 

knockdown would abrogate muscle regeneration following DHR.  In contrast to the 

earlier findings, and in opposition to our hypothesis, the present study shows that Notch1 

knockdown elevates muscle regeneration following DHR.  The differing overall impact 

could be due in part to a variety of factors including: model of insult, mode of Notch 

manipulation, and timepoint of measurement.   

 Essentially all of the early studies examining the effects of Notch on skeletal 

muscle used artificial modalities to stimulate the regenerative response including 
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cardiotoxin injection, needle injury, and freeze injury [26-28].  Though these models are 

a good means of administering injury, they lack the physiological inclusiveness of using 

exercise.  Skeletal muscle is often viewed solely as a locomotive organ system, however, 

in recent years it has been demonstrated that skeletal muscle also serves as a prominent 

secretory organ.  Furthermore, the secretory functions of skeletal muscle appear to be 

either enhanced in response to exercise or are exercise (i.e. contraction) dependent [87-

89].  The molecules secreted from skeletal muscle, termed myokines, are efficacious in 

the treatment and prevention of a wide variety of diseases, including the regeneration 

response.  Some of the myokines impacting regeneration that are secreted with exercise 

include interleukin-15 (IL-15), leukemia inhibitory factor (LIF), brain-derived 

neurotrophic factor (BDNF), and Irisin [90-98].  Irisin has been identified as a myokine 

that stimulates SC activation, while LIF promotes proliferation of activated SCs [99-104].  

IL-15 stimulates and elevates differentiation of myogenic cells while knockout of BDNF 

delays the myogenic response [105-107].  Notch down regulation is required for SC 

activation so it is entirely possible that these pro-myogenic myokines are working in 

concert with Notch1 knockdown to elevate the regeneration response.  In absence of 

exercise and without the secretion of myokines, it is possible that inhibition of Notch 

signaling leads to aggressive pre-mature differentiation of myogenic cells and ultimately 

an impaired regeneration response. 

 Another contributor to the controversy of Notch with respect to regeneration is the 

way in which Notch is manipulated, particularly via the use of Ɣ-secretase inhibitors 

(GSIs).  As mentioned above, the release of NICD (the active component of the Notch 

receptor) is mediated by a series of cleavages including the terminal Ɣ-secretase cleavage 
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site.  Treatment with GSIs have demonstrated to lower Notch signaling, including work 

from our own lab (Chapter 3).  Furthermore, use of GSI treatment has shown to impair 

the regenerative response, opposing our current finding that Notch1 knockdown elevates 

regeneration (Figures 2.5.8-2.5.12) [28].  However, GSI treatment is not specific to a 

particular Notch receptor, and as mentioned already there are 4 Notch receptors, three of 

which are expressed on SCs [27; 108; 109].  It has recently been revealed that the 

different Notch receptors may have distinct roles within skeletal muscle.  For example 

Notch1 overexpression and deletion of Notch3 both lead to an increase in quiescent SCs 

demonstrating that Notch receptors may have differing roles on SC fate [29; 110].  In 

contrast, others have demonstrated comparable roles for Notch1 and Notch3.  In 

particular when activated by DLL4, Notch3 may promote SC quiescence [111].  If this is 

the case, it sheds light that specific ligand-receptor interactions may have differing effects 

on SC fate, further complicating the issue.  More recently, it was demonstrated that 

Notch1 and Notch2 may be required for successful coordination of SC self-renewal.  

Furthermore, this same study demonstrated that knockout of both Notch1 and Notch2 

completed ablated the regenerative response, a similar result seen in the earlier studies 

using GSIs [112].  In the studies using GSIs it is likely that the disruption of regeneration 

response was due to global muscle reductions in the Notch1, Notch2, and Notch3 

receptors.  It is possible that just knocking down the Notch1 receptor is sufficient to 

elevate the regeneration response without derailing proper SC dynamics following insult. 

 Given the temporal dynamics of SCs during regeneration and the myriad of cell 

surface markers that provide information on SC fate, measurement time of MRFs appears 

to be critical.  In our own preliminary data we found reductions of MyoD+ Nuclei in aged 
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mice 96hours following DHR with exposure to GSI treatment (Figure 1.4).  Though GSI 

treatment has shown to impair regeneration, it is possible that MyoD expression would 

have been elevated in response to GSI treatment at an earlier time point (24hr, 48hr, 

72hr) following DHR similar to our studies present findings of elevated MyoD in the 

Notch1 knockdown limb 24 hours after DHR (Figure 2.5.8 & 2.5.9).  The timing of the 

Notch manipulation itself also appears to have an impact to the regenerative outcome.  In 

the earlier studies, Notch manipulation was implemented days following injury, 

disrupting and impairing the regenerative response [26; 28].  This is also true of our 

preliminary data in which GSI was administered days following DHR.  In the present 

study, Notch1 knockdown was performed prior to the exercise bout.  It is possible that 

this method of Notch manipulation pre-activated and readied SCs for a more robust 

regenerative response.  Additionally, though the studies examining regeneration with 

Notch manipulation have examined some MRFs in vitro, they have done a poor job 

characterizing MRFs within their in vivo work.  To our knowledge this is the only study 

to characterize a multitude of MRFs over the course of four days using Notch 

manipulation.  As previously mentioned this is also the only study to our knowledge in 

which a physiological model of insult is used in conjunction with Notch manipulation. 

 SCs are tightly regulated muscle stem cells, whose fate can be identified by 

expression several MRFs including paired box 7 (Pax7) and MyoD.  MyoD is pivotal 

MRF which can provide insight along with Pax7 on the state and fate of a SC.  More 

specifically, Pax7+/MyoD- represent quiescent SCs, Pax7+/MyoD+ activated SCs and 

Pax7-/MyoD+ cells that are committed to differentiation and subsequent myofiber 

contribution [113-116].  Notch has previously been shown to positively regulate Pax7 
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and thus maintain SC quiescence, likely through the interaction of NICD with RBPJ, 

which binds upstream of Pax7 [29].  Furthermore, overexpressed NICD also leads to 

dedifferentiation of late stage myocytes back to their quiescent state [54].  Our findings 

support the notion that Notch positively regulates Pax7 expression as the Notch1 

knockdown displayed reduced Pax7 protein expression and a reduced number of Pax7+ 

cells per fiber (Figure 2.5.6 & 2.5.7).  Interestingly, the SC pool is maintained in the co-

presence of NICD activation and Pax7 deletion indicating that Notch may also function 

independently of Pax7 [117].  In recent years, PW1+ interstitial cells (PICs) have been 

identified as muscle resident stem cells.  PICs do not express Pax7, and interestingly in 

Pax7 knockout mice, the number of PICs increases [118; 119].  Given the regulatory role 

of Notch over Pax7 and its ability to maintain the SC pool in the absence of Pax7, it is 

possible that Notch may also regulate the SC pool and muscle regeneration via PICs.  It is 

important to note that the maintained SCs with Notch activation and Pax7 depletion are 

unable to increase MyoD expression [117].  This is concert with several other findings 

that over expression of Notch signaling prevents myogenic progression, particularly 

differentiation.  In particular, NICD has shown to repress MyoD in both frog and chick 

embryos, as well as C2C12 cells [120-122].  In support of this, here we show that 

knockdown of Notch1 elevates MyoD expression and MyoD:DAPI 24hrs following DHR 

(Figure 2.5.8 &2.5.9).  These findings fall in line with data indicating that nearly all SCs 

express MyoD (activated) 24hrs following an adequate stimulus [123].  In this particular 

case Notch1 knockdown was an adequate stimulus.  Despite this, the exact mechanism by 

which Notch acts to prevent regeneration (or by which Notch inhibition elevates 

regeneration) needs to be better defined as several Notch targets (including Hes1, Hey1, 
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Musculin (MyoR)) inhibit the regenerative response [35; 36].  Interestingly, DHR itself 

was not sufficient to increase MyoD expression or MyoD:DAPI (Figure 2.5.8 &2.5.9).  

This finding is in concert with previous research conducted in rats following DHR in 

which MyoD + cells were unchanged with exercise [124; 125].  It appears that Notch 

knockdown primes SCs for activation following an exercise bout leading to a heightened 

regenerative response.  Resistance exercise, unlike DHR is sufficient to increase MyoD 

protein expression in rats [126].  It would be interesting to apply this Notch1 knockdown 

approach in conjunction with resistance exercise to determine if there is a positive impact 

on MyoD expression.  

 As mentioned above, there are several MRFs that are expressed throughout the 

regeneration process.  A majority of the research investigating Notch signaling’s role to 

the regenerative response focus on the previous discussed surface markers, Pax7 and 

MyoD.  This is likely due to extreme importance that Notch has in regulating SC self-

renewal and fate.  However, Pax7 and MyoD only tell half of the regenerative story.  In 

order to obtain a full regeneration picture it is imperative to measure MRFs that are 

expressed in the later stages of myogenesis (late differentiation and myotube formation) 

including Myogenin and myosin heavy chain (MHC), particularly embryonic MHC 

(eMHC).  As was discussed previously, a majority of studies neglect to measure multiple 

MRFs throughout the regenerative response, particularly within their respective in vivo 

models.  In fact, to our knowledge none of the previously discussed studies measured the 

late MRFs myogenic or eMHC following Notch manipulation [19; 26; 28; 77; 111; 112].  

This is likely a result of the assumption that there is subsequent upregulation of 

Myogenin and fiber formation following MyoD expression [127; 128].  The present 
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findings reveal an elevation in Myogenin expression and Myogenin:DAPI 24hrs 

following DHR with Notch1 knockdown (Figure 2.5.10 & 2.5.11).  Given the elevation 

we saw in MyoD in the knockdown hindlimb, it was expected that Myogenin would too 

be elevated.  However, the timing of the Myogenin increase is interesting.  Regeneration 

is known to be a temporal process with elevation of MyoD followed by elevation of 

Myogenin [129].  However in this case we saw co-elevation of MyoD and Myogenin 

simultaneously at 24hr following DHR, likely do to pre-mature differentiation of SC in 

the knockdown hindlimb [122; 130; 131].  Resolving the heighted regenerative response 

in the knockdown limb, there was elevated eMHC+ fiber % 96hrs following DHR 

(Figure 2.5.12).  Several in vitro studies have shown elevations in MHC expression and 

increased myotube formation attributed to Notch inhibition [24; 127], including work out 

of our own lab (Figure 1.6).  Moreover, in recent years Notch has resurfaced as a 

negative regulator of regeneration with in vivo studies showing increased regenerative 

capacity attributed to lowered Notch signaling [23; 132; 133].  However, none of these 

studies were examining regeneration or Notch signaling following physiological stimuli.  

Furthermore, none of these studies utilized eMHC staining as a regeneration 

measurement.  

 Since Notch has been identified as a negative regulator of regeneration and 

myotube formation (whereby reduced Notch signaling elevates regeneration and myotube 

formation) it is reasonable to assume that Notch may also serve as a regulator of muscle 

hypertrophy in adult skeletal muscle.  In fact, several studies have implicated Notch as a 

mediator of muscle size.  For example deletion of Protein O-fucosyltransferase1 (Pofut1), 

which is necessary for regular Notch activation, leads to reduced Notch signaling and 
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muscle hypertrophy [23].  Moreover, in instances of cachexia Notch signaling has been 

identified as a mediator of cachexic (atrophic) muscle which can be resolved by GSI 

treatment [48].  Our present study did not align with these previous findings as we saw no 

change in either muscle wet weight (Table 2.6.4) or CSA (2.5.13 A-E) with knockdown 

of Notch1.  Recent in vitro findings demonstrated that GSI treatment elevated myotube 

hypertrophy but specific reductions of Notch1 did not [136].  With implications that 

Notch may regulate hypertrophy, but confounding results indicating that Notch1 on its 

own does not, it is plausible that Notch receptors coordinate together to mediate 

hypertrophy just as they have been implicated in SC self-renewal [112].  This would 

better explain the phenotype changes seen with the differing modes of Notch 

manipulation.  There were differences in muscle weight and average CSA following 

DHR independent of hindlimb.  For example, within Vector wet weight was increased at 

24hrs compared to 72 and 96hrs (Table 2.6.4).  Additionally, average CSA was elevated 

at 24hrs compared to 96hrs within Vector (Figure 2.5.14).  These increases (wet weight 

and CSA) are likely due to inflammation that would normally follow a bout of exercise.  

Interestingly, the only difference within the knockdown hindlimb was between the non-

exercising group (CT) and 96hr post-DHR, likely due to inflammation stemming from 

the intramuscular injections.  In response to exercise, it is possible that Notch1 

knockdown serves a protective effect against inflammation.  Recently, Notch has shown 

to mediate inflammation in a positive fashion (whereby reducing Notch has lowered 

inflammation and improved wound healing/repair) in models of diabetes, liver 

inflammation and angiogenesis [137-141].   
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 In line with this notion is the fact that Notch1 knockdown appeared to have a 

protective effect on skeletal muscle injury compared to Vector (Figure 2.5.5).  

Interestingly, DHR was not sufficient to induce muscle injury compared to CT mice.  

This differs from our lab’s previous work demonstrating that DHR is a sufficient model 

to increase muscle injury in young mice compared to non-exercising mice [49; 72].  The 

likely rationale for this difference is the incorporation of intramuscular injections, or 

needle induced injury.  The muscle injury from the injections likely diluted out the 

difference of DHR induced injury.  In our prior work, DHR led to approximately a 1-2% 

increase in muscle injury compared to non-exercising mice (~0.3% injury).  In the 

present study, CT-Vector mice had an average injury of 5.7% and by 48 hours it 

increased to 8.8%.  The 3% increase observed in the present study, though not significant, 

is larger than we have previously seen.  It would be interesting to conditionally 

knockdown Notch1, thereby removing any influence of injection-induced muscle injury 

and study the injury and repair response following DHR.  Moreover, given the apparent 

protective effect Notch1 knockdown has on injury (and possibly inflammation) it would 

be interesting to examine any changes in immune cells.  

 In contrast to the lack of change in hypertrophy (muscle wet weight/CSA), we did 

see an increase in MPS as measured by puromycin incorporation into muscle (Figure 

2.5.16).  This is in concert with our preliminary in vitro findings showing that Notch 

inhibition elevates MPS in C2C12 myoblasts (Figure 1.8).  To our knowledge no other 

studies have examined the regulation of MPS by Notch signaling either in vitro or in vivo.  

With the observed increase in MPS it is interesting that we did not observe any changes 

in hypertrophy.  However, this is likely due to both the model and the timeframe.  
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Though a bout of exercise has the capacity to stimulate MPS, the stimulus it provides 

does not compare to other models used to induce growth.  Models such as synergistic 

ablation, tenotomy, stretch hypertrophy, and unloading are able to simulate significant 

muscle growth [84; 142-147].  Prolonged treadmill training has shown to elevate skeletal 

muscle mass, however in the present study only an acute bout was used [146].  

Additionally, in most of the studies just referenced the time at which hypertrophy occurs 

is outside the timeframe of the current study.  For example, peak hypertrophy with 

ablation models of overload occurs between 12 and 15 days, whereby stretch hypertrophy 

peaks at 7 days [146; 148].  It is plausible that we would have seen indices of 

hypertrophy had the timeline of the study been carried out longer.  In conjunction with 

the increase in MPS, we also observed an effect of Notch1 knockdown on 

phosphorylation of mTOR at Ser 2448 with no changes seen in total mTOR protein 

concentration (Figures 2.5.15A&B).  This is in concert with our preliminary findings that 

Notch inhibition leads to elevations in mTOR phosphorylation in both C2C12 myoblasts 

and myotubes (Figures 1.7 & 1.9).  Despite contrasting roles of Notch and mTOR on 

muscle regeneration few studies have examined potential cross-talk or interaction of 

these two signaling pathways [32; 34; 37].  Some studies have recently shown possible 

links between the two pathways in particular PTEN and LKB1 (negative upstream 

regulators of mTOR) [149; 150], however studies have not examined the effects of Notch 

on mTOR. 

 In summary, we have demonstrated that Notch1 knockdown elevates the early 

(MyoD) and late (Myogenin and eMHC) MRFs of the regenerative response in skeletal 

muscle.  The elevations seen in regeneration may be due to summation of exercise and 
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Notch1 knockdown.  Despite increasing MPS and phosphorylation of mTOR, Notch1 

knockdown failed to induce indices of muscle hypertrophy, though this is likely due to 

the model used as well as the timeframe of the study.  Overall, these results indicate that 

Notch has a braking effect on skeletal muscle regeneration and MPS.  Alleviating the 

braking effect of Notch may serve as a therapeutic approach to combatting muscle 

wasting conditions.  These findings warrant further investigation to the impact that Notch 

signaling has on skeletal muscle regeneration and growth within exercise models. 
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2.5 Figures 

 

 

 

 

Figure 2.5.1. Experimental Design of Young Mice (n = 30).  Left (L) gastrocnemius 

(Gas) of all mice was injected with Lentiviral (LV) shRNA against Notch1 (Knockdown) 

while the right (R) Gas was injected with an empty LV vector.  Injections were 

administered on 5 consecutive days.  Control mice simulated a sedentary lifestyle. On the 

last day of LV injections exercising mice underwent downhill running (DHR) to induce 

insult and study the subsequent regeneration response. 

 

 

 

 

 

 

 

 



39 
 

 

Figure 2.5.2. Lentiviral Incorporation.   A) Gastrocnemius (GAS) green fluorescent 

protein (GFP) percentage of total fiber number in young (2-4 mo.) C57BL/6 mice 

injected with shRNA against Notch1 (Notch1 knockdown) or an empty vector (Vector) 

on 5 consecutive days in the left and right GAS, respectively.  On day 5 of injection, 

animals were either euthanized (CT) or underwent a bout of downhill running (DHR) to 

exhaustion and were subsequently euthanized over the next 4 days (24hr, 48hr, 72hr, 

96hr).  30 minutes prior to tissue harvest, all animals received 0.040 μmol puromycin/g 

body weight. B) Representative image (stitched from 10x images) of GFP stained GAS 

from 24hr Notch1 knockdown limb.  Data were analyzed using a two-way repeated 

measures ANOVA (n = 6 per group). Data are mean ± SD. 
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Figure 2.5.3. Notch1 Expression in Gastrocnemius Muscle.  Gastrocnemius (GAS) 

Notch1/β-Actin expression (Integrated optical density, IOD) in young (2-4 mo.) C57BL/6 

mice injected with shRNA against Notch1 (Notch1 knockdown) or an empty vector 

(Vector) on 5 consecutive days in the left and right GAS, respectively.  On day 5 of 

injection, animals were either euthanized (CT) or underwent a bout of downhill running 

(DHR) to exhaustion and were subsequently euthanized over the next 4 days (24hr, 48hr, 

72hr, 96hr).  30 minutes prior to tissue harvest, all animals received 0.040 μmol 

puromycin/g body weight.  Data were analyzed using a two-way repeated measures 

ANOVA.  a: significant (p ≤ 0.05) main effect of limb; b: significantly different within 

timepoint (n = 6 per group). Data are mean ± SD. 
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Figure 2.5.4. Hes1 Expression in Gastrocnemius Muscle.  Gastrocnemius (GAS) 

hairy/enhancer of split-1 (Hes1)/β-Actin expression (Integrated optical density, IOD) in 

young (2-4 mo.) C57BL/6 mice injected with shRNA against Notch1 (Notch1 

knockdown) or an empty vector (Vector) on 5 consecutive days in the left and right GAS, 

respectively.  On day 5 of injection, animals were either euthanized (CT) or underwent a 

bout of downhill running (DHR) to exhaustion and were subsequently euthanized over 

the next 4 days (24hr, 48hr, 72hr, 96hr).  30 minutes prior to tissue harvest, all animals 

received 0.040 μmol puromycin/g body weight.  Data were analyzed using a two-way 

repeated measures ANOVA.  a: significant (p ≤ 0.05) main effect of limb; b: significantly 

different within timepoint (n = 6 per group). Data are mean ± SD. 
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Figure 2.5.5. Muscle Injury in Gastrocnemius.  Gastrocnemius (GAS) muscle injury 

percentage in young (2-4 mo.) C57BL/6 mice injected with shRNA against Notch1 

(Notch1 knockdown) or an empty vector (Vector) on 5 consecutive days in the left and 

right GAS, respectively.  On day 5 of injection, animals were either euthanized (CT) or 

underwent a bout of downhill running (DHR) to exhaustion and were subsequently 

euthanized over the next 4 days (24hr, 48hr, 72hr, 96hr).  30 minutes prior to tissue 

harvest, all animals received 0.040 μmol puromycin/g body weight. Representative 

hematoxylin and eosin images are taken at 10x.  Data were analyzed using a two-way 

repeated measures ANOVA.  a: significant (p ≤ 0.05) main effect of limb (n = 6 per 

group). Data are mean ± SD. 
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Figure 2.5.6. Pax7 expression in gastrocnemius muscle.  Gastrocnemius (GAS) paired 

box 7 (Pax7)/β-Actin expression (Integrated optical density, IOD) in young (2-4 mo.) 

C57BL/6 mice injected with shRNA against Notch1 (Notch1 knockdown) or an empty 

vector (Vector) on 5 consecutive days in the left and right GAS, respectively.  On day 5 

of injection, animals were either euthanized (CT) or underwent a bout of downhill 

running (DHR) to exhaustion and were subsequently euthanized over the next 4 days 

(24hr, 48hr, 72hr, 96hr).  30 minutes prior to tissue harvest, all animals received 0.040 

μmol puromycin/g body weight.  Data were analyzed using a two-way repeated measures 

ANOVA.  a: significant (p ≤ 0.05) main effect of limb; b: significantly different within 

limb from 24; c: significantly different within limb from 48 (n = 6 per group). Data are 

mean ± SD. 
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Figure 2.5.7. Pax7/fiber in Gastrocnemius Muscle. Gastrocnemius (GAS) paired box 7 

(Pax7) + cells per fiber in young (2-4 mo.) C57BL/6 mice injected with shRNA against 

Notch1 (Notch1 knockdown) or an empty vector (Vector) on 5 consecutive days in the 

left and right GAS, respectively.  On day 5 of injection, animals were either euthanized 

(CT) or underwent a bout of downhill running (DHR) to exhaustion and were 

subsequently euthanized over the next 4 days (24hr, 48hr, 72hr, 96hr).  30 minutes prior 

to tissue harvest, all animals received 0.040 μmol puromycin/g body weight. 

Representative images are taken at 20x: Blue- 4',6-Diamidino-2-Phenylindole, 

Dihydrochloride (DAPI); Green-Laminin; Red-Pax7.  Data were analyzed using a two-

way repeated measures ANOVA.  a: significant (p ≤ 0.05) main effect of limb; b: 

significantly different within limb from 24; c: significantly different within limb from 48 

(n = 6 per group). Data are mean ± SD. 
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Figure 2.5.8. MyoD expression in gastrocnemius muscle.  Gastrocnemius (GAS) 

myogenic differentiation 1 (MyoD)/β-Actin expression (Integrated optical density, IOD) 

in young (2-4 mo.) C57BL/6 mice injected with shRNA against Notch1 (Notch1 

knockdown) or an empty vector (Vector) on 5 consecutive days in the left and right GAS, 

respectively.  On day 5 of injection, animals were either euthanized (CT) or underwent a 

bout of downhill running (DHR) to exhaustion and were subsequently euthanized over 

the next 4 days (24hr, 48hr, 72hr, 96hr).  30 minutes prior to tissue harvest, all animals 

received 0.040 μmol puromycin/g body weight.  Data were analyzed using a two-way 

repeated measures ANOVA.  a: significant (p ≤ 0.05) main effect of limb; b: significantly 

different within timepoint; c: significantly different within limb from 72 and 96 (n = 6 per 

group). Data are mean ± SD. 
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Figure 2.5.9. MyoD+/DAPI+ Colocalization in Gastrocnemius Muscle. 

Gastrocnemius (GAS) myogenic differentiation 1 (MyoD): 4',6-Diamidino-2-

Phenylindole, Dihydrochloride (DAPI) colocalization in young (2-4 mo.) C57BL/6 mice 

injected with shRNA against Notch1 (Notch1 knockdown) or an empty vector (Vector) 

on 5 consecutive days in the left and right GAS, respectively.  On day 5 of injection, 

animals were either euthanized (CT) or underwent a bout of downhill running (DHR) to 

exhaustion and were subsequently euthanized over the next 4 days (24hr, 48hr, 72hr, 

96hr).  30 minutes prior to tissue harvest, all animals received 0.040 μmol puromycin/g 

body weight. Representative images are taken at 20x: Blue-DAPI; Green-Laminin; Red-

MyoD.  Data were analyzed using a two-way repeated measures ANOVA.  a: significant 

(p ≤ 0.05) main effect of limb; b: significantly different within timepoint; c: significantly 

different within limb from 96 (n = 6 per group). Data are mean ± SD. 
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Figure 2.5.10. Myogenin Expression in Gastrocnemius Muscle.  Gastrocnemius 

(GAS) Myogenin/β-Actin expression (Integrated optical density, IOD) in young (2-4 

mo.) C57BL/6 mice injected with shRNA against Notch1 (Notch1 knockdown) or an 

empty vector (Vector) on 5 consecutive days in the left and right GAS, respectively.  On 

day 5 of injection, animals were either euthanized (CT) or underwent a bout of downhill 

running (DHR) to exhaustion and were subsequently euthanized over the next 4 days 

(24hr, 48hr, 72hr, 96hr).  30 minutes prior to tissue harvest, all animals received 0.040 

μmol puromycin/g body weight.  Data were analyzed using a two-way repeated measures 

ANOVA.  a: significant (p ≤ 0.05) main effect of limb; b: significantly different within 

timepoint (n = 6 per group). Data are mean ± SD. 
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Figure 2.5.11. Myogenin+/DAPI+ Colocalization in Gastrocnemius Muscle.  

Gastrocnemius (GAS) Myogenin: 4',6-Diamidino-2-Phenylindole, Dihydrochloride 

(DAPI) colocalization in young (2-4 mo.) C57BL/6 mice injected with shRNA against 

Notch1 (Notch1 knockdown) or an empty vector (Vector) on 5 consecutive days in the 

left and right GAS, respectively.  On day 5 of injection, animals were either euthanized 

(CT) or underwent a bout of downhill running (DHR) to exhaustion and were 

subsequently euthanized over the next 4 days (24hr, 48hr, 72hr, 96hr).  30 minutes prior 

to tissue harvest, all animals received 0.040 μmol puromycin/g body weight. 

Representative images are taken at 20x: Blue-DAPI; Green-Laminin; Red-Myogenin.  

Data were analyzed using a two-way repeated measures ANOVA.  a: significant (p ≤ 

0.05) main effect of limb; b: significantly different within timepoint; c: significantly 

different within limb from CT (n = 6 per group). Data are mean ± SD. 
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Figure 2.5.12. Percentage of Embryonic Myosin Heavy Chain Fibers in 

Gastrocnemius Muscle.  Gastrocnemius (GAS) embryonic myosin heavy chain (eMHC) 

percentage of total fiber number in young (2-4 mo.) C57BL/6 mice injected with shRNA 

against Notch1 (Notch1 knockdown) or an empty vector (Vector) on 5 consecutive days 

in the left and right GAS, respectively.  On day 5 of injection, animals were either 

euthanized (CT) or underwent a bout of downhill running (DHR) to exhaustion and were 

subsequently euthanized over the next 4 days (24hr, 48hr, 72hr, 96hr).  30 minutes prior 

to tissue harvest, all animals received 0.040 μmol puromycin/g body weight. 

Representative images are taken at 10x: Blue-EMHC; Red-Laminin.  Data were analyzed 

using a two-way repeated measures ANOVA.  a: significant (p ≤ 0.05) main effect of 

limb; b: significantly different within timepoint; c: significantly different within limb 

from CT (n = 6 per group). Data are mean ± SD. 
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Figure 2.5.13. CSA Frequency Distribution in Gastrocnemius Muscle.  A) Control 

(CT) non exercising group frequency distribution; B) 24 hour (hr) group frequency 

distribution; C) 48hr group frequency distribution; D) 72hr group frequency distribution; 

E) 96hr group frequency distribution percentage of cross-sectional area (CSA) of 

Gastrocnemius (GAS) muscles of young (2-4 mo.) C57BL/6 mice injected with shRNA 

against Notch1 (Notch1 knockdown) or an empty vector (Vector) on 5 consecutive days 

in the left and right GAS, respectively.  On day 5 of injection, animals were either 

euthanized (CT) or underwent a bout of downhill running (DHR) to exhaustion and were 

subsequently euthanized over the next 4 days (24hr, 48hr, 72hr, 96hr).  30 minutes prior 

to tissue harvest, all animals received 0.040 μmol puromycin/g body weight. Data were 

analyzed using a two-way repeated measures ANOVA.  Grouping sizes are in microns; 

500 fibers were traced per section (n = 6 per group). Data are mean ± SD. 
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Figure 2.5.14. Average CSA in Gastrocnemius Muscle.  Average cross-sectional area 

(CSA) of Gastrocnemius (GAS) muscles of young (2-4 mo.) C57BL/6 mice injected with 

shRNA against Notch1 (Notch1 knockdown) or an empty vector (Vector) on 5 

consecutive days in the left and right GAS, respectively.  On day 5 of injection, animals 

were either euthanized (CT) or underwent a bout of downhill running (DHR) to 

exhaustion and were subsequently euthanized over the next 4 days (24hr, 48hr, 72hr, 

96hr).  30 minutes prior to tissue harvest, all animals received 0.040 μmol puromycin/g 

body weight. Data were analyzed using a two-way repeated measures ANOVA.  500 

fibers were traced per section.  a: significantly (p ≤ 0.05) different within limb from 24 (n 

= 6 per group). Data are mean ± SD. 
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Figure 2.5.15. Phosphorylated and Total mTOR in Gastrocnemius Muscle.  A) 

Gastrocnemius (GAS) phospho (p)-mechanistic target of rapamycin (mTOR) 

Ser2448/Total mTOR; B) Total mTOR/ β-Actin expression (Integrated optical density, 

IOD) in young (2-4 mo.) C57BL/6 mice injected with shRNA against Notch1 (Notch1 

knockdown) or an empty vector (Vector) on 5 consecutive days in the left and right GAS, 

respectively.  On day 5 of injection, animals were either euthanized (CT) or underwent a 

bout of downhill running (DHR) to exhaustion and were subsequently euthanized over 

the next 4 days (24hr, 48hr, 72hr, 96hr).  30 minutes prior to tissue harvest, all animals 

received 0.040 μmol puromycin/g body weight.  Data were analyzed using a two-way 

repeated measures ANOVA.  a: significant (p ≤ 0.05) main effect of limb (n = 6 per 

group). Data are mean ± SD. 
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Figure 2.5.16. Muscle Protein Synthesis Rate in Gastrocnemius Muscle.  

Gastrocnemius (GAS) Puromycin/ β-Actin expression (Integrated optical density, IOD) 

in young (2-4 mo.) C57BL/6 mice injected with shRNA against Notch1 (Notch1 

knockdown) or an empty vector (Vector) on 5 consecutive days in the left and right GAS, 

respectively.  On day 5 of injection, animals were either euthanized (CT) or underwent a 

bout of downhill running (DHR) to exhaustion and were subsequently euthanized over 

the next 4 days (24hr, 48hr, 72hr, 96hr).  30 minutes prior to tissue harvest, all animals 

received 0.040 μmol puromycin/g body weight.  Data were analyzed using a two-way 

repeated measures ANOVA.  a: significant (p ≤ 0.05) main effect of limb; b: significantly 

different within timepoint (n = 6 per group). Data are mean ± SD. 

 

 

 

 

 



54 
 

2.6 Tables 

Table 2.6.1 Treadmill Familiarization Protocol.  

Day Protocol Minutes Belt Speed (m/min) Percent 

Grade 

Shock 

Grid 

1 Place mice in lanes 5 0 0 on 

2 Place mice in lanes 2 0 0 on 

 Let mice run 2 7 0 on 

3 Place mice in lanes 2 0 0 on 

 Let mice run 2 7 0 on 

 Let mice run 2 9 0 on 

4 Place mice in lanes 2 0 0 on 

 Let mice run 3 7 0 on 

 Let mice run 3 9 0 on 

5 Place mice in lanes 2 0 0 on 

 Let mice run 3 7 0 on 

 Let mice run 3 9 0 on 

 Let mice run 2 11 0 on 

m: meters 
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Table 2.6.2 Primary Antibodies used for Western Blot Analysis.  

Antibody Catalog #, Company Dilution 

Notch1 (#3608, CS) 1:500 

Hes1 (#11988, CS) 1:500 

P-mTOR Ser2448 (#5536, CS) 1:500 

Total mTOR (#4517, CS) 1:1000 

MyoD (#13812, CS) 1:500 

Pax7 (Supernatant, DSHB) 1:50 (1:1 in glycerol) 

Myogenin (82843, ABcam) 1:500 

Puromycin (#MABE343EMD Millipore) 1:5000 

Beta Actin (#A2228, Sigma Aldrich) 1:10000 

Hes1: hairy/enhancer of split 1; mTOR: mechanistic target of rapamycin; MyoD: 

myogenic differentiation 1; Pax7: paired box 7; CS: Cell signaling; DSHB: 

Developmental Studies Hybridoma Bank. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



56 
 

 

Table 2.6.3 Primary and Secondary Antibodies used for Immunohistochemistry.  

Antibody Catalog #, Company Dilution 

GFP (12A6 Supernatant, DSHB) 1:50 

Pax7 (Supernatant, DSHB) 1:50 (1:1 in glycerol) 

Myogenin (F5D Supernatant, DSHB) 1:50 (1:1 in glycerol) 

eMHC (F1.652, Supernatant DSHB) Neat 

MyoD (#MA5-12902, ThermoFisher) 1:100 

Laminin (#05-206, Sigma Aldrich) 1:200 

GT-Anti MS IgG1 488 (#A21121, ThermoFisher) 1:200 

GT-Anti MS IgG1 350 (#A21120, ThermoFisher) 1:200 

GT-Anti Rat IgG 488 (#A11006, ThermoFisher) 1:200 

GT-Anti Rat IgG 555 (#A21434, ThermoFisher) 1:200 

GFP: green fluorescent protein; Pax7: paired box 7; eMHC: embryonic myosin heavy 

chain; MyoD: myogenic differentiation 1; GT: goat; MS: mouse; IgG: immunoglobulin 

G; DSHB: Developmental Studies Hybridoma Bank 
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Table 2.6.4 Muscle Wet Weights of Young C57BL/6 Mice. 

Values are means ± SD.  a: significantly different within same limb from the 24-hour 

group.  B: significantly different within same limb from CT group.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 CT (n = 6) 24 (n = 6) 48 (n = 6) 72 (n = 6) 96 (n = 6) 

 

Muscle wet                   

weight, mg/g 

BW 

 

 

 

    

Vector 

 

5.92 ± 0.63 6.38 ± 0.52 5.95 ± 0.51 5.42 ± 0.21a 5.39 ± 0.48a 

Knockdown 6.11 ± 0.59 5.95 ± 0.39 5.83 ± 0.63 5.61 ± 0.22 5.26 ± 0.34b 
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CHAPTER 3: EFFECTS OF NOTCH INHIBITION ON THE MYOGENIC PROGRAM 

AND PROTEIN SYNTHESIS IN C2C12 CELLS 

 

3.1 Introduction 

 Aging and skeletal muscle-associated diseases (e.g. diabetes, cancer cachexia), 

can lead to significant reductions in skeletal muscle mass, which impedes quality of life 

and the ability for individuals to perform daily activities of living [1; 2; 10].  The 

reductions in skeletal muscle mass in these debilitating conditions are due in part to 

dysfunction in the muscle repair process (myogenesis: activation and subsequent fusion 

of satellite cells (SCs)) and blunted muscle protein synthesis (MPS).  Proper myogenic 

processing of SC and muscle protein turnover are critical to maintaining skeletal muscle 

vigor yet are complex processes regulated by the orchestration of cell signaling pathways.  

Notch signaling is a highly conserved cell-to-cell communication pathway and a key 

determinant of cell fate during embryogenesis, including skeletal muscle.  In addition to 

its pivotal roles during development, Notch signaling is crucial for a successful myogenic 

response following injury [26; 28].  Notch signaling may be dysfunctional in aged 

skeletal muscle, resulting in a weakened myogenic response.  Dysfunctional Notch 

signaling has been identified as a contributor to the development of insulin resistance and 

cachexic muscle [48; 151; 152].  However, whether Notch signaling has a regulatory role 

regarding MPS has yet to be determined.  Understanding the role of Notch on MPS will 

shed light to its contribution to aging and disease.   
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 It is established that Notch plays a key role in SC activation and commitment to 

enter a proliferative state.  Specifically, high levels of Notch signaling will maintain SC 

quiescence, essentially serving as a myogenic brake [29; 52; 53].  Furthermore, 

constitutively active Notch signaling is known to prevent muscle cell differentiation, 

while knocked-down Notch signaling leads to increased differentiation and fusion of 

myoblasts, enhancing myotube formation [29].  Enhanced myotube formation could be 

considered a mode of hypertrophy. With its inhibitory role on myotube formation and 

size, Notch could also be considered a negative regulator, or a brake on hypertrophy.  In 

support of this, it was recently demonstrated that Notch signaling drives skeletal muscle 

atrophy seen in cancer cachexia [48].  Despite Notch’s regulation of myogenesis and its 

impact on muscle mass, it is unknown whether Notch has a regulatory or braking role 

over protein synthesis.  In addition, the interaction of Notch with other signaling 

pathways during the myogenic response and protein synthesis is not well studied.  

 Mechanistic target of rapamycin (mTOR) is an established regulator of protein 

synthesis [44; 153].  It is currently postulated that mTOR regulates the latter stages of 

myogenesis, specifically differentiation and maturation of myotubes [30-32].  With 

Notch’s inhibitory impact on differentiation, and mTOR’s necessity for differentiation, it 

is intriguing to consider that Notch and mTOR interact to regulate differentiation.  If 

Notch signaling impacts mTOR, it would be logical that Notch has an effect on protein 

synthesis.  T-cell leukemia (T-ALL) cell lines and Drosophila melanogaster models of 

Notch induced tumorigenesis have demonstrated that Notch and Phosphatidylinositol-

4,5-bisphosphate 3-kinase (PI3K) (upstream of mTOR) are linked via phosphatase and 

tensin homolog (PTEN), an upstream negative regulator of protein kinase B 
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(AKT)/mTOR [154].  Specifically, it has been postulated that hairy and enhancer of split-

1 (Hes1) (downstream Notch effector) regulates PTEN expression [154].  However, it is 

unknown whether Notch signaling impacts the PTEN/AKT/mTOR pathway in skeletal 

muscle thereby influencing protein synthesis.  Here we demonstrate that Notch inhibition 

in C2C12 mouse muscle cells, elevates protein synthesis potentially through the 

PTEN/AKT/mTOR pathway. 

3.2 Experimental Design and Methods 

3.2.1 Cell Culture 

The C3H murine cell line C2C12 (ATCC p3-p8) was used for all experiments.  For 

myoblast experiments, cells were seeded in growth media (GM: Dulbecco’s Modified 

Eagles Medium [DMEM], 10% fetal bovine serum (FBS), 10% horse serum (HS), and 

1% penicillin/streptomycin (P/S)) in 12-well plates at a density of 10,000 cells/well.  24 

hours following seeding (~30% confluence), cells were washed 1x with phosphate 

buffered saline (PBS), and serum-starved (DMEM: 1% P/S) for 12 hours to induce cell-

cycle arrest.  Cells were then treated with either 2µM Ɣ-secretase inhibitor (GSI: L-

685,458; Millipore Sigma- dimethyl sulfoxide [DMSO]), 4µM-GSI, or control (DMSO 

equal volume to 4µM-GSI) for 48 hours (every 12 hours).  Following GSI treatment, 

myoblasts were assessed for proliferation and protein expression as detailed below.  For 

myotube experiments, cells were seeded in GM in 6-well plates at a density of 75,000 

cells/well, grown to ~100% confluence, washed 2x with PBS, and differentiated for 96 

hours in differentiation media (DM: DMEM: 2% HS, 1% P/S) with or without 4µM-GSI 

every 12 hours.  Myotubes were analyzed for indices of fusion, protein expression, and 

protein synthesis as detailed below.  For late-stage myotube experiments, cells were 
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seeded, grown to ~100% confluence, washed 2x with PBS, and differentiated for 120 

hours in DM.  At 120 hours, wells were treated with or without 4µM-GSI every 12 hours 

for 24 hours.  144-hour (Day 6) myotubes were analyzed for indices of fusion and protein 

synthesis as detailed below. 

3.2.2 MTT Proliferation Assay on Myoblasts  

Following 20 and 144-hours of treatment (Control or GSI), media was changed and 

myoblasts were treated with 1ng/ml of 3-(4,5-Dimethylthiazol-2-yl)-2,5-

Diphenyltetrazolium Bromide) (MTT) reagent in GM for 4 hours as previously described 

[155] to obtain cell proliferation at 24 and 48 hours.  Following the 4 hour incubation, 

residual GM was pulled off and the MTT reagent-cell formed crystals were dissolved in 

DMSO, pipette titrated ~ 10 times, and incubated for 30 minutes in the dark.  Triplicates 

of each well were loaded into a 96-well plate and absorbance was read at 560 nm with a 

592nm reference reading. 

3.2.3 Myosin Heavy Chain Staining 

Following 96 (and 144) hours of differentiation, myotubes were labeled with myosin 

heavy chain (MHC) to determine properties of fusion and area.  Briefly, cells were fixed 

with 70% Acetone/30% Methanol for 10 minutes at room temperature (RT).  Following 

fixation cells were washed 2x with PBS, blocked for 1 hour with 10% normal goat serum 

(NGS) in PBS, and incubated overnight in MHC.  Following overnight incubation (16 

hours), cells were washed 3x with PBS, and counter stained with a secondary antibody 

(1:500) specific to the MHC primary and 4',6-Diamidino-2-Phenylindole, 

Dihydrochloride (DAPI 1:1000) in PBS for 60 minutes. Wells were mounted with 

Vectashield and a coverslip. 
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3.2.4 Myotube Fusion and Myotube Area 

Following MHC labeling, myotubes were imaged with an Olympus iX inverted 

microscope at 20x.  Images from wells were all taken in the same fashion: 1) the top left 

of the well was imaged, 2) the stage was moved over three fields of view to the right and 

imaged, 3) the stage was moved down three fields of view and imaged, 4) the stage was 

moved over three fields of view to the left and imaged, 5) the stage was moved down 

three fields of view and imaged, 6) the stage was moved three fields of view to the right 

and imaged.  6 fields of view per well were captured.  Myotube fusion was determined by 

counting the total nuclei, total myotubes, and nuclei fusing into myotubes, by 2 blinded 

individuals using ImageJ software (cell counter plugin).  A myotube was defined as a 

MHC labeled cell containing two or more nuclei.  All myosegments (MHC labeled 

without two or more nuclei) were ignored as myotubes in the fusion index and area 

quantification.  Fusion index was calculated by nuclei within myotubes/total nuclei.  

Myotube area was determined from the same images used to calculate fusion, using 

Adobe Photoshop as previously described [156].  Briefly, three random control and three 

random GSI images were used to set a color range (accepted tones of red (MHC)).  The 

established color range was then applied to all experiment images, a measurement scale 

was set (pixels to microns) and measurements were obtained for total myotube area, area 

per myotube, and myotube area per fused nuclei. 

3.2.5 Protein Synthesis 

For protein synthesis measurements, the SUnSET method using puromycin was used as 

previously described [82; 85].  Briefly, 30 minutes prior to collection, C2C12 cells were 
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treated with 1µM puromycin (P-1033, A.G. Scientific).  Puromycin incorporation was 

determined via western blot analysis as described below. 

3.2.6 Western Blot 

Collection and preparation of C2C12s was done as previously described for western blot 

analysis [155].  Briefly, C2C12s myoblasts and myotubes were washed 2x with ice cold 

PBS followed by addition of ice cold Radioimmunoprecipitation assay buffer (sc-24948; 

Santa Cruz, supplemented with 1% Triton-x, 2% SDS, protease cocktail inhibitor) for 5 

minutes.  Wells were scraped, mechanically lysed (using a 25 gauge-needle-syringe), and 

centrifuged for 20 minutes at 20,000G (4˚C).  Protein concentration of the supernatant 

was determined by Pierce BCA kit (23225; ThermoFisher).  20ug of sample was loaded 

onto a 4-12% Bis-Tris gel (3450125; Bio-Rad) and run (XT MES running buffer; 

1610789; Bio-Rad) at 125V for 2 hours.  Following electrophoresis, proteins were 

transferred (Towbin Buffer; 10% methanol) onto a .22uM Polyvinylidene difluoride 

(PVDF) membrane for 1 hour at 100V. Membranes were washed 1x in Tris-buffered 

saline (TBS) and blocked for 1 hour in Odyssey blocking buffer 1:1 with TBS.  

Following blocking, membranes were incubated overnight (16 hours) in primary 

antibodies (Table 3.6.1).  The next day membranes were washed 3 x 5 minutes in TBST 

(TBS: 0.1% Tween 20) and then incubated in secondary antibodies (1:10,000 in TBST) 

for 1 hour.  Following 3 x 5 minute washes in TBST and 1 x 5 min wash in TBS, 

membranes were imaged and bands were quantified using the Odyssey® Licor CLx 

System. 
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3.2.7 Statistical Analysis 

T-tests were used to determine differences between control and GSI groups for myoblast 

and myotube protein expression levels as well as properties of myotube formation 

(Fusion/Area).  A two-way ANOVA (Time x Treatment) with a Tukey’s post-hoc test 

was used to determine differences for the MTT proliferation assay.  Significance was set 

at an alpha level of 0.05.  All statistics were performed using GraphPad Prism 7.03 and 

all data are presented as means ± SD. 

3.3 Results 

3.3.1 GSI reduces Notch signaling and blunts proliferation in C2C12 myoblasts 

C2C12 myoblasts were treated over the course of 48hours with two concentrations of 

GSI (2µM or 4µM) or control (DMSO).  There was no effect on myoblast proliferation at 

24hours, however, at 48hours both 2µM and 4µM-treated cells displayed reduced 

proliferation (marked by cell viability) compared to control (2µM: p < 0.001; 4µM: p < 

0.0001; Figure 3.5.1A).  As a result of a more significant effect on proliferation, 4µM 

was selected for all subsequent experiments.  Relative to control, 4µM GSI treatment 

reduced Hes1 expression by ~35% (p ≤ 0.01) in C2C12 myoblasts (Figure 3.5.1B).  

3.3.2 GSI elevates myotube formation in differentiating C2C12 myotubes 

GSI treatment reduced Hes1 expression by ~38% (p ≤ 0.0001) and Notch intracellular 

domain (NICD/A.Notch) by ~40% (p ≤ 0.001) in C2C12 myotubes (Figure 3.5.2A&B).  

To determine the impact that GSI treatment had on myotube formation, C2C12 cells were 

treated over the course (every 12 hours) of 96hours with or without 4µM of GSI.  As 

anticipated, GSI treatment lead to significant increases in myotube formation.  All fusion 

markers were enhanced with GSI treatment including: fused nuclei (p ≤ 0.05), non-fused 
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(p < 0.001), nuclei per myotube (p ≤ 0.05), and fusion index (nuclei fusing/total nuclei) 

(p < 0.01) (Figure 3.5.3A-F).  There were no significant differences (p > 0.05) in total 

nuclei or myotube number with GSI treatment.  In addition to increasing myotube fusion, 

GSI treatment augmented total myotube area (p < 0.01), area per myotube (p ≤ 0.05), and 

myonuclear domain (myotube area per fusing nuclei; p ≤ 0.05) (Figure 3.5.4A-D).  In 

support of these findings, Myogenin (p < 0.001) and Myosin heavy chain (p ≤ 0.05) 

protein levels were elevated following GSI treatment (Figure 3.5.5A&B). 

3.3.3 GSI elevates protein synthesis and mTOR in C2C12 myoblasts and myotubes 

 

In contrast to blunting proliferation in C2C12 myoblasts, GSI treatment elevated protein 

synthesis (p ≤ 0.05; Figure 3.5.6A).  These same experiments revealed increases in 

phosphorylation of the crucial modulator of protein synthesis, mTOR at Ser 2448 (p ≤ 

0.05) and Ser2481 (p ≤ 0.01) (Figure 3.5.6B&C), and its downstream effector: 4EBP1 

(Thr37/46; p ≤ 0.05) (Figure 3.5.6D).  Interestingly, there was no significant difference in 

either p70S6K (Thr389; p > 0.05) (Figure 3.5.6E) or eEF2 (Thr56; p > 0.05) (Figure 

3.5.6F).  Coinciding with its hypertrophic effect on myotubes, GSI treatment also 

elevated protein synthesis in 96 hour-myotubes (p < 0.0001) (Figure 3.5.7A).  Mirroring 

its effect in myoblasts, GSI treatment increased phosphorylation (Ser 2448; p ≤ 0.05& 

Ser2481; p ≤ 0.05) in mTOR (Figure 3.5.7B&C) and its downstream effector: 4EBP1 

(Thr37/46; p < 0.0001) (Figure 3.5.7D) in 96-hour myotubes.  While phosphorylation of 

p70S6K (Thr389) and eEF2 (Thr56) were unchanged in myoblasts, they were 

interestingly decreased (p < 0.01) and increased (p ≤ 0.05) respectively in myotubes 

(Figure 3.5.7E&F). 



66 
 

3.3.4 GSI modulates signaling upstream of mTOR in C2C12 myoblasts and 

myotubes 

 

To identify if Notch regulates protein synthesis upstream of mTOR in myoblasts and 

myotubes we measured PTEN, AKT, and TSC2 protein expression levels.  4µM GSI-

treatment reduced PTEN expression in myoblasts (p < 0.001; Figure 3.5.8A).  

Additionally, GSI treatment increased phosphorylation of AKT (Thr 308; p < 0.001 & 

Ser473; p < 0.001) and TSC2 (Ser939; p ≤ 0.05 & Thr1462; p ≤ 0.05) (Figure 3.5.8B-E).  

Mimicking its effect in myoblasts, GSI treatment reduced PTEN (p ≤ 0.05; Figure 

3.5.9A) expression and increased phosphorylation of AKT (Thr 308; p < 0.001 & Ser473; 

p < 0.01) and TSC2 (Ser939; < 0.001 & Thr1462; p < 0.0001) (Figure 3.5.9B-E) in 96-

hour myotubes. 

3.3.5 GSI elevates protein synthesis and myotube hypertrophy in day 6 myotubes  

To verify the hyptertrophic impact of GSI-treated differentiating C2C12 cells, we 

measured protein synthesis along with indices of fusion and hypertrophy (as described 

above) in day 6 myotubes which were treated over 24-hours (120-144hrs).  GSI treatment 

elevated protein synthesis in day 6 myotubes (p < 0.001; Figure 3.5.10).  GSI treatment 

did not significantly change (p > 0.05) several indices of fusion in day 6 myotubes 

including fused nuclei, non-fused nuclei, total nuclei, or fusion index (Figure 3.5.11A-C; 

F).  Though myotube number was not significantly different, it was trending downward 

with GSI treatment (p = 0.09) and nuclei per myotube was significantly elevated (p ≤ 

0.05) with GSI treatment (Figure 3.5.11 D&E).  Neither total myotube area or myotube 

area per nuclei were increased (p > 0.05) with GSI treatment (Figure 3.5.12 A;C).  

However, area per myotube was significantly increased (p ≤ 0.05) with GSI treatment in 

day 6 myotubes (Figure 3.5.12B). 
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3.4 Discussion and Conclusion 

 Though Notch signaling has been widely studied within skeletal muscle, a 

majority of this research focused on Notch’s role in the regulation of SC activity.  

Previous findings demonstrated that inhibition of Notch signaling induced muscle cell 

differentiation, enhanced myotube formation and, led to hypertrophy [48; 136].  

However, despite its influence on myotube hypertrophy or rescue of atrophy, none of the 

prior studies have investigated Notch’s influence over protein synthesis or anabolic 

signaling.  We are the first to show that Notch inhibition (via GSI treatment) not only 

increased myotube hypertrophy, but also increased protein synthesis, possibly through 

modulation of the PTEN-AKT-mTOR signaling pathway.      

 Signaling of the Notch family transmembrane receptors (Notch1-4) occurs when 

ligands (Delta-like protein (DLL) 1, DLL 3, DLL4, Jagged1, and Jagged2) bind and 

initiate a series of cleavages driven by metalloproteases and Ɣ-secretases, ending with 

release and subsequent translocation of NICD to the nucleus. The translocated NICD 

induces expression of several target genes including Hes1, hairy/enhancer-of-split related 

with YRPW motif protein 1 (Hey1), and avian myelocytomatosis viral oncogene 

homolog (Myc) [10; 22].  Notch signaling’s influence over SC activation and myoblast 

proliferation via regulation of myogenic regulatory factors has been widely studied [52; 

131].  However, specific roles for Notch downstream effectors within other skeletal 

muscle processes are still largely unknown.  

 A widely used method of inhibiting Notch signaling is by treating cells with a 

GSI.  Here we demonstrated that GSI treatment reduced Hes1 and blunted proliferation of 

C2C12 myoblasts compared to control (Figures 3.5.1 & 3.5.2), likely due to premature 
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differentiation and fusion.  This is in agreement with prior studies demonstrating that the 

Notch ligand DLL1 enhanced proliferation of SCs, while inhibition of Notch signaling 

prevented SC self-renewal and led to premature differentiation of cells [26; 122; 131].  

Our data also supports prior findings that Notch signaling has an inhibitory effect on 

myotube formation and expression of late-stage myogenic regulatory factors (Figures 

3.5.3-3.5.5).  However, the exact mechanism by which Notch inhibition elevates myotube 

formation is unknown as several Notch effectors (Hes1/MyoD, Hey, MyoR (Musculin) 

have shown to suppress the myogenic response [35; 36].  Despite evidence of mTOR’s 

roles in SC activation, differentiation, and fusion and Notch’s known ability to halt 

differentiation and fusion, interplay between these two signaling pathways within skeletal 

muscle has not been elucidated [32; 34; 37].   Here for the first time we demonstrated 

significantly increased myotube fusion (e.g. fusion index, nuclei/myotube) with GSI 

treatment along with increased mTOR signaling (Figures 3.5.3 & 3.5.7).  These findings 

suggest that mTOR signaling may be an additional mechanism by which Notch mediates 

myoblast differentiation and fusion. 

 Maintaining or increasing skeletal muscle mass (hypertrophy) is extremely 

important for sustaining quality of life in aging and diseased populations.  Post-natal 

hypertrophy is achieved by increasing cellular fusion (myonuclear accretion) or by 

increasing protein synthesis (expansion of myonuclear domain) [157-159].  Given what is 

known about Notch’s braking regulation over SCs and prevention of differentiation, it is 

no surprise that Notch mediated myotube hypertrophy by elevating cellular fusion 

(Figure 3.5.3).  In addition to an increase in myonuclear accretion we also show 

expanded myonuclear domain, by which myotube area per fused nuclei increased with 
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GSI treatment (Figure 3.5.4).  Our findings are in concert with previous literature 

showing that mutations in Notch associated proteins (Protein O-Fucosyltransferase 1 

(Pofut1)) induced in vitro and in vivo muscle hypertrophy [23; 127].  Our findings 

however, revealed for the first time that Notch may serve as a molecular brake on muscle 

hypertrophy through regulation of both myonuclear accretion (fusion) and expansion of 

myonuclear domain (protein synthesis).  It is plausible that the increased cellular fusion 

was the primary driver myotube hypertrophy.  However, we believe that Notch warrants 

further investigation in its role on expansion of myonuclear domain.  We wanted to 

further examine if GSI could have similar effects on already formed myotubes.  The 

effect of GSI on already formed myotubes was not as robust compared to when C2C12 

cells were treated from the onset of differentiation.  However, area per myotube and 

nuclei per myotube were elevated (Figures 3.5.10 & 3.5.11).  Both of these changes 

coincide with the slight non-significant reduction in myotube number.  It is likely that the 

myotubes were increasing in size ultimately fusing together to form larger myotubes.   

These three findings, suggest that even in formed myotubes, GSI treatment may be able 

to augment hypertrophy. 

 Augmenting protein synthesis is pivotal to maintaining lean body mass in aged 

and diseased populations.  The known driver of protein synthesis, mTOR, is under vast 

regulation by upstream proteins including AKT and PTEN [44].  However, whether or 

not Notch signaling modulates MPS has yet to be elucidated.  We have for the first time 

demonstrated that Notch may modulate protein synthesis in C2C12 skeletal muscle cells 

(Figures 3.5.6A & 3.5.7A).  In both proliferating myoblasts and differentiating myotubes 

GSI treatment significantly elevated protein synthesis. This elevation of protein synthesis 
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is in concert with our findings of increased myonuclear domain in C2C12 myotubes 

(myotube area/ fusing nuclei).  Interestingly, with all the evidence of Notch modulation 

over differentiation and fusion leading to hypertrophy, this was the first study 

investigating Notch modulation of protein synthesis.  Furthermore, we were also able to 

demonstrate that GSI treatment significantly elevates protein synthesis in formed C2C12 

myotubes (Figure 3.5.10). 

 In addition to showing elevations in mTOR signaling and protein synthesis, we 

demonstrated for the first time that GSI treatment may act on mTOR via modulation of 

the PTEN/AKT/mTOR cascade (Figures 3.5.8 & 3.5.9).  PTEN is a negative upstream 

regulator of AKT and mTOR.  It does so by dephosphorylating Phosphatidylinositol 

(3,4,5)-trisphosphate (PIP3) to Phosphatidylinositol 4,5-bisphosphate (PIP2) [44].  Here 

we revealed that in both myoblasts and myotubes, PTEN expression is significantly 

reduced following GSI treatment.  Following suit, we demonstrated increased 

phosphorylated AKT (Thr308 and Ser473) and phosphorylated TSC2 (Ser939 and 

Thr1462) with GSI treatment.  Research outside of skeletal muscle supports that notion 

that Notch may regulate the PTEN/AKT/mTOR cascade.  Within T-cell acute 

lymphoblastic leukemia (T-ALL) Notch signaling has demonstrated modulation over 

phosphatidylinositol 3-kinase (PI3K), AKT, and mTOR [42; 154; 160; 161].  Both Hes1 

and c-Myc have shown to target PTEN expression [154], while c-Myc has also been 

identified to regulate gene expression of TSC2 [45].  These findings along with the 

results presented here, support that Notch may modulate the PI3K/AKT/mTOR cascade.  

One interesting finding was that 4EBP1 was the only downstream target of mTOR that 

was changed in a pro protein synthesis manner with GSI treatment.  Given our findings 
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that GSI treatment modulated PTEN/AKT, it is plausible that Notch may actually act 

through ATK as opposed to mTOR, though further studies need to be carried out in order 

to determine this. 

 In addition, our data revealed elevations in P-AKT Ser473, which indicates 

activity in the mTORC2 complex.  In support of this, we also showed elevations of P-

mTOR Ser2481, which has been implicated as a biomarker for mTORC2 activity [162].  

Interestingly, non-canonical roles for NICD have been identified in which NICD 

integrates with mTORC2 to regulate AKT-mediated (P-AKTSer473) antiapoptotic 

effects.  It is clear that there are several sites of potential interplay between Notch and the 

PI3K/AKT/mTOR cascade.  Given the present findings, further investigation as to the 

specific interactions between these signaling pathways in skeletal muscle is warranted.  

Especially given that Notch (and its downstream targets) may have distinct roles 

regarding SC self-renewal and protein synthesis.  Identifying these distinct roles may 

allow us to develop targeted therapeutics aimed at elevating hypertrophy while 

maintaining the SC population. 

 This study further elucidated the molecular braking effect that Notch signaling 

has on skeletal muscle.  We demonstrated that GSI treatment increases protein synthesis 

in C2C12 myoblasts and C2C12 myotubes, potentially through modulation of the 

PTEN/AKT/mTOR signaling cascade.  The increased protein synthesis, increased 

myonuclear domain, and increased myonuclear accretion, indicate that Notch may 

modulate skeletal muscle hypertrophy via multiple avenues.  Future research should 

focus on further elucidating the regulation of protein synthesis by Notch signaling.  
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3.5 Figures 

 

 

 

Figure 3.5.1. GSI Reduces Notch Signaling and Blunts Proliferation in C2C12 

Myoblasts.   A) Percent change from control (Con) in proliferation in 24 and 48-hour 

myoblasts treated with or without Ɣ-secretase inhibitor (GSI- 4µM) every 12 hours.  Data 

were analyzed using a two-way ANOVA followed by Tukey’s multiple comparison test.  

B) Hes1/β-Actin expression (Integrated optical density, IOD) in 48-hour myoblasts 

treated with or without 4 µM GSI every 12 hours.  30 minutes prior to collection all cells 

were treated with 1µM puromycin (For B only). Data were analyzed using a Student’s T-

test. * p ≤ 0.05 vs. Con. ** p < 0.01 vs. Con (n = 3 experiments). Data are mean ± SD. 
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Figure 3.5.2. GSI Reduces Notch Signaling C2C12 Myotubes.  A) Cleaved Notch 

(A.Notch)/β-Actin; B) Hairy/enhancer of split-1(Hes1)/β-Actin expression (Integrated 

optical density, IOD) in 96-hour myotubes treated with or without 4µM Ɣ-secretase 

inhibitor (GSI) every 12 hours.  30 minutes prior to collection all cells were treated with 

1µM puromycin.   Data were analyzed using a Student’s T-test. *** p < 0.001 vs. Control 

(Con). **** p < 0.0001 vs. Con (n = 3 experiments). Data are mean ± SD. 
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Figure 3.5.3. GSI Treatment Increases Indices of Myotube Fusion in C2C12 

Myotubes.  A) Fused nuclei per field; B) Non-fused nuclei per field; C) Total nuclei per 

field; D) Myotube number per field; E) Nuclei per myotube per field; F) Fusion index per 

field in 96-hour cultured myotubes.  At the onset of differentiation C2C12 cells were 

treated every 12 hours with either control (Con) or 4µM Ɣ-secretase inhibitor (GSI).  

Data were analyzed using a Student’s T-test.  * P ≤ 0.05 vs. Con. ** P < 0.01 vs. Con; 

*** P < 0.001 vs. Con (n = 3 experiments).  Data are mean ± SD. 
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Figure 3.5.4. GSI Treatment Increases Indices of Myotube Hypertrophy in C2C12 

Myotubes.  A) Myotube area (µm) per field; B) Area (µm) per myotube per field; C) 

Myotube area (µm) per nuclei per field; D)  Representative images of 96-hour cultured 

myotubes.  At the onset of differentiation C2C12 cells were treated every 12 hours with 

either control (Con) or 4µM Ɣ-secretase inhibitor (GSI).  Representative images are 

taken at 20x.  Data were analyzed using a Student’s T-test.  * P ≤ 0.05 vs. Con. ** P < 

0.01 vs. Con (n = 3 experiments).  Data are mean ± SD.    
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Figure 3.5.5. GSI Treatment Increases Markers of Differentiation in C2C12 

Myotubes.  A) Myogenin/β-Actin; B) Myosin heavy chain (MHC)/β-Actin expression 

(Integrated optical density, IOD) in 96-hour myotubes treated with or without 4µM Ɣ-

secretase inhibitor (GSI) every 12 hours.  30 minutes prior to collection all cells were 

treated with 1µM puromycin.  Data were analyzed using a Student’s T-test. * P ≤ 0.05 vs. 

Control (Con); *** p < 0.001 vs. Con (n = 3 experiments). Data are mean ± SD. 
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Figure 3.5.6. GSI Treatment Elevates Protein Synthesis in C2C12 Myoblasts.  A) 

Puromycin/β-Actin; B) Phospho (p)-mechanistic target of rapamycin (mTOR) 

Ser2448/Total mTOR; C) p-mTOR Ser2481/Total mTOR; D) p-eukaryotic initiation 

factor 4E binding protein (4EBP1) Thr37/46/Total 4EBP1; E) p-70 kDa ribosomal 

protein S6 kinase (p70S6K) Thr389/Total p70S6K; F) p-eukaryotic elongation factor 2 

(eEF2) Thr56/Total eEF2 expression (Integrated optical density, IOD) in 48-hour 

myoblasts treated with or without 4µM Ɣ-secretase inhibitor (GSI) every 12 hours.  30 

minutes prior to collection all cells were treated with 1µM puromycin.  Data were 

analyzed using a Student’s T-test. * p ≤ 0.05 vs. Control (Con); ** p < 0.01 vs. Con; 

**** p < 0.0001 vs. Con (n = 3 experiments).  Data are mean ± SD. 
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Figure 3.5.7. GSI Treatment Elevates Protein Synthesis in C2C12 Myotubes.  A) 

Puromycin/β-Actin; B) Phospho (p)-mechanistic target of rapamycin (mTOR) 

Ser2448/Total mTOR; C) p-mTOR Ser2481/Total mTOR; D) p-eukaryotic initiation 

factor 4E binding protein (4EBP1) Thr37/46/Total 4EBP1; E) p-70 kDa ribosomal 

protein S6 kinase (p70S6K) Thr389/Total p70S6K; F) p-eukaryotic elongation factor 2 

(eEF2) Thr56/Total eEF2 expression (Integrated optical density, IOD) in 96-hour 

myotubes treated with or without 4µM Ɣ-secretase inhibitor (GSI) every 12 hours.  30 

minutes prior to collection all cells were treated with 1µM puromycin.  Data were 

analyzed using a Student’s T-test. * p ≤ 0.05 vs. Control (Con); ** p < 0.01 vs. Con; 

**** p < 0.0001 vs. Con (n = 3 experiments).  Data are mean ± SD. 
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Figure 3.5.8. GSI Treatment Elevates Upstream mTOR Signaling in C2C12 

Myoblasts.  A) Phosphatase and tensin homolog (PTEN)/β-Actin; B) Phospho (p)-

protein kinase B (AKT) Thr308/Total AKT; C) p-AKT Ser473/Total AKT; D) p-tuberous 

sclerosis complex 2 (TSC2) Ser939/Total TSC2; E) p-TSC2 Thr1462/Total TSC2 

expression (Integrated optical density, IOD) in 48-hour myoblasts treated with or without 

4µM Ɣ-secretase inhibitor (GSI) every 12 hours.  30 minutes prior to collection all cells 

were treated with 1µM puromycin.  Data were analyzed using a Student’s T-test. * p ≤ 

0.05 vs. Control (Con); *** p < 0.001 vs. Con (n = 3 experiments).  Data are mean ± SD. 
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Figure 3.5.9. GSI Treatment Elevates Upstream mTOR Signaling in C2C12 

Myotubes.  A) Phosphatase and tensin homolog (PTEN)/β-Actin; B) Phospho (p)-protein 

kinase B (AKT) Thr308/Total AKT; C) p-AKT Ser473/Total AKT; D) p-tuberous 

sclerosis complex 2 (TSC2) Ser939/Total TSC2; E) p-TSC2 Thr1462/Total TSC2 

expression (Integrated optical density, IOD) in 96-hour myoblasts treated with or without 

4µM Ɣ-secretase inhibitor (GSI) every 12 hours.  30 minutes prior to collection all cells 

were treated with 1µM puromycin.  Data were analyzed using a Student’s T-test. ** p < 

0.01 vs. Control (Con); *** p < 0.001 vs. Con; **** p < 0.0001 (n = 3 experiments).  

Data are mean ± SD. 
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Figure 3.5.10. GSI Treatment Elevates Protein Synthesis in Formed C2C12 

Myotubes. Puromycin/β-Actin expression (Integrated optical density, IOD) in 144-hour 

cultured myotubes. 120-hours post differentiation C2C12 cells were treated every 12 

hours with either control (Con) or 4µM Ɣ-secretase inhibitor (GSI).  Data were analyzed 

using a Student’s T-test.  *** P < 0.001 vs. Con. (n = 2 experiments).  Data are mean ± 

SD. 
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Figure 3.5.11. Effect of GSI Treatment on Indices of Myotube Fusion in Formed 

C2C12 Myotubes.  A) Fused nuclei per field; B) Non-fused nuclei per field; C) Total 

nuclei per field; D) Myotube number per field; E) Nuclei per myotube per field; F) 

Fusion index per field in 144-hour cultured myotubes.  120-hours post differentiation 

C2C12 cells were treated every 12 hours with either control (Con) or 4µM Ɣ-secretase 

inhibitor (GSI).  Data were analyzed using a Student’s T-test.  * P ≤ 0.05 vs. Con. (n = 2 

experiments).  Data are mean ± SD. 
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Figure 3.5.12. Effect of GSI Treatment on Indices of Myotube Hypertrophy in 

Formed C2C12 Myotubes.  A) Myotube area (µm) per field; B) Area (µm) per myotube 

per field; C) Myotube area (µm) per nuclei per field; D)  Representative images of 144-

hour cultured myotubes.  120-hours post differentiation C2C12 cells were treated every 

12 hours with either control (Con) or 4µM Ɣ-secretase inhibitor (GSI).  Data were 

analyzed using a Student’s T-test.  * P ≤ 0.05 vs. Con. (n = 2 experiments).  Data are 

mean ± SD. 
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3.6 Tables 

Table 3.6.1 Antibodies used for Western Blot Analysis. 

Antibody Catalog #, Company Dilution 

Hes1 (#11988, CS) 1:500 

Cleaved Notch (#4147, CS) 1:500 

PTEN (#9188, CS) 1:1000 

p-AKT Thr308 (#13038, CS) 1:500 

p-AKT Ser473 (#4060, CS) 1:500 

Total AKT (#2920, CS) 1:1000 

p-TSC2 Ser939 (#3615, CS) 1:500 

p-TSC2 Thr1462 (#3617, CS) 1:500 

Total TSC2 (#4308, CS) 1:1000 

p-mTOR Ser2448 (#5536, CS) 1:500 

p-mTOR Ser2481 (#2974, CS) 1:500 

Total mTOR (#4517, CS) 1:1000 

p-4EBP1 Thr37/46 (#2855, CS) 1:500 

Total 4EBP1 (#9644, CS) 1:1000 

p-eEF2 Thr56 (#2331, CS) 1:500 

Total eEF2 (#2332, CS) 1:500 

p-p70S6K Thr389 (#9234, CS) 1:500 

Total p70S6K (#2708, CS) 1:1000 

Myosin Heavy Chain (#MF 20, DSHB) 1:50 

Myogenin (82843, ABcam) 1:500 

Puromycin (#MABE343EMD Millipore) 1:5000 

Beta Actin (#A2228, Sigma Aldrich) 1:10000 

Hes1: hairy/enhancer of split 1; PTEN: phosphatase and tensin homolog; p: 

phosphorylated; AKT: protein kinase B; TSC: tuberous sclerosis complex; mTOR: 

mechanistic target of rapamycin; 4EBP1: eukaryotic initiation factor 4E binding protein; 

eEF2: eukaryotic elongation factor 2; p70S6K: 70 kDa ribosomal protein S6 kinase; CS: 

Cell signaling; DSHB: Developmental Studies Hybridoma Bank. 
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CHAPTER 4: GSI-MEDIATED ELEVATIONS IN PROTEIN SYNTHESIS 

INDEPENDENT OF AKT AND MTOR  

 

4.1 Introduction 

 Mechanistic target of rapamycin (mTOR) is essential in a myriad of biological 

process including cellular differentiation, metabolism, survival and autophagy [44; 163].  

mTOR is also critical in the maintenance of skeletal muscle mass, particularly through its 

pivotal mediation of muscle protein synthesis (MPS) [44; 98; 153].  In recent years 

mTOR has been identified as a primary antagonist of lifespan with administration of 

rapamycin (a potent inhibitor of mTOR) increasing lifespan, improving aging, and 

combatting age-related disease development [164-169].  However, reduced mTOR in 

skeletal muscle diminishes myogenic potential along with increasing anabolic resistance 

to exercise and nutrients [170; 171].  This poses an interesting dilemma for skeletal 

muscle researchers, in particular those seeking to maintain muscle mass in diseased and 

aged populations.  

 One tactic to circumvent the mTOR dilemma (MPS and muscle mass vs. 

longevity) would be to identify signaling pathways that modulate MPS independent of 

mTOR.  One example of this is protein kinase B (AKT), which has been implicated in 

mediating MPS independent of mTOR via glycogen synthase kinase 3 beta (GSK3B) 

[172-174].  Interestingly, our lab recently demonstrated that Notch inhibition via Ɣ-

sectrease inhibitor (GSI) treatment elevates MPS in C2C12 myoblasts and myotubes by 

modulation of phosphatase and tensin homolog (PTEN)/AKT/mTOR (Chapter 3).  
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However, it is not known if this mechanism is reliant on mTOR or if Notch is mediating 

MPS in an AKT-dependent manner.  Here we demonstrate that Notch inhibition via GSI 

treatment mediates MPS independent of both mTOR and AKT. 

4.2 Experimental Design and Methods 

4.2.1 Cell Culture 

The C3H murine cell line C2C12 (ATCC p3-p8) was used for all experiments.  For 

fusion experiments, cells were seeded in growth media (GM: Dulbecco’s Modified 

Eagles Medium [DMEM], 10% fetal bovine serum (FBS), 10% horse serum (HS), and 

1% penicillin/streptomycin (P/S)) in 12-well plates at a density of 50,000 cells/well.  

Cells were grown to ~100% confluence, washed 2x with phosphate buffered saline 

(PBS), and differentiated for 96 hours in differentiation media (DM: DMEM: 2% HS, 1% 

P/S) with one of the following experimental treatment setups: 1) 4µM Ɣ-secretase 

inhibitor (GSI: L-685,458; Millipore Sigma- dimethyl sulfoxide [DMSO]), 100nM 

rapamycin (RAP: 13346; Cayman Chemicals in DMSO), GSI + RAP, or control (Con: 

DMSO).  2) GSI, 10 µM 4-Amino-5,8-dihydro-5-oxo-8-b-D-ribofuranosyl-pyrido[2,3-

d]pyrimidine-6-carboxamide (API-1: SML1342; Millipore Sigma in DMSO), GSI + API-

1, or Con.  Cells were treated every 12 hours throughout the 96-hour differentiating 

period and analyzed for indices of fusion as outlined below.  In separate experiments 

intended for protein expression analysis, cells were seeded in GM into 12-well plates at a 

density of 50,000 cells/well.  Cells were then grown to ~100% confluence, washed 2x 

with PBS, and differentiated for 72 hours in DM.  At 72 hours, cells were treated every 

12 hours for 24 hours with one of the following experimental treatment setups: 1) GSI, 

RAP, GSI + RAP, or Con.  2) GSI, API-1, GSI + API-1, or Con. 3) GSI, RAP+API-1, 
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GSI+RAP+API-1, or Con.  Myotubes were analyzed for protein expression and protein 

synthesis as detailed below.  In separate experiments, cells were seeded into p60 culture 

dishes and were grown in one of two ways: C2C12 myoblasts (proliferated for 48-hours 

in GM) and myotubes (96-hours) were collected for protein-protein interactions as 

outlined below. 

4.2.2 Myosin Heavy Chain Staining 

Following 96 hours of differentiation, myotubes were labeled with myosin heavy chain 

(MHC) to determine properties of fusion and area.  Briefly, cells were fixed with 70% 

Acetone/30% Methanol for 10 minutes at room temperature (RT).  Following fixation 

cells were washed 2x with PBS, blocked for 1 hour with 10% normal goat serum (NGS) 

in PBS, and incubated overnight in MHC.  Following overnight incubation (16 hours), 

cells were washed 3x with PBS, and counter stained with a secondary antibody (1:200) 

specific to the MHC primary and 4',6-Diamidino-2-Phenylindole, Dihydrochloride 

(DAPI 1:1000) in PBS for 60 minutes. Wells were mounted with vectashield and a 

coverslip. 

4.2.3 Myotube Fusion and Myotube Area 

Following MHC labeling, myotubes were imaged with an Olympus iX inverted 

microscope at 20x.  Images from wells were all taken in the same fashion: 1) the top left 

of the well was imaged, 2) the stage was moved over three fields of view to the right and 

imaged, 3) the stage was moved down three fields of view and imaged, 4) the stage was 

moved over three fields of view to the left and imaged, 5) the stage was moved down 

three fields of view and imaged, 6) the stage was moved three fields of view to the right 

and imaged.  6 fields of view per well were captured.  Myotube Fusion was determined 
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by counting the total nuclei, total myotubes, and nuclei fusing into myotubes, by 2 

blinded individuals using ImageJ software (cell counter plugin).  A myotube was defined 

as a MHC labeled cell containing two or more nuclei.  All myosegments (MHC labeled 

without two or more nuclei) were ignored as myotubes in the fusion index and area 

quantification.  Fusion index was calculated by nuclei within myotubes/total nuclei.  

Myotube area was determined from the same images used to calculate fusion, using 

Adobe Photoshop as previously described [156].  Briefly, three random images from each 

group (Con, GSI, RAP, GSI+RAP or Con, GSI, API-1, GSI+API-1) were used to set a 

color range (accepted tones of red (for MHC) and blue (for DAPI)).  The established 

color range was then applied to all experiment images, a measurement scale was set 

(pixels to microns) and measurements were obtained for total myotube area, area per 

myotube, and myotube area per fused nuclei. 

4.2.4 Protein Synthesis 

For protein synthesis measurements, the SUnSET method using puromycin was used as 

previously described [82; 85].  Briefly, 30 minutes prior to collection, C2C12 cells were 

treated with 1µM puromycin (P-1033, A.G. Scientific).  Puromycin incorporation was 

determined via western blot analysis as described below. 

4.2.5 Western Blot 

Collection and preparation of C2C12s was done as previously described for western blot 

analysis [155].  Briefly, C2C12 myotubes were washed 2x with ice cold PBS followed by 

addition of ice cold Radioimmunoprecipitation assay buffer (sc-24948; Santa Cruz, 

supplemented with 1% Triton-x, 2% SDS, protease cocktail inhibitor) for 5 minutes.  

Wells were scraped, mechanically lysed (using a 25 gauge-needle-syringe), and 
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centrifuged for 20 minutes at 20,000G (4˚C).  Protein concentration of the supernatant 

was determined by Pierce BCA kit (23225; ThermoFisher).  20ug of sample was loaded 

onto a 4-12% Bis-Tris gel (3450125; Bio-Rad) and run (XT MES running buffer; 

1610789; Bio-Rad) at 125V for 2 hours.  Following electrophoresis, proteins were 

transferred (Towbin Buffer; 10% methanol) onto a .22uM Polyvinylidene difluoride 

(PVDF) membrane for 1 hour at 100V.  Membranes were washed 1x in Tris-buffered 

saline (TBS) and blocked for 1 hour in Odyssey blocking buffer 1:1 with TBS.  

Following blocking, membranes were incubated overnight (16 hours) in primary 

antibodies (Table 4.6.1).  The next day membranes were washed 3 x 5 minutes in TBST 

(TBS: 0.1% Tween 20) and then incubated in secondary antibodies (1:10,000 in TBST) 

for 1 hour.  Following 3 x 5 minute washes in TBST and 1 x 5 min wash in TBS, 

membranes were imaged and bands were quantified using the Odyssey® Licor CLx 

System. 

4.2.6 Co-immunoprecipitation  

Co-immunoprecipitation was performed using both the Dynabeads® Protein A (10006D, 

ThermoFisher Scientific) and Dynabeads® M-270 Epoxy (14321D, ThermoFisher 

Scientific) kits to test for protein-protein interactions between hairy/enhancer of split-1 

(Hes1)-PTEN, notch intracellular domain (NICD)-mTOR, and avian myelocytomatosis 

viral oncogene homolog (c-Myc)-tuberous sclerosis complex (TSC).  For co-

immunoprecipitation with Dynabeads® Protein A samples were washed twice with ice-

cold PBS and collected on ice in NP40 lysis buffer (FNN0021, Invitrogen) supplemented 

with protease and phosphatase inhibitors followed by periodic pipetting during a 20 

minute incubation on ice.  Samples were then lightly spun (500G) for 5 minutes at 4˚C, 



90 
 

transferred to a clean ice-cold tube, and were immediately used for co-

immunoprecipitation.  Samples were incubated (on roller) with antibodies (Table 4.6.2) 

overnight for 16 hours at 4˚C.  The next day, 100µL of dynabeads were washed twice 

with NP40 lysis buffer, added to the sample-ab complex, and incubated (on roller) for 4 

hours at 4˚C.  Following the 4 hour incubation, the dynabeads-sample-ab complex was 

placed on a magnet, and underwent a series of washes, ended by eluting the antibody 

bound sample from the beads.  SDS-Polyacrylamide gel electrophoresis and western blot 

analysis for co-immunoprecipitation of proteins was done as previously described above.  

For co-immunoprecipitation with Dynabeads® M-270 Epoxy cells were washed twice 

with ice-cold PBS, gently scraped (on ice) and transferred to a pre-chilled tube.  The cells 

were then centrifuged (4˚C) at 200G for 5 minutes and the supernatant was discarded.  9 

volumes of extraction buffer (Nanopure H2O: 1X IP Buffer from kit; 100mM NaCl; 2mM 

MgCl2; 1mM DTT) supplemented with protease and phosphatase inhibitors was added to 

the pellet.  Samples were then incubated on ice for 20 minutes with periodic pipetting, 

followed by centrifugation (4˚C) at 500G for 5 minutes.  The supernatant was then 

transferred to a pre-chilled tube and immediately used for co-immunoprecipitation.  

Samples were added to 1.5mg of antibody-coupled Dynabeads® M-270.  For antibody 

coupling, the beads were incubated (rolling) with the appropriate antibody (Table 4.6.2) 

for 24 hours at 37˚C.  The sample-antibody-beads complex was incubated (rolling) for 1 

hour at 4˚C.  Following the incubation the samples were placed on a magnet and 

underwent a series of washes, ending with elution of the antibody bound sample.  

Samples then underwent SDS-Polyacrylamide gel electrophoresis and western blot as 

previously described to assess interactions.   
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4.2.7 Statistical Analysis 

One-way analysis of variance (ANOVA) tests were performed to determine difference 

between experimental groups (1) GSI, RAP, GSI + RAP, or Con.  2) GSI, API-1, GSI + 

API-1, or Con. 3) GSI, RAP+API-1, GSI+RAP+API-1, or Con).  Post-hoc comparisons 

were accomplished via a Tukey’s test, with statistical significance set apriori at p ≤ 0.05.  

All statistical analyses and graphs were made using Graphpad Prism 7.03 (GraphPad, San 

Diego, CA, USA).  All data are presented as means ± SD. 

4.3 Results 

4.3.1 A lack of protein-protein interactions between Notch and mTOR signaling  

There was no protein-protein interaction found between any of the postulated cross-talk 

sites including Hes1-PTEN, c-Myc-TSC, or NICD-mTOR in either C2C12 myoblasts or 

myotubes (Figure 4.5.1). 

4.3.2 Rapamycin ablates GSI-mediated elevations in myotube formation 

GSI treatment significantly increased (p ≤ 0.05) several indices of myotube formation 

compared to all groups (Con, RAP, GSI+RAP) including fused nuclei per field, nuclei 

per myotube per field, and fusion index per field (Figure 4.5.2A-F).  GSI treatment also 

resulted in significantly reduced (p ≤ 0.05) non-fused nuclei compared to all other 

groups.  RAP significantly reduced (p ≤ 0.05) fused nuclei, nuclei per myotube, and 

fusion index compared to Con, but did not differ (p > 0.05) from GSI+RAP in any of 

these measures.  Both RAP and GSI+RAP had significantly elevated (p ≤ 0.05) non-fused 

nuclei compared to Con, but did not differ from each other.  Total nuclei per field was 

significantly increased in RAP and GSI+RAP compared to Con and GSI, but did not 

differ from each other (p > 0.05).  Total nuclei also did not differ (p > 0.05) between Con 
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and GSI.  Myotube number was significantly reduced (p ≤ 0.05) in RAP and GSI+RAP 

compared to Con and GSI.  RAP and GSI+RAP were not different (P > 0.05) in myotube 

number, nor were Con and GSI.  Total myotube area was significantly increased (p ≤ 

0.05) in GSI compared to all groups (Figure 4.5.3A-D).  Both RAP and GSI+RAP were 

reduced (p ≤ 0.05) compared to Con, but were not different from each other (p > 0.05).  

The same was true of both area per myotube and myotube area per fused nuclei with GSI 

significantly increased (p ≤ 0.05) above all other groups, RAP and GSI+RAP were 

reduced (p ≤ 0.05) compared to Con, with no difference between RAP and GSI+RAP (p 

> 0.05).    

4.3.3 GSI mediates protein synthesis independent of mTOR 

Phosphorylated (p) mTOR at Ser2448 was significantly elevated in (p ≤ 0.05) in GSI 

compared to all other groups (Con, RAP, GSI+RAP) (Figure 4.5.4A).  RAP and 

GSI+RAP displayed reduced (p ≤ 0.05) pmTORSer2448 compared to Con, but did not 

differ from each other (p > 0.05).  peEF2Thr56 was increased (p ≤ 0.05) in RAP and 

GSI+RAP relative to Con and GSI groups (Figure 4.5.4B).  No differences occurred (p > 

0.05) in peEF2Thr56 between RAP and GSI+RAP or Con and GSI.  RAP and GSI+RAP 

had reduced expression (p ≤ 0.05) of pp70S6KThr389 compared to Con and GSI (Figure 

4.5.4C).  Similar to eEF2, there were no differences (p > 0.05) in pp70S6KThr389 

between RAP and GSI+RAP or Con and GSI.  Interestingly, there was no difference (p > 

0.05) in p4EBP1Thr37/46 expression between RAP or GSI+RAP compared to Con 

(Figure 4.5.4D).  The only difference in p4EBP1Thr37/46 expression was between GSI 

and RAP (p ≤ 0.05).  Protein synthesis was elevated (p ≤ 0.05) in GSI compared to all 

other groups (Figure 4.5.5).  RAP exhibited reduced protein synthesis (p ≤ 0.05) 
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compared to Con.  Interestingly, protein synthesis of RAP treated cells was also lower 

than GSI+RAP treated cells (p ≤ 0.05).  Intriguingly, GSI+RAP treated cells did not 

differ from Con (p > 0.05).  

4.3.4 API-1 ablates GSI-mediated elevations in myotube formation 

In concert with previous experiments, GSI treatment increased all measured markers of 

myotube formation and fusion compared to all other groups (Con, API-1, GSI+API-1).  

Fused nuclei, nuclei per myotube, and fusion index were all elevated (p ≤ 0.05) in GSI 

treated cells compared to all other groups (Figure 4.5.6A-F).  API-1 and GSI+API-1 

showed lower fused nuclei, nuclei per myotube, and fusion index compared to Con (p ≤ 

0.05), but did not differ from each other (p > 0.05).  There was also a slight reduction in 

non-fused nuclei in GSI compared to Con (p ≤ 0.05), however no other significant 

differences (p > 0.05) occurred between the other 3 groups.  The lack of difference in 

non-fused nuclei between groups is likely due to the significant reduction seen in total 

nuclei with API-1 and GSI+API-1 treatment.  Total nuclei per field was higher in Con 

and GSI compared to API-1 and GSI+API-1 (p ≤ 0.05).  Total nuclei did not differ (p > 

0.05) between Con and GSI or between API-1 and GSI+API-1.  Myotube number was 

significantly reduced (p ≤ 0.05) in API-1 and GSI+API-1 compared to Con and GSI.  

API-1 and GSI+API-1 were not different (P > 0.05) in myotube number, nor were Con 

and GSI.  Total myotube area was significantly increased (p ≤ 0.05) in GSI-treated cells 

compared to all groups (Figure 4.5.7A-D).  Both API-1 and GSI+API-1 were reduced (p 

≤ 0.05) compared to Con, but were not different from each other (p > 0.05) in total 

myotube area.  The same was true of both area per myotube and myotube area per fused 

nuclei with GSI significantly increased (p ≤ 0.05) above all other groups, API-1 and 
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GSI+API-1 reduced (p ≤ 0.05) compared to Con, with no difference between API-1 and 

GSI+API-1 (p > 0.05).    

4.3.5 GSI mediated increases in mTOR is haulted by API-1 

GSI-treated cells had significantly increased (p ≤ 0.05) phosphorylation of AKT on 

Thr308 and Ser473 compared to all other groups (Con, API-1, GSI+API-1) (Figure 

4.5.8A&B).  Interestingly, API-1 or GSI+API-1 treatment did not reduce pAKTThr308 

compared to Con or GSI (p > 0.05).  API-1 and GSI+API-1 were not different (p > 0.05) 

from each other in pAKTThr308.  Both API-1 and GSI+API-1 reduced (p ≤ 0.05) 

pAKTSer473 compared to Con but were not different from each other (p > 0.05).  GSI-

treatment significantly elevated (p ≤ 0.05) pmTORSer2448 compared to Con, API-1, and 

GSI+API-1 (Figure 4.5.9A).  Intriguingly, API-1 and GSI+API-1 did not significantly 

lower (p > 0.05) pmTORSer2448 compared to Con, nor were they different from each 

other.  Phosphorylation of eEF2 on Thr56 did not differ (p > 0.05) between Con and GSI 

(Figure 4.5.9B).  API-1 treatment did lead to an increase (p ≤ 0.05) in peEF2Thr56 

compared to both Con and GSI.  API-1 did not differ from GSI+API-1 in peEF2Thr56.  

GSI treatment reduced peEF2 compared to GSI+API-1 (p ≤ 0.05), while a reduction in 

Con (compared to GSI+API-1) was trending (p = 0.053).  Similar to previous works from 

our lab, pp70S6KThr389 was not increased (p > 0.05) in GSI compared to Con, nor was 

GSI different (p > 0.05) than API-1 (Figure 4.5.9C).  Interestingly, pp70S6KThr389 was 

reduced (p ≤ 0.05) in GSI+API-1 compared to both Con and GSI, but was not different (p 

> 0.05) from API-1.  There were also no significant differences between any of the 

groups (Con, GSI, API-1, or GSI+API-1) in p4EBP1Thr37/46, however GSI was 

trending upward compared to Con (p = 0.09) (Figure 4.5.9D).  Protein synthesis was 
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increased (p ≤ 0.05) in GSI compared to all other groups (Figure 4.5.10).  API-1 and 

GSI+API-1 treatment was not sufficient to reduce protein synthesis compared to Con (p > 

0.05).  API-1 and GSI+API-1 were also not significantly different from each other (p > 

0.05).   

4.3.6 GSI elevates protein synthesis independent of AKT and mTOR 

Interestingly, there is an apparent rescue in phosphorylation of GSK3β on Ser9 with GSI.  

GSI treated cells demonstrated elevations in pGSK3βSer9 compared to Con, API-1 and 

GSI+API-1 (p ≤ 0.05) (Figure 4.5.11A).  API-1 significantly reduced pGSK3βSer9 

compared to Con (p ≤ 0.05).  An intriguing finding was that pGSK3βSer9 was elevated in 

GSI+API-1 compared to API-1 (p ≤ 0.05), but was not different compared to Con (p > 

0.05).  Active β-catenin (ABC) followed a similar trend to pGSK3βSer9.  GSI treatment 

increased ABC expression compared to all other groups (p ≤ 0.05) (Figure 4.5.11B).  

API-1 treatment reduced ABC expression compared to both Con and GSI+API-1 (p ≤ 

0.05).  GSI+API-1 was also reduced compared to Con (p ≤ 0.05).  The rescue of 

pGSK3βser9 with GSI in the presence of API-1 enticed us to observe protein synthesis 

under treatment of GSI, RAP, and API-1 together.  As expected, GSI treatment increased 

(p ≤ 0.05) protein synthesis compared to all other groups (Con, RAP+API-1, 

GSI+RAP+API-1) (Figure 4.5.12).  RAP+API-1 significantly reduced protein synthesis 

compared to Con (p ≤ 0.05).  However, protein synthesis in RAP+API-1 was also 

reduced compared to GSI+RAP+API-1 (p ≤ 0.05).  GSI+RAP+API-1 was not different 

from Con (p > 0.05).  
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4.4 Discussion and Conclusion 

 Our lab recently demonstrated that notch inhibition via GSI treatment elevates 

protein synthesis in C2C12 muscle cells possibly through PTEN/AKT/mTOR.  Despite 

extensive research on Notch signaling within skeletal muscle, we have been the first to 

investigate its impact on muscle growth via MPS.  Though our findings indicated that 

GSI treatment elevated MPS, it was unclear whether or not the elevation in MPS was 

dependent upon mTOR, or if AKT was the mediator.  The novel finding of the present 

study demonstrates that GSI mediated elevations in MPS are not only independent of 

mTOR, but that GSI treatment may also elevate MPS independent of AKT possibly 

through regulation of GSK3β. 

 Notch which is steadily revealing itself as a molecular brake on muscle growth is 

a cell to cell communication pathway that is activated upon binding of a Notch 

transmembrane receptor (Notch1-4) to a transmembrane ligand for Notch (Delta-like 

protein (DLL) 1, DLL 3, DLL4, Jagged1, and Jagged2).  The receptor ligand interaction 

stimulates a mechanical pull inducing a series of cleavages driven by metalloproteases 

and Ɣ-secretases.  The cleavages lead to the release of Notch intracellular domain 

(NICD) which can then translocate to the nucleus and induce expression of target genes 

including Hes1, hairy/enhancer-of-split related with YRPW motif protein 1 (Hey1), and 

avian myelocytomatosis viral oncogene homolog (Myc) [10; 22; 175; 176].   

 Use of Ɣ-secretase inhibitors (GSIs) is a widely used method to chemically inhibit 

Notch signaling.  Our group and others have demonstrated that use of GSI is sufficient to 

not only reduce Notch signaling but also to increase myotube formation and muscle 

growth (Chapter 3) [48; 177].  One goal of the present study was to determine if the GSI-
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mediated elevations in myotube formation and growth was dependent on mTOR.  mTOR 

is a pivotal regulator of the latter stages of myogenesis, particularly the onset of 

differentiation and maturation of forming myotubes [30-32].  It was intriguing to us that 

Notch is a known inhibitor of myotube formation, yet no one had investigated whether 

Notch acts through mTOR to elevate myogenesis.  Here we show that GSI treatment 

significantly elevates a myriad of fusion and hypertrophy indices (including fusion index, 

area/myotube, and myotube area/fused nuclei) in C2C12 myotubes and that all of these 

elevations are completely ablated by the introduction of rapamycin, a mTOR inhibitor 

(Figures 4.5.2 & 4.5.3).  This is in full support of the notion that mTOR is required for 

muscle cell differentiation and supports the notion that Notch acts through mTOR in its 

regulation of myogenesis.  Previous literature had demonstrated that Notch has an 

inhibitory effect on myotube formation though the exact mechanism has remained elusive 

as several Notch effectors (Hes1/MyoD, Hey, MyoR (Musculin) have shown to blunt 

myogenesis [35; 36].  It is plausible that the key mediator of Notch’s effects on 

myogenesis is mTOR.   

 Given the negating effect that rapamycin had on GSI-mediated elevations in 

C2C12 hypertrophy, we speculated that rapamycin would also abrogate GSI-mediated 

elevations in protein synthesis.  An intriguing discovery was that GSI+RAP treatment 

together rescued the inhibition in protein synthesis seen with RAP treatment (Figure 

4.5.4E), bringing protein synthesis back to basal control levels.  This finding 

demonstrated that GSI may mediate protein synthesis through AKT rather than mTOR.  

Our previous findings did indicate that GSI treatment modulates PTEN/AKT/mTOR 

signaling in both C2C12 myoblasts and myotubes, highlighting a possibility that AKT is 
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the true mediator of Notch.  Furthermore, AKT is known to elevate protein synthesis 

independent of mTOR through regulation of GSK3β [172; 178].  It is plausible that 

mTOR phosphorylation is just a product of Notch acting on PTEN/AKT, and though 

mTOR is necessary for cellular differentiation and fusion, inhibiting Notch with a GSI 

may be an interesting approach alongside rapamycin treatment. 

 We then sought out to verify that Notch acts through AKT in its mediation of 

myotube formation and MPS.  Co-treatment experiments with API-1 and GSI showed 

similar results to the RAP and GSI experiments.  Again, GSI treatment augmented 

myotube formation, fusion index, nuclei/myotube (Figures 4.5.5 & 4.5.6), myotube area, 

area per myotube, and myotube area per fused nuclei all of which we have seen in 

previous experiments (Chapter 3; Figures 4.5.2 & 4.5.3).  All myotube fusion and 

hypertrophy enhancements were diminished in the presence of API-1.  In fact API-1 

treatment had the same impact as RAP, with the exception of cellular turnover (as 

indicated by total nuclei/field).  The reduced nuclei/field with API-1 is an expected 

outcome as AKT is a known pro-survival signaling pathway and API-1 has shown to 

induce apoptosis [179-181].  Despite their being no difference in non-fused nuclei 

between groups, fusion index and nuclei/myotube were still reduced with API-1 and 

GSI+API-1.  Our findings are in concert with previous literature showing that AKT is 

essential for the initiation of myoblast differentiation [182].  These results further elude to 

AKT as the focal point of GSI-mediated elevations in myotube formation and MPS. 

 AKT has been identified not only has a key modulator of mTOR dependent-

protein synthesis, but also is able to elevate protein synthesis independent of mTOR 

through its phosphorylation (Ser9) and inactivation of GSK3β [172; 178].  Under active 
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conditions, GSK3β inhibits the translation initiation factor eIF2B, in particular the 

catalytic subunit eIF2Bε (via phosphorylation) [174; 178].  When phosphorylated by 

AKT on Ser9, GSK3β activity is reduced and its inhibitory phosphorylation on eIF2Bε 

subsides allowing for an increase in eIF2Bε functionality and subsequent translation 

initiation [183].  After the present findings that GSI was able to increase protein synthesis 

independent of mTOR, the working hypothesis was that GSI treatment was acting 

primarily via AKT and thus increasing GSK3βSer9 resulting in an increase in protein 

synthesis.  

 To inhibit AKT we used API-1, a novel small molecule inhibitor that has been 

gaining research attention in recent years as a possible therapeutic in cancerous states.  

While several publications have reported a reduction in pAKTSer473, to our knowledge 

no one has yet to report whether both phosphorylation sites (Thr308 and Ser473) are 

reduced with API-1 treatment.  In concert with others, pAKTSer473 was significantly 

reduced in the presence of API-1 (Figure 4.5.7) [184-187].  Interestingly, pAKTThr308 

was not reduced by API-1 (Figure 4.5.7).  This in part, could explain why we did not 

observe reductions in mTOR signaling or protein synthesis with API-1 treatment (Figure 

4.5.8).  Though others have reported that reductions in AKT can blunt protein synthesis, 

there are several other proteins that influence mTOR independent of AKT, which could 

explain why use of API-1 is not sufficient enough to reduce protein synthesis [44; 163; 

188].  In contrast, API-1 treatment did reduce another downstream target of AKT, 

pGSK3βSer9 and subsequent ABC protein expression, demonstrating that use of API-1 

does negatively influence AKT function (Figure 4.5.9).  
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 However, given that the underlying premise of this study was to gain better 

insight into the mechanism by with GSI treatment elevates protein synthesis, and since 

API-1 alone was not sufficient to reduce protein synthesis, we decided to conduct an 

additional experiment set introducing API-1 and RAP together.  As expected, co-treating 

C2C12 myotubes with API-1 and RAP significantly reduced protein synthesis (Figure 

4.5.10).  In light of what we had previously seen with GSI treatment and the rescue of 

protein synthesis in the presence of RAP, we had fully expected that GSI treatment 

(Notch inhibition) was acting through AKT.  A novel discovery in the present study was 

that GSI treatment was able to rescue protein synthesis rate in the presence of both API-1 

and RAP, suggesting that GSI mediates protein synthesis independent of both AKT and 

mTOR.  The elevation in protein synthesis with GSI treatment in the presence of both 

RAP and API-1 may be dependent on GSK3β.  As mentioned above, pGSK3βSer9 was 

significantly reduced with API-1 treatment.  Interestingly, pGSK3βSer9 was rescued with 

GSI treatment in the presence of API-1, suggesting that Notch may act on GSK3β 

independent of AKT (Figure 4.5.9).  In concert with this finding, ABC was also rescued 

with GSI treatment indicating that function of GSK3β may be independently impaired by 

Notch.  This is not the first time that GSK3β and Notch cross-talk has been postulated.  

Several studies outside of skeletal muscle research (including smooth muscle cells and 

fibroblasts) have identified Notch as a target of GSK3β, by which GSK3β serves to 

phosphorylate Notch [189-191].  Interestingly, these studies have differed on whether 

GSK3β serves to activate or inhibit Notch signaling.  Whether or not Notch regulates 

GSK3β is a less studied area.  One study within skeletal muscle did discuss a regulatory 

role of Notch on GSK3β.  Brack et al discussed GSK3β as a mediator between Notch and 
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Wnt during skeletal muscle regeneration with Notch inhibition elevating pGSK3βSer9 

similar to our present findings [28].  However, they failed to discuss GSK3β as a 

mediator of protein synthesis and did not address that Notch may impact MPS via 

GSK3β.  GSK3β is a known regulator of MPS and overexpression of its downstream 

target eIF2Bε has shown to significantly increase rates of MPS and induce muscle 

hypertrophy [178; 192].  Additionally, Notch signaling has been implicated in regulating 

muscle hypertrophy in both in vivo and in vitro models [23; 24; 48; 127], however Notch 

regulation over MPS was an ignored topic until our lab’s recent investigations (Chapters 

2 and 3).  To our knowledge we are the first to address the research paradigm of Notch as 

a regulator of MPS and have shown for the first time that Notch (via GSI treatment) may 

modulate protein synthesis independently of mTOR and AKT. 

 A negative finding of this study was that we were unable to demonstrate protein-

protein interactions between the Notch and mTOR pathways.  Our prior findings that 

GSI-treatment elevated MPS via apparent modulation of the PTEN/AKT/mTOR 

signaling cascade led us to postulate that a protein-protein interaction would exist 

somewhere between the two pathways (Notch and mTOR).  Literature outside of skeletal 

muscle led us to investigate protein-protein interactions between Hes1-PTEN, c-Myc-

TSC2, and NICD-mTOR [45; 46; 154].  Though we did not uncover interactions between 

these sites, we still postulate that an interaction may exist.  Normal C2C12 cellular 

conditions may not be optimal to determine interactions of Notch-related proteins.  NICD 

has a half-life of only 3 hours, so it is entirely plausible that any interactions of Notch 

proteins would have been missed in the current study [193; 194].  A better approach to 

investigating Notch protein interactions would be to overexpress Notch signaling, either 
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through ligand-induced activation or genetic manipulation preventing Notch degradation.  

It is entirely possible that protein-protein interactions between Hes1-PTEN, c-Myc-

TSC2, or NICD-mTOR would still not be identified in cases of overexpressed Notch 

signaling, especially if the mode of action is via GSK3β.  Literature outside of skeletal 

muscle has shown protein-protein interactions between GSK3β and NICD directly via an 

interaction with the Notch1 coactivator MAML1 [190; 195; 196].  Interestingly, recent 

data has indicated a possible non-canonical role by which cytosolic Notch (via generation 

of a membrane tethered Notch1) may inhibit GSK3β function.  This opens up another 

plausible approach to test for protein-protein interactions and roles of Notch occurring in 

the cytosol, one of which may be with GSK3β.   

 One puzzling finding from our lab’s prior work was that 4EBP1 was the only 

downstream effector of mTOR that was altered in a protein synthesis positive fashion 

with Notch inhibition.  This could be due to the fact that the mode of action is truly 

through GSK3β.  In fact, recent studies within cancer cell lines have implicated GSK3β 

directly in the phosphorylation of 4EBP1 [197; 198].  Though in the instances just 

mentioned, GSK3β had a positive influence on 4EBP1, it is plausible that GSK3 β has 

differing effects on 4EBP1 in skeletal muscle.  We had also previously postulated that 

GSI treatment modulated the PTEN/AKT/mTOR cascade in its elevation of MPS.  It is 

still plausible that this is the case, however, interestingly GSK3β has been implicated in 

regulating PTEN stabilization [199; 200].  So it is also plausible that GSI treatment 

induces changes in GSK3β which results in modulation of PTEN/AKT/mTOR. 

 This study further elucidated the mechanistic braking effect that Notch signaling 

has on MPS.  We demonstrated that GSI treatment increases MPS in C2C12 myotubes 
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independently of AKT and mTOR, possibly through regulation of GSK3β.  GSI 

treatment may elevate MPS via several routes including PTEN/AKT/mTOR and GSK3β.  

These findings warrant investigation on the roles of Notch in muscle wasting conditions, 

in particular instances in which tumor suppressing drugs (Rapamycin, API-1) are used, as 

targeting Notch may elevate MPS and help to sustain skeletal muscle mass.  
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4.5 Figures 

 

Figure 4.5.1.  Immunoprecipitation in C2C12 Myoblasts and Myotubes.  A) 

Phosphatase and tensin homolog (PTEN)- hairy/enhancer of split 1 (Hes1); B) Tuberous 

sclerosis complex 2 (TSC2)- c-avian myelocytomatosis viral oncogene homolog (Myc); 

C) mechanistic target of rapamycin (mTOR)-notch intracellular domain (NICD) 

representative western blots for protein-protein interactions.  48-hour myoblasts (MBs) 

and 96-hour myotubes (MTs) were collected for co-immunoprecipitation analysis.  No 

protein-protein interactions were found between PTEN-Hes1, TSC2-c-Myc, or mTOR-

NICD (n = 6 experiments). 
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Figure 4.5.2. Indices of Fusion in C2C12 Myotubes with GSI and RAP.  A) Fused 

nuclei per field; B) Non-fused nuclei per field; C) Total nuclei per field; D) Myotube 

number per field; E) Nuclei per myotube per field; F) Fusion index per field in 96-hour 

cultured myotubes.  At the onset of differentiation C2C12 cells were treated every 12 

hours with either control (Con), 4µM Ɣ-secretase inhibitor (GSI), 100nM rapamycin 

(RAP), or GSI + RAP co-treatment.  Data were analyzed using a one-way ANOVA 

followed by Tukey’s multiple comparison test.  a: significantly (p ≤ 0.05) different than 

Con; b: significantly different than GSI (n = 2 experiments).  Data are mean ± SD. 
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Figure 4.5.3. Indices of Hypertrophy in C2C12 Myotubes with GSI and RAP.  A) 

Myotube area (µm) per field; B) Area (µm) per myotube per field; C) Myotube area (µm) 

per nuclei per field; D) Representative images of 96-hour cultured myotubes.  At the 

onset of differentiation C2C12 cells were treated every 12 hours with either control 

(Con), 4µM Ɣ-secretase inhibitor (GSI), 100nM rapamycin (RAP), or GSI + RAP co-

treatment.  Representative images are taken at 20x.  Data were analyzed using a one-way 

ANOVA followed by Tukey’s multiple comparison test.  a: significantly (p ≤ 0.05) 

different than Con; b: significantly different than GSI (n = 2 experiments).  Data are 

mean ± SD. 
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Figure 4.5.4. mTOR Signaling in Cultured C2C12 Myotubes with GSI and RAP.  A) 

Phospho (p)- mechanistic target of rapamycin (mTOR) Ser2448/Total mTOR; B) p- 

eukaryotic elongation factor 2 (eEF2) Thr56/Total eEF2; C) p-70 kDa ribosomal protein 

S6 kinase (p70S6K) Thr389; D) p- eukaryotic initiation factor 4E binding protein 

(4EBP1) Thr37/46/Total 4EBP1 expression (Integrated optical density, IOD) in 96-hour 

myotubes.  72 hours post-differentiation, C2C12 cells were treated every 12 hours with 

either control (Con), 4µM Ɣ-secretase inhibitor (GSI), 100nM rapamycin (RAP), or GSI 

+ RAP co-treatment until 96 hours post-differentiation.  30 minutes prior to collection all 

cells were treated with 1µM puromycin.  Data were analyzed using a one-way ANOVA 

followed by Tukey’s multiple comparison test.  a: significantly (p ≤ 0.05) different than 

Con; b: significantly different than GSI (n = 2 experiments).  Data are mean ± SD. 
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Figure 4.5.5. Muscle Protein Synthesis Rate in Cultured C2C12 Myotubes with GSI 

and RAP.  Puromycin/β-Actin expression (Integrated optical density, IOD) in 96-hour 

myotubes.  72 hours post-differentiation, C2C12 cells were treated every 12 hours with 

either control (Con), 4µM Ɣ-secretase inhibitor (GSI), 100nM rapamycin (RAP), or GSI 

+ RAP co-treatment until 96 hours post-differentiation.  30 minutes prior to collection all 

cells were treated with 1µM puromycin.  Data were analyzed using a one-way ANOVA 

followed by Tukey’s multiple comparison test.  a: significantly (p ≤ 0.05) different than 

Con;  b: significantly different than GSI.  c: significantly different than RAP (n = 2 

experiments).  Data are mean ± SD. 
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Figure 4.5.6. Indices of Fusion in C2C12 Myotubes with GSI and API-1.  A) Fused 

nuclei per field; B) Non-fused nuclei per field; C) Total nuclei per field; D) Myotube 

number per field; E) Nuclei per myotube per field; F) Fusion index per field in 96-hour 

cultured myotubes.  At the onset of differentiation C2C12 cells were treated every 12 

hours with either control (Con), 4µM Ɣ-secretase inhibitor (GSI), 10µM 4-Amino-5,8-

dihydro-5-oxo-8-β-D-ribofuranosyl-pyrido[2,3-d]pyrimidine-6-carboxamide (API-1), or 

GSI + API-1 co-treatment.  Data were analyzed using a one-way ANOVA followed by 

Tukey’s multiple comparison test.  a: significantly (p ≤ 0.05) different than Con; b: 

significantly different than GSI (n = 2 experiments).  Data are mean ± SD. 
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Figure 4.5.7. Indices of Hypertrophy in C2C12 Myotubes with GSI and API-1.  A) 

Myotube area (µm) per field; B) Area (µm) per myotube per field; C) Myotube area (µm) 

per nuclei per field; D)  Representative images of 96-hour cultured myotubes.  At the 

onset of differentiation C2C12 cells were treated every 12 hours with either control 

(Con), 4µM Ɣ-secretase inhibitor (GSI), 10µM 4-Amino-5,8-dihydro-5-oxo-8-β-D-

ribofuranosyl-pyrido[2,3-d]pyrimidine-6-carboxamide (API-1), or GSI + API-1 co-

treatment.  Representative images are taken at 20x.  Data were analyzed using a one-way 

ANOVA followed by Tukey’s multiple comparison test.  a: significantly (p ≤ 0.05) 

different than Con; b: significantly different than GSI (n = 2 experiments).  Data are 

mean ± SD. 
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Figure 4.5.8. AKT in Cultured C2C12 Myotubes.  A) Phospho (p)-protein kinase B 

(AKT) Thr308/Total AKT; B) p-AKT Ser473/Total AKT expression (Integrated optical 

density, IOD) in 96-hour myotubes.  72 hours post-differentiation, C2C12 cells were 

treated every 12 hours with either control (Con), 4µM Ɣ-secretase inhibitor (GSI), 10µM 

4-Amino-5,8-dihydro-5-oxo-8-β-D-ribofuranosyl-pyrido[2,3-d]pyrimidine-6-

carboxamide (API-1), or GSI + API-1 co-treatment until 96 hours post-differentiation.  

30 minutes prior to collection all cells were treated with 1µM puromycin.  Data were 

analyzed using a one-way ANOVA followed by Tukey’s multiple comparison test.  a: 

significantly (p ≤ 0.05) different than Con; b: significantly different than GSI (n = 2 

experiments).  Data are mean ± SD. 
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Figure 4.5.9. mTOR Signaling in Cultured C2C12 Myotubes with GSI and API-1.  

A) Phospho (p)- mechanistic target of rapamycin (mTOR) Ser2448/Total mTOR; B) p-

eukaryotic elongation factor 2 (eEF2) Thr56/Total eEF2; C) p-70 kDa ribosomal protein 

S6 kinase (p70S6K) Thr389; D) p-eukaryotic initiation factor 4E binding protein 

(4EBP1) Thr37/46/Total 4EBP1 expression (Integrated optical density, IOD) in 96-hour 

myotubes.  72 hours post-differentiation, C2C12 cells were treated every 12 hours with 

either control (Con), 4µM Ɣ-secretase inhibitor (GSI), 10µM 4-Amino-5,8-dihydro-5-

oxo-8-β-D-ribofuranosyl-pyrido[2,3-d]pyrimidine-6-carboxamide (API-1), or GSI + API-

1 co-treatment until 96 hours post-differentiation.  30 minutes prior to collection all cells 

were treated with 1µM puromycin.  Data were analyzed using a one-way ANOVA 

followed by Tukey’s multiple comparison test.  a: significantly (p ≤ 0.05) different than 

Con; b: significantly different than GSI (n = 2 experiments).  Data are mean ± SD. 
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Figure 4.5.10. Muscle Protein Synthesis Rate in Cultured C2C12 Myotubes with 

GSI and API-1.  Puromycin/β-Actin expression (Integrated optical density, IOD) in 96-

hour myotubes.  72 hours post-differentiation, C2C12 cells were treated every 12 hours 

with either control (Con), 4µM Ɣ-secretase inhibitor (GSI), 10µM 4-Amino-5,8-dihydro-

5-oxo-8-β-D-ribofuranosyl-pyrido[2,3-d]pyrimidine-6-carboxamide (API-1), or GSI + 

API-1 co-treatment until 96 hours post-differentiation.  30 minutes prior to collection all 

cells were treated with 1µM puromycin.  Data were analyzed using a one-way ANOVA 

followed by Tukey’s multiple comparison test.  a: significantly (p ≤ 0.05) different than 

Con; b: significantly different than GSI (n = 2 experiments).  Data are mean ± SD. 
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Figure 4.5.11. GSK3β and ABC in Cultured C2C12 Myotubes with GSI and API-1. 

A) Phospho (p) -glycogen synthase kinase 3 beta (GSK3β)/total GSK3β; B) Active β-

catenin (ABC)/ β-Actin expression (Integrated optical density, IOD) in 96-hour 

myotubes.  72 hours post-differentiation, C2C12 cells were treated every 12 hours with 

either control (Con), 4µM Ɣ-secretase inhibitor (GSI), 10µM 4-Amino-5,8-dihydro-5-

oxo-8-β-D-ribofuranosyl-pyrido[2,3-d]pyrimidine-6-carboxamide (API-1), or GSI + API-

1 co-treatment until 96 hours post-differentiation.  30 minutes prior to collection all cells 

were treated with 1µM puromycin.  Data were analyzed using a one-way ANOVA 

followed by Tukey’s multiple comparison test.  a: significantly (p ≤ 0.05) different than 

Con; b: significantly different than GSI; c: significantly different than API-1 (n = 2 

experiments).  Data are mean ± SD. 
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Figure 4.5.12. Muscle Protein Synthesis Rate in Cultured C2C12 Myotubes with 

GSI, RAP, and API-1.  Puromycin/β-Actin expression (Integrated optical density, IOD) 

in 96-hour myotubes.  72 hours post-differentiation, C2C12 cells were treated every 12 

hours with either control (Con), 4µM Ɣ-secretase inhibitor (GSI), 100nM rapamycin 

(RAP) and 10µM 4-Amino-5,8-dihydro-5-oxo-8-β-D-ribofuranosyl-pyrido[2,3-

d]pyrimidine-6-carboxamide (API-1) or GSI + RAP + API-1 until 96 hours post-

differentiation.  30 minutes prior to collection all cells were treated with 1µM puromycin.  

Data were analyzed using a one-way ANOVA followed by Tukey’s multiple comparison 

test.  a: significantly (p ≤ 0.05) different than Con; b: significantly different than GSI; c: 

significantly different than RAP + API-1 (n = 2 experiments).  Data are mean ± SD. 
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4.6 Tables 

Table 4.6.1. Antibodies used for Western Blot Analysis. 

Antibody Catalog #, Company Dilution 

p-AKT Thr308 (#13038, CS) 1:500 

p-AKT Ser473 (#4060, CS) 1:500 

Total AKT (#2920, CS) 1:1000 

p-mTOR Ser2448 (#5536, CS) 1:500 

Total mTOR (#4517, CS) 1:1000 

p-4EBP1 Thr37/46 (#2855, CS) 1:500 

Total 4EBP1 (#9644, CS) 1:1000 

p-eEF2 Thr56 (#2331, CS) 1:500 

Total eEF2 (#2332, CS) 1:500 

p-p70S6K Thr389 (#9234, CS) 1:500 

Total p70S6K (#2708, CS) 1:1000 

p-GSK3β Ser9 (#8566, CS) 1:500 

Total GSK3β (#5676, CS) 1:1000 

ABC (#8814, CS) 1:1000 

c-Myc (#13987, CS) 1:500 

PTEN (#9188, CS) 1:1000 

Total TSC2 (#4308, CS) 1:1000 

Cleaved Notch (#4147, CS) 1:500 

PTEN (#9556, CS) 1:1000 

Hes1 (#11988, CS) 1:500 

Puromycin (#MABE343EMD Millipore) 1:5000 

Beta Actin (#A2228, Sigma Aldrich) 1:10000 

p: phosphorylated; AKT: protein kinase B; mTOR: mechanistic target of rapamycin; 

4EBP1: eukaryotic initiation factor 4E binding protein; eEF2: eukaryotic elongation 

factor 2; p70S6K: 70 kDa ribosomal protein S6 kinase; GSK: Glycogen Synthase Kinase; 

ABC: Active β-catenin; Myc: avian myelocytomatosis viral oncogene homolog; PTEN: 

phosphatase and tensin homolog; TSC: tuberous sclerosis complex; Hes1: hairy/enhancer 

of split 1; CS: Cell signaling 
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Table 4.6.2. Antibodies used for Immunoprecipitation. 

Antibody Catalog #, Company Dilution 

Total mTOR (#4517, CS) 1:100 

c-Myc (#13987, CS) 1:50 

PTEN (#9188, CS) 1:50 

Total TSC2 (#4308, CS) 1:50 

Cleaved Notch (#4147, CS) 1:100 

PTEN (#9556, CS) 1:50 

Hes1 (#11988, CS) 1:100 

mTOR: mechanistic target of rapamycin; Myc: avian myelocytomatosis viral oncogene 

homolog; PTEN: phosphatase and tensin homolog; TSC: tuberous sclerosis complex; 

Hes1: hairy/enhancer of split 1; CS: Cell signaling 
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CHAPTER 5: DISSERTATION DISCUSSION 

 Aging can be accompanied by aggressive loss of muscle mass (sarcopenia), a 

prevalent issue in more than 50% of individuals 80 years and older.  Sarcopenia is 

thought to be a driving factor of the reduced ability of the elderly to accomplish basic 

daily activities [1; 2].  Moreover, sarcopenia preferentially affects fast-twitch fibers 

leading to lower muscular strength and power resulting in slower movement patterns, 

increasing frailty of aging individuals and increasing in the risk of injury, primarily by 

falling [3].   Several mechanisms within aged skeletal muscle are thought to drive the 

development of sarcopenia, including a delayed myogenic response when exposed to 

injury and blunted muscle protein synthesis (MPS) [10; 15-19].  The process of 

myogenesis (skeletal muscle repair) comprises the activation, proliferation, 

differentiation, and fusion of adult skeletal muscle stem cells (satellite cells (SCs)) [10].  

Aging is associated with deleterious modifications to the intrinsic properties of SCs and 

the signaling pathways that regulate myogenesis, including Notch and mechanistic target 

of rapamycin (mTOR) signaling [10; 20; 21].  Notch signaling is pivotal to the regulation 

of the early stages of myogenesis, primarily through its ability to dictate SC fate [10; 26; 

27].  mTOR has been identified as a critical regulator of the differentiation and 

maturation of myofibers [30-32].  While it was previously unknown whether Notch and 

mTOR communicated during myogenesis, the Arthur lab had recently demonstrated that 

Notch inhibition elevated phosphorylated mTOR in C2C12 myoblasts and myotubes 

suggesting that Notch may regulate mTOR.  The Arthur lab has also shown that MPS 

rates increased in C2C12 cells following Notch inhibition.  Taken together; recent 
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observations of Notch as a negative regulator of skeletal muscle mass [23; 24; 48; 133], 

the dysfunctional Notch signaling witnessed in aged skeletal muscle [26; 74], and the 

blunted myogenic and MPS processes in aged populations [10; 26; 38-40], suggest that 

Notch signaling plays a critical role towards the development of sarcopenia.  Thus, the 

overall hypothesis of this dissertation was that Notch serves as a molecular brake on 

regeneration, MPS, and growth of skeletal muscle.  Specifically, we postulated that Notch 

inhibition would elevate MPS rates in C2C12 cells through regulation of mTOR.  

Further, based on preliminary data from our own lab (Figures 1.3 & 1.4) and published 

findings from others [19; 26; 28], we also speculated that reducing Notch in vivo would 

induce a dysfunctional myogenic response thus compromising the regeneration capacity 

of young mice.  

 This dissertation research led to the following key findings:  1) Notch1 

knockdown in conjunction with exercise (downhill running (DHR)) elevated the 

myogenic response and remodeling of skeletal muscle (Chapter 2).  2) Notch1 

knockdown elevated phosphorylated mTOR and MPS rates in vivo, albeit through an 

unknown mechanism (Chapter 2).  The elevation of MPS rate was confirmed in vitro 

using C2C12 myoblasts and myotubes (Chapter 3).  3) The elevations in MPS were 

accompanied by modulation of the PTEN/AKT/mTOR pathway, leading us to believe 

that Notch acts through mTOR to regulate muscle growth and regeneration.  4) We then 

determined that Notch (via GSI treatment) inhibition elevated MPS in the presence of 

rapamycin (an mTOR inhibitor) indicating that Notch may regulate MPS independent of 

mTOR, possibly via AKT (Chapter 4).  5) Further experimental exploration indicated that 

GSI treatment can elevate MPS in the presence of both rapamycin and API-1 (an AKT 
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inhibitor) (Chapter 4).  We then demonstrated that GSI-treatment elevates pGSK3βser9 

independently of AKT (Chapter 4), providing an additional plausible modality in which 

Notch regulates MPS. 

 The first key finding that Notch1 knockdown elevated the myogenic response and 

remodeling in skeletal muscle (Chapter 2: Increased MyoD and Myogenin at 24hrs; 

increased eMHC at 96 hrs) is an intriguing, yet controversial finding since it opposes 

several currently published findings and our own hypothesis.  Our hypothesis was that 

Notch1 knockdown would lead to a dysfunctional and impaired myogenic response.  This 

was due to prior research indicating that inhibition of Notch signaling impaired skeletal 

muscle regeneration in young mice while activation of Notch signaling rejuvenated 

skeletal muscle repair in aged muscle [26; 28].  Furthermore, our labs own unpublished 

data suggested that Notch inhibition (via GSI treatment) impaired regeneration of aged 

skeletal muscle.  However, in recent years Notch has resurfaced as a negative regulator of 

regeneration with in vivo studies showing increased regenerative capacity attributed to 

lowered Notch signaling [23; 132; 133], further adding to the controversy.  However, 

none of these studies examined regeneration or Notch signaling following physiological 

stimuli.  We attribute the differences to two major differences: the mode of Notch 

manipulation and the stimulus (injury/damage) model used to study the regeneration 

response. 

 The original studies that investigated the impact of Notch on skeletal muscle 

regeneration utilized focal, artificial models to induce muscle injury.  These models 

certainly induce a robust regenerative response; however, they lack practicality, are 

physiologically irrelevant, and ignore the secretory impact of skeletal muscle contraction.  
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Skeletal muscle has widely been viewed as a locomotive organ system, however, in 

recent years skeletal muscle which accounts for nearly 50% of total body mass in young 

individuals [6], has established itself as a pivotal secretory organ.  Additionally, the 

secretory functions of skeletal muscle appear to be largely exercise dependent [87-89].  

To gain a complete understanding of regeneration mechanics, physiological relevant 

models need to be employed.   This is in large part due to the fact that myokines (IL-15, 

LIF, BDNF, Irisin) secreted by exercising muscle have the ability to influence SC 

dynamics by promoting activation, proliferation, and differentiation [90-107].  Notch 

down regulation is required for SC activation and inhibition of Notch leads to premature 

differentiation and dysfunctional regeneration in the absence of exercise [26; 28; 134].  

However, reductions of Notch signaling in the presence of pro-myogenic myokines 

secreted with exercise may summate to induce a heighted regeneration response as we 

observed in our present study.   

 The other main factor contributing to the conflicting outcomes of muscle 

regeneration is the mode of Notch manipulation.  A common technique used to inhibit 

Notch signaling is to use GSIs, which prevent the terminal cleavage of the Notch receptor 

and inhibit the release of NICD.  When used in vitro, GSIs can have confounding results 

as we see in chapter 3 with the treatment of proliferating and differentiating C2C12 cells.  

When myoblasts are treated with GSIs proliferation is reduced (a dysfunctional myogenic 

symptom), likely do to the cells prematurely different as indicated by others [122; 131].   

However, when treated with GSIs during differentiation, myogenesis is enhanced leading 

to larger myotubes and increased MHC protein expression (Chapter 3).  Our results are 

likely due to the fact that Notch has distinct roles based on the context of the cell as 
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described by others [22; 53].  Moreover, GSI treatment is not specific to a certain Notch 

receptor, and thus inhibits activity of all Notch receptors (1-4), three of which (Notch1-3) 

are expressed in SCs [27; 108; 109].  Others have recently demonstrated that Notch1, 

Notch2, and Notch3, have different roles in SC regulation [28; 110-112].   Furthermore, 

these receptors appear to play an essential myogenic coordinating role [112].  GSI 

treatment likely disrupts this necessary coordination of Notch receptor function and is 

responsible for the impaired regenerative response seen by others [28] and our own 

unpublished data.  Solely knocking down the Notch1 receptor is sufficient to elevate the 

regeneration response without derailing proper SC dynamics, at least in the presence of 

exercise.  Given the different nature of the models used to stimulate regeneration and the 

different techniques used to reduce Notch signaling we feel that further investigations are 

warranted.  In particular, it would be interesting if the prior studies conducted using 

artificial means of stimulating regeneration used an exercise model to see if Notch 

inhibition had a different impact from the prior findings (i.e. an elevation in 

regeneration).  Moreover, it would be interesting to see if use of GSIs with exercise 

yielded the same results as our present study.  It appears we are only scratching the 

surface of Notch signaling’s impact on skeletal muscle regeneration.  We also need to 

further investigate if our present findings carry over into an aged rodent model.  Aged 

muscle regeneration may be impaired using the same exercise model and Notch1 

knockdown given the myriad of physiological differences between young and old 

populations. 

 Sarcopenia is the result of several physiological changes that occur with age, not 

limited solely to an impaired regeneration response.  In fact, several of the age-related 
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physiological changes likely contribute to the impaired regeneration seen in aged muscle.  

For example, elevated levels of pro-inflammatory cytokines including TNFα and IL-6 

seen in older individuals are associated with reductions in muscle mass and strength and 

can also induce anabolic resistance [58].  These same cytokines have also been 

implicated in impairing SC function resulting in dysfunctional regeneration [10].  

Additionally, there are decreased sex hormones in aged individuals.  In particular, 

testosterone is known to have a positive myogenic effect and the decline seen in aged 

muscle likely contributes to the dysfunctional regeneration.  Because of the physiological 

age differences, it is entirely possible that Notch1 knockdown would not elevate 

regeneration and may actually impair regeneration as others have previously described 

[26; 28].  This research has yet to be done and requires further investigation.  If Notch1 

knockdown did not elevate regeneration with an acute bout of exercise in aged muscle it 

could be attributed to the lifestyle of the subject (a sedentary human or a sedentary rodent 

throughout life).  One factor contributing to the impaired regenerative response in aged 

muscle is the decline in SC number [10].  Interestingly, exercise increases SC number in 

aged muscle [10].  In light of this it would also be interesting to investigate whether 

activity throughout the lifespan in conjunction with Notch1 knockdown would increase 

the regeneration response in aged muscle. 

 Notch1 knockdown (Chapter 2) increased MPS rate in vivo.  We then further 

demonstrated that Notch signaling has a role in regulating MPS in vitro (Chapter 3).  

Several prior in vitro and in vivo studies have indicated a role for Notch in regulating 

muscle hypertrophy [23; 24; 48; 127; 132].  Yet none of these studies examined anabolic 

signaling or MPS rates or even considered that Notch may play a role in hypertrophy via 
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modulation of MPS.  Prior studies examining Notch signaling have focused solely on its 

role in regulation over SC fate and regeneration (cellular fusion), but did not investigate 

other muscle processes including MPS.  There are two modes of hypertrophy: 1) 

increasing cellular fusion (myonuclear accretion via enhancement of regeneration) 2) 

increasing protein synthesis (expansion of myonuclear domain).  Other proteins are 

known to have roles in both fusion and protein synthesis (IGF-1, Myostatin, mTOR) [10; 

32; 34; 44; 163].  Further, in cancer cell line models, Notch signaling works as a 

regulator of anabolic signaling pathways [42; 154; 160; 161].  To our knowledge we are 

the first to investigate Notch modulation over mTOR signaling and ultimately MPS in 

skeletal muscle. 

 In chapter 3 we demonstrated that GSI treatment modulated the 

PTEN/AKT/mTOR signaling pathway thereby elevating MPS in C2C12 myoblasts and 

myotubes.  The increases in MPS rate where accompanied by myotube hypertrophy via 

both an increase in myonuclear accretion and expansion of myonuclear domain.  To our 

knowledge we are the first to indicate that Notch signaling may regulate both means of 

hypertrophy.  Others have recently reported hypertrophy of muscle cells with GSI, 

however this hypertrophy was determined to be independent of Notch1 [136].  Given the 

context-based roles of Notch signaling, it is possible that Notch1 knockdown in 

myoblasts would lead to premature differentiation of muscle cells and an impaired 

hypertrophic response as others have found in Delta1 (one of the Notch ligands) mutants 

[134].  We recognize that it is plausible that Notch1 knockdown alone may not induce a 

hypertrophic response.  Notch receptors may also coordinate to mediate hypertrophy just 

as they have been implicated in mediating regeneration.  It would be interesting to see if 
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Notch1 knockdown in C2C12 cells would increase MPS rate and induce a hypertrophic 

response like we see with GSI treatment.  Though these studies have not yet been 

conducted, we believe the elevations seen in MPS rates with Notch1 knockdown in vivo 

(Chapter 2) would likely carry over to cultured cells. 

 In chapter 4 we demonstrated that GSI treatment was able to elevate MPS 

independent of mTOR (via co-treatment of GSI+RAP).  The experiments conducted in 

chapter 4 were performed in light of the chapter 3 finding that 4EBP1 was the only 

downstream target of mTOR was positively changed with GSI treatment.  If GSI 

treatment was elevating MPS rate via mTOR, positive changes in the phosphorylation of 

p70S6K and eEF2 would be expected, neither of which were observed.  With the changes 

seen in PTEN and AKT in chapter 3, and the minimal change seen in p70S6K and eEF2 

we began to suspect that Notch inhibition (via GSI treatment) was acting through AKT.  

Furthermore, we began to speculate that GSI treatment could enforce its modulation over 

MPS independent of mTOR.  We confirmed this notion demonstrating that GSI could 

elevate MPS independent of mTOR.  However, we did determine that elevation of 

myotube formation and hypertrophy with GSI treatment was dependent on mTOR as all 

indices of myotube fusion and hypertrophy were ablated with GSI+RAP treatment.  

Interestingly, others have recently reported that GSI was able to rescue myotube 

hypertrophy in the presence of rapamycin, though this study did not measure MPS rate 

[136].  These conflicting results could be attributed to a difference in timing of treatment 

as our experiments for myotube fusion/area began treatment of Con, GSI, RAP, and 

GSI+RAP at the onset of differentiation and mTOR is necessary for myogenic 

differentiation [32; 34].  GSI’s ability to elevate MPS in the presence of RAP may be 
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sufficient to rescue hypertrophy of formed myotubes, but these studies need to be 

completed.  Taken together, GSIs elevations in PTEN/AKT (Chapter 3), and GSIs ability 

to increase MPS in the presence of RAP (Chapter 4), suggest Notch signaling acts 

through AKT in its regulation over MPS.  Further, AKT is known to elevate protein 

synthesis independent of mTOR, via regulation of GSK3β [172; 178].  We then sought 

out to clarify that GSI was elevating MPS rate via AKT by using a novel small molecule 

AKT inhibitor, API-1. 

 This experiment set led us to the finding that GSI treatment is able to regulate 

MPS rate independent of both mTOR and AKT.  Our first experiment sets using API-1 

and GSI had both promising and lackluster results.  The fusion experiments that we 

conducted strengthened and supported our hypothesis that Notch acts through AKT as all 

myotube fusion and hypertrophy indices were ablated with GSI+API-1 treatment (similar 

to what was seen with GSI+RAP).  These findings are in agreement with others 

demonstrating that AKT (just as mTOR) is necessary for myogenic differentiation [182].  

API-1 treatment was not sufficient to reduce MPS rate.  Though AKT reductions have 

been implicated in reducing MPS and hypertrophy, mTOR has several upstream inputs 

that can likely explain the maintenance of MPS rate with API-1 treatment [44; 163; 188].  

In addition, API-1 did not reduce pmTORSer2448 which further supports the 

maintenance of MPS rate.  To verify that API-1 treatment was effective in reducing AKT 

function, we measured pGSK3βSer9 which was reduced.  In these same experiments we 

demonstrated that GSI treatment increased pGSK3βSer9 in the presence of API-1, 

suggesting that Notch may act on GSK3β (and MPS) independent of AKT.  We then 

conducted an experiment set with the sole intention of determining if MPS could be 
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elevated with GSI independent of mTOR and AKT.  Triple treatment of GSI+RAP+API-

1 revealed that GSI was able to regulate MPS rate independent of mTOR and AKT.  This 

finding has focused our working hypothesis that Notch may regulate MPS rate via 

multiple routes including PTEN/AKT and GSK3β. 

 Though we believe it is plausible that GSI acts through PTEN/AKT, our own 

research and the work of others is steadily building the case that the true mode of action 

is via GSK3β.  For example, others have previously identified GSK3β as a target of 

Notch.  Although, these studies focused solely on myogenesis and ignored anabolic 

signaling/MPS rate despite GSK3β’s involvement in regulating MPS [28; 178; 201].  As 

mentioned previously we only witnessed postive changes in 4EBP1 with GSI treatment in 

our earlier studies (chapter 3).  Interestingly, others have identified GSK3β as a regulator 

of 4EBP1 albeit the research is outside of skeletal muscle [197; 198].  To further support 

that the mode of action is via GSK3β, our protein-protein interaction measures did not 

reveal any binding between Hers1-PTEN, NICD-mTOR, or c-Myc-TSC2.  It is possible 

that an interaction between these proteins does exist, but was not identified in the current 

dissertation.  As discussed in chapter 4 overexpressing or ligand activating Notch would 

be a better model to test for Notch based protein interactions.  A protein interaction may 

exist between Notch and GSK3β, however that was not assessed in this dissertation.  In 

fact others have demonstrated that NICD and GSK3β directly interact with one another 

[190; 195; 196].  Although these studies elude to GSK3β as a regulator of Notch, it is 

entirely plausible that NICD may directly regulate GSK3β.  This notion of NICD 

regulating GSK3β has been speculated within muscle, although direct interaction has not 

been determined [28; 201].  The downstream target of GSK3β, eIF2Bε is a pivotal 
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regulator of cap dependent translation and overexpression of eIF2Bε is sufficient to 

increase MPS rate and hypertrophy [178; 192].  It would be interesting to examine if 

eIF2Bε is elevated with GSIs or Notch1 knockdown, which would shed more light on the 

MPS rate mechanistic action of Notch.  It would also be interesting to treat muscle cells 

with a GSI and a GSK3β mutant (e.g. altering the serine residue) to sustain its activity.  

This would determine if Notch can also act independent of GSK3β to regulate MPS. 

 In summary, we demonstrated that Notch serves as a molecular brake on 

myogenesis, MPS, and muscle growth.  Notch1 knockdown in conjunction with exercise 

caused a heightened MRF response leading to an elevation in newly forming fibers 4 

days later.  This differs from much of the previous literature in which reduced Notch 

(using artificial insult) impairs the regenerative response (Figure 5.1).   Moreover, 

Notch1 knockdown elevated MPS rate in young muscle.  The use of a GSI in cultured 

C2C12 muscle cells led to elevations in cellular fusion, myotube formation, myotube 

hypertrophy, and MPS rate.  Several follow-up experiments demonstrated that Notch may 

act through PTEN/AKT/mTOR in its regulation of MPS, but is also able to elevate MPS 

rate independently of AKT and mTOR via GSK3β (Figure 5.2).  These studies support 

the notion that targeting (inhibiting) Notch may provide relief to sarcopenia or other 

muscle wasting conditions via its action on increasing myonuclear accretion and 

myonuclear domain.  However, more studies need to be conducted to verify this as the 

present experiments were not performed on aged or diseased muscle.  Furthermore, 

additional follow-up studies need to be performed to further elucidate the mechanism by 

which Notch acts on MPS.  In particular, if GSI treatment is sufficient to sustain MPS 

rate and muscle mass in the presence of AKT or mTOR inhibitors used in treating cancer, 
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or in longevity studies, then our present findings may have uncovered a huge step in 

maintaining functionality and quality of life in not only the ageing population, but all 

muscle wasting conditions. 
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Figures: 

 

 

Figure 5.1.  Influence of Notch Over Myogenesis.  A) Previous in vivo literature has 

indicated that inhibition of Notch signaling along with artificial modes of insult leads to a 

faulty myogenic response impairing resolution of injury.  In the present study we reveal 

that Notch inhibition along with physiological insult elevates the regenerative response. 

B) Our in vitro work in C2C12 cells demonstrates that Notch inhibition blunts myoblast 

proliferation, likely due to premature cellular differentiation. C) In contrast, if Notch 

inhibition is employed during later stages of myogenesis it enhances myotube formation 

and induces hypertrophy.  SC: satellite cell; MB: myoblast; GM: growth media; DM: 

differentiation media. 
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Figure 5.2.  Regulation of Muscle Protein Synthesis.  Overview of the two identified 

roles for Notch in the regulation of muscle protein synthesis (MPS).  Chapter 3 revealed 

that Notch inhibition reduced phosphatase and tensin homolog (PTEN) protein 

expression.  PTEN prevents the conversion of Phosphatidylinositol (4,5) –bisphosphate 

(PIP2) to Phosphatidylinositol (3,4,5)-trisphosphate (PIP3), thereby preventing 

subsequent phosphorylation of protein kinase B (AKT) on Threonine 308 by 

Phosphoinositide-dependent kinase-1 (PDK1).  The reduction in PTEN with Notch 

inhibition lead to subsequent increases in phosphorylation of AKT, tuberous sclerosis 

complex (TSC1/2), and mechanistic target of rapamycin (mTOR) thereby increasing 

MPS.  Chapter 4 revealed that Notch inhibition was able to influence MPS independent 

of AKT and mTOR, likely through glycogen synthase kinase 3 (GSK3β). 
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APPENDIX 1: INSTITUTIONAL ANIMAL CARE AND USE COMMITTEE 

APPROVAL LETTER 
 

 

 

 

Research and Economic Development 

Office of Research Compliance 

9201 University City Boulevard, Charlotte, NC 28223-0001 

t/ 704.687.1876 | f/ 704.687.0980  | http://research.uncc.edu/compliance-ethics 
 

Notice of Initial Protocol Approval 

To: Dr. Susan Arthur 

Department of Kinesiology 

From: Dr. Yvette Huet 

IACUC Chair 

Subject: Approval of Protocol 

Protocol #: 16-017 

Title: The Myogenic Orchestration of Notch and mTOR 

Approval Date: 01/13/2017 
 

 

The Institutional Animal Care and Use Committee (IACUC) approved the protocol entitled “The Myogenic 

Orchestration of Notch and mTOR." Approvals are valid for one year and may be renewed before the anniversary 

of the original approval date for a total of three years. After three years, a new protocol application must be 

submitted to continue the study. Please note the following information: 
 

Initial Approval date: 01/13/2017 

Renewal 1 – due and approved before: 01/13/2018 

Renewal 2 – due and approved before: 01/13/2019 

Expiration date: 01/13/2020 

Please note that it is the investigator’s responsibility to promptly inform the committee of any changes in the 

proposed research, as well as any unanticipated problems that may occur involving care and use of animals. All 

changes (e.g. personnel additions, change in animal strain, change in procedures, etc.) must be submitted to the 

IACUC via an Amendment. All forms (e.g. amendments, annual renewal, etc.) can be found at:  

http://research.uncc.edu/departments/office-research-compliance-orc/animal-care-use/protocol-application-forms 
 

Before starting any protocol involving survival surgery, tumor and/or disease induction, and any other painful 

animal procedure, a meeting with the Attending Veterinarian, Vivarium Director, and Vivarium staff is 

required. If the research involves surgical procedures, it is also the investigator’s responsibility to maintain detailed 

surgical records.  These records must be approved by the Vivarium Director and the Attending Veterinarian and a 

copy must be kept with the animals at all times. 
 

To better help you and your research team, please inform Vivarium personnel which phase/specific aim of your 

protocol is being conducted at any given time.  It is helpful for the staff to know which endpoints are required for the 

phase/specific aim being investigated. 
 

NOTES: 

• This protocol requested reverse light cycle. Please consult with the Attending Veterinarian/Director of 

Laboratory Animal Resources to confirm start date of reverse light cycle. 

• This protocol contains a pilot study. Per the reporting requirements policy, a progress report will be due to 

the IACUC approximately 90 days from the date of initiation of this study, or by April 13, 2017. 
 

 

 
 

The UNIVERSITY of NORTH CAROLINA at CHARLOTTE 
An Equal Opportunity/Affirmative Action Employer 
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IACUC Approval Memorandum 

Arthur - Protocol #16-017 

Page 2 

 

 

 

A renewal/status report is due annually for IACUC protocols. The annual renewal application can be accessed via the 

above-listed website. If you do not plan to continue your study at the time of your renewal anniversary date, please 

contact the Office of Research Compliance before the anniversary date to terminate your study. 

 

If you need additional assistance, please contact Cindy Stone in the Office of Research Compliance at (704) 687-1872 

or via email at C.Stone@uncc.edu. 
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APPENDIX 2: INSTITUTIONAL BIOSAFETY APPROVAL LETTER 

 

 

 

Research and Economic Development 
Office of Research Compliance 

9201 University City Blvd., Charlotte, NC 28223 

t/ 704.687.1825 | f/ 704.687.0980 | http://research.uncc.edu/compliance-ethics 
 

Institutional Biosafety Committee (IBC) 

Certificate of Approval and Registration for BSL-2 work 

 
To: Dr. Susan Arthur 

Department of Kinesiology 

From: Dr. Angelica N. Martins – Biosafety Officer 

Protocol Title: “The Myogenic Orchestration of Notch and mTOR” 

IBC Protocol #: 16-016 

Agent/s and 

Material/s Declared: 
Lentivirus, mice.

 

BSL/Risk Group 

Classification: 
BSL-2/ RG-2

 

NIH Guidelines: Section III-D-1, III-D-3, III-D-4 and Section III-E-3 
 

Approval Date: May 1st, 2017 

 
The Institutional Biosafety Committee (IBC) has reviewed your proposed experiments using Lentiviral 

particles as described in your biosafety protocol. The IBC concurs with your classification and the stated 

BSL-2 precautions for using an RG-2 agent. Approvals are valid for one year and should be renewed 

before the anniversary of the original approval date for a total of three years. After three years, a new 

protocol application must be submitted to continue the study. Your protocol will reach 3-year expiration 

on May 1st, 2020. 

The experiments are approved for execution only as proposed.  It is the investigator’s responsibility to 

inform the IBC of any changes in the proposed research that potentially alters the BSL classification. 

Likewise, if there any changes to the proposed research involving this agent, (i.e. personnel changes, 

changes in the location of agents, change in manipulations of agents/materials, etc.); the investigator must 

inform the Committee of these changes via an amended protocol. 

Please note that it is the investigator’s responsibility to promptly inform the committee of any 

unanticipated problems that may occur involving the use of this agent. If an accidental exposure or a spill 

using this agent occurs, please promptly forward a summary of the incident to the Office of Research 

Compliance for review by the IBC. 
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IBC Protocol # 16-016 

Approval Certification Memorandum 

 

 

 

 

 

A renewal/status report is due annually for IBC protocols. The Office of Research Compliance will send 

the annual renewal survey to you. If you do not plan to continue your study at the time of your renewal 

anniversary date, please contact the Office of Research Compliance before the anniversary date to 

terminate your study. 

 
Also, the investigator is responsible for the following: 

 

1. Posting “BIOHAZARD” warning signs with the universal biohazard-warning symbol on access 

doors to the laboratory area. NOTE: Signage should identify agent(s) in use, list the name of the 

laboratory supervisor or another responsible person(s), an after-hours contact telephone number 

and indicate any special conditions for entry into the room (e.g., immunizations, respirators). 

2. Limiting access to your laboratory when experiments using these agents are in progress. 

3. Ensuring that lab personnel read and become familiar with the contents of your protocol, any 

approved biosafety lab Standard Operating Procedures (SOPs), and the University biosafety  

laboratory manual. 
 

 

If you have any questions, please contact Dr. Angelica N. Martins in the Office of Research 

Compliance at 704-687-1825. 
 

 

 

 

May 5, 2017 
 

 

Date 

 

 
 

Angelica N. Martins, PhD 

Biosafety Officer 

Office of Research Compliance 
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APPENDIX 3: SIGMA XI STUDENT RESEARCH GRANT 

The Myogenic Switch of Notch and mTOR 

Joshua R. Huot 

Aging can be accompanied by aggressive loss of skeletal muscle mass (sarcopenia), and 

is thought to be a driving factor to a reduced ability of the elderly to accomplish basic 

activities of daily living (1). The prevalence of sarcopenia exceeds 30% in individuals 60 

years and older and 50% in individuals 80 years and older, which results in excessive 

healthcare costs and impedes quality of life (2-4). Several mechanisms within aged 

skeletal muscle lead to development of sarcopenia, including a delayed myogenic 

response when exposed to injury. The process of myogenesis is comprised of activation 

of adult skeletal muscle stem cells (satellite cells), proliferation, differentiation, and 

fusion of these cells leading to formation of multinucleated myotubes. Aging is 

associated with deleterious modifications to the intrinsic properties of satellite cells and 

the signaling pathways that regulate myogenesis, including Notch and mammalian target 

of rapamycin (mTOR). Notch signaling regulates satellite cell activation and 

proliferation, while mTOR appears to regulate differentiation and fusion (5-10). Although 

it is currently unknown if Notch and mTOR interact during the myogenic program, other 

disciplines (cancer research) have indicated that Notch regulates mTOR activity. Thus is 

the basis for our 

testing whether 

Notch signaling 

affects mTOR 

signaling during 

myogenesis. 

Preliminary data 

from our lab 

indicates a 

possible myogenic 

switch of Notch 

and mTOR. Since 

these pathways are 

dysfunctional in 

aged skeletal 

muscle, our overarching aim is to determine if Notch and mTOR contribute to the 

impaired repair of aged skeletal muscle and ultimately sarcopenia. To test this aim, we 

will first determine if inhibition of Notch signaling alters mTOR throughout the 

myogenic program using an in vitro model of skeletal muscle repair, a C2C12 cell 

line which is derived from mouse muscle tissue.  C2C12 myoblasts will be seeded and 
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allowed to grow with or without treatment of a Notch inhibitor (Gamma Secretase 

Inhibitor).  Separate experiments will be conducted allowing C2C12 cells to grow to full 

confluence followed by differentiation of the cells to form myotubes, with or without 

Notch Inhibition (Figure 1).  Myoblast and myotube samples will be lysed and collected 

for quantitative PCR analysis, using the RadiantTM Green Hi-ROX qPCR Kit from Alkali 

Scientific Inc.  We will confirm inhibition of Notch signaling (A.Notch and Hes1) and 

any changes in mTOR signaling (pmTOR, p70S6K, 4e-BP1) during early and late stages 

of myogenesis. The results of this study will be used as preliminary data for grants that 

will propose to determine Notch and mTOR dysfunction in aged skeletal muscle using in 

vivo techniques and strategies to rescue impaired Notch and mTOR orchestration during 

repair of aged skeletal muscle. We hypothesize that inhibiting Notch will reduce mTOR 

during the early stages of myogenesis, while increasing mTOR during the later stages of 

myogenesis.  If expectations are met, we will shrink the current gap in knowledge 

regarding skeletal muscle repair and pave the way for rejuvenating repair capacity in 

aging skeletal muscle, leading to maintenance of skeletal muscle with increasing age and 

improved clinical practices for other muscle wasting diseases. 
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Project Budget 

 

A. RadiantTM Green Hi-ROX qPCR Kit (2000 x 20µL reactions)- $955.00 

Total Amount Requested From Sigma Xi- $955.00 

Total Project Budget ($2,500) 

Budget Justification  

The RadiantTM Green Hi-ROX qPCR Kit will be used to carry out quantitative PCR 

analysis for all myoblast and myotube samples of the proposed research.  The supplies 

will help to delineate any differences in Notch and mTOR at the RNA level at several 

stages of the myogenic program. The Arthur Lab regularly quantifies protein levels of 

myogenesis; the use of qPCR in this proposal is a novel technique for our lab to analyze 

gene expression of key regulators of the myogenic program.  
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APPENDIX 4: THOMAS L. REYNOLDS GRADUATE RESEARCH FELLOWSHIP 

Application: The Thomas L. Reynolds Graduate Student Research Award 

Title of Proposed Project:  

INVESTIGATING NOTCH AS A MOLECULAR BRAKE ON SKELETAL MUSCLE 

REPAIR AND GROWTH 

PI Name: Joshua R. Huot (Doctoral Candidate, Biology/Kinesiology) 

PI’s Email: jhuot@uncc.edu 

Dissertation Advisor: Dr. Susan T. Arthur (Associate Professor of Kinesiology) 

1. Problem Statement: Aging is often accompanied by aggressive loss of skeletal 

muscle mass (sarcopenia) and is a primary component driving the reduced capacity of the 

elderly to accomplish basic activities of daily living (1, 2). Contributing to the 

development of sarcopenia is a faulty repair response and suppressed muscle protein 

synthesis (MPS) of aged muscle following injury (e.g. bout of exercise) (3, 4). The repair 

response includes activation and the resultant fusion of muscle stem cells. It is currently 

unknown to what extent key reparative factors and MPS pathways interact following 

muscle injury. Notch signaling is of great importance to skeletal muscle repair. 

Mechanistic target of rapamycin (mTOR) signaling is pivotal to MPS and has recently 

shown to regulate skeletal muscle repair (5, 6). It is unknown however, if these two 

signaling pathways interact within skeletal muscle. Delineation of the signaling pathways 

cross-talk that regulate skeletal muscle repair and MPS is crucial to our development of 

modalities aimed at treating and preventing the dysfunction that is seen with sarcopenia 

and other muscle wasting diseases. Our overarching hypothesis is that Notch acts as a 

molecular brake on skeletal muscle repair and MPS by regulating mTOR. 
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2. Objective and methodology of proposed project:  OBJECTIVE: To determine the 

effects of Notch knockdown on skeletal muscle repair and MPS in mice following 

injurious downhill running. 

Notch signaling is pivotal to the regulation of muscle stem cell activity. Specifically, 

following injury it is postulated that down regulation of Notch activates muscle stem cells 

leading to muscle repair (3, 7-9). A majority of studies investigating Notch’s contribution 

to skeletal muscle 

repair are artificial, 

however, and do not 

utilize physiological 

models of muscle 

injury. Furthermore, 

studies on Notch 

regulation of skeletal 

muscle focus solely on its capacity to dictate muscle stem cell fate, ignoring other 

skeletal muscle processes such as MPS. Our lab is the first to utilize downhill running 

(DHR) as a model to study Notch signaling during skeletal muscle repair. This project is 

the first to study skeletal muscle repair and MPS using Notch knockdown and a 

physiological damaging stimuli. We hypothesize that knockdown of Notch will enhance 

skeletal muscle repair and MPS following DHR.  

METHODS: The overall strategy of the proposed study is to investigate Notch’s braking 

effect on repair and protein synthesis of skeletal muscle following DHR. To test our 

hypothesis, C57BL/6 mice (n = 6, [*2-4 months*]) will be randomly allocated into 

Figure 1. Experimental design of mice (n = 30). Left (L) 

gastrocnemius (Gas) of all mice will be injected with Lentiviral 

(LV) shRNA against Notch1 while the right (R) Gas will be 

injected with an empty viral vector. *This project is to serve as 

the foundation for establishing a model by which Notch 

influences skeletal muscle repair and growth. Future works 

will build on this project using aged rodent models.*    
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exercise or control groups (Figure 1). The control group will simulate a sedentary 

lifestyle and the exercise groups will undergo an injurious bout of DHR (-15% grade; up 

to 20m/min until exhaustion). Prior to DHR, mice will receive five days of lentiviral 

injections into the right (control virus) and left (Notch1 shRNA knockdown virus) 

hindlimbs. Following completion of the DHR protocol, mice will be euthanized at either 

24hr, 48hr, 72hr, or 96hr. Left and right hindlimb musculature will be harvested, and 

prepared for protein analysis via western blot and immunohistochemistry. Muscle 

samples will be first be analyzed to confirm Notch signaling was reduced (via 

measurement of Notch proteins: Cleaved Notch, Hairy and Enhancer of Split 1 [Hes1]).  

Samples will be measured for markers of muscle injury (centrally located nuclei, 

phagocytosis, pale cytoplasm), repair (Pax7, MyoD, Myogenin, Myosin Heavy Chain), 

and protein synthesis (mTOR and puromycin). Expected Outcomes: 1) Notch knockdown 

will increase injury following DHR. 2) Notch knockdown will lead to greater repair 

following DHR. 3) Notch knockdown will elevate mTOR and protein synthesis following 

DHR. 
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3. Timeline for project: This project has obtained both Institutional Biosafety 

Committee and Institutional Animal Care and Use Committee approval.  
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