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ABSTRACT 

Cerebral palsy is a heterogeneous group of movement disorders which may 

worsen over time despite being caused by a static trauma to the developing brain. 

Spasticity develops in about 80 % of CP cases and is associated with alterations in 

muscle structure, overall stiffness within and around muscle fibers, as well as bone 

deformities. To provide patients with long term relief, surgical approaches to correct 

alterations in gait or bone structure are typically employed to alter the length or 

location of spastic muscles. While initially effective, surgical results can be temporary 

and studies have shown that recurrence to the pre-surgical state develops in about 40% 

of hip-related surgeries. A possible explanation for the high rate of recurrence is that 

surgery does not address the underlying pathology associated with spastic muscle. 

Such pathologies can include increased ECM-related stiffness, contracture of the 

muscle, and altered sarcomere lengths, all of which may be associated with alterations 

in CP muscle growth and repair. Recent studies suggest that muscle in patients with 

CP lacks regenerative capacity, and a potential cause may be alterations in the activity 

of muscle satellite cells. Additionally, as multiple pathways which alter satellite cell 

activity have ties to metabolism, reduced ability to maintain the satellite cell pool may 

be the result of altered nutritional metabolism that is often associated with a diagnosis 

of CP. The regenerative behavior of muscle satellite cells, which are responsible for 

reparative myogenesis, is an area of research that has received much attention. It has 

been recently reported that CP muscle contains about 50% fewer satellite cells 

compared to control muscle, and researchers have suggested that this reduction in the 
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satellite cell reserve may explain deficient muscle repair and contracture in CP. 

Currently, the reasons for reduced myosatellite cell numbers in CP is not known. 

Present studies were undertaken to evaluate if extrinsic differences between CP and 

control satellite cells are associated with reduced abilities to form muscle or to 

replenish the satellite cell pool. To determine if CP satellite cells have reduced 

abilities to form muscle or self-renew, control and CP satellite cell proliferation, self-

renewal, and myogenic fusion were compared under basic culture conditions (tissue 

culture plastic) and on substrates of increasing stiffness. Immunofluorescence assays 

were performed on satellite-cell derived myoblasts isolated from skeletal muscle 

biopsies of patients with CP and controls. Cells were grown and differentiated on 

biomimetic substrates of two different physiological stiffnesses and compared with 

cells grown on standard tissue culture polystyrene and substrate-coated tissue culture 

polystyrene. Results indicated that, while control satellite cells proliferated about 20% 

faster than CP satellite cells (p<0.001 at 24 hours of culture), fusion indices were 

similar after 7 days of differentiation. Upon examining the effects of substrate stiffness 

on self-renewal, data showed that control satellite cells maintained a significantly 

higher proportion of Pax7 expressing cells on softer substrates (3.5 and 12 kPa vs LN 

coated TCPS, p<0.05) both during the early proliferative phase of growth, (at 24 hours 

of culture) and at 7 days post induction of differentiation (p<0.001). No stiffness-

dependent significant effects were seen in CP satellite cells for proliferation rate, self-

renewal, or myogenic fusion index. Further research is needed to elucidate if 

alterations exist in their machinery responsible for mechano-sensory activation.
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Chapter 1 

INTRODUCTION  

 Definition and Causes of Cerebral Palsy 

Cerebral palsy (CP), is defined as  

a group of permanent disorders of the development of movement and 

posture, causing activity limitation, that are attributed to non-

progressive disturbances that occurred in the developing fetal or infant 

brain 

 and has been identified as one of the most prevalent motor-impairments among 

children.(1-3)  Despite the brain disorder being non-progressive, the peripheral affects 

that occur secondary to the neuropathology often worsen over time.(4)   Certain risk 

factors increase the chances that a neonate will be diagnosed with CP.  Studies have 

shown incidence and risk to the neonate drastically increases with decreasing 

gestational weight, GW and gestational age, GA (typically developing GW = 500-

1500g and GA < 28-34 weeks).(5)   In addition, infants with low GW, GA, and low 

GW for GA are at higher risk of white-matter damage to the brain, known as 

periventricular leukomalacia or PVL, a type of what matter damage to the brain that is 

found in about 60% of all CP cases.(5, 6) Interestingly, although MRI evidence of 

PVL can indicate that a neonate will develop motor deficits, brain imaging may not be 

a reliable indicator of CP.  Approximately 40% of CP cases show no evidence of 

PVL.(7)  One study has shown that some cases of PVL are not associated with a 

diagnosis of CP.  In this report evaluating long term outcomes of 89 children with 

PVL, it was found that mild cases of PVL were associated with normal motor function 
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in 50% of participants, with a lower percent of children showing evidence of 

moderate-severe PVL (26%) but exhibited normal motor function.(8)  These findings 

underscore one of the greatest challenges facing patients with CP, namely that the 

diagnosis may be assigned long past the optimum window for treatment.  Common 

contributors to PVL or brain trauma-induced CP, are inflammation (prolonged or 

static), hypoxia, ischemia, and maternal or fetal infection.(9-11) Additionally, brain 

abnormalities associated with a diagnosis of CP may be due to genetic mutations, 

dysregulated metabolism or other unknown causes.(12, 13)  Despite the vast medical 

advances and improvements in prenatal care, the overall prevalence of CP still ranges 

from about 3.3 per 1000 live births and has not significantly changed over time.(14, 

15) One of the greatest challenges to patients with CP is that the diagnosis may come 

long after birth.  Infants may not show signs of motor-impairment until they begin 

exploring mobility.  Such late diagnoses are not uncommon and result in the initiation 

of treatment long past the optimal window for neuro-motor maturation.(16, 17)  

Research should be targeted to identify ways to diagnose and treat the musculoskeletal 

pathology so that patients have an improved long-term outcomes. 

 Classification of Cerebral Palsy 

 The clinical classification of CP is dependent upon the patientôs symptoms, 

the degree and location of affect, and muscle tone.  The severity of musculoskeletal 

affect can range from weakness to paralysis, and the areas involved can extend from a 

side of the body, the upper or lower half only, to the entire body. Muscle tone refers to 

tension maintained when muscles are relaxed or passively stretched and differs from 

spasticity in that the resistance to passive stretch in spasticity, is velocity dependent. 

Alterations in muscle tone may occur independently of or as a result of spasticity.(18-
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20)  Based on muscle tone and other peripheral affects, CP can be classified as spastic, 

ataxic, or dyskinetic.(2, 21, 22)  Patients with ataxia or dyskinetic cerebral palsy may 

present with less severe cognitive symptoms, but they experience loss of coordination 

or control, and involuntary uncontrollable, erratic movements respectively.(2)  Figure 

1.1 provides a brief summary of the areas of brain injury that are associated with  

different classes of cerebral palsy, as well as the corresponding symptoms that may 

manifest.(22)  Spastic cerebral palsy is the most prevalent and represents the target 

patient group of this investigation.  Patients with spastic CP commonly exhibit an 

overall muscle tightness (hypertonicity), involuntary and sometimes painful spasms, 

and in some cases, bony deformities that may lead to alterations in gait.(1, 2, 23)    

The degree of musculoskeletal affect in CP is often assessed by evaluating the 

patientsô ease of mobility. One assessment tool uses the Gross Motor Classification 

System, in which patients are evaluated and assigned a GMFCS score.   The GMFCS 

scores are of ordinal measure ranging from; 1, representing the lowest level of affect 

and the patient can walk without support, to 5, indicating the most severe motor 

impairment where the patient requires assistance for all life tasks.(2)  Figure 1.2 below 

provides approximate visual descriptors for each GMFCS level 
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1.1: Classes of Cerebral Palsy and their Neuronal Origins of Injury. 
 Spastic cerebral palsy (1) manifests from damage to the motor cortex 

and is identified in about 80-90% of all cases.  Less common are Ataxic 

CP (2) arising from injury to the cerebellum, and Dyskinetic CP (3), 

which is associated with damage to the basal ganglia. Figure used with 

permission from: World Cerebral Palsy Day (2016) What is Cerebral 

Palsy? worldcpday.org. 
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1.2: Illustrations representative of the musculoskeletal levels in the Gross 

Motor Classification System.  Cartoon illustrations provide an 

approximate representation of the motor ability of CP patients, as 

classified in the levels of the GMFCS.  Patients with more severe motor 

affects have higher GMFCS scores (V).  (Image use permissions in 

appendix B) 
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 Spastic Cerebral Palsy is the Most Prevalent 

Spastic CP affects approximately 80-90% of the patient population diagnosed 

with CP and causes a variety of muscle pathologies.(24)  Spasticity typically results 

from a lack of communication between the upper and lower motor neurons following 

local sensory stimulus. In brief, inhibitory signals from upper motor neurons decrease, 

causing increased stimulation of the alpha-motor nerve, excessive contraction, and 

hypertonicity of the muscle.(25)  In clinical observation, hypertonic muscles exhibit a 

ñvelocity dependent resistance to passive stretchò when outside force is applied to a 

patientôs muscle.  Long term, hypertonicity is associated with multiple downstream 

effects such as muscle contracture/shortening, stretched sarcomeres, reduced muscle 

belly size, as well as changes in both muscle and fiber length. (25-29)  As a child with 

spastic CP grows, the increased tension resulting from the spasticity can lead to 

distortions in bone structure, gait abnormalities, and general discomfort.  Some of the 

most prevalent bone malformations associated with spastic muscle include an altered 

curvature of the spine (scoliosis: 15-61%) or hip misalignment and/or dislocation (hip 

subluxation: 28%).  Incidence for scoliosis increases with increasing age and disease 

severity.(30-32) Other types of common abnormalities affecting stance, such as hip-

flexion, in-toeing, and crouch gait are more significantly prevalent in the older CP 

population (60-70%); whereas other gait malformations like equinus, scissoring, and 

out-toeing typically affect younger CP patients.(33)  Because the classification, 

severity, and long-term peripheral affects of patient with CP are heterogeneous , a 

variety of treatment options are needed.   
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1.4 Common Types of Treatment 

Although CP is considered to be non-degenerative by definition, the secondary 

musculoskeletal effects associated with CP persist and peripheral symptoms may 

worsen over time (34)   Methods of care for musculoskeletal abnormalities are diverse 

and frequently involve drug treatments, physical therapy, surgery, or a combination of 

approaches.  Some of the commonly used pharmacologic agents aim to ameliorate 

spasticity or promote muscle relaxation, but are accompanied by a variety of negative 

side effects such as dizziness, depression, and other cardiac or gastrointestinal 

problems.(35, 36) Oral muscle relaxants are chosen based on the desired outcome and 

their specific mechanistic targets.  A few commonly used agents and their mechanisms 

are briefly described in figure Table 1.1 below.   In brief, oral anticonvulsant 

medications treat general spasticity; whereas, treatment for local spasticity consists of 

chemodenervation therapy.(37) Chemodenervation therapy with Botulinum Toxin A 

injections, can also incur serious side effects to the patient, but offers a longer duration 

of muscle relaxation by temporarily causing inhibition of local motor neurons.(38, 39) 

Although effective, oral and sub-dermal therapy options provide short term relief of 

symptoms and other approaches may provide long-term relief.   
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Table 1.1: Common muscle relaxants used to treat CP and their method(s) of action.  

Drug 

Classification 
Example(s) 

Mechanism in 

Brief  
Effects 

Anti -convulsants 
Benzodiazepines 

(diazepam) 

At the spinal level, 

enhances 

relaxation by 

increasing affinity 

of GABA at 

GABAA receptors. 

Inhibits presynaptic 

transmission and 

reduces synaptic 

reflexes. 

Anti -Spasticity 

(Muscle 

Relaxants) 

Dantrolene 

Prevents calcium 

release in the 

sarcoplasmic 

reticulum. 

Prevents muscle 

contractions (lowers 

frequency of 

excitation-

contraction 

coupling). 

Baclofen 

(May also be 

administered 

intrathecally) 

GABAB receptor 

agonist of sensory 

fibers in the spinal 

cord. 

Inhibits presynaptic 

reflexes by 

sequestration of 

excitatory 

neurotransmitters. 

Chemodenervation  

Botulinum 

Toxin A 

Prevents 

acetylcholine 

release from 

presynaptic 

membrane at 

NMJs. 

Blocks neuro-motor 

transmission-

initiated muscle 

contraction. 

Phenol / Alcohol 

Causes targeted 

neurolysis of 

neuro-motor 

axons. 

Axonal transmission 

is halted after 

degradation. 
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 Less temporary, but more invasive treatment options for treatment of 

spasticity in patients with CP are surgical procedures.  Surgical procedures are 

commonly used to correct gait or bone abnormalities include: soft tissue lengthening, 

recession, or transfer, neurectomies, bone osteotomies, bone fusions, or device 

implantations such as the baclofen pump.  Such orthopedic procedures provide 

temporary symptom relief; however, some effects persist and over time severe muscle 

weakness or overcorrection may result.(40, 41) Unfortunately, many orthopedic 

procedures are unable to target those patients with more severe affects or those with 

ataxic or athetoid CP. Additionally, some patients, particularly those who underwent 

bone-corrective procedures, experience recurrence, or a reversal to the near pre-

surgical state.  In a recent study, a significant number of children who underwent 

femoral derotation osteotomies, (n=96) experienced recurrence at 5+ years 

postoperatively in both hip rotation (40%) and passive range of movement (39%).(40) 

A secondary study also evaluated the postoperative status of patients after corrective 

hip surgery and found that patients with a higher severity of CP are exceedingly more 

prone to experience recurrence.(41)  While there is currently no specific mechanism 

identified to explain why there is a high incidence of recurrence after bone-corrective 

procedures, pathology in the muscle itself may be responsible. Thus, in order to 

prevent surgical recurrence, novel treatments are needed to improve local muscle 

pathology or deter spasticity. 

1.5 Nutrition and Metabolic Differences Associated with Spastic Muscle  

In addition to differences in muscle size, stiffness, and sarcomere structure, 

other pathophysiology can affect the function or structure of CP muscle.(42, 43)  

Studies have indicated that patients with CP have altered nutrition and metabolism that 
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may negatively impact proper utilization of energy.  For example, one group identified 

a significant difference in the nutritional status of children with CP that is correlated 

with the level of neuromotor affect.(44)  Others demonstrated that ambulatory patients 

with CP had a significantly higher ñenergy cost of walkingò compared to controls with 

correlation between the severity of expenditure per task and higher GMFCS 

scores.(45, 46) Together, these data suggest that patients with CP have increased 

metabolic needs, which may not be met in patients with more severe CP, especially if 

they are unable to communicate or exhibit proper motor control while self-

feeding.(47)   

Fiber-type switching also occurs in CP.  The method of fiber-type switch that 

occurs is often muscle group/location dependent.(42, 48)  Patients with increased 

limitations on mobility typically exhibit a fiber-type switch promoted by disuse 

atrophy that results in an overall shift in the predominance of slow-twitch (type-1) as 

compared to fast-twitch (type-2).(49, 50)  Concurrently, disuse atrophy may result in a 

reduction of local lipid-oxidation, with glucose metabolism becoming the main energy 

generating process.(49, 51) Another metabolism-related finding seen in non-

ambulatory patients with CP, is a high proportion of intramuscular adipose tissue.  

While it has not been determined if this increased infiltration of intramuscular fat  is 

the consequence of decreased ambulation, or improper nutrition or metabolism, the 

primary effect of this pathology is an overall reduction in the functional area of the 

muscle, with fewer contractile units.(52, 53)   
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1.6 Altered ECM and Contractures in Cerebral Palsy 

Other contributing factors of muscle pathology in patients with CP are related 

to alterations within the local environment surrounding the muscle.  Research to 

understand how microenvironments differ in CP muscle, has begun by evaluating 

transcription profiles of select muscle groups.  Two studies have reported that 

hamstring and wrist muscles of CP patients exhibit a significant up-regulation of 

extracellular matrix components.(50, 54) An excess of ECM within fiber bundles may 

contribute to the passive stiffness of the tissue.  Figure 1.3 shows an example of CP 

muscle with increased infiltration of two ECM constituents, collagen I and 

laminin.(50)   In addition, altered ECM may hinder local signaling and dampen 

activation of mechanical or stretch-mediated signaling pathways. (50)  



 12 

 

Figure 1.3: Certain types of muscle in CP exhibit higher expression of ECM 

components.  In an assessment of muscle morphology, it was shown that 

a significant increase in the expression of collagen (p < 0.05) was seen in 

CP muscle. Although not quantified, a distinct increase in expression in 

laminin is also seen in CP muscle.  (Image use permissions in appendix 

B) 
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1.7 Satellite Cells and Contracture in CP Muscle.  

Studies evaluating the mechanism responsible for muscle contracture have 

shown that patients with CP have reduced quantities (approximately 50-70% fewer), 

of myogenic progenitors, (satellite cells) when compared to typically developing (TD) 

children.(55, 56)  These studies suggest that some of the pathology within CP muscle, 

may be due to altered skeletal muscle satellite cell numbers or function.(57)   Satellite 

cells are responsible for growth and repair of muscle, thus, fewer satellite cells may be 

indicative of a reduced ability to repair or grow muscle during development or after 

injury.  Such evidence implies a mechanism for recurrence in postsurgical outcomes.  

While surgery may provide an immediate correction, the original pathology of the 

muscle remains, and will ultimately exert similar forces on the corrected bone.    

Satellite cell-mediated growth and repair of muscle are highly plastic 

processes, with multiple pathways of activation and regulation.  Whether the 

pathology of CP muscle is the consequence of a reduced quantity of muscle progenitor 

cells or altered satellite cell function, have yet to be fully investigated.   

1.8   Satellite Cell Origins 

Fluorescent labeling of developing embryos has allowed the origins of satellite 

cells to be traced back to early muscle development.  During the period of primitive 

muscle formation, highly proliferative progenitor cells migrate from the 

dermomyotome of the somites, into the developing limbs.(58, 59)  Some of the muscle 

progenitor cells responsible for building the early myotubes, will express the pro-

myogenic regulatory factors Myf5/MyoD, and subsequently Mrf4/Myogenin. These 

cells represent the early myoblasts responsible for the development of primary and 

secondary muscle fibers.  Other Pax3 and 7 expressing progenitor cells that also 
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migrate from the dermomyotome will self-renew  as a stem cell pool that will 

eventually occupy a position under the basal lamina of the developing muscle 

(Fig1.4).(60)  Pax 3 and Pax 7 belong to the family of paired box transcription factors 

that are differentially expressed during developmental and regenerative myogenesis: 

with Pax3 playing a primary role in early limb-bud formation and Pax7 facilitating the 

formation of perinatal myogenesis. (58, 59, 61)  Pax7 plays a greater role during 

regenerative myogenesis and is the canonical marker for specialized muscle stem 

cells. (61-63) 
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Figure 1.4: Origins of myogenic progenitors and their role in early myogenesis. 
Satellite cell origins trace back to embryonic myogenesis when Pax7 and 

Pax3 progenitor cells migrate from the dermomyotome.   Some of these 

early progenitors are responsible for the formation of primary myotubes 

(axis 1-3); whereas, select progenitors which maintain Pax3 and Pax7 

expression (axis 1 and 2) will eventually occupy the satellite cell niche in 

the mature myotubes.  Modified from:  Judith A. Blake, and Melanie R. 

Ziman Development 2014;141:737-751, (Image use permissions in 

appendix B).    
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So-named for their location in the quiescent state, these specialized stem cells 

or, satellite cells, reside outside the myofiber but underneath the basal lamina.(64) As 

a muscle grows and develops, a population of these specialized stem cells will 

continue to re-populate their niche under the basal lamina.(65, 66) Throughout 

development, the satellite cells are responsible for muscle growth, repair, and 

continued maintenance of the resident satellite cell pool.  Murine and human studies 

have shown that satellite cells lose their self-renewal efficiency over time, and as a 

result, the ratio of satellite cell to total myonuclei decrease with age or in certain 

pathologies.(67, 68) This decrease in satellite cell quantity may negatively impact the 

regenerative ability of muscle and lead to various myopathies.  

 

Figure 1.5: Satellite Cell Niche and Pathways of Proliferation.  Satellite cells are 

named for their location (black arrow), residing just outside the myofiber 

and underneath the basal lamina.  In this location they are primed for 

activation by chemical or mechanical cues that may direct the cell to 

proliferate towards a specific fate: (symmetric) producing daughter 

myogenic-committed cells (orange) or self-renewing stem cells to 

replenish the stem cell population (purple), or both (asymmetric). 
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1.9 Identification of Satellite Cells 

Satellite cells exhibit heterogeneous expression of surface markers, making in-

situ identification challenging.(69, 70) The surface markers most commonly 

referenced are those responsible for vital functions of adhesion and attachment, 

activation, and migration (Fig1.5). Expression of some adhesion proteins can be 

location specific, such as ItgŬ7ɓ1 and ItgŬV, which function in attachment to 

components of the ECM and exhibit variable expression during activation and 

myogenesis.(71-75)  M-cadherin, maintains satellite cell adhesion to the myofiber and 

is primarily expressed during satellite cell quiescence and late myoblast fusion.(76, 

77) Other markers may be found surrounding the satellite cell membrane such as, the 

neural cell adhesion molecule, (NCAM) and vascular adhesion molecule (VCAM1) 

(Fig 1.5). (78, 79)  Also commonly used to identify satellite cells are the cMET 

receptors responsible for cell activation into the proliferative state.   The cMET 

receptors are activated in an autocrine-mediated manner upon local release of 

hepatocyte growth factor (HGF) from heparin sulfate proteoglycan (HSPF) tethers.(80, 

81) Other surface receptors noted for their role in satellite cell activation are the 

Syndecan3/4 dimer and Notch receptors 1-4, the latter being mostly recognized for its 

role in promoting the asymmetric division responsible for self-renewal.(82, 83) The 

chemokine G-protein coupled receptor (GCPR), CXCR4, used to facilitate in the 

identification of human satellite cells and functions in cell motility.(84) While not a 

surface marker, the canonical marker of satellite cells is the transcription factor 

Pax7.(63)  Despite the expression of both Pax3 and 7 in the muscle progenitor cells of 

fetal and some adult skeletal muscle cells, a murine Pax7 knockout study has shown 

Pax3 expressing cells to be incapable of performing the vital role of preventing 

terminal differentiation and maintenance of the undifferentiated state, as compared to 
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cells expressing its paralog, Pax7.(63, 85, 86) When identifying satellite cells in-situ, it 

is advantageous to use antibodies against Pax7 in combination with a surface marker. 

A common pair of markers used to identify satellite cells in adult muscle, are Pax7 and 

NCAM.(87)  While this method proves robust, it can not be used when isolating 

satellite cells from fresh tissue digests.   In order to label Pax7, both the cell and 

nuclear membrane have to be permeabilized to allow antibodies to reach the nucleus.  

As this method would kill the cells and render them useless for future culturing, 

alternative labeling methods must be used to identify satellite cells in a live cell 

suspension.  Alternatively, two surface markers can be used.  The highest success 

isolating myogenic progenitors expressing Pax7 from tissue extracts is obtained by 

using NCAM and CXCR4 surface markers.(88-90) Figure 1.5 displays a simplified 

diagram of the satellite cell-myofiber niche as well as other identifying-markers used 

in the current study.   

 

Figure 1.6: The Satellite Cell.  Shown here is a simplified diagram of location 

satellite cell and a selection of surface markers commonly used for 

identification.  Select surface markers shown in red or green are color-

matched based on their reported location.  Asterisk identifies select 

markers used in the present study.   
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1.10 Myogenesis 

Non-pathological muscle has a high regenerative capacity due to its resident 

population of muscle progenitor cells.  The highly specialized niche of satellite cells 

allows for quick activation by both mechanical and chemical cues.(91)   Satellite cells 

become activated, proliferate, and migrate to the site of injury or hypertrophic growth 

and fuse into an existing or new myofiber.  A select few return to the quiescent state to 

replenish the satellite cell pool.  These processes require the organized temporal 

expression of multiple transcription factors, whose levels can be influenced by internal 

and external factors.   

The quiescent satellite cells are maintained in a ñprimedò cell state by both the 

lack of external cues and by the high expression of internal regulators.  These internal 

signals function to prevent initiation of the cell cycle with cycle-dependent inhibitors, 

micro RNA-silencing of myogenic transcripts, and altered epigenetic patterns of 

myogenic genes.(83, 92, 93)  Activation is typically initiated by a disruption in these 

inhibitory controls. There are numerous pathways and signaling molecules responsible 

for the activation of satellite cells including those released in response to hypertrophy 

and ECM remodeling, (HGF and bFGF), following injury or inflammation (IL-6), or 

from endocrine, autocrine, or paracrine signaling (BDNF and IGF1).(94-98)  Satellite 

cell activation results in the initiation of signal transduction pathways that promote 

transcription of proliferative and myogenic genes.     

Like most stem cells, satellite cells are capable of two methods of division: 

apico-basal (asymmetrical) or planar (symmetrical) orientation (Fig. 1.4).  The ability 

to perform either type of division is vital to the long term maintenance of the satellite 

cell population, as asymmetrical divisions produce one Pax7+/Myf5
- stem cell 

(associated with the basal side) and one Pax7+/Myf5+ differentiation committed 
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myoblast (associated with the muscle fiber side).(62, 99, 100) Throughout 

proliferation, a balance of Pax7 and two MRFs, Myf5 and MyoD is maintained, while 

the expression of pro-differentiation genes, myogenin and Mrf4, is blocked.(101) Over 

time, as myoblasts proliferate, the intracellular concentration of MyoD increases, 

which allows it overcome the repressive effects of Pax7.  Subsequently, the release of 

prohibitive-methylation from pro-differentiation genes, such as myogenin or Myf4 

occurs.(102) Initiation of myogenin and other MRF expression marks a phase of 

terminal differentiation, as the cells begin expression of muscle-specific genes and 

lose the ability to revert back to Pax7+ satellite cells.  Following this phase of 

differentiation, myoblasts exit the cell cycle, begin to fuse into multi-nucleated 

myotubes, and fuse with the mature myofiber (Fig 1.6).   Early myotubes and 

myofibers are marked by their expression of myogenin and embryonic myosin heavy 

chains (MyHCs).(103-105)  By taking advantage of the temporal regulation of 

myogenic transcription factors, myogenesis can be observed and interrogated to 

uncover potential causes of dysregulation. 
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Figure 1.7: Myogenesis and Temporal expression of Transcription Factors:  The 

temporal expression of various transcription factors regulates the stages 

of satellite-cell mediated myogenesis.  Early markers identify whether the 

satellite cell is quiescent (Pax7+) or activated and proliferative 

(Pax7+/Myf5+/-, and MyoD+/-).  As satellite cells and daughter myoblasts 

expand, terminal differentiation signaling transcription factors (MyoG 

and Mrf4) are up-regulated to signal myoblast fusion, and result in the 

abrogation of Pax7 expression.  Pax7 expression listed as (+/-) above 

indicates that some Pax7 is seen in the cytoplasm as satellite cells 

become committed to differentiation.  Early and late fusion is marked by 

the expression of myosin heavy chain.    
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1.11 Factors affecting Satellite Cell Activity 

The process of myogenesis involves an orchestrated signaling process.  

Perturbations can affect its success and result in altered physiology or disease. It has 

been demonstrated, for example, that alterations in ECM composition and thickness 

can inhibit proper myogenesis.(106)  In addition, some studies suggest that select in-

vitro conditions using cell-specific medium or supplementing medium with cell-

specific growth factors, can stimulate transdifferentiation of satellite cells into a non-

myogenic lineage.(107)  Since the ECM facilitates in transmitting mechanical-based 

signals, sequestering of GFs, and remodeling to allow satellite cell migration, altered 

ECM can have profound effects.  Altered metabolism may impact satellite cell 

activation and differentiation since many activation pathways are initiated by systemic 

and local release of growth factors and cytokines.  Research has demonstrated that 

exercise mediates the systemic release of satellite cell-activating growth factors such 

as IGF and HGF, and local expression of other myokines and mitogens like BDNF 

and IL-6.(108)  

Certain diseases associated with limited mobility or malnutrition are likely to 

result in a lower systemic concentration of growth factors that may lead to reduced 

satellite cell activation. For example, studies have shown that reduced levels of IGF-I 

accompany malnutrition and muscle disuse.(109-111)  IGF-1is an activator of satellite 

cell proliferation and differentiation, mediator of muscle-related protein synthesis (via 

mTOR activation), and a negative regulator of apoptosis, so a reduction in IGF-I, can 

have profound effects on muscle growth and maintenance.(112)  In addition to the 

factors listed above, other elements may influence satellite cell activity and the 

pathological state of muscle.  Although research has shed light on epigenetic controls 

of satellite cell activity, it remains unclear how these pathways may differ in diseased 
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states.(113)   Further research is needed to elucidate if the cause behind a reduction in 

satellite cell quantity is the consequence of aberrant internal programming or an 

imbalance of external cues. 

1.12 Current Research to Understand Satellite Cell Activity 

The in-vitro behavior of satellite cells has been studied as a model system to 

better understand the development of diseased muscle.  Such research has proved 

difficult; however, as once removed from their highly organized niche, satellite cells 

lose many vital contacts responsible for maintaining their stem-cell state.  As a result 

of the niche-loss, in vitro satellite cells quickly transition to myoblasts, which exhibit a 

significant reduction in the ability to self-renew.(114, 115) These observations have 

prompted investigations into niche-resembling substrates that can mimic the native 

satellite cell environment.    

Significant research has been focused on promoting self-renewal and 

expansion of satellite cells for tissue engineering therapies.   Early studies using 2D 

culture methods and mouse satellite cells reported moderate success with ECM 

coatings such as collagens, gelatin, and laminins, as well as entire ECM substitution 

matrices such as MatrigelÊ.(116, 117) These studies were effective for stem cell 

expansion under high serum conditions, but the culture conditions lack the ability to 

replicate the complete native environment, especially the local stiffness of muscle.  

Systems based on 2D and 3D hydrogel culture of satellite cells, have begun to 

elucidate how the biophysical environment regulates satellite cell activity.  Studies 

have assessed self-renewal and functional contractility when satellite cells are cultured 

on substrates of native stiffness and cell-adhesion ligand concentration.(118, 119)  

One group was able to demonstrate that satellite cell engraftment potential is 
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significantly increased when satellite cells were cultured on substrates of physiological 

stiffness (~12kPa) prior to transplantation.(120)    These results indicate that tissue 

engineering could be used to improve the regenerative potential of pathological 

muscle.  

1.13 Advantages of Hydrogel Culture 

The engraftment of engineered tissue or encapsulation of growth factors and 

anti-inflammatory cell types has become a focus of research for those seeking ways to 

improve post-surgical outcomes.(121)  Engineered substrates have shown great 

promise in promoting efficient expansion and viability of long term tissue 

culture.(122)  One group of substrates proving successful in such tissue culture 

engineering are hydrogels.   One of the primary features of hydrogel materials is their 

high degree of biocompatibility.   Poly (ethylene glycol) (PEG) based hydrogels, are 

commonly used in culture as they have a long history of demonstrating 

biocompatibility through lack of immunological host responses.(123, 124) In addition, 

PEG hydrogels are favored due to their ease of manipulation.(125) The manipulative 

advantage of using PEGs is that they are highly tunable; simply adjusting their 

stoichiometric ratios results in changes in stiffness that can be tuned-up or down.(126)  

Thirdly, PEGs can react via a ñclick-chemistryò cross-linking mechanism that 

facilitates the rapid formation of a porous network, which models tissue and ECM 

structure.  Additionally, the loose, porous networks promote conditions favorable to 

cell encapsulation and 3D culture.(127, 128) An example of the typical PEG 

components used in our lab as well as the formation chemistry can be seen in Figure 

1.8.  Another advantage of using PEG hydrogel systems is that their chemistry is 

amenable to pre-functionalization of adhesion ligands.(129)   
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Adhesion ligands are proteins and peptides typically found in the niche or 

surrounding ECM of the cell.   Common constituents include fibronectin, collagens, 

and laminins.(130)  Selecting the appropriate adhesion peptide for a specific cell type 

increases the chance that the cells can retain their native phenotype and remain 

attached to the PEG substrates.(125) One cell-binding site commonly employed is the 

tri-peptide sequence Arg-Gly-Asp (RGD).  This peptide binds a variety of cell-surface 

integrins and is commonly used in hydrogel substrates.(131)  Laminins, represent 

another prevalent component of ECM and are large glycoproteins composed of a 

peptide trimer of alpha, beta, and gamma subunits.  Because eleven different laminin 

trimers are formed from combinations of the various subunits, nomenclature follows 

an abbreviated form to identify which alpha, beta, and gamma subunit are present.   

For example, laminin Ŭ1ɓ1ɔa would be written as laminin 111 or Ln111.(132)  

Various laminin isoforms are preferentially expressed throughout the body, such as 

Laminins 211 and 521, which are commonly found in skeletal muscle.  Alternatively, 

laminins 411 and 421 are up-regulated in the ECM of endothelial cells. (133)  

Laminins 211 and 521 have recently been used in hydrogel formulation when 

developing scaffolds for Satellite cells.(132, 134) In these studies, it was shown that 

Laminin 521 coatings are able to maintain satellite cell differentiation potential after 

long term expansion.(135)  Such findings provide promising implications for future 

clinical applications and translational medicine. 
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Figure 1.8: Reaction chemistry of two commonly used PEGs.  4-ARM PEG 

maleimide and 4-ARM PEG thiol react via Michael addition chemistry.  

The specific structure of each PEG component promotes the formation of 

a porous mesh-like structure. 
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1.14 Summary and Hypotheses 

Combined, these data suggest that satellite cell activity is carefully regulated 

by its local environment in addition to other systemic signaling mechanisms.   If this 

balance is altered, it is likely that the ability of satellite cells to repair and maintain 

muscle will be affected and, further, that a reduction in the satellite cell pool may be a 

cause of muscle pathology in disease states.  Research into metabolic and mechanical 

pathways that regulate satellite cell activity suggests causes for a reduced reserve 

population of satellite cells in patients with CP; however, whether the reduced fraction 

of muscle progenitors in CP is the cause or effect of muscle pathology, has yet to be 

thoroughly evaluated.   The proposed research seeks to elucidate if the reduced 

satellite cell quantity in patients with CP is the result of alterations of internal 

pathways, or if the stiffness of the local environment reduces activation potential.   

To evaluate if the muscle pathology in patients with CP could be attributed to 

altered internal pathways controlling satellite cell activity, I will test the hypothesis 

that: Cultured satellite cells from patients with CP exhibit reduced proliferation, 

myogenic potential, and self-renewal compared to controls. And alternatively, satellite 

cells from both CP and control patients will exhibit reduced proliferation, myogenic 

potential, and self-renewal on stiffer substrates. To test these hypotheses, I have two 

specific aims: 

1. Evaluate the self-renewal and myogenic potential of CP and control satellite 

cells in vitro using standard tissue culture conditions. 

2. Determine the effects of hydrogel substrate stiffness on: 

a) Proliferation rate of satellite cells. 

b) Myogenic potential. 

c) Maintenance of the satellite cell pool.  
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Chapter 2 

METHODS 

2.1 Patient Enrollment 

Patients with a diagnosis of cerebral palsy, non-neuromuscular idiopathic 

scoliosis, or other types of non-neuromuscular diagnoses requiring surgery were 

approached with study information about the Nemours Biobank.  After IRB approved 

consent, assent (patients ages 7-18), or informed consent (patients ages 18 and older) 

when applicable, patients were enrolled in the Nemours Biobank (IRB documents 

Appendix B.7).  Research procedures for the collection of tissue samples in the form 

of blood, muscle, or epidermis, were performed by the operating room staff.  During 

the placement of the IV, the nurse anesthetist would draw 2 mL of blood into a red and 

purple top vacutainer (BD Biosciences, New Jersey: 367812 and 367835).  Skeletal 

muscle samples were either biopsied for the research protocol, or collected as remnant 

tissue at the end of the procedure.  Skeletal muscle samples were stored under sterile 

conditions in saline saturated telfa (American Surgical Company, Salem, MA, #80-12) 

for immediate transport or stored on wet ice until retrieved by the biobank coordinator.  

All skeletal muscle samples were snap frozen in liquid nitrogen chilled isopentane and 

stored at -80ºC for future use.  

2.2 Evaluating Satellite Cell Content in Skeletal Muscle 

Skeletal muscle biopsies previously obtained from patients during surgery, 

were sectioned with a cryostat to a thickness of 10-20 µm, adhered to standard 25 mm-

x 75 mm glass slides (Sigma-Aldrich, St Louis, MO, S9802), and stored at -80ºC 

(methods performed by Nemours Histotechnology Core).  Frozen slides were quickly 

retrieved and placed in a slide incubation chamber (Sigma-Aldrich, St Louis, MO, 
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40082) with 10 mL of 2% paraformaldehyde (PFA, Electron Microscopy Sciences, 

Hatfield, PA, prepared with Dulbeccoôs phosphate buffer saline; D-PBS, pH 7.3, 

Corning) for 5 minutes at room temperature.   PFA was then exchanged for 0.1% 

Triton x-100 (Sigma-Aldrich, St Louis, MO), allowed to incubate for 15 minutes, 

followed by 3, 5 minute rinses with the standard rinse solution (DPBS, pH 7.3) and 

blocked for 30 minutes with 3% Bovine Serum Albumin (BSA, Sigma-Aldrich, St 

Louis, MO), all at room temperature.   After removing the BSA, slides were incubated 

overnight at 4ºC, with mouse anti-Pax7 (5 µg/mL, PAX7 was deposited to the DSHB 

by Kawakami, A., DSHB Hybridoma Product PAX7, Iowa City, IA) and rabbit anti-

NCAM (2.5 ng/mL, Millipore, Billerica, MA). Slides were rinsed for 3, 5 minute 

cycles of D-PBS and then incubated overnight at 4ęC with the corresponding anti-

clonal Alexa Fluor IgG secondary antibodies (Goat Anti-mouse-555 and Goat Anti-

rabbit-488 (Thermo Fisher Scientific, Philadelphia, PA) at a dilution of 1:500, and 

Hoechst 33258 (Thermo Fisher Scientific, Philadelphia, PA) at 1:2000 (0.12 µg/mL).  

Images were taken using Image Pro software (v6, Media Cybernetics, Rockville MD) 

on an Olympus BX-60 wide field microscope, fitted with an Evolution Quid 

monochrome 12-bit (1360×1036 pixels) digital camera as well as sedat quad filters 

(Chroma, Bellows Falls, VT) and dichromatic mirror arrangement to prevent 

fluorescence signal-crossover between channels.  A total of 5 randomly distributed 

images were taken for each stained patient/sample, and the total nuclei, Pax7 positive 

nuclei, NCAM positive nuclei, both Pax7 and NCAM positive nuclei, and total nuclei 

were recorded for each image.  For each patient sample evaluated, the stain or 

combination of stains were averaged to determine the percentage of satellite cells, 

defined as nuclei positive for all three stains, as well as those nuclei that were Pax7
-
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/NCAM+.  A second Pax7 antibody was evaluated for future immunofluorescence 

assays where a mouse clone could not be used (Fig. A.4).   

2.3 Tissue Culture Maintenance 

All culture maintenance and experiment set-ups were performed under sterile, 

biosafety level 2 conditions in a laminar flow biosafety cabinet, in which all surfaces 

and necessary materials were pre-sterilized with 70% ethanol prior to use.  Culture 

experiments utilized 7 (CP = 3, Control = 4) cell lines of cryopreserved human 

skeletal muscle satellite cells, from previously isolated erector spinae muscle biopsies, 

obtained after IRB approved consent, during posterior spinal fusion surgery. (Isolation 

methods previously performed, see appendix B).   Satellite cells were thawed using a 

rapid-thaw method by which cell vials were placed in a 37ęC circulating water bath for 

60 seconds, followed by trituration and suspension in warm proliferation medium 

(PM, Zenbio Skeletal Muscle Growth Medium, Triangle Park, NC)-supplemented to a 

final concentration of 20% Qualified FBS, (Thermo Fisher Scientific, Philadelphia, 

PA), 4 g/L of D Glucose,(Thermo Fisher Scientific, Philadelphia, PA) 1 ng/mL of Hu 

bFGF, (Pepro Tech, Rocky Hill, NJ), and 1% Penicillin-Streptomycin, (Thermo Fisher 

Scientific, Philadelphia, PA) and then subsequent centrifugation for five minutes at 

300 x g to pellet cells.  DMSO containing medium was removed by aspiration and the 

cell pellet was re-suspended in PM.   Re-suspended satellite cells were plated on 

gelatin coated 75cm2 tissue culture flasks (BD Biosciences, Bedford, MA, 356488), 

with a small aliquot of suspension reserved for immunofluorescent (IF) quantification 

of Pax7 expression.  Cell lines were excluded if they did not possess greater than 80% 

Pax7 positive nuclei.  Satellite cells were placed in a 37ºC HEPA-Filtered incubator 

and maintained at 5% CO2 during initial expansion and all future experiments. 
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Twenty-four hours post seeding, medium was changed to remove any non-adherent 

cells.  Cells reserved for Pax7 assessment were fixed and stained.   Culture medium 

was then changed every other day until cells reached approximately 50-60% 

confluence and were ready to be used for 2D culture experiments.  During this 

expansion period, materials were prepared for 2D hydrogel experiments (see 2.4 for 

hydrogel methods).   

2.4 Standard Hydrogel Preparation for 2D Culture  

Maleimide and Thiol-functionalized poly(ethylene glycol) (PEG, 4 arm, 

10,000 g/mol, Jenkem Technology, Plano, TX, 4-arm PEG Maleimide 

(pentaerythritol) MW 10000 and 4arm PEG Thiol (pentaerythritol), MW 10000) were 

used as the main hydrogel components for 2D culture.  PEG vials were stored at -80ºC 

and brought to room temperature in a glass desiccator for at least 30 minutes prior to 

use.   Concurrently, frozen aliquots of adhesion ligands and pre-sterile filtered citrate 

buffers at pH 6.4 and 3.2 (Table A.2, Sigma-Aldrich, Saint Louis, MO), were thawed at 

4ºC.  Once thawed, desired amounts of each PEG component were aliquoted and 

stored in sterile micro-centrifuge tubes (Thermo Fisher Scientific, St. Louis, MO).  To 

ensure high accuracy, PEGs were weighed using a micro-balance (Mettler Toledo, 

Columbus, OH) and mass was recorded to the nearest 0.01mg.  Actual weighed 

amounts of each PEG were logged into a spreadsheet to determine the volume needed 

to dissolve each PEG by its respective solvent.  All subsequent steps were performed 

under sterile conditions unless noted. Stock concentrations of 0.1mg/mL Ln 521 

(BioLamina, Stockholm, Sweden) were sterile-filtered using 0.2 µm, 0.5 mL 

Ultrafree® -MC centrifugal filter units (Millipore, Billerica, MA, UFC30GV25) and 

then diluted to a final concentration of 0.05 mg/mL with D-PBS containing calcium 
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and magnesium (Thermo Fisher Scientific, Philadelphia, PA).  Citrate buffers of pH 

6.4 and 3.2 were used to dissolve PEG-Mal and PEG-SH respectively.  Upon the 

addition of each solvent, polypropylene micro-centrifuge tubes (Thermo Fisher 

Scientific, Philadelphia PA, 05-402-24B) containing the pre-dissolved mixture were 

capped, inverted multiple times, vortexed briefly, and allowed to rest for 5 minutes 

before aliquots were quickly spun-down and removed to prepare each hydrogel 

mixture. Vortex and microfuge used were located outside of the laminar flow hood, 

and micro-centrifuge tubes were sterilized with 70% EtOH prior to returning to the 

culture hood.  Specific amounts of each PEG mixture were combined in a micro-

centrifuge tube, so that three aliquots of equal gel volume, could be dispensed into 

consecutive culture wells.  Gels were allowed to rest in the tissue culture hood for 10 

minutes before being placed in a 37ºC incubator for 1 hour to allow the crosslinking 

reaction to complete. Plates were then removed from the incubator, and gel swelling 

with buffer exchange was carried out with 3 washes of 2x gel volume of D-PBS, pH 

7.3 containing calcium and magnesium that was pre-warmed for 15 minutes in a 37ºC 

water bath.  The final buffer exchange was followed with an overnight incubation in 

PM at 4ºC.   

2.5 Optimizing Hydr ogels for Cell Attachment  

Experiments to evaluate the suitability of different adhesion ligands were 

carried out on a 4 wt% PEG-Mal-SH hydrogel, prepared as described above.  In three 

different experiments, laminin isoforms in conjunction with or without the addition of 

a synthetic RGD peptide (5mg/mL stock, synthesized by R.Scott, PhD, see appendix 

B.1) were performed to determine the conditions for optimum cell adhesion.  In these 

experiments, 5,000 cells were seeded onto a 96-well plate containing the gels as 
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described below, as well as TCPS control, and visually monitored for 5-7 days.  Cell 

attachment was visually assessed using a Leica inverted microscope with Hoffman 

modulation contrast at 10x magnification (Leica, Buffalo Grove, IL).  Three different 

isoforms of laminin, mouse laminin 111 (mLN111, Corning New Your, NY,354232), 

human laminin 211, and human laminin 521 (BioLamina, LN211-02 and LN521-02), 

were independently assessed.  Laminins were combined with PEG-Mal prior to 

addition of PEG-SH.  The first experiment tested different combinations of 1 or 0 uM 

ML111 with 0 or 0.5 mM G-RGD-SPC. Maintenance of cell adhesion was then 

evaluated for two human laminins, LN211 and LN521.  Gels in this experiment 

contained 1 uM of each laminin, individually, and our lab-standard concentration of 

G-RGD-SPC (1 mM).   

 The LN521 was then tested at concentrations of 1, 10 and 20 µM, while 

keeping the RGD concentration at 1 mM.  Images were captured with the Leica 

inverted microscope with Hoffman Modulation Contrast at 10x magnification (Leica) 

and the Evos FL Cell Imaging System, (Thermo Fisher Scientific, Philadelphia, PA). 

Cell titer blue assay was used to indirectly compare cell growth rate between the 

different concentrations of LN-521 used. All subsequent hydrogel experiments were 

carried out with final concentrations of 20 µM LN521 and 1 mM G-RGD-SPC (Fig 

2.1). 
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Figure 2.1: A cartoon schematic of the final PEG hydrogel formulation and 

mechanism.  G-RGD-SPC and LN 521were pre-functionalized to PEG-

Maleimide prior to addition to PEG-Thiol component.  PEG hydrogels 

form polymers via a Michael addition reaction by which a nucleophile on 

one arm of maleimide attacks of the thiol arm, or is functionalized to an 

adhesion ligand.    
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2.6 Selecting Hydrogel Stiffness 

The preparation of hydrogels with weight percents of 3.5, 4, 5, and 6, were 

qualitatively assessed for mid to long term cell attachment and quantitatively for 

stiffness.  Gels prepared for rheology assessment of stiffness, were made in triplicate, 

15 uL aliquots and allowed to crosslink in a cylindrical mold (diameter = 4.6 mm, 

thickness = 1.8 mm) to ensure fixed shape. Gels for rheology were prepared using the 

standard procedure listed above, with the following modifications: molds were sealed 

with Parafilm® during the 10-minute resting period, and then gels were washed with 

approximately 2 mL of buffer and subsequently PM for 24 hrs at 4ęC.   The 

mechanical properties of the hydrogels were studied using bulk oscillatory rheology 

(ARG-2, TA instruments, New Castle, DE). The equilibrium swollen moduli of the 

hydrogels was determined using a 20-mm diameter stainless steel, parallel plate 

geometry under the linear viscoelastic regime (2% constant strain and 2 rad/s angular 

frequency). A normal force of 0.2 N was applied to prevent slipping during 

measurement. The shear modulus (Gǋ) was measured and converted to Young's 

modulus (elastic modulus, E) using the formula E = 2G(1 + ɜ) with Poissonôs ratio, ɜ 

= 0.5.(136)  The gel weight percents corresponding to 4 kPa and 12 kPa (3.5 and 5 

wt%) were selected for experiments.   

An assessment of cell attachment was performed with the selected ligands and 

weight percents to validate final hydrogel selection.   Cells were seeded at 8,000 cells 

per cm2 in a 96 well plate and allowed to proliferate for 5 days. Phase contrast images 

to record qualitative data were taken on the Leica inverted microscope with Hoffman 

modulation contrast at 10x magnification (Leica) 
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2.7 Hydrogel Preparation for 2D Culture Experiments 

Proliferation and differentiation assays were completed in 96 (proliferation) 

and 24-well (differentiation) formats, requiring 70 and 240 µL of gel, respectively.  

After cell lines had been thawed and assessed for Pax7 expression, 3.5 and 5 wt% 

PEG-Mal-SH hydrogels were prepared, as described above, with a final concentration 

of 20 µM LN521 and 1 mM G-RGD-SPC.  In short: 3.5 wt% gels were made first, 

followed by the 5 wt% gels, all rested at room temperature for 10 minutes, incubated 

at 37ęC for one hour, and finally swelled with 3 rinses of 200 uL D-PBS containing 

calcium and magnesium at 37ºC.  The final rinse was applied with PM and three 

empty wells in each plate were coated with 70 µL (for a 96-well plate) or 240 µL (for 

a 24 well plate) of coating-LN521 (coating concentration of 5µg/mL).  Plates were 

sealed with 70% EtOH sterilized Parafilm® and placed at 4ºC overnight.  Laminin 

coating solutions were removed and wells were washed one time with warm PM prior 

to the addition of cells. Each cell line was plated in its own 96 or 24 well plate, 

containing a triplicate set up of 3.5 and 5 wt% gels, LN521-coated plastic, and 

uncoated plastic. 

2.8 Experimental Set-up for Proliferation and Differentiation Assays  

Proliferating cells cultured on gelatin coated T75s were first washed with 

warm DPBS, pH 7.3, and then detached with 2 mL of pre-warmed 0.25% Trypsin-

EDTA (Sigma-Aldrich, Saint Louis, MO) for 5 minutes at 37ºC.  Approximately 6 mL 

of warm PM was used to wash the trypsonized cells and the suspension was gently 

triturated 5-7 times for even cell distribution.  Cells were then centrifuged for five 

minutes at 300 x g to pellet cells, and re-suspended in fresh, warm medium.  Cells 

were counted using a Neubauer hemocytometer using trypan blue (Thermo Fisher 
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Scientific, Philadelphia, PA), Cells for the proliferation assay (Fig 2.2A) were seeded 

at a density of 3,125 cells per cm2 (1000 cells per well), and allowed to attach for 24 

hours.  After the 24-hour attachment, half of the medium in each well was replaced 

with warm EdU-medium for an 8 hour incubation.  Click-it® EdU (Thermo Fisher 

Scientific, Philadelphia, PA) was diluted in warm PM at the manufacturerôs 

recommended concentration (2:1000, or 20µM).  Post 8-hour EdU pulse, culture 

medium was gently removed for storage at -20ºC, and cells were fixed and stained for 

analysis (See 2.1 for standard fixing protocol). Cell suspension for differentiation 

experiments (Fig 2.2B) were diluted in half proliferation medium and differentiation 

medium (DM, High Glucose DMEM, (Thermo Fisher Scientific, Philadelphia, PA), 

2% Horse serum, (Thermo Fisher Scientific, Philadelphia, PA) 1% Hu Insulin, (Sigma 

Aldrich Saint Louis MO), and 1% Penicillin-Streptomycin, (Thermo Fisher Scientific, 

Philadelphia, PA) and seeded at a density of 25,000 cells per cm2 (48,250 cells per 

well).  Half the culture medium was replaced with DM pre-warmed to 37ºC on days 1 

and 3 post seeding, and representative phase contrast images were taken for each 

condition.  After 7 days in culture, medium was carefully removed and stored at -20ºC 

for potential myokine/growth factor quantification, and cells were fixed and stained 

for analysis. 
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Figure 2.2: Overview of Experimental Set-up.  Illustration shows a brief 

explanation of culture experiment set-up.  Cells seeded in 96-wells were 

seeded at approximately 30% confluence while 24-wells were seeded at 

approximately 60% confluence.  Diagrams above not drawn to scale.   
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2.9 Assessment of Self-Renewal and Myogenic Potential of Satellite cells  

Staining preparation reagents and methods for IF analysis of tissue culture 

experiments match those mentioned in section 2.2, with the following modifications: 

fix ing and permeabilization incubation times were extended to 30 minutes, the initial 

rinse and blocking step were performed concurrently with 4, 10-minute washes of 3% 

BSA-DPBS solution at pH 7.3, the concentration of primary and secondary antibodies 

used on 2D gel cultures was doubled (standard concentrations are given below, all 

antibodies and working dilutions are listed in appendix A.2) and the primary and 

secondary antibody washes were extended to 4, 10-minute incubations, replacing the 

first three rinses of D-PBS with 0.5% Tween (PBS-T, Sigma-Aldrich, Saint Louis, 

MO). For proliferation and early self-renewal assessment, pulse-labeling of DNA with 

the Click-It EdU Alexa Fluor-488 staining protocol (following the manufacturerôs 

protocol) was completed prior to staining with the cell cycle marker rabbit anti-Ki -67 

(5 µg/mL, Abcam, Cambridge, MA), and satellite cell marker, mouse anti-Pax7 (5 

µg/mL, DSHB, Iowa City, IA).  Primary antibodies used to assess self-renewal and 

myogenic potential after differentiation experiments included, goat anti-Myf5 

(15µg/mL, R&D systems, Minneapolis, MN), rabbit anti-Pax7 (10 µg/mL, Abcam) 

and supernatant from clone A4.1025 against myosin heavy chain (MyHC, used at a 

final dilution of 1:20, DSHB, Iowa City, IA).  Secondary antibodies were used at 

dilutions of 1:500 for TCPS and 1:250 for hydrogels.  Secondary antibody solutions 

also included Hoechst 33258 (Thermo Fisher Scientific, Philadelphia, PA) diluted at 

1:2000 and were completed with overnight incubation at 4ºC in the dark. Secondary 

antibodies for the proliferation assessment were Alexa Fluor Goat anti-rabbit 647 and 

Goat anti-mouse 555; however, in some experiments, these fluorophores were 

switched to those raised in donkey to prevent cross-reactivity with the goat Myf5 
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primary (Life Technologies, Carlsbad, CA). All Imaging was completed on an Evos 

FL Cell Imaging System, (Life Technologies, Carlsbad, CA) and Olympus BX-60. 

Image analysis was performed using Image Pro Plus (v7, Media Cybernetics, 

Rockville, MD). To assess proliferation rate and self-renewal, 8-bit grayscale images 

of each stain (Nuclei, Ki67, EdU, and Pax7) were auto-thresholded and subtraction-

overlay composites were prepared to eliminate counting nuclei negative for EdU or 

Ki67 (Fig 2.3).  After final composites were prepared, the auto-count tool was used to 

assess each measure (Edu alone, Ki67 alone, EdU+/Ki67+, and total nuclei).  A similar 

mechanism was utilized for post-differentiation evaluation of satellite cell self-renewal 

and myogenic potential, but modified to include myonuclei (fusion index) or exclude 

myogenic mono-nuclei (fusion potential) outside of the myotube area.   
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2.3: Schematic of procedure used to quantify proliferation of satellite 

cells. For each composite captured during the proliferation assessment, 

sub-color channels are extracted and then thresholded.  Channels for EdU 

(green) and Ki67 (red) are subtracted from the nuclei channel (blue) to 

eliminate any areas with non-specific binding from the final counts.   The 

ñsubtractedò EdU and Ki67 channels were then combined to obtain a 

count of cells positive for both EdU and Ki67 
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Chapter 3 

RESULTS 

3.1 Patient Demographics  

CP samples, (N = 33, 20 erector spinae and 13 lower extremity) and controls 

(N = 25, 20 erector spinae and 5 lower extremity) were analyzed.  Analysis of patient 

demographics (Fig 3.1) show that overall, the mean age of all CP study participants 

(12 + 4.2) was significantly lower than the controls (14.3 + 1.7).  When comparing the 

difference in age between patients for the erector spinae samples, no significant 

difference was seen.   

3.2 Satellite Cell Content in Skeletal Muscle 

Indirect immunofluorescence techniques were used to quantify the proportion 

of satellite cells in skeletal muscle cryo-sections of patients with CP and controls.  

Satellite cells were defined as cells staining positive for both the transcription factor 

Pax7 and the surface marker NCAM, as shown in Fig 3.2. Results showed that 

patients with CP had a significantly lower proportion of satellite cells (4.9 + 0.30) as 

compared to controls (6.9 + 0.51, Fig 3.3A).  This finding was independent of muscle 

group; however, when examining satellite cell content between individual muscle 

groups, analyses showed that control muscle of the back and leg, had a greater 

proportion of satellite cells than the corresponding CP muscle.  In addition, when 

comparing between diagnoses, there was a greater difference in the proportion of 

satellite cells found in leg muscle as compared to erector spinae. While control muscle 

showed a significant difference in satellite cell quantity between back and leg muscle, 

CP muscle did not (Fig 3.3B).  Interestingly, while the quantity of Pax7
-
 nuclei 

occupying the satellite cell niche (identified as Pax7
-
/NCAM+) was significantly 
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higher in CP patients for all muscle groups (p< 0.001), a significant interaction 

between muscle groups for each diagnosis was only seen when comparing trunk 

muscle (Fig 3.4).  
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Table 3.1: Patient Demographics. Information about patients in the current study 

was recorded.  Significant differences in age (P < 0.05) and BMI (P < 0.05) were seen 

between CP and controls.       
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Figure 3.2: Representative Image of Satellite cells in a Skeletal Muscle 

Cryosection.  Arrows identify satellite cells, verified from the co-

localization (magenta) of a nuclear marker, Hoechst (blue) and Pax7 

(red), the canonical marker of satellite cells.  A second stain typically 

used to outline the satellite cell niche is the surface marker NCAM 

(green).   
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Figure 3.3: Immunofluorescence Comparison of Satellite Cell Content in 

Different Muscle Groups for Patients with Cerebral Palsy and 

Controls. Representative images of immunofluorescently labeled 

skeletal muscle cryosections show control muscle (A and B) has more 

Pax7 expressing nuclei (magenta, identified by upward arrows).  CP 

muscle (C and D) exhibits more nuclei occupying the satellite cell niche 

which are Pax7
-
/NCAM+ (downward arrows), and in addition, that this 

occurrence is more prevalent in trunk muscle 
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Figure 3.4: Quantification of Satellite cells in Skeletal Muscle. Box and whisker 

plots show the distribution of satellite cells (Pax7+/NCAM+) in A and C, 

and distribution of Pax7
-
/NCAM+ nuclei occupying the satellite cell 

niche, B and D.   (A) Results showed that, when evaluating by diagnosis 

alone, patients with CP have significantly fewer satellite cells as 

compared to controls (p <0.002, Mann-Whitney U test), and (C) this is 

significance is seen even when examining muscle groups independently 

(Two-way-anova: erector spinae p<0.05, and lower extremity p<0.0001). 

CP muscle also contains a greater proportion of Pax7- nuclei in the 

satellite cell niche (B, p< 0.001, Mann-Whitney U Test); however, this 

difference is only significant when examining postural muscles (D).   
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3.3 Examining Ligands to Improve Cell Attachment 

Qualitative assessment of phase contrast images was used to determine the 

optimum conditions supporting cell attachment to hydrogels during proliferation and 

differentiation experiments.  Results from the first laminin tested, mouse laminin 111 

(mLN 111) showed that cells exhibit the strongest attachment to hydrogels that 

included both mLN 111 and the G-RGD-SPC peptide.  Cell attachment to these gels 

was variable, and displayed a pattern of sparse, star shaped clusters (Fig 3.5). 

Attachment at 5 days was seen on gels containing only G-RGD-SPC; however, cells 

were beginning to show evidence of detachment and cell-cell cohesion.  Cells did not 

survive on gels absent of RGD and formed clumps of rounded cells seen as early as 72 

hours post seeding.   

To evaluate if cell attachment could be improved, experiments were repeated 

with two different human laminins (LN 211 and LN 521), in combination with G-

RGD-SPC. Only control satellite cells were used for this evaluation.  As early as 4 

days, cells began to show detachment and rounding on the gels containing LN 211; 

whereas, cells seeded on hydrogels containing the LN 521 remained spread (Fig 3.6).   

Day 7 images showed that cell began to re-populate areas where cells had previously 

peeled off of LN 211-gels, while some cell pulling had just started to appear on the LN 

521-gels.  The final ligand examination of three concentrations of LN 521 in 

hydrogels showed that cells remained attached to all concentrations evaluated for at 

least 6 days (Fig. 3.7); however, cell titer blue assay reveals that cells were more 

metabolically active / proliferative on the gels with the higher concentration of LN 521 

(Fig 3.8).  
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Figure 3.5: Evaluating cell attachment on PEG hydrogels containing Mouse 

Laminin111: Cell attachment was evaluated for 5 days (E-H) on PEG-

Malemide-Thiol hydrogels containing different combinations of adhesive 

ligands.  Cell lines from both diagnostic groups display poor attachment 

to hydrogels with no RGD (B and F), and the greatest attachment to gels 

containing both laminin and RGD (A and E).  
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Figure 3.6: Evaluating cell attachment on two isoforms of human laminin: Cell 

adhesion was evaluated on TCPS and PEG-Malemide-Thiol hydrogels 

containing either LN 211 or LN521 with 1 mM G-RGD-SPC.  Images 

attachment on days 2, 4, and 7 of satellite cell culture. Cell peeling is 

seen in Day 7 for LN 211 gels.  
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Figure 3.7: Comparing cell attachment on increasing concentrations of LN 521: 

Control Satellite cells were grown on PEG-Maleimide-Thiol hydrogels 

containing 1, 10 and 20 uM LN 521 with 1 mM G-RGD-SPC.  Cell 

peeling was seen on day 9 by cells grown on hydrogels containing 1 and 

10 uM of LN 521 (G-H).  Cells maintained the best attachment on 

hydrogels containing 20 uM of LN 521(C,F,I) 
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Figure 3.8: Cell Titer Blue assay was used to assess cell growth on hydrogels of 

increasing concentrations of LN521: A 2-hour cell titer blue assay was 

performed on satellite cells cultured on PEG-Maleimide-Thiol hydrogels 

contain 1, 10, and 20 uM LN521 (See key).  Satellite cells exhibited 

higher reducing ability, indicative of more metabolic activity or 

proliferation on gels with a higher concentration of LN521 (triangles).  

  



 53 

3.4 Selecting Hydrogel Stiffness to Optimize Cell Attachment  

To select two hydrogel substrates exhibiting a wide range of stiffness that 

would maintain cell attachment for approximately 7 days; rheology and qualitative 

evaluation of cell morphology was assessed when cells were grown on hydrogels of 

3.5, 4, 5, and 6 weight percent. Figure 3.9 shows, by day 7, cells are able to maintain 

attachment to all gels, with the exception of the 6 wt% gel.  Rheology of the gels 

showed the stiffness increased in a linear manner from the 3.5 wt% to the 5 wt% gels, 

with almost no difference between the 5 and 6 wt% (Fig. 3.10). 

 

Figure 3.9: Assessing cell attachment on PEG hydrogels of increasing stiffness: 

Satellite cells from patients with CP and controls were cultured on PEG-

Maleimide-Thiol hydrogels of increasing stiffness.  All gels contained 

20µM LN521 and 1 mM G-RGD-SPC.  Cells maintained attached for 7 

days on all gels except the 6wt%. 
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Figure 3.10:  Rheology of PEG hydrogels of increasing weight percent: Stiffness 

of lower weight percent gels increases in a nearly linear manner.  The 

highest weight percent (6wt%) hydrogel shows a similar stiffness to the 5 

wt% gel 
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3.5 Evaluation of Satellite Cell Proliferation and Maintenance of Pax7 

Expression 

Self-renewal of satellite cells was assessed by comparing the quantity of 

immunofluorescent-labeled cellsô expression of Ki67, ratio of EdU:Ki67, and Pax7. 

Cells in any state of the cell cycle except G0 stained positive for Ki67.  The EdU 

marker permanently identified any cell which had gone through S phase.  Since Ki67 

is transiently expressed, evaluation of Ki67 alone could not accurately capture a 

snapshot of the proliferation rate.  Calculation of the EdU-to-Ki67 ratio gave a better 

estimation of proliferation rate during the 8 hour EdU pulse.  Quantification of Ki67 

expressing cells (Fig 3.11 and 3.12A) demonstrated that there was no difference in the 

average proportion of cells progressing through the cell cycle, across all substrates and 

diagnoses.  Control satellite cells; however, exhibited a significantly higher proportion 

(16%) of EdU positive nuclei, (Fig 3.11) indicating a higher proportion had passed 

through S phase.   The ratio of EdU:Ki67 expression was analyzed to give a more 

accurate measure of proliferation rate (Fig 3.12B).   When using EdU:Ki67 ratio as a 

measure of proliferation rate in cycling cells, it was found that control satellite cells 

exhibited a significantly higher proliferation rate (EdU:Ki67 = 79% + 0.09% than 

satellite cells from CP patients ( EdU:Ki67 = 57% + 0.03%).    The softer hydrogel 

promoted the largest difference in proliferation rate between CP (61%) and control 

(90%) satellite cells.  Although not significant, the overall proliferation rate of control 

satellite cells tended to decrease steadily with increasing stiffness of substrates 

containing LN521 (70, 75, and 90% respectively); whereas, CP satellite cells maintain 

approximately the same proliferation rate, independent of substrate stiffness or 

presence of LN521 (Fig 3.12B).  When comparing Pax7 expression between 

diagnoses, for substrates without laminin, control satellite cells maintain significantly 
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more Pax7 expressing nuclei than CP.  The quantity of Pax7 expressing cells was 

similar between diagnoses across all other substrates (Fig 3.13).   

 

Figure 3.11:  Immunofluorescence analysis of satellite cell proliferation rate:  

Images show representative satellite cell proliferation rate assessed at 24 

hours after seeding on hydrogels.  Higher proportions of EdU indicate 

that more cells have gone through the S-phase of the cell cycle.  Ki67 

indicates which cells are not in G0.   
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Figure 3.12:  Quantification of satellite cell proliferation rate: Bar graphs 

represent mean expression of Ki67 (A) and EdU to Ki67 ratio (B) for all 

substrates.  On average, control satellite cells exhibit a significantly faster 

proliferation rate across all substrates. (Two way anova, p < 0.001).  The 

only individual comparison to demonstrate a significant difference 

between diagnoses was the 4kPa gels (p < 0.05).   

 

Figure 3.13:  Quantification of Pax7 expression after 24 hours of in vitro 

hydrogel culture: Two way anova indicates that a significant difference 

exists in the Pax7 expression between control and CP satellite cells 

(p<0.01), and that a significant effect of substrate is seen between 

diagnoses (p< 0.02).   
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3.6 Assessing Differentiation  

To evaluate myogenic differentiation, the measures of myotube area and fusion 

index were quantified using indirect immunofluorescence.  Myotube area was 

measured by quantifying the average area in µm2 of MyHC positive area in 5 images 

per replicate.  Fusion index was measured as the total amount of nuclei per 100 µm2 of 

myotube.  Surface area was not significantly different between diagnoses; however, as 

results in figure 3.14 show, when comparing myotube area across moduli, softer 

materials promoted a higher quantity of myotubes per field, with smaller surface area.  

Satellite cells from both diagnostic groups produced the largest myotubes on uncoated 

TCPS, with the fewest on the softest modulus (Fig 3.15A). Results suggest that CP 

satellite cells produced smaller myotubes on softer substrates.  The difference seen 

was not significant; however, myoblasts exhibited a trend of producing fewer 

myotubes with increasing substrate stiffness (Fig 3.15B).  

 Fusion index, as assessed by the quantity of nuclei per 100 µm2 of myotube 

area (Fig 3.16), showed no significant difference between diagnoses or across 

substrates.  Again, a trend was seen, in that fusion index decreased with increasing 

substrate stiffness; however, this was not significant. 
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Figure 3.14:  Representative images of immunofluorescently labeled myosin 

heavy chain across moduli: Images show that myotubes (red) cultured 

on stiffer substrates (LN-coated TCPS and TCPS) have slightly more 

surface area.  

 

Figure 3.15:  Quantification of myotube size and quantity across hydrogel 

moduli:  Although not significant, a higher number of smaller myotubes 

(A) was observed on the hydrogels as compared to the laminin-coated 

stiffer substrate. When comparing myotube size, a significant effect of 

substrate stiffness was observed (two-way anova, P < 0.05); however 

post-hoc tests identify this is attributed to the difference between the 4 

kPa gel and TCPS, a condition that was not part of the original 

comparisons. 
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Figure 3.16:  Average number of nuclei per 100 µm2 of myotube:  Two way anova 

indicates that a significant effect of substrate on fusion index, is seen (p< 

0.02), with no significant effects on fusion index due to diagnosis alone.   
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3.7 Evaluating Post-Differentiation  Self-Renewal of Pax7 Expressing Cells 

Satellite cell self-renewal was assessed by determining the number of 

immunofluorescently labeled Pax7+/Myf5- mononuclei, existing outside of the 

myotubes (Fig 3.17). CP satellite cells possessed the same quantity of myogenic (Fig 

3.19A), fusion-destined (Fig 3.19B), and self-renewed (Fig 3.19.C) mononuclear cells 

across all substrates.  Control satellite cells displayed trends that were stiffness 

dependent.  Although not significant, the proportion of Pax7
-
/Myf5+ mononuclear 

cells increased with increasing substrate stiffness; whereas the proportion of 

Pax7+/Myf5
-
 mononuclear cells is decreased with increasing substrate stiffness.  

Culture images show control satellite cells maintained a greater proportion of 

mononuclear cells on softer substrates exist on differentiation-day 7 (Fig 3.18).  

Furthermore, approximately 25% of the mononuclear cells remaining at 

differentiation-day 7 are those expressing only Pax7.  This percentage of Pax7 is 

significantly higher than the 10% or less Pax7 mononuclei seen in CP satellite cell 

culture on the same substrates.   Overall, 4kPa and 12 kPa hydrogels supported the 

retention of Pax7 expressing mononuclear cells in controls, at a significantly higher 

proportion than the LN-coated or uncoated-TCPS 
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Figure 3.17:  Visualizing difference in Pax7 expression across stiffness. 

Representative immunofluorescent images comparing quantity of Pax7+ 

mononuclei show that softer materials (12 kPa gels, A and E) promoted 

significantly higher self-renewal after 7 days of differentiation.   

 

Figure 3.18:  Assessing Fusion Potential of mononuclear cells after 

differentiation:  Representative immunofluorescent images comparing 

quantity of Myf5+ mononuclei show that LN-coated TCPS promotes 

higher fusion potential after 7 days of differentiation.  Significantly more 

fusion-likely cells (Green-C and G) were seen in control satellite cell 

cultures only. 
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Figure 3.19:  Evaluation of self-renewal and fusion potential after satellite cell 

differentiation : Although no difference in the quantity of mononuclear 

cells (A) was found between the diagnoses, a significant effect of 

diagnosis (p< 0.001) and substrate (p= 0.0001) was seen on the 

expression of Pax7 (C).  Nuclei destined for fusion (B) were up-regulated 

in control satellite cells (p< 0.02) with no significant effects of substrate 

observed.   
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Chapter 4 

DISCUSSION 

4.1 Preliminary Study: Satellite cell content in our patients matches previous 

reports  

In agreement with previous reports, our CP patient population exhibited 

reduced proportions of satellite cells in skeletal muscle of the lower extremity.  In 

these previous studies, children having ACL surgery were used as the control.  This is 

not the best option for a comparison, as patients having ACL surgery are likely to be 

more active, with muscles in a constant state of hypertrophy, and may possess a larger 

proportion of satellite cells as a result.(55, 56) To determine if the same difference of 

satellite cell quantity is seen in other muscle groups, postural muscles of the back were 

also evaluated. Present data also show control erector spinae muscle also has a 

significantly higher proportion of satellite cells than CP erector spinae; however, this 

difference is not as great as that seen in leg muscle.  It has been shown that satellite 

cell quantity decreases with increasing age; however, age was not a contributing factor 

as the mean age for each diagnostic group was similar.(137)   The current study 

revealed that the CP patients had a significantly lower BMI, supporting previous 

reports that suggest patients with CP have altered nutrition and metabolism.  As stated 

earlier, the concentration of many growth factors such as IL-6, BDNF, and HGF are 

metabolism-dependent and lower systemic concentration of these growth/endocrine 

factors may result in a reduced potential for satellite cell activation and proliferation.   

A secondary, unexpected finding in the affected patient population was that 

they possessed a significantly higher amount of Pax7-/NCAM+ nuclei in the satellite 

cell niche, and further that the quantity of these nuclei were significantly correlated 

with increasing GMFCS score (Fig 4.1).  As higher GMFCS scores indicate a greater 
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level of motor affect, this may provide additional support to previous studies that 

suggest that higher NCAM expression in skeletal muscle is associated with myopathy. 

(138) Additionally, a higher expression of NCAM in skeletal muscle has been 

observed in denervated and regenerating muscle.(139) These data combined suggests 

that chemodenervation therapy or neurodegeneration may also reduce satellite cell 

quantity by causing a reduction in local BDNF, or other NGFs suggested to activate 

satellite cells.  It would be interesting to see if skeletal muscle in patients with CP 

whom have had no chemodenervation treatments, have the same quantity of Pax7-

/NCAM+ nuclei occupying the satellite cell niche.   Given that patients with higher 

GMFCS scores typically have limited mobility, it is likely that their muscle 

composition is not like that of controls.  

 One study demonstrated that differences in satellite cell content may be fiber-

type specific, which a higher proportion on fast-oxidative fibers.(140) As previously 

indicated, muscle disuse and spasticity may result in fiber-type switching.  If this 

fiber-type switch results in fewer fast-oxidative fibers, it may result in an overall 

reduced satellite cell content.  Future work could elucidate if a lower proportion of 

fast-oxidative fibers correlates with a reduced satellite cell pool in CP patients.   
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4.1: GMFCS score correlates with increased Pax7- nuclei in the satellite 

cell niche.  An increasing quantity of Pax7- nuclei occupying the satellite 

cell niche in patients with CP, was found to significantly correlate with 

increasing GMFCS score.   While not significant, a reduced quantity of 

satellite cells was found to correlate with increasing GMFCS score.  

Findings suggest that motor affects may be related to satellite cell 

content.   

4.2 CP satellite cells self-renew less on stiffer substrates, and overall, proliferate 

slower than controls.   

When evaluating if differences in proliferation rate of satellite cells from 

patients with CP could account for the decreased satellite cell load, it was found that 

the control satellite cells overall, proliferate faster than their CP counterparts.  

Additionally, it was observed that substrate stiffness seemed to have an effect on 

control satellite cells, but no effect of stiffness was seen on CP satellite cell 

proliferation.  While control satellite cells exhibited a trend of decreasing proliferation 

with increased substrate stiffness, the CP proliferation rate was unchanged across all 

substrates.  Interestingly, the control satellite cell proliferation was higher on uncoated 
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plastic than the plastic coated with laminin 521.  While unexpected, these results are in 

agreement with previous studies that examined control myoblast proliferation on glass 

cover-slips and hydrogels of increasing stiffness well above those of non-pathological 

muscle.  These studies demonstrate that that myoblast proliferation was highest on 

cover-slips and those gels with a stiffness resembling that of skeletal muscle.(74) The 

current findings suggest that satellite cells in patients with CP may have alterations in 

their matrix stiffness-sensing pathways, or that control of satellite cell activation and 

proliferation may be altered.   An interesting observation, while not statistically 

significant, was that CP satellite cells maintained a slightly lower level of Pax7 

expression on the stiffer substrates (Ln-coated TCPS and uncoated TCPS) as 

compared to the hydrogels.  This observation has been noted in previous studies using 

hydrogel substrates to maintain ñstem-nessò of satellite cells and may further suggest 

that while stiffness may not impact CP satellite cell proliferation rate, it may have an 

effect on the type of division a CP satellite cell undergoes.  Future research to 

elucidate if CP satellite cells exhibit differences in the mechanisms that govern self-

renewal divisions, may help uncover the cause of the reduced satellite cell pool in 

these affected patients.  A few pathways of interest are the integrin-mediated control 

of gene expression and proliferation through P13K/Akt and ERK, or those which 

mediate cytoskeleton organization via FAK / RAC1 signaling pathways (Fig 

4.1).(141)  Alterations in these pathways could cause a disruption in the expression of 

pro-self -renewal transcription factors, or organization of signaling molecules 

responsible for division symmetry, and thus result in altered or reduced self-renewal. 

In addition, systemic levels of metabolism-dependent (satellite cell activating) growth 

factors, have been reported to be reduced in patients with some types of brain 
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trauma.(142)  Reduced levels of such growth factors can also mediate or interact with 

integrin-mediated signaling pathways and cause alterations in cell activity (Fig 

4.2).(141)   

 

Figure 4.2: Integrin Mediated Signaling Pathways.  The above simplified 

diagram shows a selection of downstream signaling pathways that are mediated 

by integrins.  Tissue stiffness and matrix composition function via indirect 

integrin-mediated signaling; whereas, growth factors can follow a similar 

mechanism (I), interact with secondary-associated signaling molecules (II), or 

with other tertiary-signaling messengers (III).  Image reproduced from: Legate, 

Wickström, and Fässler, Genes Dev. 2009.   
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4.3 Satellite cell-derived myotube area may be stiffness dependent but exhibits 

similar fusion index across substrates.   

To determine if satellite cells from patients with CP produced inferior 

myotubes in vitro, both CP and control myoblasts were evaluated for fusion index and 

myotube area after 7 days of differentiation.  Surprisingly, no significant difference 

was seen between diagnoses or across substrates of increased stiffness when 

evaluating fusion index.  Since myotubes on stuffer substrates were often tethered 

together, to eliminate subjectivity of the separation of tubes, fusion index was 

quantified as the number of nuclei per myotube area.   Control satellite cells produced 

the largest myotubes with the lowest fusion index on uncoated TCPS, and CP satellite 

cells produced smaller myotubes on softer materials with no difference in fusion 

index.  Additionally, fusion index seemed to be constant across all substrates for 

control satellite cells; whereas, a slightly smaller myotube size was seen on laminin 

containing substrates as compared to un-coated TCPS.  This finding suggests that 

control satellite cell-derived myotube formation may be laminin or adhesion 

dependent, while fusion of CP-derived myoblasts may be partially mediated by 

stiffness.  While previous research has not reported changes in fusion index related to 

substrate stiffness, other measures of myotube maturity such as contractility and 

presence of myosin striations were reported to be higher in murine-derived myotubes 

cultured on substrates similar in stiffness to skeletal muscle.(143) In agreement with 

previous data, current findings show that both CP and control myoblasts generated a 

slightly higher fusion index on softer substrates, indicating a higher level of myotube 

maturity.  Another observation also seen but not quantified in the previous study was 

that myoblasts cultured on hydrogel substrates tended to form large, spherical 

protrusions in the center of the myotube where nuclei would cluster.  Automated 
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nuclei counts may have excluded some nuclei that may have been overlapping or too 

tightly clustered to be distinguished from one another, causing an underestimation of 

fusion index.  It is undetermined if myoblasts cultured on softer substrates form a 

micro-3D environment and some of the myotube area may be underestimated by 2D 

image analysis.  

4.4 Aim 3: Control satellite cells maintain a higher percentage of Pax7+ 

mononuclei on softer substrates than CP, which had the same level of Pax7 

expression across all substrates.   

While no difference in the quantity of mononuclear cells was seen between 

diagnoses or across substrates, control satellite cells maintained a significantly higher 

proportion of Pax7 expressing cells on softer substrates as compared to CP and control 

satellite cells cultured on stiffer substrates.  On average, control satellite cells had 

approximately the same quantity of fusion-destined mononuclear cells across laminin-

coated substrates with almost two-fold higher expression on uncoated TCPS.  In 

contrast, CP-derived satellite cells maintained a constant level of mononuclear cells 

both co-expressing Pax7 and Myf5 and exclusively expressing Pax7 or Myf5 across 

all substrates.  Again, in agreement with previous reports, control satellite cells are 

able to maintain a higher level of Pax7 expression on softer substrates, indicating 

preservation of the stem-cell state is stiffness dependent.  This ability of stem-cell 

preservation appears to be lost to CP satellite cells, which may indicate that internal 

controls of self-renewal divisions are altered, rendering pathological satellite cells 

indifferent to the stiffness of their environment.  The lack of differential expression of 

Myf5 and Pax7 in the CP mononuclear myoblasts may indicate that these cells have 

not progressed through fusion and myogenesis as quickly as their control counterparts.  

As a result, assessing self-renewal at 7 days of differentiation may be too soon to 
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determine the final percent of Pax7 mononuclei that will reoccupy the satellite cell 

niche.   Data presented herein show that substrate stiffness may affect some aspects of 

satellite cell behavior such as self-renewal; whereas, other satellite cell functions seem 

altered based on diagnosis alone.  This implies that internal controls regulating 

satellite cell function in patients with CP are disrupted by other mechanisms.  Further 

study into the internal controls of gene expression or external concentration of 

metabolism-derived satellite cell activators could provide more clues as to the 

mechanism causing a reduced satellite cell pool in patients with cerebral palsy. 
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Appendix A 

ADDITIONAL TABLES AND FIGURES  

Antibody Table. 

Table  A.1:  List of Antibodies and working dilutions. 
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List of Reagents  

Table A.2: Reagents used with any specific modifications.    

Reagent 

 

Catalog 

Number 

Source Notes 

Dulbeccoôs 

phosphate buffer 

saline  (DPBS) 

55-031-

PCR 

Thermo Fisher Scientific, 

Philadelphia, PA 

pH 7.3 

DPBS with Ca 

and Mg 

1404013

3 

Thermo Fisher Scientific, 

Philadelphia, PA 

 

Paraformaldehyde 1570 Electron Microscopy Sciences, 

Hatfield, PA 

Diluted to 4% with 

DPBS 

Triton X-100 T9284 Sigma-Aldrich, Saint Louis, MO  0.1%- IF stains 

0.5% Click-it EdU® 

Tween® 20 P1379 Sigma-Aldrich, Saint Louis, MO  

Bovine Serum 

Albumin (BSA) 

A9576 Sigma-Aldrich, Saint Louis, MO Diluted to 3% with 

DPBS 

Skeletal Muscle 

Growth Medium 

SKM-M Zenbio,Triangle Park, NC Proliferation 

Medium 

bFGF 100-18B Prepro Tech, Rocky Hill, NJ 0.5 µg/500mL (PM) 

Fetal Bovine 

Serum 

2614007

9 

Thermo Fisher Scientific, 

Philadelphia, PA 

Qualified, not heat 

inactivated 

D-Glucose  1502302

1 

Thermo Fisher Scientific, 

Philadelphia, PA 

Added 3g/L to 

Zenbio PM 

High Glucose 

DMEM (pouch) 

12491-

023 

Thermo Fisher Scientific, 

Philadelphia, PA 

Differentiation 

Medium 

Horse Serum 1605013

0 

Thermo Fisher Scientific, 

Philadelphia, PA 

Hu Insulin I9278 Sigma-Aldrich, Saint Louis, MO 

Pen-Strep 1514012

2 

Thermo Fisher Scientific, 

Philadelphia, PA 

Collagenase 2 LS0041

74 

Worthington, Lakewood, NJ Used at 0.0025% 

Trypsin-EDTA T-3924 Sigma-Aldrich, Saint Louis, MO 0.25%   

MACS running 

Buffer 

130-

091-221 

Miltenyi, San Diego, CA Used to make 

MACS PEB 

Laminin 521 LN-521-

02 

BioLamina, Stockholm, Sweden Used in Gels and for 

Coating TCPS 

Laminin 211 LN211-

02 

BioLamina, Stockholm, Sweden  

Citric Acid 

Monohydrate 

C1909 Sigma-Aldrich, Saint Louis, MO Citrate Buffer 

Trisodium Citrate S1804 Sigma-Aldrich, Saint Louis, MO Citrate Buffer 
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Antibody Validation with eRMS and human satellite cell line.   

 

A.1: The eRMS cell line (graciously donated by Dr. Sol-Church at the 

Biomolecular Core Laboratory, Nemours Alfred I duPont Hospital for 

Children) is a well characterized embryonal rhabomyosarcoma cell line.  

Rhabdomyosarcoma is a cancer of skeletal muscle precursors that have 

lost the ability to properly differentiate.   Since these cells exhibit 

aberrant expression of pro-differentiation transcription factors, they are a 

good cell line to use to validate select skeletal muscle antibodies. 
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Pax7 Antibody validation for Rabbit and Mouse clones.  

 

A.2: Pax7 clone validation.  For proliferation and differentiation 

experiments when a Pax7 rabbit antibody was needed, prior verification that the rabbit 

clone selected was performed in muscle cryosections.   
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Satellite Cell lines used for proliferation and differentiation experiments. 

Table A.3: Seven patient cell lines were used for culture experiments (CP n =3, 

IS/Control n = 4).   There was no significant difference in age between 

diagnostic groups.    

 

Phase contrast images of PEG hydrogels with and without cells.  

 

A.3: Phase contrast images of PEG hydrogels.  Images provided to show 

the textural differences in the surface of the PEG gels as compared to the 

LN-coated and uncoated TCPS.  Images with cells are included to show 

the cell morphology and attachment to each type of substrate.  
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Negative controls for IF stains on Hydrogels.   

 

A.4: Negative Controls for immunofluorescent stains used for hydrogel 

culture experiments.   
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Appendix B 

ADDITIONAL METHODS, PERMISSIONS, AND IRB DOCUMENTS  

RGD Synthesis by R. Scott, PhD 

 

GRGDSPC (MW 689.7 Da) was synthesized by solid-phase peptide synthesis 

using a Focus Xi automated peptide synthesizer (AAPPTec, Louisville, KY) with 

standard Fmoc chemistry. The peptide was cleaved from the resin in a TFA cleavage 

cocktail (92.5% TFA (Fisher Scientific), 2.5% 1,2-ethanedithiol (Sigma Aldrich), 2.5% 

triisopropylsilane (Sigma Aldrich), and 2.5% H2O), precipitated in cold diethyl ether, 

and purified by reverse-phase high-performance liquid chromatography (Waters, 

Millford, MA). Synthesis was confirmed by electrospray ionization mass spectroscopy 

(ESI-MS) using a Thermo Finnegan LCQ Advantage mass spectrometer. The peptide 

was stored as a lyophilized powder at ī20ÁC until use. 

Satellite Cell Isolation Protocol 

Weigh muscle sample to the nearest 0.01g and place it into a 50 mL conical of 

DPBS (pH7.3) for 30 minutes.  While rinsing, weigh out 3 aliquots of 0.0025g of 

collagenase type 2 (CLS2, Worthington) per gram of tissue.  Set up spinner flask in 

biosafety cabinet and attach hoses to water bath, set spinner flask on a magnetic stir 

plate, and initiate the cycling of water to warm the flask.  After the tissue has been 

rinsed, aspirate the DPBS and place the tissue in a 35 mm petri dish with about 2-4 

mL of DPBS.  Mince the tissue into 2-4mm pieces and place in spinner flask.  Add 5 

mL of 37ЈC serum-free DMEM (Gibco) to one tube of CLS2 and invert 5-10 times to 

mix (store other tubes at 4°C until use).   Transfer digest solution to spinner flask and 

let tissue process for 30-45 minutes.  After 30-45 minutes, carefully remove any 
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supernatant from the spinner flask and filter sequentially through a 100, 70, and 40 µm 

mesh strainer, washing with 2-5 mL of MACS PEB (Miltenyi) each time.  Apply a 

fresh aliquot of the digestion mixture to the spinner flask and allow sample to continue 

processing for an additional 30-45 minutes.  Repeat the supernatant removal, filtration, 

and application of fresh digestion mixture once more (or a fourth time for large pieces 

of muscle).  After tissue is completely digested and resulting supernatant is 

sequentially filtered, spin all collection tubes at 300 x g for 10 minutes.   Aspirate 

supernatant, re-suspend pellet in sterile RO water, invert tubes 10x, let tubes rest for 3 

minutes, and then collect pellet via centrifugation again.  Aspirate supernatant 

(Containing lysed RBCs), re-suspend cell pellet in 70-500 µL of MACS PEB and 

apply 30-200 µL of MACS CD56-microbead antibody and incubate in the dark at 4°C 

for 15 minutes.  Rinse the cells with 2-5 mL of MACS PEB, centrifuge at 300 x g for 

10 min at 4°C, hydrate appropriate magnetic column, and re-suspend pellet in 1 mL (if 

using mini-column) or 5 mL (if using a LS column) before dispensing into column.  

After filtering entire sample rinse column 3 x 1 or 3 mL of MACS PEB, discard the 

flow-through and elute positive fraction with accompanying column tool.  Pellet cells 

at 300 x g for 10 min at 4°C and aspirate to 1 mL.  Re-suspend cells and add 20 uL of 

bead release reagent.  Incubate sample in the dark for 10 minutes at 4°C.  Rinse cells 

with 2 mL of MACS PEB and then centrifuge at 300 x g for 10 min at 4°C, re-suspend 

in 30 uL of MACS PEB, add 30 uL of stop reagent, mix, and add 10 uL of CXCR4-

APC antibody.  Incubate sample for 10 min at 4°C.  Rinse cells with 2 mL of MACS 

PEB and then centrifuge at 300 x g for 10 min at 4°C, re-suspend in 80 uL of MACS 

PEB and add 20 uL of Anti-APC microbeads.  Incubate sample for 10 min at 4°C. 

Rinse cells with 2 mL of MACS PEB and then centrifuge at 300 x g for 10 min at 4°C.  
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Re-suspend cells in 1 mL (if using mini-column) or 5 mL (if using a LS column).  

Apply cells to column to isolate CXCR4 cells.  Rinse column 3x 1 mL with MACS 

PEB, discard flow-through and elute the positive fraction with the MACS tool and 

37°C proliferation medium.  Plate the final positive cell fraction on a gelatin coated 6-

well plate.   
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YOU OR ANY OTHER PARTY OR ANY OTHER PERSON OR 

ENTITY FOR ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL, 

INDIRECT, EXEMPLARY OR PUNITIVE DAMAGES, HOWEVER 

CAUSED, ARISING OUT OF OR IN CONNECTION WITH THE 

DOWNLOADING, PROVISIONING, VIEWING OR USE OF THE 

MATERIALS REGARDLESS OF THE FORM OF ACTION, 

WHETHER FOR BREACH OF CONTRACT, BREACH OF 

WARRANTY, TORT, NEGLIGENCE, INFRINGEMENT OR 

OTHERWISE (INCLUDING, WITHOUT LIMITATION, DAMAGES 

BASED ON LOSS OF PROFITS, DATA, FILES, USE, BUSINESS 

OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND 

WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE 

POSSIBILITY OF SUCH DAMAGES. THIS LIMITATION SHALL 

APPLY NOTWITHSTANDING ANY FAILURE OF ESSENTIAL 

PURPOSE OF ANY LIMITED REMEDY PROVIDED HEREIN.  

¶ Should any provision of this Agreement be held by a court of competent 

jurisdiction to be illegal, invalid, or unenforceable, that provision shall be 

deemed amended to achieve as nearly as possible the same economic 

effect as the original provision, and the legality, validity and 

enforceability of the remaining provisions of this Agreement shall not be 

affected or impaired thereby.  

¶ The failure of either party to enforce any term or condition of this 

Agreement shall not constitute a waiver of either party's right to enforce 

each and every term and condition of this Agreement. No breach under 

this agreement shall be deemed waived or excused by either party unless 

such waiver or consent is in writing signed by the party granting such 

waiver or consent. The waiver by or consent of a party to a breach of any 
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provision of this Agreement shall not operate or be construed as a waiver 

of or consent to any other or subsequent breach by such other party.  

¶ This Agreement may not be assigned (including by operation of law or 

otherwise) by you without WILEY's prior written consent. 

¶ Any fee required for this permission shall be non-refundable after thirty 

(30) days from receipt by the CCC. 

¶ These terms and conditions together with CCC's Billing and Payment 

terms and conditions (which are incorporated herein) form the entire 

agreement between you and WILEY concerning this licensing 

transaction and (in the absence of fraud) supersedes all prior agreements 

and representations of the parties, oral or written. This Agreement may 

not be amended except in writing signed by both parties. This Agreement 

shall be binding upon and inure to the benefit of the parties' successors, 

legal representatives, and authorized assigns.  

¶ In the event of any conflict between your obligations established by these 

terms and conditions and those established by CCC's Billing and 

Payment terms and conditions, these terms and conditions shall prevail. 

¶ WILEY expressly reserves all rights not specifically granted in the 

combination of (i) the license details provided by you and accepted in the 

course of this licensing transaction, (ii) these terms and conditions and 

(iii) CCC's Billing and Payment terms and conditions. 

¶ This Agreement will be void if the Type of Use, Format, Circulation, or 

Requestor Type was misrepresented during the licensing process. 

¶ This Agreement shall be governed by and construed in accordance with 

the laws of the State of New York, USA, without regards to such state's 

conflict of law rules. Any legal action, suit or proceeding arising out of 

or relating to these Terms and Conditions or the breach thereof shall be 

instituted in a court of competent jurisdiction in New York County in the 

State of New York in the United States of America and each party hereby 

consents and submits to the personal jurisdiction of such court, waives 

any objection to venue in such court and consents to service of process 

by registered or certified mail, return receipt requested, at the last known 

address of such party. 

WILEY OPEN ACCESS TERMS AND CONDITIONS  
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Wiley Publishes Open Access Articles in fully Open Access Journals and in 

Subscription journals offering Online Open. Although most of the fully Open 

Access journals publish open access articles under the terms of the Creative 

Commons Attribution (CC BY) License only, the subscription journals and a 

few of the Open Access Journals offer a choice of Creative Commons Licenses. 

The license type is clearly identified on the article. 

The Creative Commons Attribution License 

The Creative Commons Attribution License (CC-BY) allows users to copy, 

distribute and transmit an article, adapt the article and make commercial use of 

the article. The CC-BY license permits commercial and non- 

Creative Commons Attribution Non -Commercial License 

The Creative Commons Attribution Non-Commercial (CC-BY-NC)License 

permits use, distribution and reproduction in any medium, provided the original 

work is properly cited and is not used for commercial purposes.(see below) 

Creative Commons Attribution-Non-Commercial-NoDerivs License 

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-

BY-NC-ND) permits use, distribution and reproduction in any medium, 

provided the original work is properly cited, is not used for commercial purposes 

and no modifications or adaptations are made. (see below) 

Use by commercial "for-profit" organizations  

Use of Wiley Open Access articles for commercial, promotional, or marketing 

purposes requires further explicit permission from Wiley and will be subject to a 

fee.  

Further details can be found on Wiley Online Library 

http://olabout.wiley.com/WileyCDA/Section/id-410895.html  

Other Terms and Conditions: 

v1.10 Last updated September 2015 

Questions? customercare@copyright.com  or +1 -855 -239 -3415 (toll free in the US) or 
+1 - 978 - 646 -2777.  

  

 

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc-nd/3.0/
http://olabout.wiley.com/WileyCDA/Section/id-410895.html
mailto:customercare@copyright.com
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Figure Permissions (Fig. 1.4 and 4.1) 

Both article website permissions indicate that they are operating under open 

access, Creative Commons Licensing described at: 

https://creativecommons.org/licenses/by-nc/4.0/   

Using Creative Commons Public Licenses 

Creative Commons public licenses provide a standard set of terms and 

conditions that creators and other rights holders may use to share original works of 

authorship and other material subject to copyright and certain other rights specified in 

the public license below. The following considerations are for informational purposes 

only, are not exhaustive, and do not form part of our licenses. 

Considerations for licensors: Our public licenses are intended for use by those 

authorized to give the public permission to use material in ways otherwise restricted 

by copyright and certain other rights. Our licenses are irrevocable. Licensors should 

read and understand the terms and conditions of the license they choose before 

applying it. Licensors should also secure all rights necessary before applying our 

licenses so that the public can reuse the material as expected. Licensors should clearly 

mark any material not subject to the license. This includes other CC-licensed material, 

or material used under an exception or limitation to copyright. More considerations for 

licensors. 

Considerations for the public: By using one of our public licenses, a licensor 

grants the public permission to use the licensed material under specified terms and 

conditions. If the licensorôs permission is not necessary for any reasonïfor example, 

because of any applicable exception or limitation to copyrightïthen that use is not 

regulated by the license. Our licenses grant only permissions under copyright and 

certain other rights that a licensor has authority to grant. Use of the licensed material 

https://creativecommons.org/licenses/by-nc/4.0/
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may still be restricted for other reasons, including because others have copyright or 

other rights in the material. A licensor may make special requests, such as asking that 

all changes be marked or described. Although not required by our licenses, you are 

encouraged to respect those requests where reasonable. More considerations for the 

public. 

Creative Commons Attribution-NonCommercial 4.0 International Public 

License 

By exercising the Licensed Rights (defined below), You accept and agree to be 

bound by the terms and conditions of this Creative Commons Attribution-

NonCommercial 4.0 International Public License ("Public License"). To the extent 

this Public License may be interpreted as a contract, You are granted the Licensed 

Rights in consideration of Your acceptance of these terms and conditions, and the 

Licensor grants You such rights in consideration of benefits the Licensor receives 

from making the Licensed Material available under these terms and conditions. 

Section 1 ï Definitions. 

Adapted Material means material subject to Copyright and Similar Rights that 

is derived from or based upon the Licensed Material and in which the Licensed 

Material is translated, altered, arranged, transformed, or otherwise modified in a 

manner requiring permission under the Copyright and Similar Rights held by the 

Licensor. For purposes of this Public License, where the Licensed Material is a 

musical work, performance, or sound recording, Adapted Material is always produced 

where the Licensed Material is synched in timed relation with a moving image. 
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Adapter's License means the license You apply to Your Copyright and Similar 

Rights in Your contributions to Adapted Material in accordance with the terms and 

conditions of this Public License. 

Copyright and Similar Rights means copyright and/or similar rights closely 

related to copyright including, without limitation, performance, broadcast, sound 

recording, and Sui Generis Database Rights, without regard to how the rights are 

labeled or categorized. For purposes of this Public License, the rights specified in 

Section 2(b)(1)-(2) are not Copyright and Similar Rights. 

Effective Technological Measures means those measures that, in the absence 

of proper authority, may not be circumvented under laws fulfilling obligations under 

Article 11 of the WIPO Copyright Treaty adopted on December 20, 1996, and/or 

similar international agreements. 

Exceptions and Limitations means fair use, fair dealing, and/or any other 

exception or limitation to Copyright and Similar Rights that applies to Your use of the 

Licensed Material. 

Licensed Material means the artistic or literary work, database, or other 

material to which the Licensor applied this Public License. 

Licensed Rights means the rights granted to You subject to the terms and 

conditions of this Public License, which are limited to all Copyright and Similar 

Rights that apply to Your use of the Licensed Material and that the Licensor has 

authority to license. 

Licensor means the individual(s) or entity(ies) granting rights under this Public 

License. 
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NonCommercial means not primarily intended for or directed towards 

commercial advantage or monetary compensation. For purposes of this Public 

License, the exchange of the Licensed Material for other material subject to Copyright 

and Similar Rights by digital file-sharing or similar means is NonCommercial 

provided there is no payment of monetary compensation in connection with the 

exchange. 

Share means to provide material to the public by any means or process that 

requires permission under the Licensed Rights, such as reproduction, public display, 

public performance, distribution, dissemination, communication, or importation, and 

to make material available to the public including in ways that members of the public 

may access the material from a place and at a time individually chosen by them. 

Sui Generis Database Rights means rights other than copyright resulting from 

Directive 96/9/EC of the European Parliament and of the Council of 11 March 1996 

on the legal protection of databases, as amended and/or succeeded, as well as other 

essentially equivalent rights anywhere in the world. 

You means the individual or entity exercising the Licensed Rights under this 

Public License. Your has a corresponding meaning. 

Section 2 ï Scope. 

License grant. 

Subject to the terms and conditions of this Public License, the Licensor hereby 

grants You a worldwide, royalty-free, non-sublicensable, non-exclusive, irrevocable 

license to exercise the Licensed Rights in the Licensed Material to: 
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reproduce and Share the Licensed Material, in whole or in part, for Non 

ommercial purposes only; and produce, reproduce, and Share Adapted Material for 

NonCommercial purposes only. 

Exceptions and Limitations. For the avoidance of doubt, where Exceptions and 

Limitations apply to Your use, this Public License does not apply, and You do not 

need to comply with its terms and conditions. 

Term. The term of this Public License is specified in Section 6(a). 

Media and formats; technical modifications allowed. The Licensor authorizes 

You to exercise the Licensed Rights in all media and formats whether now known or 

hereafter created, and to make technical modifications necessary to do so. The 

Licensor waives and/or agrees not to assert any right or authority to forbid You from 

making technical modifications necessary to exercise the Licensed Rights, including 

technical modifications necessary to circumvent Effective Technological Measures. 

For purposes of this Public License, simply making modifications authorized by this 

Section 2(a)(4) never produces Adapted Material. 

Downstream recipients. 

Offer from the Licensor ï Licensed Material. Every recipient of the Licensed 

Material automatically receives an offer from the Licensor to exercise the Licensed 

Rights under the terms and conditions of this Public License. 

No downstream restrictions. You may not offer or impose any additional or 

different terms or conditions on, or apply any Effective Technological Measures to, 

the Licensed Material if doing so restricts exercise of the Licensed Rights by any 

recipient of the Licensed Material. 
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No endorsement. Nothing in this Public License constitutes or may be 

construed as permission to assert or imply that You are, or that Your use of the 

Licensed Material is, connected with, or sponsored, endorsed, or granted official status 

by, the Licensor or others designated to receive attribution as provided in Section 

3(a)(1)(A)(i). 

Other rights. 

Moral rights, such as the right of integrity, are not licensed under this Public 

License, nor are publicity, privacy, and/or other similar personality rights; however, to 

the extent possible, the Licensor waives and/or agrees not to assert any such rights 

held by the Licensor to the limited extent necessary to allow You to exercise the 

Licensed Rights, but not otherwise. 

Patent and trademark rights are not licensed under this Public License. 

To the extent possible, the Licensor waives any right to collect royalties from 

You for the exercise of the Licensed Rights, whether directly or through a collecting 

society under any voluntary or waivable statutory or compulsory licensing scheme. In 

all other cases the Licensor expressly reserves any right to collect such royalties, 

including when the Licensed Material is used other than for NonCommercial 

purposes. 

Section 3 ï License Conditions. 

Your exercise of the Licensed Rights is expressly made subject to the 

following conditions. 

Attribution. 

If You Share the Licensed Material (including in modified form), You must: 

retain the following if it is supplied by the Licensor with the Licensed Material: 
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identification of the creator(s) of the Licensed Material and any others designated to 

receive attribution, in any reasonable manner requested by the Licensor (including by 

pseudonym if designated);a copyright notice; a notice that refers to this Public 

License; a notice that refers to the disclaimer of warranties; a URI or hyperlink to the 

Licensed Material to the extent reasonably practicable; indicate if You modified the 

Licensed Material and retain an indication of any previous modifications; and indicate 

the Licensed Material is licensed under this Public License, and include the text of, or 

the URI or hyperlink to, this Public License. You may satisfy the conditions in Section 

3(a)(1) in any reasonable manner based on the medium, means, and context in which 

You Share the Licensed Material. For example, it may be reasonable to satisfy the 

conditions by providing a URI or hyperlink to a resource that includes the required 

information. 

If requested by the Licensor, You must remove any of the information required 

by Section 3(a)(1)(A) to the extent reasonably practicable. If You Share Adapted 

Material You produce, the Adapter's License You apply must not prevent recipients of 

the Adapted Material from complying with this Public License. 

Section 4 ï Sui Generis Database Rights. Where the Licensed Rights include 

Sui Generis Database Rights that apply to Your use of the Licensed Material: for the 

avoidance of doubt, Section 2(a)(1) grants You the right to extract, reuse, reproduce, 

and Share all or a substantial portion of the contents of the database for Non 

Commercial purposes only; if You include all or a substantial portion of the database 

contents in a database in which You have Sui Generis Database Rights, then the 

database in which You have Sui Generis Database Rights (but not its individual 
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contents) is Adapted Material; andYou must comply with the conditions in Section 

3(a) if You Share all or a substantial portion of the contents of the database. 

For the avoidance of doubt, this Section 4 supplements and does not replace 

Your obligations under this Public License where the Licensed Rights include other 

Copyright and Similar Rights. 

Section 5 ï Disclaimer of Warranties and Limitation of Liability. 

 

Unless otherwise separately undertaken by the Licensor, to the extent possible, 

the Licensor offers the Licensed Material as-is and as-available, and makes no 

representations or warranties of any kind concerning the Licensed Material, whether 

express, implied, statutory, or other. This includes, without limitation, warranties of 

title, merchantability, fitness for a particular purpose, non-infringement, absence of 

latent or other defects, accuracy, or the presence or absence of errors, whether or not 

known or discoverable. Where disclaimers of warranties are not allowed in full or in 

part, this disclaimer may not apply to You. 

To the extent possible, in no event will the Licensor be liable to You on any 

legal theory (including, without limitation, negligence) or otherwise for any direct, 

special, indirect, incidental, consequential, punitive, exemplary, or other losses, costs, 

expenses, or damages arising out of this Public License or use of the Licensed 

Material, even if the Licensor has been advised of the possibility of such losses, costs, 

expenses, or damages. Where a limitation of liability is not allowed in full or in part, 

this limitation may not apply to You. 
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The disclaimer of warranties and limitation of liability provided above shall be 

interpreted in a manner that, to the extent possible, most closely approximates an 

absolute disclaimer and waiver of all liability. 

Section 6 ï Term and Termination. 

This Public License applies for the term of the Copyright and Similar Rights 

licensed here. However, if You fail to comply with this Public License, then Your 

rights under this Public License terminate automatically.  

Where Your right to use the Licensed Material has terminated under Section 

6(a), it reinstates: automatically as of the date the violation is cured, provided it is 

cured within 30 days of Your discovery of the violation; or upon express reinstatement 

by the Licensor. 

For the avoidance of doubt, this Section 6(b) does not affect any right the 

Licensor may have to seek remedies for Your violations of this Public License. 

For the avoidance of doubt, the Licensor may also offer the Licensed Material 

under separate terms or conditions or stop distributing the Licensed Material at any 

time; however, doing so will not terminate this Public License. 

Sections 1, 5, 6, 7, and 8 survive termination of this Public License. 

Section 7 ï Other Terms and Conditions. 

The Licensor shall not be bound by any additional or different terms or 

conditions communicated by You unless expressly agreed. 

Any arrangements, understandings, or agreements regarding the Licensed 

Material not stated herein are separate from and independent of the terms and 

conditions of this Public License. 

Section 8 ï Interpretation. 
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For the avoidance of doubt, this Public License does not, and shall not be 

interpreted to, reduce, limit, restrict, or impose conditions on any use of the Licensed 

Material that could lawfully be made without permission under this Public License. 

To the extent possible, if any provision of this Public License is deemed 

unenforceable, it shall be automatically reformed to the minimum extent necessary to 

make it enforceable. If the provision cannot be reformed, it shall be severed from this 

Public License without affecting the enforceability of the remaining terms and 

conditions. 

No term or condition of this Public License will be waived and no failure to 

comply consented to unless expressly agreed to by the Licensor. 

Nothing in this Public License constitutes or may be interpreted as a limitation 

upon, or waiver of, any privileges and immunities that apply to the Licensor or You, 

including from the legal processes of any jurisdiction or authority. 

Creative Commons is not a party to its public licenses. Notwithstanding, 

Creative Commons may elect to apply one of its public licenses to material it 

publishes and in those instances will be considered the ñLicensor.ò The text of the 

Creative Commons public licenses is dedicated to the public domain under the CC0 

Public Domain Dedication. Except for the limited purpose of indicating that material 

is shared under a Creative Commons public license or as otherwise permitted by the 

Creative Commons policies published at creativecommons.org/policies, Creative 

Commons does not authorize the use of the trademark ñCreative Commonsò or any 

other trademark or logo of Creative Commons without its prior written consent 

including, without limitation, in connection with any unauthorized modifications to 

any of its public licenses or any other arrangements, understandings, or agreements 
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concerning use of licensed material. For the avoidance of doubt, this paragraph does 

not form part of the public licenses. 

Creative Commons may be contacted at creativecommons.org. 

https://creativecommons.org/licenses/by-nc/4.0/legalcode 
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IRB Documents: IRB Approval   
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IRB Documents: Parent Consent 
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IRB Documents: Adolescent Assent 

 




